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Abstract

Ensuring the technical suitability of post-installed concrete anchors by means of
pre-qualification has proved of great value over the last decades. A large variety of
pre-qualified anchor products are available and designers, authorities and
contractors can pick the most suitable and economic anchor product for the targeted
use. While this system gained in general a high degree of refinement, the seismic
application of anchors is still not well covered. For this reason, increased efforts were
recently put on the research of seismic anchor performance.

The research presented in this thesis contributed its share. This thesis constitutes a
systematic and comprehensive approach to seismic anchor qualification based on
extensive investigations. The goal of this work is to close the gap in knowledge
relating to seismic anchor behaviour to enable amendments to existing qualification
guidelines by meaningful tests allowing the assessment of the seismic performance.

The initial scope of this thesis is to provide the foundation necessary to come up with
a comprehensive scheme for the seismic qualification of post-installed anchors. After
a brief introduction of the motivation, background and objectives of the research on
anchors for use in seismic applications (Chapter 1), the state of the art of current
qualification guidelines is discussed (Chapter 2). The extensive investigations carried
out to overcome identified deficits in knowledge are presented and the key results
are discussed (Chapter 3). Points identified as critical for seismic anchor
performance supported the development of the seismic amendment of the European
qualification guideline which testing protocols were verified by tests (Chapter 4).

While the aforementioned tests were conducted under simulated seismic conditions,
the tests presented in the second part were conducted under real seismic conditions.
Therefore, shake table tests were carried out which enabled the comparison of the
anchor behaviour on component and system level. The target was to evaluate
whether the concept of future seismic pre-qualification tests sufficiently replicate the
characteristic demands of a real earthquake. The test data was compared with the
stipulated requirements and assessment criteria of the proposed pre-qualification
tests (Chapter 5). Based on all test investigations, recommendations for seismic
anchor pre-qualification are given and important aspects of seismic design are
highlighted (Chapter 6). To predict the displacement behaviour, which is often critical
for seismic qualification, a model to estimate the anchor displacement for a given
load and crack demand is proposed (Chapter 7). Finally the findings are summed up
and open questions requiring further research are formulated (Chapter 8).



Kurzfassung

Der Nachweis der technischen Eignung von nachtréaglich im Tragwerk installierten
Dubeln mit Hilfe von Zulassungsverfahren hat sich in den vergangenen Jahrzehnten
etabliert und bewahrt. Aus einer grol3en Auswahl an zugelassenen Dubeln kdnnen
sich Planer, Behdrden und Bausausfiihrende flr die jeweilige Anwendung geeignete
und wirtschaftliche Produkte auswahlen. Wahrend dieses System im Allgemeinen
sehr ausgereift ist, werden die besonderen Belastungen, die im Falle von Erdbeben
auf Dubeln wirken, bis dato noch nicht ausreichend beriicksichtigt. Dies hat in den
letzten Jahren zu einer verstarkten Anstrengung in der Erforschung des Verhaltens
von Dibeln unter Erdbebeneinwirkungen gefuhrt.

Die in dieser Promotionsarbeit vorgestellte Forschung leistet hierzu einen Beitrag.
Sie stellt eine systematische und umfassende Behandlung der seismischen
Qualifikation von Dibeln dar und basiert auf umfangreiche Untersuchungen. Das Ziel
dieser Arbeit ist es, Wissenslicken Uber das Verhalten von Duibeln unter
Erdbebenbelastung so zu schlie3en, dass bestehende Qualifikationsrichtlinien um
sinnvolle Versuche fur die Beurteilung der Erdbebentauglichkeit erganzt werden
konnen.

Im Rahmen der Promotionsarbeit werden zunachst die Grundlagen erarbeitet, die fur
einen fundierten Ansatz zur seismischen Qualifikation notwendig sind. Nach einer
kurzen Einleitung Uber die Motivation, Hintergrinde und Ziele der Erforschung von
Dubeln unter Erdbebenbelastungen (Kapitel 1), wird der gegenwaértige Stand der
Qualifikationsrichtlinien erortert (Kapitel 2). Die zur Beseitigung der daraus
abgeleiteten Kenntnisdefizite durchgefihrten Untersuchungen werden anschlief3end
prasentiert und diskutiert (Kapitel 3). Jeder Aspekt, der als mal3geblich zur
Charakterisierung des Verhaltens von Dubeln unter Erdbebeneinwirkung erkannt
wurde, unterstitzte die Erarbeitung einer entsprechenden Erganzung der
europaischen Qualifikationsrichtlinie, deren Prifprotokolle anhand weiterer Versuche
verifiziert wurden (Kapitel 4).

Wahrend die vorgenannten Versuche unter simulierten Erdbebenbedingungen
durchgefuhrt wurden, wurden die Dubel bei den im zweiten Teil der Promotionsarbeit
beschriebenen Versuchen unter realen Erdbebenbedingungen untersucht. Hierfur
wurden Rutteltischversuche durchgefiuhrt, die einen Vergleich des Verhaltens eines
im Tragwerk eingebauten Dibels mit dem eines im Versuchskdrper eingebauten
Dubels ermdglichen. So konnte geklart werden, ob das Konzept der zukinftigen
Qualifikationsrichtlinien die charakteristischen Anforderungen eines echten
Erdbebens widerspiegeln. Die Versuchsergebnisse wurden den vorgeschlagenen
Anforderungen und Bewertungskriterien gegenubergestellt (Kapitel 5). Basierend auf
den gewonnenen Erkenntnissen werden Empfehlungen fur die seismische
Qualifikation von Dibeln abgeleitet und wichtige Bemessungsaspekte aufgezeigt
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(Kapitel 6). Um das fur die seismische Qualifikation oftmals malgebende
Verschiebeverhalten besser vorhersagen zu koénnen, wird ein Modell zur
Abschatzung der sich aus zyklischen Lasten und sich zyklisch 6ffnenden und
schlieBenden Rissen ergebenen Dubelverschiebung vorgeschlagen (Kapitel 7).
Abschlieliend werden die wesentlichen Erkenntnisse zusammengefasst und offene
Fragen formuliert, die weitere Untersuchungen erfordern (Kapitel 8).
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Acronyms and Abbreviations
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ACI

ADP
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ASTM
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BZS
C
CEB
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CoG
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CVv
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DIBt

DIN
EA
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EN
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ESR
ETA
EU
FE
FEMA
FFT
FIB

FM
FRP
GM
GSHAP
HB
HCF
HS

Acceptance Criteria

American Concrete Institute, standard developing organization, also
taken as shortform for respective US-American normative standard
Accumulated Damage Potential

American Society of Civil Engineers

Anchor Seismic Performance Categories

American Society for Testing and Materials

Bonded Anchor

Bundesministerium (German Federal Government Department)
Building Seismic Safety Council

Bundesamt fir Zivilschutz (Swiss Federal Office for Civil Defense)
Concrete | Concrete failure

Comité Euro-International du Béton

Canadian Standards Association

Secondary Concrete failure

Concrete Capacity

Concrete Capacity Design

European Committee for Standardization

Centre of Gravity

Common Understanding of Assessment Procedure

Coefficient of Variation

Deutscher Ausschuss fur Stahlbeton

Data Aquisition

Displacement Based Design

Deutsches Institut fur Bautechnik (German Institute for Civil Engineering
(Federal Construction Authority))

Deutsches Institut fir Normung (German Institute for Standardisation)
Expansion Anchor

Eurocode, European normative standard for structural design and
construction work developed by the CEN

Earthquake Engineering Research Institute

European Norm (European Standard)

European Organisation for Technical Approvals

ES-Report (US technical approval warranting by the ICC-ES)
European Technical Approval

European Union

Finite Element

Federal Emergency Management Agency

Fast Fourier Transformation

Federation International du Béton (International Federation for
Structural Concrete) often spelled fib

Floor Motion

Fibre Reinforced Polymer

Ground Motion

Global Seismic Hazard Assessment Program

Headed Bolt

High Cycle Fatigue

Headed Stud
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ICC-ES
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ISO
wWB
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Ld
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LRFD
LTM
LW
MEP
MPA
NA
NEHRP
NCS
NZS
P
PBD
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PFA
PFM
PIA
PNA
Po
PTFE
PrEN
Pt
RC

S

Sa
SA
SDCP
SDLP
SDSU
SEAOC
SEAOSC
SLS
SP
B
TC
TS
uB
ucC
UCSD
ULS
us

Heating, Ventilating and Air Conditioning
International Code Council — Evaluation Service, ICC-ES Report also
taken as technical approval

Incremental Dynamic Analysis

International Standardisation Organisation
Institut fir Werkstoffe im Bauwesen (Institute of Construction Material of
the University of Stuttgart)

Low Cycle Fatigue

Load-displacement

Linear Potentiometer

Load and Resistance Factor Design

Load Transfer Mechanism

Load Washer

Mechanical, Electrical and Plumbing
Materialprifanstalt (Governmental Material Testing Institute)
National Annex of a European Standard
National Earthquake Hazard Reduction Program
Non-structural Components and Systems

New Zealand Standard Council

Bond failure in case of adhesive anchors
Performance Based Design

Precast Concrete

Peak Floor Acceleration

Predominant Failure Mode

Peak Input Acceleration

Peak NCS Acceleration

Pull-out | Pull-out failure

Polytetrafluoroethylene

Pre-standard European Norm

Pull-through | Pull-through failure

Reinforced Concrete

Steel | Steel failure

Spectral acceleration

Screw Anchor

San Diego Crack Protocol

San Diego Load Protocol

San Diego State University

Structural Engineers Association of California
Structural Engineers Association of Southern California
Serviceability Limit State

String Pot

Technical Board

Technical Committee

Technical Specification

Uniform Bond

UnderCut anchor

University of California, San Diego

Ultimate Limit State

United States of America
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Common Subscripts

ave

C

cr
cube
cyc
cyl

d

eff, ef
€q

k

m
max
min
n, nom
p

R

req

S
test
u

ucr, uncr

y
5%

Prefix
cal.
req.

Average

Concrete | Concrete failure mode
Cracked

Cube

Cyclic | Cycle

Cylinder

Design

Effective

Earthquake (seismic) | Equivalent
Characteristic

Mean

Maximum

Minimum

Nominal

Pullout | Pullout failure mode
Resistance

Required

Steel | Steel failure mode
Value obtained from test
Ultimate

Uncracked

Yield | Yield failure mode

5 % fractile (i.e. quantile)

Calculated
Required

Latin Uppercase Letters

Accidental action (EC) | Cross sectional area | Strain after rupture
Response amplification factor

Cross section of concrete member

Effective cross sectional area

Strain before necking

Gross cross sectional area

Bearing area of anchor head

Area of steel

Compression

Dead load (ACI)

Earthquake load (ACI) | Effect of action (EC) | Modulus of elasticity
Load or force, action (EC)

Reduced loading

Ultimate load, either tension load (— N,) or shear load (— V,)
Residual ultimate load capacity

Expansion force

Mean ultimate strength

Characteristic strength as 5 % fractile (i.e. quantile) of the ultimate loads
Unreduced loading

Building height measured from the top of a rigid basement
Moment of inertia of a cross-section
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Notation

Ntarget
Ny
Nu,group
Nu,cr
Nu,cyc
Nu,cyclic

NU,UI"ICI‘

Length

Original reference length before testing

Reference length after testing

Moment

Tension | Axial load or force Nominal strength (ACI)
Average anchor load level measured during shaking
Maximum or target load for tension load cycling tests
Minimum load during tension load cycling tests
Permanent load

Load in the post-peak

Target load for system level tests

Ultimate tension load

Ultimate anchor group load

Ultimate (single) anchor load for cracked concrete
Residual ultimate (single) anchor load for cyclically cracked concrete
Residual ultimate (single) anchor after load cycling for cracked concrete
Ultimate (single) anchor load for uncracked concrete
Sustained axial load | Permanent load

Load at (pseudo) yield point

Nominal capacity as 5 % fractile

Maximum anchor load measured during shaking
Resistance (EC)

Response modification factor

Internal forces (EC) | Solil factor

Original cross sectional area

Period | Tension

Predominant period

Shear load or force

Ultimate shear load

Target load for shear load cycling tests

Weight

Latin Lowercase Letters

Afloor
ag

ancs
Chom

d, dnom
do

f

fe
fcc,150
fcm

fet

Floor acceleration

(Design) ground acceleration

NCS acceleration

Nominal concrete cover

Diameter of anchor or threaded rod
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1 Introduction

Nations frequently suffer tremendous economic damage due to earthquakes. Apart
from the direct damage to infrastructure, building and equipment, indirect damage or
follow-up costs occur, mainly caused by fires, power interruptions, or by loss of
production, environmental pollution, and also social repercussions. Most attention is
given to the direct effects of earthquakes and spectacular collapses of structures,
however, the consequential effects of apparently minor damage can also be serious
(Figure 1.1a). Proper anchorage can reduce the damage. To ensure an adequate
performance under the adverse conditions of an earthquake, however, the anchor
has to be qualified for the intended use.
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Figure 1.1 a) Collateral damage in offlce after the Darfield Earthquake 2010 (The
Press, Christchurch); b) Seismic risk map of central Europe (after Grunthal, G.;
Arvidsson, R. et al. (2004)), and “Blue Banana” indicating high concentration of

people and assets (after Brunet, R. (2002))

1.1 Motivation for Research on Anchors for Use in S eismic Regions

The probability to experience an earthquake is deemed to be comparatively low for
many regions in the world. However, the level of risk to potential damage depends
not only on the level of hazard, but also on the asset value and its vulnerability of the
considered area. Studies have shown that the risk of earthquakes is actually high not
only for areas traditionally well known as earthquake prone areas like California,
Japan, New Zealand etc. but also for Switzerland and Germany (Schwarz, J.;
Maiwald, H. et al. (2005); Schuler, D. (2007)) where the seismic provisions are
traditionally less stringent. Because these areas have been spared of strong
earthquakes in the last century, people lack of personal experiences. As a result, the
1
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awareness of the immense risk of an earthquake is not widespread among the
general public and decision makers (Goétz, A. (2003)).

Due to the significant increase in value of urban building and infrastructure, as well
as increase in population and standard of living over the past decades, even minor
seismic events would result in significant damage. In Schwarz, J.; Maiwald, H. et al.
(2005) it is pointed out that German urban centres are outside of areas of high
seismicity. However, a recurrence of the Cologne earthquake of 1841 could result in
an economic loss of about 500 Million EUR (665 Million USD). The worst case
scenario of a maximum credible earthquake affecting also the surrounding regions
could even cause a damage of 60,000 Million EUR (80,000 Million USD) (Schwarz,
J.; Langhammer, T. et al. (2004)). Likewise, a major event today like the 1356 Basel
earthquake could result in costs as high as 50,000 Million CHF (55,000 Million USD)
(Schuler, D. (2007)). Earthquake resistant construction is not expensive, in particular
when it is considered early in the design process. In this context it is pointed out that
half of all earthquake damage costs in buildings is caused by non-structural damage
(Herdman, R. (1995), Taghavi, S.; Miranda, E. (2003), Schuler, D. (2007)).

While the seismic hazard level has to be accepted as constitutional and together with
the concentration of asset values as unchangeable (Figure 1.1b), increased
awareness has drawn the attention to the need of more stringent requirements for
building codes in Europe to reduce the vulnerability (Meskouris, K.; Hinzen, K.-G.
(2003)). The revised design codes SIA 261 (2003) for Switzerland, DIN 4149 (2005)
for Germany and later the release of the Eurocode 8 (2006) reflect the efforts
undertaken to introduce more realistic seismic design scenarios. Together with the
design codes for concrete structures SIA 262 (2003) and Eurocode 2 (2005) it was
possible to raise the European code standards similar to the long existing and
continuously improved design codes in the US (ACI 318 (2011)) and New Zealand
(NZS 3101 (2006)).

The resolute application of earthquake resistant construction methods developed
over past decades reduces drastically the number of potential earthquake victims
and the amount of damage caused by earthquakes. New structures situated in
developed countries are generally well designed and generally show good seismic
performance. However, anchorages especially of non-structural components and
systems (NCS) are often neglected in the design process (Masek, J.; Ridge, R.
(2009), Griffin, M.; Winn, V. (2009)). The practice on seismic anchoring of NCS lags
considerably behind the design practice for structural elements and their
connections, as it is often not clear who is responsible for their design.
Reconnaissance reports on the latest major earthquakes confirm the unclear
distribution of responsibilities (e.g. EERI SER Maule (2010) or EERI SER
Christchurch (2011)) and identified insufficient anchorage as a substantial cause for
earthquake damage. In contrast, the costs for earthquake resistant anchorages are
2
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very low in relation to the possible damage reduction (high cost-benefit ratio), making
the use of earthquake-proof anchor systems a method with considerable potential.
Figure 1.2 and Figure 1.3 show some examples of typical damages caused by
anchor failure.

Figure 1.2 Example of earthquake damages caused by anchor failures during the

2010 Chile Earthquake: a) HVAC unit crashed through suspended ceiling (Photo by

G. Mosqueda, University at Buffalo); b) Silo for liquid storage toppled (Photo by
R. Leon, Georgia Tech)

Figure 1.3 Example of earthquake damage caused by anchor failure during the
2011Christchurch Earthquake: a) Historical masonry facade nearly collapsed due to
insufficiently anchorage to retrofit steel frame; b) Displaced anchors at footing of
retrofit steel frame (Photos by J. Silva, Hilti North America / C. Mahrenholtz,
University of Stuttgart)

Poor seismic performance moved non-structural components into the focus of the

seismic research community. The response of NCS to earthquakes and their role in

performance-based earthquake engineering was studied in detail in Taghavi, S.;

Miranda, E. (2003). It was concluded that, first, the NCS generally represent the

major portion of the total building investment costs and thus represent a large

potential loss. Second, damage to NCS in buildings is usually triggered at levels of
3
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deformation much smaller than those required to initiate structural damage. Third,
important economic loss can result from a temporary loss of function due to NCS
failure. The particular vulnerability of NCS even for moderate earthquakes is also
highlighted Gould, N.; Griffin, M. (2003). For example, the 1994 Northridge
Earthquake caused significant non-structural damage to a number of area hospitals
due to insufficient anchorages. The hospitals remained structurally sound, but had to

be closed because of unserviceability. To address the

importance of the

consideration of NCS in the performance based earthquake engineering, large
seismic research programmes particularly in the US placed the emphasis on NCS
lately (e.g. ATC-29-1 (1998), ATC-58 (2004)). A comprehensive overview of the
research on NCS is given in Whittaker, A.; Soong, T. (2003).

a)

b)

Return
Earthquake frequency period in Probability of exceedance
years
Frequent 43 50% in 30 years
Occasional 72 50% in 50 years
Rare 475 10% in 50 years
Very rare 970 5% in 50 years or 10% in
’ 100 years
Extremely rare 2475 2% in 50 years
Performance Level -
— — Description
NEHRP Guidelines Vision 2000
Operational Fully Functional No significant damage to

structural and non-structural
elements

Immediate Occupancy |Operational

No significant damage to
structural elements.
Non-structural elements are
secure and most would
function.

Life Safety

Life Safe

Significant damage to
structural elements.
Non-structural elements are
secure but may not function.

Collapse Prevention

Near Collapse

Substantial damage to
structural and non-structural
elements.

c)
Earthquake Performance Level
Fully Operational Operational Life Safe Near Collapse

Frequent 0

(43 year) Unacceptab?e
E Perfarmance
3 (for New Construction)

Occasional
[
o (72 year) © ©
7]
1}
=]
o
4
g Rare
g- (475 year)
T
©
1

Very Rare

(970 year)

d) Table 2-9

Building Performance Levels/Ranges

Structural Performance Levels/Ranges

Nonstructural

Performance S-1 Immediate | S-2 Damage S-3 Life Safety | S-4 Limited S-5 Collapse S-6 Not
Levels Occupancy Control Range Safety Range Prevention Considered
N-A Operational 2-A Not Not Not Not
Operational 1-A recommended recommended recommended recommended
N-B Immediate | Immediate 2-B 3-B Not Not Not
Occupancy Occupancy 1-B recommended recommended | recommended
N-C Life Safety | 1-C 2-C Life Safety 3-C | 4-C 5-C 6-C

N-D Hazards Not 2-D 3-D 4-D 5-D 6-D

Reduced recommended

N-E Not Not Not Not 4-E 5-E Collapse No
Considered recommended | recommended recommended Prevention rehabilitation

Figure 1.4 a) Definition of earthquake hazard levels (taken from Ghobarah, A.

(2001)); b) Definitions of seismic performance levels according to FEMA-273 (1997)
and SEAOC (1995a); c) Performance levels after SEAOC (1995b); d) Performance
levels after FEMA-273 (1997)

The Performance Based Design (PBD) relates the earthquake hazard level (Figure
1.4a), to the desired performance levels (Figure 1.4b). The desired performance
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level, e.g. damage control or collapse prevention, depends on the importance of the
building. In the Vision 2000 of the Structural Engineers Association of Southern
California (SEAOSC) presented in SEAOC (1995b), earthquake performance levels
are related to the earthquake design level in order to define performance objectives
for buildings (Figure 1.4c). In the BSSC/NEHRP guidelines for the seismic
rehabilitation of buildings presented in FEMA-273 (1997), an instructive approach is
presented which defines the building performance level in respect to the structural
and non-structural performance (Figure 1.4d). It is apparent that for the first two
performance levels described in Figure 1.4b, suitable anchor systems are essential
to limit damage on the basic structural and non-structural systems. These aspects
are substantiated in FEMA-356 (2000), and discrete non-structural performance
levels are given.

A list of possible damage to installations caused by anchor failure and appropriate
measures to make connections earthquake resistant can be found in Marxer, G.;
Kunz, J. et al. (2003). The majority of the anchors on the market today are not
qualified for seismic applications, however commonly used in seismic active regions.
The reason for this is not only the unawareness of the designer but also the lack of
conclusive seismic anchor qualification guidelines. In Europe, this deficit is
recognised in the meantime and actions were taken to overcome the unsatisfying
situation. The introduction of the seismic amendment for the qualification guideline
ETAG 001, which draft is currently reviewed (Proposal for ETAG 001 Seismic
Amendment (2012)), is envisaged for 2012. In the US, the qualification guideline
ACI 355.2, which includes provisions for simulated seismic tests, is already in
practice for the last decade, however, updated knowledge needs to be incorporated.

1.2 Context of Research on Post-installed Anchors f or Seismic

Applications

As indicated in Section 1.1, anchors are used to fix NCS to concrete, i.e.
non-structural connections, and to join steel, concrete, or other structural elements,
i.e. structural connections. Due to the flexibility, easy handling, and large field of
possible applications, post-installed anchors have significant advantages against
cast-in-place anchors and thus are increasingly popular among designers and
contractors. Figure 1.5 illustrates common types of post-installed anchors and their
applications.
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Figure 1.5 Typical anchors and structure with structural and non-structural
connections (schematic)

Informal surveys indicate that the anchorage of non-structural connections
represents more than half of the volume of seismic relevant applications of anchors.
The connected NCS may be broadly categorized as mechanical-electrical-plumbing
(MEP), architectural, or contents (ASCE 7 (2010), FEMA-356 (2000)). Examples are
components for heating, ventilating, or air conditioning (HVAC), fire suppresion
system piping, as well as facades, partitions, ceilings, and racks (Figure 1.6).

Figure 1.6 Examples of application of anchors for non-structural connections:
a) Piping installed to RC slab ceiling during construction (Courtesy C. Genesio);
b) Facade installed to partially completed RC building (Source: Wikipedia)
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Anchors used for structural connections are often part of global or local strengthening
measurements. Examples for global strengthening are steel bracings and shear
walls, and for local strengthening steel or concrete jacketing, and restraints of fibre
reinforced plastic (FRP) (Figure 1.7).

Figure 1.7 Examples of application of anchors for structural connections: a) Steel
bracing fixed to main RC structure (Source: Wikipedia); b) FRP fixed to existing RC
column, before (left) and after (right) jacketing (Source: Wikipedia)

Strengthening can either be for regular upgrading or for seismic retrofitting. Seismic
retrofitting is further divided into precautionary retrofitting and repairing of structures
which in the latter case has been already moderately damaged by an earthquake.
More details of various aspects of post-installed anchor design and application for
retrofit measures can be found in CEB State of the Art Report (1996), a
state-of-the-art report on fastenings for seismic retrofitting published by the CEB
(Comite Euro-International du Beton).

Design regulations differentiate between structural and non-structural elements. The
Eurocode 8 (2006) defines a non-structural element as an architectural, mechanical
or electrical element, system and component which, whether due to lack of strength
or because of the way it is connected to the structure, is not considered in the
seismic design as load carrying element. In contrast, a primary seismic member, i.e.
structural element, is a member considered as a part of the structural system that
resists the seismic action, which is for this purpose modelled in the structural analysis
and detailed accordingly. This approach is also reasonable for precast concrete (PC)
elements. Depending on the design, PC elements and their connection to the
adjacent structure can either be structural or non-structural. However, for other
elements it is sometimes hard to decide whether they are structural or non-structural,
e.g. underhung operating platforms or penthouse assemblies.

Anchor pre-qualification, however, does not distinguish between structural and
non-structural connections. To date, anchors are qualified irrespective to their
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application. However, the designer uses different anchor types and anchor diameters
for structural and non-structural applications. Generally and simplified speaking, the
typical anchor used for non-structural connections is M12 (1/2") size while the
majority of anchors used for structural connections is M20 (3/4”) and larger.

Since cracks have a significant negative influence on the anchor performance in
general, it can be conservatively assumed that the anchor is always situated in a
crack. The high probability that cracks intersect the anchor location is confirmed by
several studies (e.g. Eligehausen, R.; Lotze, D. et al. (1986); Lotze, D. (1987);
Bergmeister, K. (1988)). In case of a seismic event, the structure excited by the
ground motion starts to oscillate. As the structure responds to the ground motion, it
deforms depending on its ductility and general dynamic characteristics. Deformation
of the structure may result in degradation of the reinforced concrete, which serves as
the anchorage material. This degradation is in large part expressed through cracking
in the structural elements. The cracks open and close cyclically due to the oscillating
response of the structure. Therefore, a seismic event causes cycling of anchor load
and crack width simultaneously. Further severe seismic conditions such as rapid
loading and large maximum crack widths have to be taken into account when
considering anchors for use in seismic applications (Figure 1.8).

* Cyclic loading » Rapid loading
« Cyclic cracking « Large crack widths

Figure 1.8 Severe conditions to be considered for anchors due to seismic actions

The structure serves as a filter which amplifies the ground acceleration ag near the
natural frequencies of the structure. By this, the wide-band ground motion embracing
all frequencies in a transient or stochastic manner becomes a closer narrow-band
floor motion with a more sinusoidal characteristic on the floor level response. The
floor level response will vary throughout the height and location of the building.
Figure 1.9 illustrates the situation for non-structural and structural connections during
an earthquake.
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Figure 1.9 Structure response to ground motion and acceleration time histories
(schematic)

In case of structural connections, the structural element connected by anchors forms
an integral part of the structure and as such influences the response of the structure
to the earthquake input. Deformations, imposed by the global structure either caused
by strong ground motions or foundation settlement, rather than inertial forces are the
main demand for these connections. The design anchor loads are the direct outcome
of the structural analysis for which the anchors need to transfer reliably the loads to
satisfy the equilibrium of forces at the connection. The design of structural elements
iIs based on relevant design codes which are in Europe the Eurocode 0 (2002) for
design loads, Eurocode 2 (2005) for design of concrete structures, and Eurocode 8
(2006) for the design of structures for earthquake resistance. Provisions for anchor
design are not yet included, however, the incorporation of the anchor design code
CEN/TS 1992-4 (2009) as part of Eurocode 2 is in progress. In the US, the relevant
codes for static and seismic design are the IBC (2009) with the design loads
specified in ASCE 7 (2010), and the building code requirements stipulated in ACI 318
(2011). Provisions for anchor design are included as Appendix D of ACI 318.

In case of non-structural connections, the anchor loads develop according to the
inertial response of the NCS to the floor accelerations aseor it is connected to. The
resulting anchor response in turn feeds back the anchored NCS behaviour which is
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also reflected in the design codes: Behaviour Factors g, (Annex E in CEN/TS 1992-4
(2009)) and Response Modification Factors R, (Chapter 13 in ASCE 7 (2010))
consider the beneficial (ductile) behaviour of a component which help to reduce the
design forces, whereas Response Amplification Factors A, (CEN/TS 1992-4 (2009))
and Component Amplification Factors a, (ASCE 7 (2010)) consider the adverse
effect of component induced amplification which increase the demand and thus the
design forces. The equations given in CEN/TS 1992-4 (2009) and ASCE 7 (2010) for
the maximum design loads on NCS are further a function of basically the weight of
the NCS, the height of the NCS in the building, the building height, and the ground
acceleration.

1.3 Objective of Research on Seismic Anchor Perform ance and

Qualification

The preceding Sections1.1 and Section 1.2 demonstrated the commonly
underestimated personal and economic risk emanating from earthquakes also
outside of seismic hotspots, outlined the importance of adequate anchor performance
for damage prevention during earthquakes, and sketched the environmental
conditions to which structural and non-structural connections are exposed. To
address the challenge of seismically safe anchorages and to enable satisfactorily
design solutions, further research on the performance and qualification of anchors
under seismic applications is required.

The research presented in this thesis partly continues and extend earlier studies
summarised in the Hoehler dissertation on the ‘Behavior and testing of fastenings to
concrete for use in seismic applications’ (Hoehler, M. (2006)) which specifically
identified the following open questions:

* It was concluded that high loading rates generally do not result in a reduction
of load capacity. However, the loading rate sensitive friction in case of
expansion anchors requires further investigations.

* Ductility is considered as an important asset in seismic design. However, it
was underlined that the then existing anchor design guidelines and anchor
gualification guidelines address anchor ductility inadequately. Therefore, a
systematic study of anchor ductility is needed.

e The distribution of the earthquake load within an anchor group depends also
on the anchor displacement particularly experienced due to seismic actions. It
is pointed out that the anchor group displacement can be curbed by the
attached base plate for which further research is required.

10
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e« Tests on the behaviour of anchors under crack cycling and tension load
cycling were carried out only on a limited number of anchor types. The anchor
size predominantly tested was M16 which is more robust against large crack
widths than smaller sizes. Anchor behaviour under shear load cycling was not
addressed at all. Further tests are necessary.

New aspects have been contributed since these studies. The introduction of
scientifically more substantiated load and crack cycling test protocols (Wood, R.;
Hutchinson, T. et al. (2010); Hutchinson, T.; Wood, R. (2010); Eligehausen, R.;
Hutchinson, T. et al. (2010)) together with upgraded testing equipment made the
investigation of seismic anchor behaviour under more realistic and precisely defined
conditions possible.

To further characterise seismic performance of post-installed anchors, which also
allows the development of qualification tests representing the loading conditions
relevant for seismic applications, an extensive research programme was carried out
at the Institut fur Werkstoffe im Bauwesen, Universitat Stuttgart (IWB). While the
studies presented in Hoehler, M. (2006) provided fundamental background on the
testing methods and behaviour of anchors under seismic conditions, the investigation
of this thesis focused on the specific performance of post-installed anchors and the
development of meaningful testing criteria for their pre-qualification. For this reason,
the thesis starts with a comprehensive review of existing qualification guidelines in
Chapter 2

» to evaluate the state of the art of anchor qualification guidelines and to identify
the needs for improvements.

The above listed open questions formulated in Hoehler, M. (2006) regarding loading
rates, available anchor ductility and anchor groups are resolved in this thesis.
Further, the previous experimental tests on anchor behaviour under cyclic load and
cycled cracks, carried out on an exploratory level, were enhanced to a broad range of
anchor types and products, in particular for medium anchor sizes. The tests were
conducted on the basis of stepwise increasing protocols proposed in Wood, R.;
Hutchinson, T. et al. (2010) and amended by simultaneous load and crack cycling
tests reported in Chapter 3 with the objective

» to further evaluate the performance of post-installed anchors under seismic
conditions, to decide what should be considered for future qualification
guidelines and to check the suitability of stepwise increasing protocols for
anchor gualification.

Together with the results of research conducted in parallel at the University of
California, San Diego (UCSD), the efforts finally led to a proposal for the seismic
amendment of the European anchor qualification guideline (Hutchinson, T.; Wood, R.
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(2010); Eligehausen, R.; Hutchinson, T. et al. (2010)). Chapter 4 provides the
background of this proposal and presents the tests which have been carried out

» to verify the proposed protocols and assessment criteria, and to check the
feasibility of the stipulated test procedures.

In the context of the above described research, some of the most advanced and
technically challenging anchor tests have been conducted. To that point, however, all
tests were carried out on a component level as quasi-static seismic simulation tests.
The shake table tests reported in Chapter 5 allowed the investigation of the dynamic
behaviour on a system level

e to understand whether the proposed seismic test protocol for anchor
qualification is able to mimic the real demand on anchors during earthquakes.

This study was the first ever directly opposing anchor test data derived from
component and system level tests which allowed the assessment of many
behavioural aspects previously investigated on the component level. The evaluation
of all investigations finally results in concluding recommendations given in Chapter 6
with the objective

* to improve seismic qualification and design guidelines for post-installed
anchors.

The anchor displacement is one of the driving factors for the anchor performance, but
its experimental determination is very laborious. Therefore a model estimating the
accumulated anchor displacement for any given seismic demand is developed in
Chapter 7

» to further aid the anchor product development and qualification by facilitating a
better assessment of the anchor behaviour.

Though intensive research was carried out, some open questions remained
unanswered for future generations of doctoral researchers, which are summarised in
Chapter 8.

12
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2 State of the Art of Qualification Guidelines

The aim of this thesis is to study anchor performance aspects relevant for seismic
applications in order to improve the procedures for seismic anchor qualification and
to make seismic application of anchors safer. In Section 1.3 some specific
deficiencies in the knowledge of seismic anchor performance were identified. In this
chapter, the state-of-the-art of current anchor qualification guidelines is presented
and discussed in order to understand what questions need to be answered before a
conclusive scheme for seismic anchor qualification can be set up. After some general
introductive notes (Section 2.1), the following aspects are discussed: Loading rate
(Section 2.2), anchor ductility (Section 2.3), anchor groups (Section 2.4), cyclic load
(Section 2.5), cyclic crack (Section 2.6), and simultaneous cyclic load and cyclic
crack (Section 2.7). Deficits are highlighted and the resulting questions are outlined.
The key findings are conclusively summarised in Section 2.8.

2.1 General

Before the various aspects are discussed in detail, a brief introduction is given by
means of some general remarks on the approach of anchor qualification. Since the
purpose of this thesis is not to embrace all qualification guidelines available
worldwide, it focuses on the situation within the US and Europe which are the two
largest economic regions having highly developed qualification schemes available. It
is also noted that for anchor design the design codes of many other countries refer to
the US design code ACI 318 which in turn correlates to the US qualification guideline
ACI 355.2. For example, the provisions given in Chapter 17 of the New Zealand
design code NZS 3101 (2006) refers to Appendix D of ACI 318 and also explicitly
requires that anchors are qualified according to ACI 355.2 for seismic applications.
Other examples are the design codes Nch4330f (1996) in Chile or CICHE 401
(1996) in Taiwan.

2.1.1 Design, Technical Approval, and Qualification of Anchors

It is not the objective of this thesis to explain in depth the general procedure
necessary to achieve the technical approval for an anchor product. However, it is
helpful for the reader to understand the main features in this process.
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To ensure that the structure and its components is fit for the assigned purpose,
durable and safe, in Europe the design and construction of the whole structure or
individual components have to comply with the construction law for civil constructions
and construction products. In principle, the following schemes are available (similar
provisions apply to the US):

» Design and construction according to a standard.

 Design and construction provided with an individual approval by the
construction authority.

» Design and construction provided with a general technical approval by the
construction authority.

A technical approval is only granted if no standards for the product exists or the
authorities consider that a standard cannot be developed. However, any attempts to
standardize anchor products failed so far due to the complexity and diversity of
anchors. On the other hand, individual approvals issued for a specific project are too
expensive. Therefore, the application of the vast majority of all post-installed anchors
in use is based on general technical approvals.

The qualification tests required for a general technical approval are conducted by
independent laboratories and engineering offices according to anchor qualification
guidelines. After checking the correctness of qualification tests and evaluation
reports, the responsible authority grants the technical approval. Within the technical
approvals, characteristic resistances as well as minimum anchor spacing and edge
distances are obtained. Design codes establish the boundary conditions to be
represented in qualification tests and often refer directly or indirectly to relevant
anchor qualification guidelines as a prerequisite. Anchor qualification, in turn,
facilitates the proper design of anchorages. Figure 2.1 illustrates the three—fold
development of anchor qualification guideline, technical approval and anchor design
guideline.

In Europe, anchor design is generally carried out according to Annex C of the ETAG
001 (2006) until the implementation of the CEN/TS 1992-4 (2009) as Part 4 of the
Eurocode 2 (2005) is completed. In the US, anchor design is regulated since 2002 in
Appendix D of the ACI 318 (ACI 318 (2002)), most currently revised in 2011 (ACI 318
(2011)). Additionally, the CEB Design Guide (1997) and its revision Fib Bulletin No.
58 (2011) are available as an international design guide.

Quialification guidelines such as the ETAG 001 (2006) in Europe or the ACI 355.2
(2007) in the US, provide detailed specifications on the required test setup.
Furthermore, the guidelines establish the criteria for evaluating the test results. After
checking the correctness of the anchor qualification testing and evaluation reports,
the responsible authority grants the technical approval, which is the European
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Technical Approval (ETA) in Europe, and the Evaluation Service Report (ESR) in the
US. The first ETA was granted in 1998 based on ETAG 001 (1997), and the first ESR
based on ACI 355.2 (2001) was granted in 2004. The European, German, and US
anchor qualification guidelines are briefly introduced in the following sections.

Qualification Guidelines

Providing boundary

Providing boundary

conditions for

conditions for

testing qualification

METAL ANCHORS
FOR USE IN CONCRETE
ded November 2006

Technical Approvals PE— Design Guidelines

Building Code Requirements for
Structural Concrete (ACI 318-08)
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Figure 2.1 Interrelation Qualification Guideline, Technical Approval, and Design
Guideline

2.1.2 European and German Anchor Qualification Guid  elines

For non-seismic applications, an approval system for anchorages was introduced in
Germany in 1975 on national level as a result of several fatal accidents due to
anchors not fit for purpose (Nirnberger, U. (1990), Menzel, K. (1995)). Through
increasing European harmonisation of standards, it was desired that also
construction products and their qualification are regulated on a European level.
Consequently, European Technical Approval Guidelines (ETAG) are published by the
European Organisation of Technical Approvals (EOTA). The first ETAG was
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implemented in 1997 (ETAG 001 (1997)), dealing with the evaluation of post-installed
metal anchors. This Guideline for European Technical Approval of Metal Anchors for
Use in Concrete (ETAG 001) establishes the basis for assessing anchors to be used
in cracked and uncracked concrete and also provides design guideline within
Annex C. The application of the ETAG 001 is limited to anchors subject to static or
guasi-static actions only, not addressing any seismic conditions. However, an
amendment for the assessment of metal anchors under seismic actions is currently in
preparation (Proposal for ETAG 001 Seismic Amendment (2012)). The latest revision
of the ETAG 001 is the ETAG 001 (2006).

In parallel, the German Guideline for fastenings in nuclear power plants and other
nuclear technical facilities DIBt KKW Leitfaden (1998) (‘NPP Guideline’) defines the
requirements for the use of anchors in nuclear power plants and nuclear technology
installations. The NPP Guideline provides testing details and criteria for the
evaluation of fastenings seeking permission in individual cases according to the
regulations of the federal states of Germany. The validity of the 1998 edition was
limited to undercut anchor types. The revised 2010 edition (DIBt KKW Leitfaden
(2010)) is valid for all anchor types with an ETA for use in cracked concrete,
however, a preference is explicitly placed on undercut anchors. Its test programme
scheme for anchor qualification reflects extreme loading conditions such as
earthquake, explosion and aircraft impact, and the resulting large crack widths.
Further, additional design provisions as a supplement to Annex C of ETAG 001
(2006) are given. The required tests are separated three parts, namely: (A) Suitability
tests to check the proper functioning under extreme conditions; (B) Tests to
determine the characteristic load capacity under service condition; and (C) Tests to
determine the anchor displacement under service conditions. A comprehensive
explanation of this guideline can be found in Mahrenholtz, P.; Asmus, J. et al. (2011).

2.1.3 US Anchor Qualification Guidelines

In 1975, the first anchor system in the US was certified code-compliant. However, the
poor performance of anchors during the 1994 Northridge Earthquake revealed
deficits in approvals for seismic applications and led to a temporary ban on
post-installed anchors in the US and a surge in research on their seismic suitability
(Silva, J. (2001)). The ban was revoked in 1997 and post-installed anchors were
again qualified for use in seismic applications according to an adoption of either the
Canadian Standard CAN/CSA-N287.2-M91 (1991) or the load cycling test proposed
by the SEAOSC in SEAOSC (1997) for the time being. With the adoption of the
ACI 355.2 in 2001 (ACI 355.2 (2001)), the first US standard for seismic anchor
qualification was implemented as outlined by the ACI (American Concrete Institute).
This guideline for the Qualification of Post-Installed Mechanical Anchors in Concrete
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(ACI 355.2) applies to post-installed mechanical anchors intended for use in
structural applications covered by the design guideline ACI 318. Seismic qualification
can be acquired and is based on simulated seismic tests as cyclic tension and cyclic
shear tests. Further requirements for the qualification of post-installed mechanical
anchors are given in the Acceptance Criteria for Mechanical Anchors in Concrete
Elements AC 193 (AC193 (2010)), published by the ICC-ES (International Code
Council-Evaluation Service), an organisation evaluating building products. It consists
mostly of the Annex 1 that summarises the amendments given for the ACI 355.2.
Post-installed adhesive anchors are covered by the Acceptance Criteria for
Post-Installed Adhesive Anchors in Concrete Elements AC 308 (AC308 (2009)) and
most recently by the Acceptance Criteria for the Qualification of Post-Installed
Adhesive Anchors in Concrete ACI 355.4 (ACI 355.4 (2010)). ACI 355.4 is in many
aspects identical to ACI 355.2, and therefore both guidelines are sometimes
addressed together as ACI 355 in the following. The latest revision of the ACI 355.2
is the ACI 355.2 (2007).

2.1.4 Suitability and Serviceability Tests

The European qualification guideline ETAG 001 and the US qualification guideline
ACI 355 were harmonised in many aspects over the past decade. These guidelines
follow a similar approach to differentiate the tests according to their purpose:

» Suitability Tests (ETAG 001) and Reliability Tests (ACI 355): The purpose for
these tests is to establish whether an anchor exhibits a safe and effective
behaviour under ‘adverse’ conditions. If the anchor does not achieve the
required strength under the prescribed ‘extreme’ conditions, the characteristic
strength to be used in design is reduced.

* Admissible Service Condition Tests (ETAG 001) and Service-Condition Tests
(ACI 355): These tests reflect conditions which are generally understood as
(interchangeably) ‘normal’, ‘realistic’, or ‘moderate’ and serve the
determination of the characteristic load capacity, i.e. characteristic resistance,
as well as the minimum spacing between two anchors and minimum distance
to the adjacent edge necessary to achieve the full design strength.

For easier reference, the Reliability Tests are addressed as Suitability Tests, and the
Admissible Service Condition Tests / Service-Condition-Tests are addressed as
Serviceability Test from this point forward. For both test types, the guidelines specify
test conditions and assessment criteria. Key assessment data include the ultimate
load (F.), the displacement corresponding to half the mean ultimate load (s(0.5F,n)),
and their scatter expressed by the coefficient of variation (CV).
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The test conditions and assessment criteria reflect the situation the tests are meant
to simulate. If carried out in cracked concrete, suitability tests require 0.5 mm cracks.
For the extreme test conditions of suitability tests, however, the allowable scatter of
failure load is relatively high. In contrast, the crack width for serviceability tests is
defined as 0.3 mm. The allowable scatter is lower than for suitability tests and there
are additional requirements regarding the load-displacement (Ld) curve. The main
test conditions and assessment criteria valid for all respective tests provided by to
ETAG 001 (2006) and ACI 355.2 (2007) are summarised in Table 2.1.

Table 2.1 Main test conditions and assessment criteria according to ETAG 001
(2006) and ACI 355.2 (2007)

Test Test Conditions Assessment Criteria
Type General  Crack Width Ld Curve CV(Fum) CV(s(0.5F,m))
Suitability Adverse/ 0.5mm o o
Test extreme (0.020 in) steady 20 % 40%
Serviceability 0.3 mm o o
Test Normal (0.012 in) steady 15 % 25%

2.1.5 Concrete strength classes

For testing, anchors are installed in concrete specimens (term used interchangeably
with ‘concrete member’ and ‘concrete slab’). The qualification guidelines ETAG 001
and ACI 355 define two nominal compressive strength classes:

+ C20/25 (ETAG 001) fec,150 = 25 to 35 N/mm?
Low strength (ACI 355) fc = 2500 to 4000 psi

« C50/60 (ETAG 001) fec.150 = 60 to 70 N/mm2
High strength (ACI 355) fc = 6500 to 8500 psi

When one coverts the compressive strengths to metric cubic strengths, the ranges
given in the ACI 355 in imperial units agree fairly well with the ranges given in the
ETAG 001 (Table 2.2). Consequently, results derived from tests in C20/25 and
C50/60 concrete are also valid for low and high strength concrete, respectively.
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Table 2.2 Concrete strength classes according to ETAG 001 (2006) and ACI 355.2

(2007)
o Concrete Cube 150 x 150 x 150 mm Cylinder @ 150mm x 300 mm

Guideline Class - . . .
Minimum Maximum Minimum Maximum
ETAG 001 C20/25 25 MPa 35 MPa 20 MPa 30 MPa
C50/60 60 MPa 70 MPa 50 MPa 60 MPa
ACI 355  Low strength 21 MPa® 35 MPa'¥ 17 MPa 28 MPa
High strength 58 MPa® 75 MPa® 46 MPa 60 MPa

(1) Calculated by fc 150 = 1.25 - f,

2.1.6 Mean and Characteristic Strength

In the following, the mean and characteristic strength as defined in ETAG 001 (2006)
and ACI 355.2 (2007) are given for easier reference:

 Mean ultimate strength F,n is the arithmetic mean of the ultimate loads
measured in individual tests within a test series:

n
I:Ru,m = %ZFRu,i Equation 2.1
i=1

» Characteristic strength Fri is taken as the 5 % fractile (i.e. quantile) Fso, of the
ultimate loads measured in a test series and calculated according to statistical
procedures for a confidence level of 90 %:

Fsop = Frum (1-K[CV) Equation 2.2

For more details regarding stochastic evaluation within the scope of structural
engineering, refer to Fischer, L. (1995). For anchors within current experience, a
normal distribution is assumed and the k-factor is generally taken as 1.645 (for
n = «). The lower bound of characteristic load can be estimated with the maximum
allowable CV for serviceability tests of 15 % and for a large number of tests as:

Fri = Frum (1 — 1.645 - 15 %) = 0.75 Frum Equation 2.3

2.1.7 Residual capacity, a-factors, and reduction

ETAG 001 (2006), DIBt KKW Leitfaden (2010), and ACI 355.2 (2007) stipulate for
some qualification tests requirements regarding the residual capacity determined in a
pullout test after the testing of the primary test parameter is completed. Primary test
parameters are e.g. cyclic loads or cyclic cracks which testing is carried out for a
certain anchor loading demand, e.g. Fo. The corresponding assessment criteria are
given in the relevant sections of the guidelines.
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DIBt KKW Leitfaden (2010) and ACI 355.2 (2007) evaluate the mean capacity F,, and
require a certain minimum residual capacity (reqF) as a fraction or percentage of the
reference capacity. In contrast, ETAG 001 (2006) evaluates mean and characteristic
values separately and introduces the a-factor (Clause 6.1.1 (d)) which is defined as
the minimum of the respective ratio of (residual) test capacity (F) to the
corresponding reference capacity (F'):

t
I:Ru,m

Fégvm Equation 2.4
TRe

r
FRk

a =min

If certain requirements (regF or req.a) are not met, the anchor can still be approved
for a reduced strength. Depending on the type of qualification test, the strength is
either reduced by the ratio of the tested capacity to the required capacity Fn, / reqF
for ACI 355 and o/ req.a for ETAG 001, or the test series is repeated with reduced
loading Freq and the strength is reduced by the ratio of reduced to unreduced loading
(Freqa / Fo). Further details are given in the relevant sections.

2.2 Loading Rate

Seismically induced inertia forces are explicitly considered as a source for impact
loads on anchors (e.g. CEB Bulletin d’'information No. 187 (1988); CEB Bulletin
d’'information No. 216 (1994)). However, impact loads, i.e. rapid loading or loading at
high rates, are more associated with blast loads deriving from explosions. In the
following, available qualification guidelines are reviewed with respect to loading rate.

2.2.1 European and German Anchor Qualification Guid  elines

To date, no European qualification guideline for anchors directly addresses loading
rates. However, there are anchor products which have been shock tested to evaluate
and approve their suitability according to the regulations stipulated in BM Bau (1981)
for Germany or BZS (1980) for Switzerland. The regulation do not specify the source
of the shock loading the anchor is intended to get qualified for, however, the required
anchor performance under impact loads is also desirable for seismic loads. Shear
and tension tests are carried out by means of a so-called shock table which principal
setup is shown in Figure 2.2a. The anchors are installed in 1.0 mm cracks and
accelerated for 10 ms. The qualification is based on the criterion that the anchor does
not exceed the displacement limit of 4 mm under the defined impact load. The
dynamic ultimate strength is defined by the mean dynamical strength which is
calculated by means of measured load-deformation curves (Figure 2.2Db,

20



State of the Art of Qualification Guidelines

D = dynamical strength). The loading rate is defined with respect to the desired
approval class. It is interesting to note that expansion anchors are explicitly preferred
against other mechanical anchor types. For additional details, refer to Hunziker, P.
(1999).

a b
) Dubel Prifbauteil B 25, p=0,2-03% )
(anchor) \ ; (concrete specirpen) FL //
" g5 S ‘g ! Flw, %) Ceifiag
Rl ;\iﬁr/ S50
— = I — S E o
. L -|_—Prifmasse m %\g | b
(weight) T = I ’ |
a(t) 8§ E=[F-dw |
s i Schock X ‘ ' ’ l ‘ |
|
F, % ¥ ﬁl |
Schocktisch Verformung — Wmax w
(shock table) (deformation)

Figure 2.2 Test arrangement for anchor shock testing according to BM Bau (1981):
a) Test setup; b) Dynamic load-deformation curve

2.2.2 US Anchor Qualification Guidelines

Likewise in the US, no anchor qualification guideline directly addresses loading rates.
However, there are several standards from the Department of Defence which deal
with explosion safety for building products in case of terrorism attack, e.g. DoD
6055.9 (2004).

2.2.3 Conclusions

Currently no anchor qualification guideline includes high loading rate tests for
whatsoever application. However, anchor qualification for seismic loads implies that
the anchor is able to resist loads at rates typical for earthquakes.

For a conclusive seismic anchor qualification scheme, the following points need to be
addressed regarding loading rate:

» Is it necessary to qualify anchors for earthquake relevant loading rates?

* What loading rate is relevant for seismic application?

2.3 Anchor Ductility

Ductility plays an important role for the seismic design of structures. Its beneficial
effect on the performance during an earthquake is assumed to be true also for
anchors. However, a conclusive definition of anchor ductility is currently not given in

any relevant design or qualification guidelines. In the following, the qualification
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guidelines are reviewed with respect to anchor ductility. A comprehensive review on
normative standards regarding anchor ductility can be found in Mahrenholtz, P.
(2010a).

2.3.1 European and German Anchor Qualification Guid  elines

Clause 6.7 in Part 1 of ETAG 001 (2006) (identification of anchors) states that during
tests on the constituent materials of the components, the elongation at rupture shall
be reported. However, no assessment requirements for anchor ductility are specified.
In contrast, the design guideline CEN/TS 1992-4 (2009) requires the rupture
elongation to be at least 12 % (measured over a gauge length equal to 5 d) but does
not give any details on the testing method. It may be reasonably assumed that the
elongation is to be determined analogue to ISO 6892-1 (2009) which is a common
standard for material tensile tests. If yielding of the attached element or baseplate
(Figure 2.3a), or the capacity of attached element (Figure 2.3b) do not govern the
failure, CEN/TS 1992-4 (2009) requires ductile anchor failure (Figure 2.3c), however,
allows explicitly ductile failure modes other than ductile steel failure if the equivalency
to ductile steel failure can be shown in the relevant European technical specification,
i.e. ETA; however, no further details are given. For non-structural elements, the
connection may be designed for brittle failure but increased design loads.

al)

—

Figure 2.3 Ductile failure mechanism of anchorages considered in CEN/TS 1992-4
(2009) (M, = plastic moment; V¢q = earthquake shear load): al) Yielding in attached
element; a2) Yielding in baseplate; b) Capacity of attached element; c) Yielding of
anchor

Clause 2.1 of the former German NPP Guideline (DIBt KKW Leitfaden (1998)) was
supplemented by the remark that safety relevant fastenings should be designed as
ductile to improve the safety level by the possibility of load redistribution. The
required ductility can be achieved by the anchor, the attached element or the fixture.
Concrete failure should not be the critical failure mode. The revised NPP Guideline
(DIBt KKW Leitfaden (2010)), however, does not address anchor ductility anymore.
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2.3.2 US Anchor Qualification Guidelines

ACI 355.2 (2007) does not address ductility. However, provisions are given for the
acceptance criteria in Annex 1 of AC193 (2010) which require in Clause 6.3.6 tension
tests on machined coupon specimens according to ASTM F606 (1998) and classifies
an anchor as ductile if the elongation is at least 14 % (measured over a gauge length
equal to 4 d) and the reduction of area of at least 30 %. If the ductility and reduction
in area cannot be determined, the anchor shall be reported as brittle in the report. It
is further recommended that the material testing on machined coupons is
supplemented by tests on full-size anchor specimens to identify possible deviations
from the coupon tests results, as they may be caused by the forming and finishing
processes of anchor production. The acceptance criterion for adhesive anchors,
AC308 (2009), requires also an elongation of at least 14 % and a reduction of area of
at least 30 %. The requirements are in line with the design guideline ACI 318 (2011)
which defines in Section D.1 an element with a tensile test elongation of at least
14 % and reduction in area of at least 30 % as ductile. For specifications regarding
the tensile testing, it refers to the ASTM A307 (1997), which, in turn, refers to ASTM
F606 (1998). If the anchor is not classified as ductile, the anchor shall be designed
for the maximum load that can be transmitted to the anchor based on a ductile yield
mechanism or by a non-yielding element. Alternatively, the anchor shall be designed
for increased design loads.

2.3.3 Conclusions

The designation of whether an anchor is ductile or brittle affects several aspects of
design. The most prominent aspect is the seismic design of anchoring according to
CENT/TS 1992-4 and ACI 318. Both guidelines punish brittle anchor failure if it
cannot be shown that either the element fixed by the anchor yields before anchor
failure or the anchor is qualified as ductile. According to Clause 8.4.3(3) of CEN/TS
1992-4 (2009), the seismic design resistance is taken at least 2.5 times the effect of
the applied seismic actions which equals to a strength reduction factor of 0.4. Also
Clause D.3.3.6 of ACI 318 (2008) Appendix D permits to take the design strength of
the anchors as 0.4 times the regular design strength in case of brittle anchor failure:
The lately revised ACI 318 (2011), however, dropped the approach to apply a
strength reduction factor but stipulates in Clause D.3.3.4.3(d) the application of
amplification factors Qg on the design load in case of brittle anchor failures which is
technically the same. According to Clause R21.13.7, the Qg factors given in
documents such as the ASCE 7 (2010) and the IBC (2009) to account for
overstrength of the seismic resisting system can be used for this purpose.
Table 12.2-1 provides overstrength factors for building structures which are in the
range of 2.0 to 3.0. The discussion on overstrength factors for non-structural
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elements is still ongoing, however, it may be assumed that they are in the range of
1.5 and 2.5. In conclusion, it still holds that the design guidelines strongly privilege
ductile anchor behaviour.

ETAG 001 (2006) does not recognize seismic actions, however, ductility is not only
relevant for seismic design but it is believed to be generally beneficial in structural
engineering. In particular, ACI 318 (2011) Clause D.4.3 promotes ductile anchorages
by a beneficial reduction factor ¢, which is given for anchors governed by strength of
ductile steel given as 0.75 for tension loads and 0.65 for shear loads; and for anchors
governed by strength of a brittle steel element as 0.65 for tension loads and 0.60 for
shear loads. Also the plastic design of structural connections according to CEN/TS
1992-4 (2009) Annex B is acceptable only when the failure is governed by ductile
steel failure of the anchor.

In conclusion, recent developments in the design codes provisions show an
increasingly substantiated approach for the appropriate recognition of anchor
ductility. In contrast and despite of the importance of anchor ductility, qualification
guidelines address anchor ductility insufficiently.

For a conclusive seismic anchor qualification scheme, the following points need to be
addressed regarding anchor ductility:

* What is anchor ductility, how is it defined, and what is its impact on seismic
design?

* How can anchor ductility be tested and what is the requirement to be qualified
as ductile?

2.4 Anchor Groups

The distribution of loads in an anchor group is influenced by the stiffness and
displacements of the individual anchors. In order to avoid adverse load distribution
and overloading of individual anchors, existing qualification guidelines limit the
allowable scatter for monotonic pullout curves. For seismic anchor qualification,
meaningful assessment criteria need to be established. In the following, the
qualification guidelines are reviewed with respect to anchor groups. A comprehensive
review on normative standards as well as on other literature regarding anchor groups
can be found in Mahrenholtz, P. (2008).

2.4.1 European and German Anchor Qualification Guid  elines

Clause 3.2.1 in Part1 of ETAG 001 (2006) defines an anchor group as several
anchors working together. Chapter 6 in Part 1 of ETAG 001 (2006) provides limits on
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the scatter of the load-displacement curves explicitly to prevent a significant
decrease of anchor group capacity by unequal load distribution. For this purpose, the
coefficient of variation (CV) of the displacement at 50 % of the mean ultimate load,
s(0.5 Fym) is generally limited to 40 % for suitability tests and 25 % for serviceability
tests. Further, for anchors to be used in cracked and uncracked concrete, the ratio of
the average secant modulus between maximum load and the origin in cracked and
uncracked concrete shall not be larger than about 3. The additional limitation of the
CV of the ultimate load, F,m, to 20 % for suitability tests and 15 % for serviceability
tests, however, is not specifically related to anchor group behaviour.

Table 5.4 in Part 1 of ETAG 001 (2006) provides the test programme for admissible
service conditions (Option 1) and lists Test No. 13 with the purpose to evaluate the
spacing for characteristic tension resistance. The test is carried out on a quadruple
anchor group installed in uncracked concrete and enables the determination of the
spacing required for the transmission of the full characteristic concrete cone
resistance of a single anchor loaded in tension, s¢n. Clause 5.2.2 of ETAG 001
(2006) Annex A specifies the fixture of the quadruple anchor group test to be rigid,
i.e. non-flexible or stiff. The connection between the fixture and the load actuator
shall be hinged to allow for different anchor displacement. However, according to
Clause 6.2.2.3, s¢,n can be deemed as being equal to 3 he if the anchor falls within
the current experience for concrete cone failure. Clause 2.0 of ETAG 001 (2006)
Annex B in conjunction with Part 1 of ETAG 001 (2006) clarifies that the current
experience is generally valid for expansion and undercut anchors. Therefore, Test
No. 13 is generally not included anymore in regular qualification test programmes for
expansion and undercut anchors.

Clause 1.1 of ETAG 001 (2006) Annex C specifies that in an anchor group only
anchors of the same type, size and length shall be used. In case of an anchor group,
the loads are applied to the individual anchors of the group by means of a rigid fixture
(see also Clause 4.2.1). Conversely, flexible fixtures are not covered. The design
methods cover anchor groups with up to 8 anchors (Figure 2.4) which configurations
are basically in line with those given in CEN/TS 1992-4 (2009).

anchor plate

mho%&\ ° e o o o 0
*. o

Figure 2.4 Anchorages covered by the design methods of ETAG 001 (2006) Annex C
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The German NPP Guideline DIBt KKW Leitfaden (2010) does not give any additional
provisions concerning anchor groups.

2.4.2 US Anchor Qualification Guidelines

ACI 355.2 (2007) Clause 2.1.2 defines an anchor group as a number of
approximately equal effective embedment depth with each anchor spaced at less
than three times its embedment depth. Clause 5.5.2 requires the mean anchor
stiffness value B = (Nsow - N1o%w) / (Asz0% - A10%) and its variation to be determined
within one test series. In contrast to the provisions as given in the ETAG 001 (2006),
however, no specific limit is given. However, the requirements given in Chapter 7 (for
serviceability tests) to Chapter 8 (for suitability tests) state that the CV of the ultimate
load shall not exceed 15 and 20 %, respectively. This is in line with the provisions
given in ACI 355.4 (2010). The test programme as given in Table 4.2 does not
provide any group test for the determination of the minimum spacing for full
characteristic concrete cone resistance. The definition of an anchor group given in
ACI 318 (2008) corresponds to that of ACI 355.2 (2007).

2.4.3 Conclusions

The understanding of anchor groups in the qualification guidelines is directly (ACI
355.2 (2007)) or indirectly (ETAG 001 (2006)) linked to the spacing of the anchors:
For an anchor spacing of s¢;n = 3 hg, full characteristic concrete cone resistance can
be assumed. As a result, a group of anchors with each anchor spaced more than
3 het is technically not an anchor group, because according to the concrete capacity
design method underlying the design provisions given in ETAG 001 (2006) Annex C
and ACI 318 (2011) Appendix D, the potential concrete cones do not overlap then.

Provided that the scatter of the individual load-displacement curves is small enough,
it is assumed that the load capacity of an anchor group with SN 2= 3 her is not
reduced if compared to single anchors. The limits given in the qualification guidelines
for the stiffness and displacement at peak load, however, were developed for
monotonic loading in the first place.

For a conclusive seismic anchor qualification scheme, the following points need to be
addressed regarding anchor groups:

* Are the assessment criteria given in the qualification guidelines regarding
limitation of scatter sufficient also for seismic loading and, if not, is any
additional criteria required?

* Is the implementation of a seismic group factor necessary to capture potential
reduction in load capacity?
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2.5 Cyclic Loads

Cyclic loads may be caused by live loads, which are generally considered as
quasi-static loads due to their slow variation in time and negligible inertial and
damping forces, or earthquake loads, which are in principle designated as dynamic
forces. The review on the state-of-the-art of anchor qualification guidelines is limited
to Europe/Germany and the US, however, for the sake of completeness it is
mentioned here that CAN3-N289.4-M86 (1986) and SEAOSC (1997) were the first
published testing procedures for seismic anchor qualification and are still often cited
in the literature. In the following, qualification guidelines are reviewed with respect to
tests involving cyclic loads. A comprehensive review on existing normative standards
for existing seismic anchor qualification can be found in Appendix B.2 of Hoehler, M.
(2006).

2.5.1 European and German Anchor Qualification Guid  elines

One suitability test type according to ETAG 001 (2006) is defined to test the
functioning of the anchor under repeated load. The anchor is installed in uncracked
concrete and is subjected to 10° tension load cycles between Npmin = min {0.25- Ng
and As-Ac} and Npax = max {0.6-Ngx and 0.8-As-fy} (where Ngy = characteristic
monotonic  strength in  uncracked concrete; A= cross-sectional area,
fy« = characteristic yield strength of anchor; Ac = 120 N/mm?). The cycle frequency is
defined as 6 Hz maximum. The stipulated parameters clearly reflect the intention of
the test as a high cycle fatigue (HCF) test. The requirement on the anchor
performance is that the residual strength measured in the pullout test after the load
cycling reaches 100 % of the monotonic reference strength. If this criterion is not met,
the characteristic strength is reduced as described in Section 2.1.7.

The DIBt KKW Leitfaden (2010) includes cyclic tension tests for suitability and
service condition test series. Cyclic shear tests are carried out only as service
condition tests because the aim of the suitability test series is to check the effect of
extreme crack widths on the anchor performance. The crack width, however, has a
relatively small influence on the shear behaviour. The number of uniform load cycles
vary between 10 and 15 (maximum frequency 1 Hz), and the maximum anchor load
is defined as Nmax = Nrk / Ymc for tensile load cycling and Vimax = Vri / Yus fOr shear
load cycling where vywc = partial safety factor for concrete failure=1.7 and
yvs = partial safety factor for steel failure = 1.25. The crack width is generally taken as
w = 1.0 mm for serviceability tests and w = 1.5 mm for suitability tests. The residual
capacity is required to achieve 90 % of the mean ultimate load measured in
monotonic reference tests in the same crack width. In case of failure during cycling or
not meeting the requirement regarding the residual load capacity, the tests are
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retaken with lower maximum load and the design strength is reduced accordingly
(refer to Section 2.1.7). As a unique feature of this test type it is noted that the
guideline requires that in cyclic tension tests the anchor is not only unloaded to zero
load for each cycle but is also pushed back to its original position. This demands a
special setup allowing for transmission of compressive loads on the anchor. In
addition, precautionary measures have to be taken to avoid control problems since
cyclic load tests are run load controlled and the anchor may experience slackness
when pushed back.

2.5.2 US Anchor Qualification Guidelines

ACI 355.2 (2007) provides a suitability test under repeated load (HCF test). The test
conditions and assessment criteria are virtually identical to those stipulated in ETAG
001 (2006) and are not repeated here.

As already noted in Section 2.1.3, anchor qualification for seismic actions can be
acquired according to ACI 355.2 (2007) by passing simulated seismic tests for which
the anchor is loaded in separate tension and shear load cycling tests. The same
applies to ACI 355.4 (2010). The term ‘simulated’ indicates that (dynamic)
earthquake loads deriving from a transient oscillation are simulated by a
(quasi-static) load regime which is applied to the anchor on a component level. The
stepwise decreasing loading patterns of 140 cycles are shown in Figure 2.5. The
maximum anchor loads, designated as earthquake loads, Neq and Veq, respectively,
correspond to 50 % of the mean monotonic reference strength Ny, tested in 0.3 mm
crack. The maximum anchor loads are reduced to N;=0.75 Neg and V; = 0.75 Vg,
respectively, for the intermediate cycles and to Nm =0.5Negg and Vpy = 0.5 Veg,
respectively, for the final cycles. Qualification is based on (1) completing all load
cycles, and (2) achieving a residual capacity of at least 160 % Negq and 160 % Veq,
respectively, i.e. 80 % of the mean monotonic reference strength. If the anchor fails
to fulfill the aforementioned requirements, the tests have to be repeated with a
reduced maximum anchor load and the nominal seismic strength has to be reduced
linearly (refer to Section 2.1.7). It is noted that contrary to the repeated load test
(HCF test) in ETAG 001 (2006) and ACI 355.2 (2007), the simulated seismic tests
are considered as serviceability tests. However, the required crack width of 0.5 mm
and the assessment procedure are identical to that of static suitability tests.
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Figure 2.5 Loading pattern given in ACI 355.2 (2007): a) Simulated seismic tension
tests; b) Simulated seismic shear tests

2.5.3 Conclusions

Cyclic loads are a characteristic if not the most prominent feature of seismic actions.
Therefore, load cycling tests will also form in future one of the main pillars of seismic
anchor gualification.

The test conditions and assessment criteria compiled in Table 2.3 reflect the
difference of repeated load tests (HCF test of tension loaded anchors) and cyclic load
tests according to the NPP Guideline or simulated seismic tests according ACI 355.
Apart from the crack widths, the cyclic (NPP Guideline) and simulated seismic
(ACI 355) tests are relatively similar in view of number of cycles and maximum load
level. If considering the decreasing load pattern shape of the simulated seismic tests
with only 10 large strikes in the beginning and neglecting the other 130 cycles (Figure
2.5), also the number of cycles seems to be in the same magnitude. Further, the
approach for the assessment criteria of minimum residual capacity expressed as a
percentage of the corresponding reference test is virtually the same. However, it is
noted that even small variations in critical test parameters may have a substantial
impact on the anchor demands which in turn leads to different anchor performances.
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Table 2.3 Overview of main test conditions and assessment criteria for qualification
tests involving cyclic loads

Test Conditions Assessment Criteria
Crack Number of Max Anchor  Frequency Residual Scatter
Width w Cycles n Load Npax f Capacity CV(F.)
Repeated >10N @.
tension load 0.0 mm 10° 0.6 Nry.0.0mm <6 Hz >10N Rk0.0mm - 4 <20 %
test ETAG = =¥ TRum0.0mm
Repeated
tension load 0.0 mm 10° 0.6 NRo.omm <6Hz  21.0Nrumoomm®  <20%
test ACI
Cyclic load
tests NPP, 1.5 mm 15 0.6 Npkismm  <1HzZ  20.9 Nrumismm’ -
tension
Cyclic load
tests NPP, 1.0 mm 15 0.8 Veciomm  <1Hz  20.9Veumiomm <10 %Y
shear
Simulated
seismic test 0.5 mm 140 0.5 Framrer? 0.1+2Hz  20.8 Nrymet” -
ACI

(1) For CV > 10 % but < 30%, characteristic shear strength reduced by 1/(1+0.03 (CV-10%))

(2) For CV =10 %: 0.5 Nrymyrer < 0.5/(1-1.645-10 %) Nrk ref = 0.60 NRy ref
For CV =15 %: 0.5 Nrym et < 0.5/(1-1.645-15 %) Nriref = 0.67 Nry res

(3) If requirement is not fulfilled, reduce the characteristic strength

(4) If requirement is not fulfilled, repeat the test with reduced load level and reduce the strength
accordingly

Contrary to fatigue loading with load cycle numbers in the range of 10* to 10® (HCF),
earthquake loading is characterised by a relatively limited number of cycles. The
number of significant amplitudes depends on many boundary conditions, however, it
can be assumed to be in the range of 10 to 1000 at maximum (e.g. Ammann, W.
(1992)). Therefore, repeated load tests are not an adequate substitute for seismic
qualification and were never intended to replace.

The simulated seismic test according to ACI 355.2 (2007) provides qualification
procedures developed for the specific demands of earthquake loads. Its loading
protocol falls back on fundamental research reported in Tang, J.; Deans, J. (1983),
however, the number of cycles had been reduced because it was felt that the
originally proposed 340 cycles are too many to represent seismic anchor load
characteristics plausibly. In particular the very small cycles may be assumed to have
virtually no effect on the residual load capacity of the installed anchor and thus
lengthen the test procedure unnecessarily.

The simulated seismic tests according to ACI 355.2 (2007) are separated for shear
and tension loads, though the anchor may be subjected to the combination of both.
This approach is more practical and less expensive than combined tension and shear
load tests, while generally deemed to be conservative. According to ACI 318 (2011)
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Section D.7, anchors that are subjected to both shear and axial loads shall be
designed to satisfy a linear interaction equation while for design loads less than 20 %
of the design strength the full strength may be taken. This provision applies to static
as well as seismic loads.

All qualification tests discussed above are carried out at quasi-static loading rates.
This approach is deemed conservative because it can be generally assumed that
dynamic loading rather increases the resistance i.e. material strength. The same
holds for the cycling frequencies which are consequently limited to an upper value.

For a conclusive seismic anchor qualification scheme, the following points need to be
addressed regarding cyclic loads:

« What number and shape of load cycles is scientifically substantiated and
meaningful? What are the minimum and maximum anchor loads during load
cycling? What is the crack width during load cycling and residual capacity
testing?

* How do various anchor types behave under these conditions?

2.6 Cyclic Cracks

Cracking of concrete may have various causes which are described in detail e.g. in
CEB Bulletin d’'information No. 158 (1984). The crack widths vary if located in a
flexural member which state of stress changes over time. For reverse actions caused
by live or earthquake loads, the effect results in cycled crack widths, abbreviated to
cycled cracks or simply cyclic cracks. In the following, qualification guidelines are
reviewed with respect to tests involving cyclic cracks. A comprehensive review on
normative standards regarding cyclic crack tests can be found in Mahrenholtz, C.
(2010).

2.6.1 European and German Anchor Qualification Guid  elines

One suitability test type according to ETAG 001 (2006) is defined to test the
functioning of the anchor for crack movements. The anchor is installed in special
concrete slabs and loaded until a constant tension load of Np = 0.75 Ngk / Ymc (with
Nrk = characteristic monotonic strength in cracked concrete and yw.=1.5). The
crack, in which the anchor is located, is then opened and closed 1000 times between
Aw; = 0.3 mm and Aw, = 0.1 mm at an approximate frequency of 0.2 Hz. The ‘A’
indicates that the crack width is measured in addition to the hairline crack width
which remains after initial crack generation. The closing of the crack is generated by
the restoring force in the tensioned reinforcement. With increasing numbers of cycles

and wear of the crack faces, the restoring force of the reinforcement is not sufficient
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to close the crack fully. Therefore, Aw, may increase up to 0.2 mm in the course of
crack cycling, however, is not allowed to be controlled. The curved line in Figure 2.6a
illustrates an example for the allowable lower crack width. The upper crack width Aw;
must be increased if the crack difference between Aw; and Aw, further deteriorates to
maintain a minimum difference of 0.1 mm. The number of crack cycles and maximum
crack width shall simulate the condition deriving from frequently repeated
deformations in the anchorage material caused by loading and unloading of the
structure during life time, for which reason this kind of test is also sometimes
addressed as service life test (SLT). In each test, the rate of increase of anchor
displacements, plotted in a half-logarithmic scale should either decrease or be almost
constant. Further, it is required that the displacement experienced by the anchor
during cycling &:000 does not exceed 2 mm after 20 crack cycles and 3 mm after
10000 crack cycles (Figure 2.6b) and that the residual strength measured in the
pullout test carried out after crack cycling reaches 90 % of the monotonic reference
strength. If the 3 mm criterion is not met, the test has to be repeated with a reduced
permanent load Np and the design strength of the anchor is reduced accordingly. If
the criterion on the residual strength is not met, the characteristic strength is also
reduced as described in Section 2.1.7.

a) b)
'E‘ e i
|
= 8 i 7
5 0z g v e e 'm |
& § maxmum allowable |
= B 1= L displacamant
g 2 I
z oi B
3 4 . } — + t
g 1 102 5 102 109 10' 20 102 109
numier of crack movements number of crack widenings n

Figure 2.6 Specification for cyclic crack tests according to ETAG 001 (2006):
a) Variation of crack opening during the crack movement test; b) Criteria for
maximum allowable anchor displacement

The DIBt KKW Leitfaden (2010) includes cyclic crack tests for suitability and service
condition test series. The number of uniform crack cycles vary between 5
(serviceability tests) and 10 (suitability tests) at an approximate frequency of 0.2 Hz,
and the permanent anchor load for crack cycling is defined as Np = Ngrk / Yme. The
crack is opened to the maximum crack width of wmax = 1.0 mm for serviceability tests
and Wmax = 1.5 mm for suitability tests. The maximum crack width can be reduced if a
detailed analysis is performed for the concrete structure in which the anchor is going
to be installed. Minimum crack width iS Wpax — 0.5 mm or, for Wmax < 1.2mm, 0.0 mm
which is achieved by applying a compression force to the concrete test specimen
equal to 15 % of the compressive strength of concrete specimen. The residual
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capacity in the suitability test is required to achieve 90 % of the mean ultimate load
measured in monotonic reference tests in the same crack width. In case of failure
during cycling or not meeting the requirement regarding the residual load capacity,
the tests are retaken with lower permanent load and the design strength is reduced
accordingly (refer to Section 2.1.7). Additional to the assessment criteria in principle
explained in Section 2.5.1, the mean displacement of the anchor is limited to 3 mm if
in the structural analysis the anchor connection is assumed to be rigid. This
requirement originates from the Nuclear Committee Guideline (KTA 3205.3 (2006),
Clause F 4.4).

2.6.2 US Anchor Qualification Guidelines

Also ACI 355.2 (2007) and ACI 355.4 (2010) provide a suitability test in cracked
concrete where the crack width is cycled. It is also often addressed as crack
movement test. The test conditions and assessment criteria are virtually the same as
for ETAG 001 (2006) (Figure 2.7) and thus are not repeated here in detail. The
permanent load, however, is basically calculated as N, = 0.3 Ng«.

a) A b) A
= w
E 0.012 (0.3). 1 0.012 (0.3} 4 !
.g w ‘ w - mlinfmu_m crack
= 0.008 (0.2 2 0.008 (0.21- 2 i o e
% /’ r beginning crack width difference
T 0.004 (0.1)] 0,004 00, T sueumsnms - S
§ L— beginning lower crack width
O 0 . . > 0 ’ . >

1 102 5x102 103 1 102 5x102 103

Number of crack movements Number of crack movements

Figure 2.7 Variation of crack opening during the crack movement test: Specification
according to a) ACI 355.2 (2007) and b) ACI 355.4 (2010)

2.6.3 Conclusions

Cyclic loads acting on the structure and resulting cycled cracks in the concrete
elements are characteristic features of a seismic event. Cycled cracks results in
accumulating anchor displacement and due to the reduced embedment depth in
reduced residual capacity. Therefore, crack cycling tests demand special attention in
respect to seismic anchor qualification.

The main test conditions and assessment criteria compiled in Table 2.4 reflect the
difference of crack movement tests (tests of the effects of frequently repeated
deformations in the anchorage material) and cyclic tests according to NPP Guideline.
It is noteworthy that the provisions for the crack movement test according to ACI 355

33



State of the Art of Qualification Guidelines

show a significant smaller permanent anchor load level N, and that an assessment
criterion in respect to minimum residual capacity is not stipulated.

Table 2.4 Overview of main test conditions and assessment criteria for qualification
tests involving cycled cracks

Test Condition Assessment Criteria

Min Max Num. Permanent

Frequency Residual Scatter Anchor
Crack of Anchor . .
Widthw  Cyc. n Load Np f Capacity CV(Fy) Displ.
Crack @). ®
> <
movement 0T 10° 05 Nmoamm  ~2HZ o og O™ ¢ <20% ST
test ETAG : = V. Ru,m,0.3mm =
Crack @
0.1 mm <2mm
movement '3 10° 0.3 Nreosmm <2 Hz - <20% _3 @
test ACI
Cyclic crack @ ®)
0.0 mm <2mm
tests NPP, 1.0 mm 10 0.6 NRk,l.Smm ~02Hz =20.9 NRu,m,l.Smm(Z) - <3 mm(4)
service.
Cyclic crack @
tests Npp,  L0.Mm 10 0.6 Nrcrsmm ~0.2Hz 2 0.9 Npymsmm® - <3 mm®
- 1.5 mm : o
suitability

(1) Crack width corresponding to compression force to the concrete specimen of 0.15 A f;
(A¢ = cross section and f. = compressive strength of concrete specimen)

(2) If requirement is not fulfilled, reduce the characteristic strength

(3) After 20 cycles; if requirement is not fulfilled, repeat the test with reduced load level and reduce
the strength accordingly

(4) After 10000 cycles; if requirement is not fulfilled, repeat the test with reduced load level and
reduce the strength accordingly

(5) Only for displacement sensitive anchorages

Other than for load cycling, the DIBt KKW Leitfaden (2010) is the only guideline
incorporating a simulated seismic test procedure to test the anchor response to crack
cycling. However, crack movement tests form an integral part of anchor qualification
and the compliance with their assessment criteria may be considered as a
prerequisite for anchors seeking approval for seismic loads. Because of the slip the
loaded anchor experiences every time when the crack opens and the resulting
reduction of embedment depth and load capacity, crack movement tests are known
to be very demanding qualification tests. In fact they are for some anchor types more
critical than the simulated seismic test currently stipulated. However, their test
parameters are not representative for earthquakes, as the number of cycles is high
and the maximum crack width is small. Consequently, crack movement tests are not
an adequate substitute for seismic qualification.

While cracks have a significant negative influence on the anchor performance when
loaded in tension, the effect of cracks on the performance of anchors loaded in shear
iIs comparatively small. This is also true for cycled cracks. In particular, the lateral
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anchor displacement of an anchor loaded in shear does not increase when the
cracks cycle. In conclusion, crack cycling matters only for tension, not for shear. It is
further pointed out that currently all qualification tests involving cycled cracks require
the permanent load acting on the anchor to be constant over time.

As for the qualification tests involving cyclic loads, the crack cycling is performed
guasi-statically. It is generally believed that this approach is on the safe side since
higher crack cycling frequencies would prevent the anchor from experiencing any slip
as a reaction on the crack opening and closing while being permanently loaded.

For a conclusive seismic anchor qualification scheme, the following points need to be
addressed regarding cycled cracks:

 What number and shape of crack cycles is scientifically substantiated and
meaningful? What are the minimum and maximum crack widths during
cycling? What is the permanent anchor load during crack cycling?

* How do various anchor types behave under these conditions?

2.7 Simultaneous Load and Crack Cycling

Anchor load and crack width may cycle simultaneously. For the needs of reasonably
simplified testing procedures, however, cyclic demands are tested by separate tests
for which only one parameter is cycled and the other is kept constant. This approach
is deemed to be conservative and was followed by the qualification guidelines
ETAG 001, NPP Guideline, and ACI 355 since the implementation of cyclic tests. In
consequence, there are only qualification tests with cyclic anchor load but constant
crack width (Figure 2.8bl, refer to Section 2.5), and with cyclic crack width but
constant anchor load (Figure 2.8b2, refer to Section 2.6).

a) b1)

Reinforced concrete structure Cyclic anchor load

Anchor
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Cyclically cracked concrete Constant crack width

E LV
Concrete /1
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(- )
/‘ Cyclically loaded anchor
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Figure 2.8 a) Simultaneous load and crack cycling in a reinforced structure
responding to seismic actions; b) Experimental approach to test b1l) Cyclic loads and
b2) Cyclic cracks

Constant anchor load

L N -V

Cyclic crack width

> Y (€
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Since post-installed anchors are in particular sensitive to cyclic cracks, it is
worthwhile to study the simultaneous load and crack cycling behaviour in order to
answer the following question:

* Is a permanent load acting during cyclic crack tests conservative if
simultaneous load and crack cycling is considered?

2.8 Summary

After a long process, European and US qualification guidelines are harmonised to a
very significant degree. The qualification test programme of ETAG 001 (2006), ACI
355.2 (2007) and ACI 355.4 (2010) include repeated load tests and crack movement
tests. However, repeated load tests and crack movement tests simulate loading
conditions other than those prevalent during seismic actions. Repeated load tests
check fatigue behaviour in tension. Crack movement tests check axial displacement
behaviour of anchors during service life. The ACI 355.2 (2007) for anchors in the US
and the DIBt KKW Leitfaden (2010) for anchors in nuclear power plants in Germany
are currently the only anchor qualification guidelines considering seismic actions
(tension and shear). The effective European anchor qualification guideline does not
cover seismic actions, however, a seismic amendment is under preparation
(Proposal for ETAG 001 Seismic Amendment (2012)) which will be presented in
Chapter 4.

In case of not completing all cycles or not meeting the required residual capacity, all
relevant cyclic qualification tests allow repeating the tests under lower maximum or
permanent anchor load, respectively, to establish a reduced nominal strength. This
procedure often results in several runs and increased costs. Future seismic anchor
qualification guidelines, however, are expected not to increase the testing burden
further while significantly improving the understanding of their behaviour.

Dynamic loads arising from earthquakes are located between impact loading with
one strike of high intensity (shock testing, Section 2.2) and mechanical vibration with
large cycle number of moderate intensity (repeated load tests, Section 2.5). High
loading rate tests are necessary in order to close the gap for earthquake relevant
dynamic loads.

It is noteworthy that the test conditions and assessment criteria of existing
qualification guidelines are very much load rather than displacement oriented. While
Displacement Based Design (DBD) is a structural design approach very much
considered in last decades, the consequent consideration of seismic anchor capacity
as a matter of displacement driven failure has just started. However, the tests for the
determination of the anchor displacement under service condition (crack movement
tests, Section 2.6) limit the anchor displacement after crack cycling to 3 mm.
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Minimum and maximum anchor displacements occurring under seismic conditions
are also relevant in conjunction with anchor ductility (Sections 2.3) and with anchor
groups (Sections 2.4). These aspects have to be dealt with in more detail.

In summary, the preceding sections identified deficits in the qualification guidelines
and outlined the resulting questions. Understanding the existing qualification
guidelines can give important but not exhaustive information on possible deficiencies
in anchor qualification procedures. Also earlier studies carried out on the various
aspects of seismic loading and related anchor behaviour help to reveal the necessity
of further investigations. This is done in the following Chapter 3 next to the
presentation of the investigations on anchor performance under seismic conditions.
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3 Studies at Component Level: Simulated Seismic Tes ts

This chapter presents the theoretical and experimental studies carried out to
overcome the deficiencies identified in Chapter 2. The scope of the work presented in
the following is very large. Altogether, the documentation of the studies carried out by
the author comprises more than 2500 report pages. Therefore, the discussions in
Chapter 3 are very focused on the relevant items. After some general remarks given
in Section 3.1, each of the following sections deals with one of the aspects discussed
in Chapter 2:

Sections 3.2: Loading Rate

Sections 3.3: Anchor Ductility

Sections 3.4: Anchor Groups

Sections 3.5: Cyclic Load

Sections 3.6: Cyclic Crack

Sections 3.7: Simultaneous Load and Crack Cycling

Introductorily to each section, the state of knowledge is briefly presented. Finally,
Section 3.8 summarises the core statements for future seismic qualifcation
procedures.

3.1 General

Some general remarks which hold for all experimental tests are discussed in the
following sections.

3.1.1 Anchor types

A large variety of qualified anchor products are available, and designers, authorities
and contractors can pick the most appropriate and economic anchor product for the
targeted use. Detailed description of available anchor types, their specific load
transfer mechanism and associated failure mode can be found in Eligehausen, R.;
Mallée, R. et al. (2006) and other literature, and are not repeated here. It is noted the
term ‘anchor’ is synonymous to the term ‘fastener’. Figure 3.1 provides an overview
on the basic anchor types relevant for the presented thesis including their
abbreviation used in this thesis, the associated load transfer mechanism (LTM) and
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predominant failure mode (PFM) in tension. Further details are given in the relevant

sections.

Headed Bolt (HB)
Headed Stud (HS)

Cast-in-place Anchor

Head

LTM: Mechanical Interlock

PFM: Concrete, Steel

Expansion Anchor,
sleeve-type (EAS)

Post-installed Anchor
(Mechanical)

Expansion
element

Cone

LTM: Friction
PFM: Concrete

Undercut Anchor
(Uc)

Post-installed Anchor
(Mechanical)

Undercut
element

LTM: Mechanical Interlock

PFM: Concrete, Steel

Expansion Anchor,
bolt-type (EAb)

Post-installed Anchor
(Mechanical)
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Expansion
element one
LTM: Friction

PFM: Pull-through, Concrete

Screw Anchor
(SA)

Post-installed Anchor
(Mechanical)
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LTM: Mechanical Interlock

PFM: Concrete/Pullout

Bonded Anchor
(BA)

Post-installed Anchor
(Adhesive / Chemical)

)

Adhesive

LTM: Bond
PFM: Concrete/Pullout

Figure 3.1 Basic anchor types, their load transfer mechanism (LTM) and associated

predominant failure mode (PFM)

The investigations presented in the following sections were carried out on various
anchor types and products of different manufacturers. For reasons of confidentiality,
the anchor types are represented in anonymous form. If several anchor products of
the same anchor type were tested, the abbreviations were amended by a numeric

suffix.
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It is noted that the anchors were to a great extent tested under conditions they were
not qualified for. In particular, the maximum crack width of 0.8 mm (Section 3.1.5),
which is substantially larger than the 0.5 mm specified in effective guidelines, pushes
certain anchor types to their limits. Also, the maximum or permanent anchor loads in
case of load or crack cycling tests were higher than what is required according to the
current anchor qualification tests. In conclusion, any adverse load-displacement
behaviour does not disqualify the tested anchors in the sense of currently effective
qualification guidelines. However, the goal was to study the seismic performance of a
wide range of anchor products on the market, and not to qualify the anchors from the
spot for extreme seismic demands. In addition, testing anchors in larger crack widths
than what they were originally qualified for was also instructive since it is a common
practice to install anchors in an environment they are not necessarily suitable for.

3.1.2 Failure modes and ultimate capacity

The load capacity of anchors loaded in tension is governed by the failure mode
corresponding to the smallest capacity. The following three basic failure modes and
associated capacities can be determined:

» Steel failure (S): The steel capacity is given by the steel resistance of the
anchor. Exceedance of the steel capacity results in rupture of the anchor
(Figure 3.2al). The ultimate steel capacity N,s of an anchor with the cross
section As and ultimate steel strength fy is given by:

Nys =Ag O, Equation 3.1

Since most anchor products are designed for maximisation of the load
capacity for a given embedment depth, hardly any anchor develop the steel
failure mode. However, the characteristic steel strength is generally provided
in the technical approval.

« Concrete failure (C): The concrete capacity is given by the concrete resistance
of the anchorage material. Exceedance of the concrete capacity results in a
conical concrete breakout (Figure 3.2a2) and primarily depends on the
embedment depth hes and concrete strength f.. The ultimate concrete capacity
is evaluated according to the Concrete Capacity Design (CCD Method; Fuchs,
W.; Eligehausen, R.; Breen, J. (1995)), termed in Europe as Concrete
Capacity Method (CC Method; Fuchs, W.; Eligehausen, R. (1995)):

Nyc =K E{/E [h° Equation 3.2

where ‘k’ is an empircally determined factor which is defined in the relevant
anchor design guideline, or otherwise given in the technical approval for the

calculation of the characteristic strength for uncracked or cracked concrete.
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Pullout failure (P): For this failure mode, the anchor is pulled out the drilled
hole before the anchor ruptures or the concrete breaks (Figure 3.2a3). The
pullout capacity depends on the anchor type. The pullout capacity of
mechanical anchors can generally be determined only experimentally and is
provided in the technical approval as characteristic strength for uncracked or
cracked concrete. The pullout capacity of adhesive anchors depends primarily
on the embedment depth he and bond strength T, and can be determined on
the basis of the Uniform Bond Model (UB Model; Cook, R.; Kunz, J. et al.
(1998)):

N, =mld hy [T, Equation 3.3

where ‘d’ equals the diameter of the anchor. The bond strength T, is highly
product type dependent and given in the technical approval as characteristic
strength for uncracked or cracked concrete.

For headed bolts, the pullout capacity can be calculated by empirical formulas
assuming that the exceedance of the critical bearing pressure results in a
pullout failure before concrete breakout occurs. According to Clause D.5.3.4
(Equation D—-15) of ACI 318 (2011) Appendix D the nominal bearing pressure
is limited to 8 times the target concrete strength f.’, which is nearly the same
as 6 times the target concrete strength fecue Stipulated in Clause 6.2.4
(Equation 23.1.1a) of CEN/TS 1992-4 (2009) Part 4:

8 fC, = 08 - 8 fck’cube = 64 fcklcube (ACI 355) Equatlon 34a

Anchors with a large edge distance loaded in shear generally fail in steel failure

mode:

Steel failure: The steel capacity is limited by the steel resistance of the anchor.
Exceedance of the steel capacity results in shear shearing-off of the anchor
(Figure 3.2b). The ultimate steel capacity V,s of an anchor loaded in shear
depends in the first place on the cross section As and the ultimate steel
strength f,:

Vs =a A, Equation 3.5
where ‘a’ is an empircally determined coefficient and mostly assumed in the
range of 0.6 to 0.7 (e.g. Eligehausen, R.; Mallée, R. et al. (2006), Matsuzaki,

Y.; Akiyama, T. (2008)). The characteristic steel strength in shear is given in
the technical approval.
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Figure 3.2 depicts the schematic of the failure modes discussed above. Further
details on the failure modes are given in the relevant sections.

a1)1a2)1a3)1 b)
anh ZEnnEns

Figure 3.2 Failure modes of anchors loaded in a) Tension and b) Shear: al) Steel
failure; a2) Concrete failure; a3) Pullout failure; b) Steel failure

3.1.3 Concrete strength

For qualification tests involving cyclic load (Section2.5) and cyclic crack
(Section 2.6), the concrete specimens are specified as C20/25 (ETAG 001 (2006))
and low strength concrete (ACI 355.2 (2007)) because this concrete class
(Section 2.1.5) is critical for displacements. For the same reason, most of the
experimental tests within the scope of this thesis were carried out in C20/25
concrete.

3.1.4 Drill bit diameter

Every post-installed anchor is installed in a borehole. Anchor qualification guidelines
as ETAG 001 (2006) or ACI 355.2 (2007) recognise three different drill bit diameters
d0, namely minimum, medium, and maximum drill bit diameter, which are to be used
depending on the purpose of the specific test. The medium drill bit diameter is
stipulated for repeated load tests, whereas the maximum drill bit diameter is
stipulated for crack movement tests.

The difference between minimum and maximum drill bit diameter is e.g. for an M12
(anchor according to Annex A of ETAG 001 (2006) 0.2 mm and for a 1/2” anchor
according to ACI 355.2 (2007) 0.008 in (= 0.2 mm). For all tests discussed in the
following, however, it was decided to stick generally to the medium drill bit diameter.
It is deemed that the adverse effect of extreme crack widths is already included in the
definition of the maximum crack width of 0.8 mm for seismic applications. The use of
the medium drill bit diameter also complies with the existing provisions for the
simulated seismic tests according to ACI 355.2 (2007).
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3.1.5 Seismic crack width

The crack width is one of the driving test parameters in anchor qualification tests,
which influences the test results very much. Its definition needs to be carefully
considered therefore. In existing anchor qualification guidelines as ETAG 001 (2006)
or ACIl 355.2 (2007), a crack width of 0.5 mm is specified for suitability tests,
representing adverse conditions. Also the simulated seismic tests according to ACI
355.2 (2007) are considered as suitability tests and therefore fall back on this crack
width. For serviceability tests, a crack width of 0.3 mm is specified for serviceability
tests, representing normal conditions.

There was a lengthy debate in the past five years within the research community
regarding the crack width applicable for seismic qualification tests (e.g. Hoehler, M.
(2006); Nuti, C.; Santini, S. (2008); Franchi, A.; Rosati, G. et al. (2009); Bergmeister,
K.; Rieder, A. (2009)). The debate is still ongoing and was extended to the question
how certain crack widths can be assigned to the concept of suitability and
serviceability level (Section 2.1.4). However, in the meantime a crack width of
0.8 mm is generally accepted as the maximum crack width which may occur before
yielding of the reinforcement just outside the plastic hinge zone. In consequence and
in contrast to Table 2.1, the following crack widths were deemed relevant for seismic
applications:

« 0.8 mm cracks are assumed to represent extreme condition and therefore
associated with the suitability level.

« 0.5 mm cracks are considered as moderate and therefore associated with the
serviceability level.

Within the scope of this thesis, the specified crack width is generally measured in
addition to the hairline crack width as the crack is initialised before the installation of
anchor and measurement devices. For reasons of better readability and as the
denomination of the additive crack width as ‘w’ or ‘Aw’ is inconsistent in the literature
anyway, the crack width variable is taken as ‘w’ without ‘A",

3.2 Loading Rate
3.2.1 State of knowledge

As a structure responds to an earthquake, anchors located in the structure are
subjected to relatively high loading rates. As known from material sciences, short
term loading may influence the material properties in a positive way. Hence, an
anchor subjected to high loading rates is expected to develop a load capacity that is
higher than its quasi-static load capacity. Anchor behaviour under seismic relevant
loading rates was also studied within the scope of the dissertation by Hoehler, M.
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(2006). Together with the findings of a detailed review of earlier investigations (Eibl,
J.; Keintzel, E. (1989a); Klingner, R.; Gross, J. et al. (1998) and others), the author
concluded that high loading rates generally do not negatively affect the ultimate
load-bearing capacity of cast-in-place or post-installed anchors loaded in tension or
shear. This is also in line with the findings of more recent studies on mechanical and
adhesive anchors, e.g. Rodriguez, M.; Lotze, D. et al. (2001); Fujikake, K.;
Nakayama, J. et al. (2003); Salim, H.; Dinan, R. et al. (2005); Solomos, G.; Berra, M.
(2006). However, expansion anchors transfer the load via friction for which increasing
loading rates are not necessarily beneficial. In fact, for bolt-type expansion anchors,
typically failing in pull-through failure mode, the tensile capacity may be reduced
(Klingner, R.; Gross, J. et al. (1998); Salim, H.; Dinan, R. et al. (2005)). This
reduction in load capacity is potentially associated with a change in failure mode from
concrete failure under static loading rate to pull-through under high loading rate. In
Hoehler, M. (2006), only a limited humber of tests on expansion anchors were carried
out, and therefore further investigations were recommended to study the effects of
loading rate on load transfer by friction.

Consecutively, an extensive literature review on the effect of high loading rates on
friction between steel and concrete, as well as between steel and steel was carried
out and reported in Mahrenholtz, P. (2007a). No specific friction data are available for
the special problem of a post-installed anchor under tensile loading, let alone for
various loading rates. The study of basic literature in the field of friction as
Rabinowicz, E. (1965) and Bowden, P.; Tabor, D. (1959) highlights that the boundary
conditions actually present in the tribosystem (Figure 3.1a) play an eminent role.
Friction, expressed in quantitative terms as a force that tends to oppose relative
tangential displacement of two contacting bodies (Material 1 and Material 2 in Figure
3.3a), depends on innumerous parameters. Not only the materials and their
properties (composition, roughness, hardness etc.) are important, but also the
lubrication between these two materials (uncontrolled or factory made) and the
environment (temperature, normal pressure etc.) at the interface are highly relevant.
The proportional ratio of the tangential force F and the normal force N is called
friction coefficient (U =F/N) which is dimensionless. It is generally distinguished
between static and kinetic friction coefficient, which again may be dependent on the
velocity at which the materials are relatively displaced. Friction values found in
literature generally lacks of precision because the main goal of the research
undertaken in tribology is mostly to reduce the friction in order to reduce abrasive,
wear, or energy consumption, rather than to define explicit friction values. This is the
reason why friction coefficients are always given as range rather than as distinctive
value. The typical test setup for the determination of the friction coefficient is shown
in Figure 3.3b which allows the determination of friction coefficients for velocities of
up to 200 mm/s.
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Figure 3.3 a) Tribosystem; b) Strip-draw test setup

However, it is impossible to theoretically predict exact conditions present when an
anchor is pulled out at high loading rates. It is rather a singular event and cannot be
compared to long lasting laboratory tests. Also in Asmus, J. (1999), a dissertation on
the design of tension loaded anchors for concrete splitting, the determination of the
friction present in expansion anchors is judged as a difficult task. Czichos, H.; Habig,
K.-H. (1992) are quoted who state that the actual frictional behaviour cannot be
determined theoretically, but only experimentally. Accordingly, the literature review
(Mahrenholtz, P. (2007a)) concluded that experimental tests on installed anchors
need to be carried out if light is to be shed on the question whether the load bearing
behaviour of expansion anchors may be negatively influenced by high loading rates.

3.2.2 Pullout tests with various loading rates

The load transfer mechansim of expansion anchors depends on friction which is
created by pulling the cone at the anchor head into the expansion elements which
then press against the concrete. By doing so, actually two friction properties are
relevant:

» External friction between expansion elements and borehole wall
* Internal friction between expansion elements and anchor cone

For the proper functioning of expansion anchors it is essential that they exhibit a
sufficient follow-up expansion. This is only possible if the external friction is higher
than the internal friction. It is unknown, how the external and internal friction are
influenced by a high loading rate as in the case of a seismic event. If the ratio of
internal to external friction deteriorates, the anchor load capacity may be reduced.
Therefore, previous research (Section 3.2.1) identified expansion anchors as critical.
In consequence of this, experimental tests on installed expansion anchors were
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carried out. Tests were limited to torque-controlled anchors since
displacement-controlled anchors are generally not suitable for seismic applications.
The complete test programme is reported in Mahrenholtz, P. (2007b); further
background information can also be found in Mahrenholtz, P. (2011a).

3.2.2.1 Definition of loading rates

The rate at which a non-structural connection is loaded during an earthquake
depends on the frequency the non-structural element is oscillating and may be
approximated as one quarter of the period (Figure 3.4a). According to AC156 (2007),
frequencies between 1.3 and 8.3 Hz are deemed to generate peak spectral
accelerations for NCS testing. This parametrical space expanded to 10 Hz also
represents the majority of NCS fundamental periods T according to a wide-spread
survey reported in Watkins, D.; Chui, L. et al. (2009) (Figure 3.4b). Taking frequency
limits of 1 Hz (T = 1 sec, i.e. flexible NCS) and 10 Hz (T = 0.1 sec, i.e. stiff NCS) as
the boundary values, one obtains rise times of 0.25 to 0.025 sec. It may be
reasonably assumed that the rise times for structural connections correspond to the
lower value valid for stiff NCS which period is close to the fundamental period of the
structure.

Distribution of Equipment Frequency (N=290
a) b) . : quip quency )

g WALLE frequency range 4-10Hz

Results from 148 NCSs
129 from hospital buildings

19 from university buildings
NCSs that have different
frequencies in two orthogonal
directions were considered as
two data points leading to a total
of N=290 distinct frequency
measurements

Number of Occurrences
3 B

g 0 ¥

15 20 25 3
Natural Frequency (Hz

Figure 3.4 a) Anchor loading during cycling of NCS (Hoehler, M. (2006);
b) Distribution of eigenfrequencies of hospital and university building NCS
(Watkins, D.; Chui, L. et al. (2009))

Depending on the ultimate load, which in turn is a result of anchor type, size,
embedment etc., the rise time[s], however, correspond to different loading
rates [KN/s] and displacement rates [mm/s]. The higher the ultimate load, the more
rapidly the anchor is loaded for a given rise time. The loading rate can also be
expressed as a strain rate [g/s] for which the strain at ultimate load is related to the
strain length. However, this approach is problematic in respect to the definition of the
strain length, and only useful for anchors failing in steel.
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In absence of any better definition, quasi-static and earthquake relevant loading rates
are assumed as follows:

* Quasi-static loading rate: < 0.5kN/s
* Lower bound of earthquake relevant loading rate: 20 kN/s

e Upper bound of earthquake relevant loading rate: 1000 kN/s

3.2.2.2 Definition of failure modes

Failure modes are a decisive factor when investigating anchor performance under
high loading rates. It is therefore necessary to have a common understanding on the
various failure modes. Expansion anchors loaded in tension exhibit the following
failure modes: Steel failure (Figure 3.5a), splitting failure (only in case of thin
concrete slabs or anchor installation close to an edge, Figure 3.5b), concrete failure
(Figure 3.5c¢), and pullout failure (Figure 3.6a).

Hochstlast

Verschiebung

Figure 3.5: Tension failure modes (Eligehausen, R.; Mallée, R. et al. (2006)): a) Steel
failure; b) Concrete failure; c) Splitting; d) Limitation of anchor capacity in case of
concrete failure (Furche, J. (1994))

Ultimate steel strength of the anchor forms the upper limit of the load capacity which
Is in practice never reached by expansion anchors. For the assumption of
compliance with the minimum edge distance given in the technical approval, splitting
can be excluded for qualified anchors. Therefore, the following discussion is limited
on concrete and pullout failure.

Depending on the embedment depth, crack width, and size of the expansion
element, expansion anchors fail either in concrete or pull-out fashion. In case of
concrete failure, the anchor is able to transfer all load to the concrete by friction. An
increase in crack width is compensated by follow-up expansion. When the ultimate
concrete strength is reached, cracks propagate through the concrete starting from
the tip of the anchor, and finally a cone-shaped concrete breakout develops. The
ultimate capacity depends primarily on the remaining embedment depth at the
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moment of failure (Figure 3.5d). However, if the anchor is not able to transfer the load
necessary to activate full concrete strength, the anchor is pulled out before concrete
failure occurs. Often the still attached expansion sleeve causes on its way to the
concrete surface a secondary concrete breakout (abbreviated by ‘Cs’) in the close
vicinity of the anchor, sometimes of considerable size (see also Figure 3.6¢ and d).

Since the behaviour and ultimate resistance of an anchor pulled out cannot be
predicted, pull-out is not an approved failure mode according to the qualification
guidelines and thus does not occur for qualified anchors, provided that the crack
width is not larger than the crack width the anchor is qualified for.

If the expansion elements of the anchor remain in the borehole, the corresponding
failure mode is called pull-through (abbreviated by ‘Pt’). This sub-failure mode is
unique to expansion anchors and typical for bolt-type expansion anchors which
expansion elements are small. To distinguish the Pt failure from the pull-out failure
with expansion elements still attached to the anchor bolt, the later one is indexed as
‘Po’. An anchor, which cone was completely driven through the expansion elements,
proved its functionality and therefore the Pt is an approved failure mode (Figure
3.6b). Other than for concrete failure, the ultimate capacity of anchors failing in this
mode principially depends not on the embedment depth but on the geometry of the
anchor bolt and expansion elements. The maximum possible displacement is defined
by the length of the expansion element.

It is noted here that the differentiation of Po and Pt is not consistent in the literature.
According to Mayer, B. (1990), the expansion elements do not necessarily remain in
the borehole in case of a Pt failure. If the expansion element is not expanded (Figure
3.6¢), the failure mode was designated as Po, however, if the expansion element is
driven around the expansion cone and shows a bulb like shape (Figure 3.6d), the
failure mode was designated as Pt because the expansion cone was properly pulled
into the expansion elements and thus a satisfying functioning of the anchor was
assumed.

b)

Figure 3.6 Pull-out failure modes: a) Po and b) Pt according to Eligehausen, R.;
Mallée, R. et al. (2006); c) Po and d) Pt according to Mayer, B. (1990)
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3.2.2.3 Test setup and testing procedure

Due to the limited amount of expansion anchors tested in the scope of Hoehler, M.
(2006), a test programme comprising torque-controlled expansion anchors of various
manufacturers and make was conducted. One sleeve-type expansion anchor (EAs1:
see Figure 3.1d) and three bolt-type expansion anchors (EAbl’, EAb2, EAb3: see
Figure 3.1e) were tested. Among these anchors, also anchors which were believed to
be sensitive to variations in friction conditions were explicitly selected. All anchors
were size M12 and tested in w=0.8 mm. Anchor EAb1l’ was installed with an
increased embedment depth to ensure consistent pull-through failure, and was also
tested in w = 0.5 mm to investigate the effect of crack width. The outline of the test
programme is also depicted in Table 3.1.

All tests were carried out in normal weight concrete C20/25 with a mean tested
concrete cube compressive strength between f. 150 = 28.5 and 32.9 MPa. The slabs
were produced according to the state of the art after DIN 1045 (2001) and DIN 1048
(1991) and designed to allow for the generation and control of static cracks by means
of wedges driven into sleeves placed in preformed holes in the slab (Figure 3.7a).
Checking the crack formation in the borehole using a borescope clearly showed that
drilling the hole prior to crack formation is essential in order to guarantee that the
crack runs through the hole over the entire depth. After crack formation and removing
of the wedges, the anchor was installed unmodified according to the installation
manual of the manufacturer. Full installation torque was released after the elapse of
10 min to half to make good for the relaxation which occur over time in reality. After
the installation of the crack width transducers, the wedges are sequentially
hammered into the sleeves until the desired crack width is reached.
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Figure 3.7 a) Drawing of wedge-split concrete slab; b) Schematic loading setup
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Next, a 50 kKN servo-hydraulic actuator was placed overhead the anchor and
supported such that an unconfined concrete cone breakout could occur (Figure 3.7b).
All tests were run displacement controlled. For quasi-static tests, ultimate load was
reached within 1 to 3 min. In combination with the 65 ¢/min servo-valve, the 50 kN
servo-hydraulic actuator was agile enough to push the cylinder to rates of up to
30,000 mm/s for high loading rate tests. The tension load applied to the anchor, the
anchor displacement, and the crack width were measured and recorded at a
sampling rate of 5 Hz for quasi-static, and 1000 Hz for high loading rate tests. Figure
3.8 shows pictures of the test setup. Further details are given in Mahrenholtz, P.
(2007b).

3.2.2.4 Experimental results and discussion

Table 3.1 provides the test conditions and key test results. The test programme
included more tests which however are not important in the context of the following
discussion and therefore not reported herein.

Figure 3.8 a) Actuator resting on wedge-split concrete slab; b) Close-up of installed
anchor, fixture, anchor displacement and crack width transducers
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Table 3.1 Test conditions and key test results of pullout tests with various loading

rates
Anchor Type, Crack Mean Num. PFM Num, CV, Load s(Ny)m, CV, Disp.
Anchor Size, Width Rise of kN % Rate, mm % Rate,
Emb. Depth w Time Tests kN/s mm/s
EAb1’; 0.5mm 153 sec 5 Pt 2456 4.4 0.16 13.19 229 0.09
M12; 0.51 sec 5 Pt 29.08 9.6 57.0 1429 13.2 28.0
85 mm
0.06 sec 5 Pt 27.75 16.0 463 16.17 23.7 270
EADb1’; 0.8 mm 149 sec 2 Pt 23.21 0.2 0.16 14.10 40.9 0.09
M12 0.58 sec 3 Pt 25.99 438 44.8 17.20 211 29.7
90 mm
0.05 sec 3 Pt 23.02 185 460 1799 38.6 359
EADb2; 0.8 mm 119 sec 5 Pt 12.37 9.1 0.11 11.25 16.8 0.09
M12; 0.58 sec 5 Pt 16.77 104 28.9 9.68 35.1 16.7
68 mm
0.03 sec 5 Pt 1758 124 586 8.64 36.4 288
EADb3; 0.8 mm 182 sec 5 Pt 19.72 7.6 0.11 13.77 30.3 0.08
M12;
68 mm 0.42 sec 5 Pt 21.31 11.3 50.7 12.34 30.8 294
0.04 sec 5 Pt 19.74 8.3 494 1486 256 372
EAs1; 0.8 mm 88 sec 5 C 32.47 5.8 0.37 7.75 33.0 0.09
M12;
80 mm 0.59 sec 5 C 37.78 7.5 64.0 6.68 28.8 11.3
0.05 sec 5 C 41.47 6.3 829 9.52 9.9 190

For the sleeve-type expansion anchor concrete breakout occurred (Figure 3.9a). As
expected, this failure mode resulted in increasing load capacity (Nym) for increasing
loading rates. A transition from concrete failure mode to pull-through or pull-out
failure mode could not be observed. Bolt-type expansion anchors predominantly
failed in pull-through failure mode, sometimes in pull-out failure mode with attached
expansion element due to the crack width too large for bolt-type expansion anchors
of that size (Figure 3.9b). An increased loading rate did not result in a statistically
significant decrease in capacity. The trend to higher loads for increased loading rates
is clearly visible. The results indicate that crack width is more significant than loading
rate for these anchors. The displacement capacities (s(Nu)m) versus the loading rate
do not show a clear trend.
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Figure 3.9 a) Sleeve-type expansion anchor (C); b) Bolt-type expansion anchor (Po
on the left and Pt on the right); c) Influence of loading rate on expansion anchors (all
failure modes)

In conclusion, the pullout tests carried out within the scope of Hoehler, M. (2006) and
Mahrenholtz, P. (2007b) on expansion anchors confirmed the general trend of
increasing capacities for increasing loading rates also for expansion anchors (Figure
3.9c). The occasional occurrence in reduction of load capacities in older test
programmes (Section 3.2.1) could not be observed. Due to a very limited availability
of older documentation, a definite evaluation is not possible, however, it is noted that
all along the incident of reduced load capacity was rare and it is questionable
whether the negative influence of rapid loading is reproducible, the more so as the
technology of expansion anchors has significantly improved over the past decades.
In response to more stringent approval criteria more attention was paid to a balanced
frictional behaviour.

Although the results showed that increasing loading rates generally cause an
increase in load capacity, increased ultimate anchor loads may also hypothetically
indicate the increase of (internal) frictional resistance and, in consequence, the
deterioration of the ratio of internal and external friction. For that reason, additional
tests were carried out under controlled conditions, which allowed the separate
investigation of the effect of loading rate on the internal friction and on the external
friction. These investigations are presented in the following Section 3.2.3.

3.2.3 Additional testing on anchor friction mechani sms

The goal of the investigations was to better understand the load transfer mechanisms
of expansion anchors and their effects on the anchor performance. The experimental
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tests carried out to evaluate the influence of loading rate on the coefficients of friction
are briefly presented and discussed in the following. The internal friction was
investigated by means of modified FEP Il tests, the external friction was investigated
by means indentation tests. Both test series are reported in detail in Mahrenholtz, P.
(2011a); further background infromation can also be found in Mahrenholtz, P. (2012).

3.2.3.1 Modified FEP Il tests

The FEP Il test setup was developed in Mayer, B. (1990) to investigate the splitting
forces of expansion anchors. Therefore anchors were installed in between two
concrete prisms and pulled out by a manually controlled actuator (Figure 3.10a).

Figure 3.10b) shows an exemplary load-displacement curve measured for a constant
expansion force.
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Figure 3.10 a) FEP Il test setup (Mayer, B. (1990)); b) Anchor load (denoted Ps) over
anchor displacement (denoted Ayg) for a given expansion force (denoted Spa)

The anchor load N generates via the anchor cone and expansion elements a force
perpendicular to the anchor axis, the expansion force Fey, (Figure 3.11a). The ratio of
N and Feyp is the tangent of the so-called angle of friction (&%), which in turn equals to

the coefficient of friction p*, where &* and p* are theoretical values related to a friction
plane perpendicular to the axial force N:

N / (Fexp) = tan &* = p* Equation 3.6

In anchor technology, p* is also called pull-out resistance and the ratio of Fex, and N
describes the transmission of anchor load to expansion force (k):

Fexp / N =K Equation 3.7
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Figure 3.11 a) Forces acting on an installed anchor; b) Simplified mechanical model

In the following, the equilibrium of forces is considered for the inclined external
friction plane of an installed anchor (Figure 3.11b - compare to Figure 3.3a) to
determine the coefficient of friction p acting between the borehole wall and the
expansion elements. The expansion force equals to the splitting force integrated over
the circumference of the expansion element. The external angle of friction & equals
K with respect to the inclined friction plane, and the relation of anchor force and
expansion force is after Mayer, B. (1990) given by:

N / Fexp = TT- tan (a+0e) Equation 3.8

Equation 3.6 inserted in Equation 3.8 and equalised with Equation 3.7 yields
Equation 3.9:

k=21/(mt-tan (0 + &)) =1/ p* Equation 3.9

After trigonometric conversion of Equation 3.9, an equation for the coefficient of
friction u based on p* and a can be given:

otan(a+d)=1/(k-1)

tana +tand
“ S =1/(k-m
1-tana [tand,

— k- -1-tana + k- rtan d.=1 -tana - tan o,

—0=-1+tana-tande+ k- 1-tana + k - 71- tan de

—0=-1+tana-p+k-m-tana+k-m-p (with tan de =)
—0=-1+tana-p+ L/ * -m-tana+ L/ *) T e (withk=1/p*
= Hionitana Equation 3.10

T+ * fana
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Equation 3.10 together with Equation 3.6 allows the determination of the coefficient
of friction p based on a, N and Fep.

The test setup as shown in Figure 3.12 required some substantial changes in order
to facilitate high loading rate tests. For this purpose, the test specimen, consisting of
the anchor and two concrete cubes, was positioned opposite to a 50 KN servo
controlled actuator. The two concrete cubes were fixed by two braces. The lower
brace was bolted to the strong floor. The upper brace was hold down by means of a
traverse and four threaded rods. A load cell was placed in between the upper brace
and the traverse. The actuator with the load cell was mounted horizontally on a steel
abutment which in turn was bolted to a strong floor.

Figure 3.12 Modified FEP Il test setup

To ensure that the anchor displacement is generated between expansion elements
and concrete (and not between cone and expansion elements), the expansion
elements had to be fixed to the anchor cone. For this, the concrete cubes were
clamped together, a hole was bored and the anchor was installed by applying full
installation torque. Next, the anchor was recovered and the expanded expansion
elements were tack welded to the anchor cone. Finally, the anchor and the two
concrete cubes were reassembled such that the expansion elements rested exactly
in the indentation marks they have been created in the concrete before (Figure
3.13a).
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Figure 3.13 a) Embedding of the anchor with fixed expansion elements; b) Aligning
the concrete cubes between upper and lower brace

The borehole was drilled through the entire concrete cubes to enable the
displacement measurement by a transducer at the unloaded end. By tightening the
nuts of the four threaded rods, a preload on the anchor sandwiched between the
concrete prisms was applied. Adjusting the nuts allowed keeping a uniform and
constant gap between the two concrete prisms (Figure 3.13b).

Then, the anchor was pulled out. The anchor load, the expansion force and the
anchor displacement were measured. Contrary to the tests described in Mayer, B.
(1990), where the expansion force was held constant (Figure 3.10b), the test setup
allowed the expansion force to vary over anchor displacement (Figure 3.14a). The
variability in the expansion force does not have an influence on p* since p* is
expressed as the ratio of N and Feyp (Equation 3.6). The scaling of the curve to a
constant expansion force of 15 kN (Figure 3.14b) and comparison to former results
(Figure 3.10b) verified the capability of the modified FEP Il test setup. In Figure
3.14b, also the calculated external friction coefficient is plotted versus the
displacement. For constant expansion force, it is approximately constant over the
pullout test.
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Figure 3.14 a) Measured anchor load and expansion force versus anchor
displacement; b) Curve scaled with reference to the expansion force

In this manner the external friction was determined for the bolt-type expansion
anchor EAbl’ (o = 11°) and the sleeve-type expansion anchor EAs1 (a = 13°) under
quasi-static and high loading rates. To investigate the influence of concrete strength,
concrete cubes made of C20/25 and C50/60 were used for the EAb1l anchor.
Another test parameter was the preload acting as a preset expansion force on the
anchor. Table 3.2 comprises the test parameters and the key results for the external
friction. The friction coefficient was taken as the maximum within the first 3 mm
anchor displacement. This complies with the procedure applied in Mayer, B. (1990).

Table 3.2 Test parameters and key results for external friction

Anchor Type, Concrete Preload, Loading Rate Num.of  Range of Coefficient of

Angle of Cone  Strength Class kN Tests External Friction
EAs1,; C20/25 5 quasi-static 3 0.17 +0.37
a=13 high 3 0.28 = 0.45
EAD1’; C20/25 5 quasi-static 3 0.30 + 0.40
o=11° i

high 3 0.22 +0.46

EADb1’; C20/25 15 quasi-static 5 0.16 +0.32
a=11 high 5 0.12 + 0.38
EADb1’; C50/60 15 quasi-static 5 0.23+0.33
a=11 high 5 0.16 + 0.37

The scatter in the determined coefficient of friction is large which was already
observed by Mayer, B. (1990) where the results were not more consistent. The range
of the coefficient is for high loading rate tests even larger than for quasi-static loading
rate tests. For increasing expansion force, the friction coefficient is getting lower by
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trend, what it should not be in theory. However, this complies with the test results
presented in Mayer, B. (1990). The influence of the concrete strength on the
coefficient of friction is not significant. In contrast, in Mayer, B. (1990) lower values
were evaluated for higher concrete strengths. However, the number of tests carried
out for a specific boundary condition was small.

In conclusion, any potential trend in the influence of loading rate on the external
friction coefficient is overcast by the large scatter. It has to be assumed that there is
no significant change in the external friction for high loading rates.

3.2.3.2 Indentation tests

In Lehmann, R. (1992) the theoretical calculation of the pull-out load of mechanical
anchors is shown and verified. The approach for this calculation falls back on
indentation tests carried out by Lieberum, K.-H. (1989) to establish a relation of
indentation and resulting compressive force. For these tests, a dice was pressed into
a concrete filled cylinder and the three-dimensional stress was measured. Figure
3.15a depicts the idealised stress o as a function of the indentation e for various
concrete strengths.
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Figure 3.15 a) Idealised stress-indentation curves (Lieberum, K.-H. (1989));
b) Stress-rate dependent E-modulus (Wesche, K.; Krause, K. (1972))

If an expansion anchor functions properly, the anchor bolt is pulled through the
expansion elements which then indent the concrete due to the cone angle. The
balance of forces in Figure 3.11b applies but the sliding plane is for this case
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between the cone and expansion element. The resulting compressive force acting on
the concrete at that moment equals to the expansion force Feyp. Since the amount of
anchor load which can be transferred to the concrete via friction depends on Feyp, the
actual indentation stress is critical for the magnitude of the ultimate anchor load. For
the following discussion, it is sufficiently accurate to assume that the stress is
proportional to the indentation. Likewise, also the stress rate is proportional to the
indentation rate.

The angle of friction & equals the internal friction related to the friction plane formed
by expansion elements and anchor cone and is after Mayer, B. (1990) given by:

Fexp = N/ tan (a + &) Equation 3.11
> No / Fexpo = tan (a + &)
< arctan (No / Fexpo) = 0 + O
« & = arctan (No / Fexpo) - O

Comparing N and Fep measured in two test series with quasi-static loading rate
(index 0) and high loading rate (index 1) allows the evaluation of the influence of the
loading rate on &

o, _ arctan(N,/F_,)-a

- — = Equation 3.12
oo arctan(N,/F, ,)—-a

This equation can be further transformed that it is based on the ratio of anchor load
(N1 / No) and ratio of expansion force (Fexp1 / Fexpo):

6i1 arCtan[(Nl / NO )(NO /((Fexpl /Fexpo) [FexpO ))] -a
— —= =
O arctan(N, /F,_,,)—a

Oy _ arctan[(N, /N )N, /F, ) [(Fop: /Fopo)] — @
dio arctan(N, /F, ,)—a

Fexpo / No is the ratio of transmission k (Equation 3.7) which was investigated in detail
for various mechanical anchors in Asmus, J. (1999). For the EAs1 and EAb1’ anchor,
k can be assumed as 1.2 and 1.3, respectively. It is accurate enough to assume a
value of 1.25 in the following:

5, _ arctan[1/1.25[(N,/N,)/(F,,,/F,,,)]—a
— — =
S arctan(1/1.25) - a

Equation 3.13

At ultimate load and maximum indentation of the expansion elements, the cone is
forced into the expansion elements by about 20 mm. That means that the rate of
indentation is about 1/10 of the displacement rate of the anchor. The anchor
displacement rates as reported in Table 3.1 are in the range of 0.1 mm/s for
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quasi-static loading rates and 300 mm/s for high loading rates. This equals an
indentation rate of 0.01 mm/s and 30 mm/s, respectively, and a factor of 3000.

As for most materials, the E-modulus of concrete also increases for short-time
loading or increased loading rate. In Wesche, K.; Krause, K. (1972) a relation of
loading rate and E-modulus can be found. The diagram in Figure 3.15b depicts the
stress-rate dependent E-modulus normalised with reference to the E-modulus at
0 =5N/mm?/s as a function of stress rate ¢ . With a maximum stress rate of
500 N/mm?/s, the diagram covers only an increase in stress rate by the factor 100.
The substantially higher increase in stress rate and the punctuated load application
typical for when anchors are pulled out at earthquake relevant loading rates,
however, suggests a much more pronounced increase in the E-modulus. Therefore,
tests were carried out for which a dice was pressed into concrete cubes by means of
a 250 kN servo controlled actuator (Figure 3.16a).

Figure 3.16 a) Indentation test setup; b) Close up of the dice and concrete groove

Two different dices were machined so that they replicate radius and length of the
bolt-type and sleeve-type expansion anchors. The concrete cubes were prepared as
for the modified FEP Il tests by drilling a hole right into the joint of two clamped
together concrete cubes. One cube was then fixed by a steel bracket to the strong
floor and the dice was first lowered into the groove until it just touched concrete
(Figure 3.16b). The dice was then pressed into the concrete quasi-statically by
1.0mm to simulate the indentation of the expansion element during anchor
installation.
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Then the anchor was loaded to failure at quasi-static and high loading rates. The load
and the displacement of the dice were measured. For high loading rates, i.e.
displacement rates of ~ 30 mm/s, the measured resistance to indentation was
significantly increased (Figure 3.17a). For the problem given, the indentation from 1.0
to 2.0 mm is critical since this indentation represents the indentation of the expansion
anchor after installation due to follow-up expansion when the anchor is pulled out. By
normalising the respective increase in resistance to indentation between 1.0 and
2.0 mm with reference to that for the quasi-static tests, the percentage increase in
resistance (and thus expansion force) due to higher loading rates can be estimated
to 50 %.
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Figure 3.17 a) Average load-indentation curves; b) Friction ratio versus anchor load
ratio

The array of curves in Figure 3.17b is the graphical representation of Equation 3.9
and allows determining the change in the internal angle of friction (& / djp) based on
expansion forces evaluated by indentation tests.

The compressive force measured over indentation increased by approximately 50 %
for high loading rates if compared to quasi-static loading rates. Therefore, also Feyp
may be assumed to increase by 50 % for high loading rates. With reference to Figure
3.9b, the increase in anchor load due to high loading rates may be tentatively
assumed as 25 % on average. With Feyp1 / Fexpo = 1.50 and N;/Ng=1.25, the
diagram in Figure 3.17b reads 0.82 for &y / & which equals a reduction in internal
friction of 18 %. The result reveals that the increase in expansion force rather than
the hypothetical increase in friction is the reason for increased anchor loads under
high loading rates. Table 3.1 comprises the test parameters and key results
regarding the internal friction.
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Table 3.3 Test parameter and key results for internal friction

Anchor Type;  Concrete Radius/ Loading rate  Num. of Normalised Normalised

Outer Diam. of  Strength  Length of Tests Increase in Coefficient of

Exp. Elements Class Dice, mm Compressive Internal

Force Friction

EAs]; C20/25 9/200 quasi-static 5 - -
18mm high 6 153 ~0.80
EADb1’; C20/25 6/150 quasi-static 5 - -
12mm high 6 1.47 ~0.84

The deduction of the load rate dependent coefficient of internal friction based on
measured anchor loads and expansion forces is very theoretical. However, the
investigations pointed out that high loading rates have in general a beneficial effect
because of the increase in indentation resistance: For a constant internal angle of
friction (81/0p = 1.00), the anchor load increases for high loading rates (Figure 3.17Db).
This creates a safety margin for the case of decreasing internal friction which results
in decreasing anchor loads.

3.2.4 Conclusions

Considerable number of experimental tests on installed anchors has shown that the
mean capacity of anchors tested under high loading rate is generally greater than
that observed under static loading. This is true independent of the failure mode and
type of anchor. In Hoehler, M.; Mahrenholtz, P. et al. (2011) it was concluded that a
reduction in load capacity under earthquake relevant loading rates can be excluded
in practice. However, it was unknown whether this behaviour is accompanied by a
potentially adverse change in the ratio of internal and external friction. For this
reason, further investigations on expansion anchors were carried out to deepen the
understanding of the external and internal frictional behaviour.

The modified FEP Il test setup allowed determining the pull-out resistance of fully
expanded anchors. The deduced coefficients of external friction show a large scatter
overcasting any high loading rate effect. It was not possible to establish a relation
between friction and loading rate that was distinguishable from the general scatter in
the test data. Therefore, the external friction has to be assumed as relatively constant
for variable loading rates. To investigate the internal friction, indentation tests on
concrete specimens were carried out determining the influence of the loading rate on
the concrete resistance when an anchor cone is pulled through the expansion
elements. It turned out that the internal friction decreases with increasing loading rate
which ensures a proper functioning of the expansion anchor for all loading rates. The
reason for increased anchor load capacities despite of reduced frictional resistance is
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the beneficial effect of increased loading rates on the indentation resistance of the
concrete. Increasing expansion forces permit that the anchor load capacity under
high loading rates is not reduced in comparison to the capacity under quasi-static
loading.

Based on these findings, it is concluded that in general high loading rates do not
have a negative influence on the load capacity factor of expansion anchors. In
consequence, the earlier established conclusion that high loading rate tests are not
necessary for seismic anchor qualification holds also for expansion anchors,
irrespective of the failure mode.

3.3 Anchor Ductility
3.3.1 State of knowledge

Anchor ductility was till very recently not a subject for systematic experimental tests
or for systematic theoretical consideration. The available literature on testing and
assessment of anchor ductility is very limited. However, approval authorities and
anchor manufacturers in Europe and the US have worked to achieve more clarity and
consistency in the manner in which the classification of anchor ductility is made. The
results of experimental tests investigating current procedures for assessing the
ductility of anchor products is presented in Hoehler, M.; Silva, J. et al. (2011).
Existing ductility definitions in material sciences and earthquake engineering and
their applicability on anchor technology, as well as exploratory tensile tests on anchor
specimens are discussed in Mahrenholtz, P. (2010a). In the following, literature
addressing directly anchor ductility is shortly summarised.

In Rieder, A. (2002) the deformation capacity of installed undercut and expansion
anchors under static shear loading is investigated to assess their potential seismic
performance. The manufacturing process and the sleeve were found to play a major
role in influencing the steel failure load and ductility. Due to the lack of a pronounced
yield point in the load-displacement curve, the yield load was defined as
F = Frks/ (Ve - Yus), Where Frgs = characteristic resistance for steel failure, yr = partial
load safety factor, and yus = partial material safety factor for steel failure (Figure
3.18a). This approach is commonly used in structural engineering when estimating
the maximum possible load level for the serviceability limit state for which linear
behaviour is generally assumed. Also in Hegger, J.; Déinghaus, P. et al. (2003) it is
used for the idealisation of load-displacement curves of headed bolts loaded in
shear. In this case, the yield load corresponds to the maximum allowable load level
at serviceability limit state. Depending on the applied partial safety factors, the yield
load corresponds to ~ 50 or 60 % of the ultimate load capacity (Figure 3.18b). This
definition identifies the beginning of inelasticity; however, the actual load-
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displacement curve is too steep at this point to recognise it as the onset of plastic
behaviour. Therefore, the ideal plastic plateau is found by extrapolating the initial
stiffness to the maximum load level (Figure 3.18b and Figure 3.25a).
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Figure 3.18 Approach for estimating linearity up to the maximum possible load level
for the serviceability limit state: a) Rieder, A. (2002); b) Hegger, J.; Ddinghaus, P. et
al. (2003)

In Silva, J.; Eligehausen, R. et al. (2006) it is pointed out that there is practically no
hysteretic energy dissipation during tension load cycling. Furthermore, the concept of
bolt elongation as a measure of tension anchor ductility has meaning in one direction
of load only since compression forces are generally transferred directly to the
concrete from the fixture or base plate. For shear loading, the reference to (axial) bolt
elongation has little meaning. Further it is concluded that the relationship of local and
global ductility as described in Paulay, T.; Priestley, N. (1992) requires very high local
ductility factors for moderate global ductility demands, and that deformation capacity
is required in particular for anchor groups (Figure 3.19a) as it was addressed in
Klingner, R. (1993). The fact of pinched and narrow looped hysteresis resulting in
limited energy dissipation was also pointed out in Hoehler, M. (2006) for tension load
cycling and in Genesio, G. (2007) for shear load cycling.
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Figure 3.19 a) Ductility demand in case of anchor groups (Silva, J.; Eligehausen, R.

et al. (2006)); b) Failure mechanism of a typical anchor connection (Nuti, C.; Santini,
S. (2008))
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The work presented in Nuti, C.; Santini, S. (2008) aims to clarify the understanding of
the fundamental principles of seismic anchor behaviour. It is argued that the yielding
of the anchor itself results in a non-ductile mechanism. Its behaviour is governed by
sliding of yielded anchors at zero force as soon as the steel yielding has been
reached during load cycling. In other words, anchor ductility means an irreversible
deformation that leads to lifting of fixture and pounding effects. In that case, no
energy dissipation occurs and the mechanism (Figure 3.19b) cannot be assumed as
ductile.

In conclusion, there is limited literature on anchor behaviour available which falls
back on the term ductility. If general load-displacement characteristics of different
anchor types were considered in earlier studies (e.g. Cook, R.; Collins, D. et al.
(1992)), the emphasis was clearly placed on the load bearing behaviour rather than
on the displacement capacities. Anchor ductility is not clearly defined yet, let alone
quantified. A systematic and basic approach is therefore required to shed light on this
issue.

3.3.2 Background

In structural design, ductile failure modes are generally considered as desirable
because of their beneficial effects on the behaviour prior to failure. In particular for
seismic design, ductility is important in order to overcome the extreme demands on
the elements in view of load and displacement capacities. This fundamental idea is
also transferred to anchor design. Their load-displacement behaviour ranges from
very brittle to moderate or pronounced ductile. However, before anchor ductility can
be evaluated and quantified, it is necessary to understand what ductility means and
what its behavioural objectives are. In the following sections, the meaning of the term
ductility is discussed for material sciences, earthquake engineering, and anchor
technology.

3.3.2.1 Ductility in material sciences

In material science, ductility is mostly understood as the percentage elongation with
reference to the original length of a specimen tested in tensile tests, e.g. according to
ISO 6892-1 (2009) or ASTM F606 (1998). Tensile tests reveal the properties of the
pure material. The plastic behaviour and thus material ductility is generated by
dislocations of the atoms. Ductile materials such as most steels, exhibit a linear
stress-strain relationship up to a the yield point at which material strain changes from
elastic to plastic deformation, causing it to deform permanently. As deformation
continues, the stress increases due to strain hardening until it reaches the ultimate
strength. Until this point, the strain is almost equal over the whole length of the
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specimen. Beyond this point necking of the specimen occurs and eventually the

specimen ruptures (Figure 3.20a).
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Figure 3.20 a) Tensile testing according to ISO 6892-1 (2009): a) Stress-strain
diagram with A4 = strain before necking and A = strain after rupture; b) Specimen
before and after testing with L, = Original reference length before testing and
L, = reference length after testing

The reduction in area can be measured and given unambiguously as a percentage
value. For the determination of the percentage elongation, i.e. plastic strain, the two
halves of the ruptured specimen are joined (Figure 3.20b) and the measured
absolute elongation is then related to a reference length. The definition of the
reference length is crucial since it directly affects the percentage result. The
provisions given in ISO 6892-1 (2009) fall back on the so-called proportional
specimen which original reference length is fixed in proportion to the square root of
the original cross section area by Lo, =5.65 " (S,)®°. The compliance with this
proportion ensures that the calculated strain of different specimen dimensions and
cross sections are comparable. For round specimen, the formula yields L, =5 do. In
case of non-proportional specimen length, the elongation value needs to be
converted for which ISO 6892-1 (2009) refers to 1ISO 2566-1 (1999). An elongation
value derived from a test with L, = 4 d has to be divided by the factor 1.094. Thus an
elongation requirement of 14 % for a 4 d specimen as given in ACI 318 (2011) is
equivalent to a requirement for a 5 d specimen of 14 /1.094 = 12.8 %. This comes
pretty close to the provision in CEN/TS 1992-4 (2009) of 12 %.
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3.3.2.2 Ductility in seismic engineering

The goal of designing an earthquake safe structure is to have “tolerance with respect
to inevitable crudeness of predicting earthquake imposed displacements” (Paulay in
Reitherman, R. (2006)) for which ductility is a very important property. The term is
generally used to describe the ability of a structure or its components to offer
resistance in the inelastic deformation response parameters of the structure such as
displacement, rotation or curvature, and is defined as the ratio of maximum to yield

deformation p = Ay, / Ay (Figure 3.21).
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Figure 3.21 Load-displacement behaviour of reinforced concrete members:
a) ldealisation of load-displacement curve (Paulay, T.; Priestley, N. (1992); b) Typical
measured hysteresis loop (Park, R. (1989))
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The ductility factor is often illustrated by monotonic load-displacement curves (Figure
3.21a). However, and most important for seismic design, a ductile element is also
able to undergo cyclic deformations in the inelastic domain without a substantial
reduction in strength. During the hysteretic deformation, the element dissipates
energy (Figure 3.21hb).

3.3.2.3 Ductility in anchor technology

In anchor technology, ductile behaviour is associated with similar capacities. Ductile
failure modes are considered as desirable (e.g. Silva, J. (2001), Gurbuz, T.; Ilki, A.
(2011). The reasons for this are as follows:

» Large absolute deformation (Figure 3.22a): This is understood as critical for
deformation controlled failure modes and enables load redistribution within
anchor groups or between anchors at different supports.

» Large relative deformation (Figure 3.22b): This parameter describes an early
activation of full strength for a given maximum deformation. An early activation
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of the full strength is also critical for anchor groups because large absolute
displacement alone does not guarantee a favourable load distribution.

* Robustness (Figure 3.22c): A robust anchor shows a load-displacement
behaviour which is soft at peak load and prolonged in the post-peak range.
Final failure is indicated by large displacements.

* Resistance to cycling (Figure 3.22d): While the first three behavioural
objectives apply to both static and seismic load cases, the ability to resist
several load cycles beyond yield is a critical feature for seismic applications.

a) b) 9) d)
! ! ! !
d d d d

Figure 3.22 Schematic illustration of the objectives on the load (L) — displacement (d)
behaviour of anchors: a) Large absolute deformation capacity; b) Large relative
deformation capacity; ¢) Robustness; d) Resistance to cycling

Notwithstanding the lack of a conclusive definition or quantification of anchor ductility,
the designation of whether an anchor is ductile or brittle affects several aspects of
anchor design. As noted by Hoehler, M.; Silva, J. et al. (2011), the anchor has to be
classified as ductile for the following cases:

» Plastic design approach of structural connections according to CEN/TS 1992-
4 (2009) Annex B. The plastic analysis is acceptable only when the failure is
governed by ductile steel failure of the anchor.

» Partial safety factors @ as given in of ACI 318 (2011) Appendix D which are
sensitive with reference to the ductility classification of the anchor.

» Seismic design of anchoring according to Clause 8.4.3(3) of CEN/TS 1992-4
(2009) or Clause D.3.3.6 of ACI 318 (2008) Appendix D: Both guidelines
require the seismic design of the anchorage using an overstrength factor of
2.5 if it cannot be shown that either the element fixed by the anchor yields
before anchor failure or the anchorage fails in steel and the anchor is qualified
as ductile. The latest revision ACI 318 (2011), however, dropped this factor,
see also Section 2.3.3.

Section 2.3 concluded that to date anchor ductility is tested by material tensile tests
(Section 3.3.2.1). However, it is evident that in reality the behaviour of an installed
anchor system differs in many cases significantly from what the material test result
may suggest. As demonstrated in Hoehler, M.; Silva, J. et al. (2011) the threaded rod
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of an adhesive anchor system certainly yields ductile load-deformation characteristics
in a material tension test, however, when being bonded to the concrete, the threaded
rod cannot generate any substantial deformation because the available free strain
length is very small. On the other hand, many mechanical anchor types experience
considerable overall movement when the installed system is loaded, resulting in
displacements capacities larger than indicated by the material test (Mahrenholtz, P.
(2010a)).

This leads to the conclusion that anchor ductility should be tested on the installed
system rather than by a material test alone. Basis of the evaluation is then the load-
displacement behaviour of the anchor. The definition of anchor ductility based on
load-displacement curves will be more general than a definition based on steel strain
alone and may also allow for failure modes other than steel failure to be classified as
ductile. For this goal, potential anchor ductility parameters were developed
(Section 3.3.3) and applied to a database of several hundred experimental tests
(Section 3.3.4).

3.3.3 Development of anchor ductility parameters

The quantification of anchor ductility requires a discussion of which ductility
parameters are suitable to characterise the load-displacement behaviour best in due
consideration of the behavioural objectives and how they can be determined by
means of characteristic points on the load-displacement curves. The following
sections are a brief extract from extensive investigations reported in Mahrenholtz, P.
(2011b).

3.3.3.1 Behavioural objectives and deformation para  meters

In the following, the four behavioural objectives, namely (i) Large absolute
deformation, (ii) Large relative deformation, (iii) Robustness, and (iv) Resistance to
cycling as described in Section 3.3.2.3 are characterised by means of deformation
parameters which are extracted from load-displacement curves.

Absolute deformation describes the ability of the anchor to develop displacement
capacity. Relative deformation can be interpreted as a ductility factor p which relates
in seismic design the maximum to yield deformation. The idea of yield and maximum
deformation implies that the load-displacement curve flattens (or softens) after the
point of yield. Thus, the behavioural objective of robustness is checked by the
relative deformation: A certain relative deformation ensures a corresponding plateau
length and thus robustness. Further, a high resistance to cycling can generally be
assumed for post-installed anchors. This is in particular true for tension loads for
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which a large number of load cycles at load levels below peak and/or considerable
number of load cycles near ultimate load can be performed without failure,
irrespectively of the failure mode (Figure 3.23).
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Figure 3.23 Examples of tension load cycling tests on anchors (Hoehler, M. (2006)):
a) Large number of load cycles after SEAOSC (1997); b) Load cycling near ultimate
load

As mentioned earlier, energy dissipation, which is generally sought for applications in
seismic engineering, is nearly non-existent because axially loaded anchors primarily
transfer tension loads only. Compression loads are directly transferred by the fixture
to the concrete. This behaviour results in stiff, closely spaced loading and unloading
branches typical for cyclic loading of anchors. This is also true for cyclic shear
loading for which the anchor can only take up load when in direct contact with the
concrete but not at the beginning of the reverse stroke (Figure 3.24). Energy
dissipation is therefore not a suitable parameter to quantify anchor ductility.

a) 40 T b) 40 T

t + + + t + | I + S
-15 -10 3 5 10 15 20 -15 -10 /
210 4+ Displacement [mm] | / f
/ U
20 1 4

30 L

Shear Load [kN]
Shear Load [kN]

+ i
15 20
Displacement [mm]

30 L

Figure 3.24 Examples of shear load cycling tests on anchors (Mahrenholtz, P.;
Eligehausen, R. et al. (2011)): a) Displacement controlled load cycling after FEMA-
461 (2007); b) Continued load cycling to failure

In conclusion, investigations on potential anchor ductility parameters should focus on
the aspects of the following displacement parameters of the installed anchor:
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e Absolute deformation
* Relative deformation

Due to the strong association of ductility with seismic applications — as all above
mentioned behavioural objectives also apply to seismic design — it may appear
reasonable to determine anchor ductility by means of cyclic tests. However,
extensive experience in anchor testing has verified that the scatter band of cyclic
load-displacement curves follow the mean of corresponding monotonic tests (Figure
3.23 and Figure 3.24), provided that the anchor does not fail prematurely due to low
cycle fatigue. For anchor qualification, however, this has no effect since the anchor is
required to sustain all cycles of a given qualification protocol (e.g. ACI 355.2 (2007)).

Therefore, the evaluation of the deformation characteristics can be carried out by
means of monotonic load-displacement curves. To investigate potential system
ductility parameters and to check their suitability, existing load-displacement curves
from qualification tests are evaluated in the following.

3.3.3.2 Characteristic points and potential ductili  ty parameters

The determination of quantitative ductility parameters requires the definition of
characteristic points that describe the load-displacement of a loaded anchor. In
Hoehler, M. (2006) it is suggested that the displacement at 80 % of the ultimate load
on the ascending and descending branches of the load-displacement curves should
be recorded for qualification tests. The aim of this was to gain additional information
about the deformation capacity. This general approach is refined and substantiated in
the following.

As discussed above, two critical deformation values need to be derived from the
load-displacement curves: (i) Absolute deformation, and (ii) Relative deformation.
The absolute deformation is equivalent to the maximum deformation capacity. By
relating that capacity to the yield deformation, the relative deformation capacity is
determined. In conclusion, the following two characteristic points on the load-
displacement curve need to be defined:

* Yield deformation Ay
¢ Maximum deformation An

In seismic engineering, the load-displacement curve is often idealised as a bilinear

ideal elasto-perfectly plastic system that allows the direct extraction of the ductility

factor u based on the yield and maximum deformation. When the load-displacement

curve does not have a well defined yield point, it is often defined by an idealised

curve balancing the areas between actual and idealised curve. Structures generally

have some capacity beyond peak and it is reasonable to recognize at least parts of
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this post-peak capacity. The definition of yield and maximum deformation is always
somewhat subjective and innumerous alternative approaches of various complexities
can be found in literature. Some examples are shown in Figure 3.25.
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Figure 3.25 Examples for idealisation of load-displacement curves:

a) Elasto-perfectly plastic idealisation (Chopra, A. (2007)); b) Elasto-plastic

idealisation (Penelis, G.; Kappos, A. (1997)); c) Elasto-plastic idealisation for
non-linear initial stiffness (Paulay, T.; Bachmann, H. et al. (1990))

Also in Priestley, N.; Calvi, G. et al. (2007) it is pointed out that there is no consensus
within the research community as to the appropriate definition of yield and ultimate
displacement. With the wide choice of definitions (Figure 3.26a), there are problems
when realistic modelling is required for the straightforward concept of ductility
capacity and demand, and its relation to the reduction factor (ATC-24 (1992), ATC-40
(1996)).
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Figure 3.26: a) Possible definition of deformation capacity according to Priestley, N.;
Calvi, G. et al. (2007); b) Schematic of anchor load-displacement curve and key
characteristic points and c¢) Example of qualification test series (Mahrenholtz, P.;

Eligehausen, R. et al. (2011))

Further, for anchor ductility, the identification of the yield and maximum deformation
is critical, yet even more difficult. Other than in case of tensile tests on steel
specimens, however, a clear stiffness variation after the elastic range is not visible
and a pseudo vyield point needs to be found. Figure 3.26b depicts schematically the
load-displacement curve of an anchor loaded in tension and the key characteristic
points which are:
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* End of elastic range

* Pseudo yield point

» Ultimate load capacity
* Post-peak capacity

The following discussion is based on tensile load-displacement curves, however, the
discussion is principally also applicable to anchors loaded in shear.

The study on potential definitions of the characteristic points checked several
approaches which are reported in detail in Mahrenholtz, P. (2011b). The approach of
area balancing is not practical when evaluating a vast quantity of anchor load-
displacement curves. Anchor test series consist typically of 5 repeats which load-
displacement curves may show significant scatter in particular for displacement
values (Figure 3.26c¢). It was aimed to find a solution which would allow the use of
data assessment software and which at best is in line with the assessment criteria of
existing anchor qualification guidelines.

As for laterally loaded structural elements, the range of truly elastic behaviour is very
short, if existent at all. For this reason, the end of the elastic range may be identified
by definition. E.g. ETAG 001 (2006) approximates the initial, i.e. elastic, stiffness to a
load level half of the mean ultimate load 0.5 N, m, which corresponding displacement
is an important assessment criterion (Section 2.4.1). However, since the end of the
elastic range marks the beginning of the inelasticity, it may be interpreted as the
pseudo yield point. Another possible approach for the definition of the pseudo yield
point would be an algorithm analogue to the reduced tangent stiffness approach
given in ETAG 001 (2006)-Part 5, which was also adopted in ACI 355.4 (2010), for
the determination of the load at loss of adhesion Ny gy in case of bonded anchors
(Figure 3.27a). However, the data evaluation (Section 3.3.4) resulted in large scatter
within a test series and turned out to be impracticable. The approach to find the yield
displacement by means of the secant stiffness at 75 % of the peak load, as it is
common practice for reinforced concrete elements in seismic engineering (Figure
3.21a, Figure 3.25c), and its simple application has clear advantages.
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Figure 3.27: a) Determination of the load at loss of adhesion according to ETAG 001
(2006)-Part 5: al) Significant change of stiffness; a2) Load at reduced secant
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Also the maximum available deformation is estimated in seismic engineering by
various assumptions. Considerable portion of the inelastic region is generated
beyond the peak of the load-displacement curve. However, the allowable loss in
post-peak strength needs to be limited. In seismic engineering, a reduction in load of
20 % is generally considered as acceptable (Park, R. (1989)). The post-peak branch
of load-displacement curves is particularly affected by the control mode of the testing
actuator. True displacement controlled tests are run by means of a servo-hydraulic
actuator and guarantee a constant displacement rate during the test. In contrast,
pseudo displacement controlled hydraulic actuators typically used for monotonic
anchor qualification tests results in increased loading rates at peak load.
Consequently, for anchors failing in steel, concrete, or bond, the load and
deformation capacities may be overestimated (Mahrenholtz, P. (2011c), Figure
3.27b). For this reason and since the scatter within a test series gets increasingly
massive down the descending branch, it is reasonable to define the post-peak
strength for anchors at a higher load level. The deformation at 85 % of the ultimate
load seems to be reasonable.

In conclusion, the following can be stated for the characteristic deformations of
anchor load-displacement curves: The identification of the yield deformation is
essential for calculating the relative deformation capacity. However, the definition of
the yield point is generally problematic and the quantification of the yield deformation
is difficult. In contrast, the peak point is easy to find and its scatter is reasonably low.
As a conservative approach, the corresponding deformation can be taken as the
maximum deformation. When the post-peak strength is taken into account, the data
needs to be carefully checked concerning a possible overestimation of the
deformation capacity due to pseudo displacement controlled test methods.
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3.3.4 Evaluation of data base

The preceding section identified absolute and relative deformation as the most
meaningful anchor ductility parameters, for which determination the yield and the
maximum deformation have to be extracted from load-displacement curves. To
quantify these parameters, a database of several hundred experimental tests on
diverse anchor types was developed and evaluated. The data base falls back on
gualification test performed on anchors of various makes and manufacturers at the
IWB. Test data were d assessed with reference to anchor type, anchor size, concrete
strength, crack width, and type of loading. The complete evaluation of the data base
is available in Mahrenholtz, P. (2011b).

3.3.4.1 Characteristics of load-displacement curves and anchor types

For the data base, all anchor test reports written at the IWB dating back to the year
2001 were screened in view of their general usability. 507 test series including 19
different products which came from 10 different manufacturers based in Europe and
the US were identified as suitable. For further processing, they were classified
according to their type (bonded, expansion, screw, and undercut anchor), their size
(metric range M6 to M36, imperial range 1/4” to 1 1/4”), the concrete strength (low
(C20/25) and high (C50/60)) and the crack width the anchors were installed in
(0.0 mm to 1.5 mm), the load direction (tension, shear, and load at an inclined angle)
and type (monotonic and cyclic). Next, the relevant load-displacement (x,y) data were
extracted from the reports (Figure 3.28a), for which the diagrams of older reports had
to be digitalised first, and then processed by a professional assessment software for
anchor test data. The characteristic points of all test repeats were calculated first
individually (Figure 3.28b) and then taken as the arithmetic mean (Figure 3.28c). The
horizontal and vertical bars represent the fluctuation of the data.
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Figure 3.28 Exemplary procedure of data base evaluation: a) Original data;
b) Polygon intersecting characteristic points; c) Arithmetic mean of all test repeats
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Before evaluating the data base in detail, it is instructive to know the general
difference in the load-displacement behaviour of the main anchor types. Figure 3.29
shows tensile load-displacement curves derived from monotonic tension tests on
different post-installed anchor types. The load-displacement curves were calculated
as an average value of relevant tests of the data base. Data sets for anchors with a
diameter of d=12mm, tested in low strength (C20/25) cracked concrete
(w = 0.3 mm) with an effective embedment depth he; of 75 to 90 mm were extracted.
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Figure 3.29 Average tension load-displacement curve for anchors d = 12mm:
Bond anchor (BA), undercut anchor (UC), screw anchor (SA), and expansion
anchor (EA)

For bonded anchors, Figure 3.29 depicts the average load-displacement curve of
anchors with a 12 mm steel element. The tension load is transferred over the entire
depth hes by mechanical interlock from the steel element into the adhesive mortar and
by bond and micro interlock (due to the geometric imperfection of the drilled hole)
from the mortar into the concrete. When installed with an embedment depth of 6 d,
the anchor fails in a bond failure mode. When set deep enough, steel failure with a
steep elastic ascending branch and a pronounced inelastic load plateau occurs. The
steel failure mode is basically a pure material test as indicated by the dashed line in
Figure 3.29. The load plateau, however, is relatively short because of the small free
strain length of the installed anchor.

76



Theoretical and Experimental Studies at Component Level

For screw anchors, Figure 3.29 depicts the average load-displacement curve of
anchors with a nominal diameter of 12 mm. The effective embedment depth he can
be estimated as her = 0.85 (hpom — 0.5 hy — hg) (refer to CUAP Concrete Screw (2003),
Kienzlen, J. (2005), and AC193 (2010) Clause 8.7). The load is transferred by
mechanical interlock into the concrete. The ultimate capacity is reached when the
concrete consoles are sheared off, resulting in a combined pullout/concrete failure
mode with a shallow cone. The average load-displacement curve of undercut
anchors inidicates a pure concrete failure. Undercut anchors function by mechanical
interlock which is created by an undercut element at the anchor base which depth
equals he. The concentrated load transfer at the anchor base allows a deep concrete
cone to develop. Load and displacement capacities are larger than for a screw
anchor with the same embedment depth.

For expansion anchors, Figure 3.29 depicts the average load-displacement curve of
anchors M12 (1/2”). This anchor type transfers the load by friction between anchor
body and expansion element, and expansion element and concrete. Sleeve-type
expansion anchors fail predominantly by concrete breakout and hes equals the depth
of maximum expansion of the expansion elements. During loading, the anchor is
pulled further into its expansion element (follow-up expansion). Therefore, the anchor
experiences larger displacement than an undercut anchor with the same embedment
depth. Bolt-type expansion anchors may also fail by being pulled through the
expansion element, in particular in case of thin expansion elements and increased
crack widths. This failure mode shows the characteristic bell-shaped curve as
indicated by the dashed line. In fact, the failure mode may vary even within one test
series of several repeats on exact the same anchor product, size and embedment.

The qualitative conclusion is that post-installed anchors of various type but same
embedment depth display a very different load-displacement behaviour. Typically,
bonded, screw, and undercut anchors, which do not have sufficient free strain length,
have only limited displacement capacities in tension. In contrary, expansion anchors
exhibit substantial displacements before failure, especially in case of a pull-through
failure mode. All anchor load-displacement curves in common is the very short elastic
range, and the lack of a distinctive yield point and plateau.

3.3.4.2 Tension deformation capacities and percenta  ge elongation criteria

Depending on size, concrete strength etc. but also on the actual embedment depth,

every anchor yields different displacements, resulting in a certain data base

fragmentation. Assessment of the data base showed that the influence of concrete

strength on the displacement parameters is small. Therefore, the displacement data

derived from anchors tested in various concrete strengths (low and high) were

merged. Since cyclic load-displacement curves are not critical in respect to ductility
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parameters (Section 3.3.3.1), but their evaluation is demanding, cyclic load-
displacement curves are not further considered here. The results of tension load data
assessment are presented for absolute deformation first, then for relative
deformation.

As a conservative approach (Section 3.3.3.2), the absolute deformation and thus
maximum deformation A, is taken as the displacement at ultimate load s(N,). Table
3.4 depicts the range of the data base evaluation for bond (vinyl and epoxy), screw,
and torque-controlled expansion anchors for common sizes. Displacement-controlled
expansion anchors are generally not appropriate for seismic applications because of
unfavourable performance in cracked concrete and are therefore not taken into
consideration. For undercut anchors, there are too few test data available to give
meaningful results of evaluation, however, the values of s(N,) for undercut anchors
may be assumed to be in the upper bound of the range for screw anchors. Virtually
all anchors incorporated in the table failed in a mode other than steel.

Table 3.4 Range of absolute displacement at ultimate load s(N,) in [mm]
for various anchor types and sizes

Anchor Type  Crack Width M10(3/8") M12 (1/2") M16 (5/8”) M20 (3/4")  M24 (1)

Bonded 0.0 mm 0.7+2.6 0.8+3.0 0.8+34 11+1.2 1.3+4.0
Anchor 0.3 mm 11+14 1.4+3.8 1.1+43 46+4.8 14+5.0
0.5 mm 10+1.4 - 13+1.6 - 14+16
Combined 0.7 +3.5 0.8+3.8 0.8+4.3 1.1+4.7 1.3+5.0
Median 1.7 2.3 2.6 29 3.2
Screw 0.0 mm 10+21 16+1.8 14+34 28+3.3 -
Anchor 0.3 mm 1.0+23 1.0+3.1 24 +33 3.0+3.2 -
0.5 mm 14+26 19+3.1 23+338 22+45 -
Combined 1.0+2.6 1.0+31 14+3.8 22+45 -
Median 1.8 2.1 2.6 3.4 -
Expansion 0.0 mm 3.7+7.5 41+95 54+12.6 6.4 +10.9 9.0+9.4
Anchor 0.3 mm 39+95 4.0+10.7 3.7+11.6 79+9.8 10.1+12.7
0.5mm 43+85 4.2+9.0 41+104 8.4+129 -
Combined 3.7+18.5 4.0 +10.7 4.1+12.6 6.4+12.9 9.4+12.7
Median 6.1 7.4 8.4 9.7 111

As already indicated before, expansion anchors yield at much larger displacements
than the other anchor types. Larger anchor diameters are generally accompanied by
larger embedment depths and develop larger displacements. By dividing the absolute
displacement s(N,) with the effective embedment depth he, a percentage
displacement is determined with reference to the embedment depth (Table 3.5).
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Table 3.5 Range of percentage displacement at ultimate load s(Ny)/hes in [%0]
for various anchor types and sizes

Anchor Type Crack Width M10 (3/8") M12(1/2") M16(5/8") M20 (3/4")  M24 (1")

Bonded 0.0 mm 0.9+3.3 0.8+3.1 0.6 +2.7 0.7+0.8 07+21
Anchor 0.3 mm 14+44 15+40 09+34 28+3.0 0.7+26
0.5 mm 1.3+1.8 - 1.3+1.6 - 0.7+0.9
Combined 09+44 0.8+4.0 0.6 +3.0 0.7+2.9 0.7+23
Median 1.7 2.3 2.6 29 3.2
Screw 0.0 mm 16+3.6 22+26 1.3+4.1 23+2.7 -
Anchor 0.3 mm 15+4.0 1.3+4.8 29+40 24+2.6 -
0.5 mm 23+45 25+4.8 21+4.6 1.8+3.7 -
Combined 16+45 1.3+4.8 1.3+4.6 1.8+3.7 -
Median 1.8 21 2.6 34 -
Expansion 0.0 mm 57+9.1 51+12.9 54+12.6 5.1+8.7 6.0 +6.3
Anchor 0.3 mm 6.0 +13.8 50+11.4 3.7+11.6 6.3+7.8 6.7 +8.5

0.5 mm 6.6+12.1 53+113 41+104 6.7+10.3 -
Combined 57+13.8 50+134 41+126 51+11.8 6.3+85
Median 6.1 7.4 8.4 9.7 111

The scatter of the displacement at ultimate load within a test series is relatively small.
The coefficients of variation (CV) within a test series is less than 25 % for s(N)
(Mahrenholtz, P. (2011b)). For a specific anchor product, anchor displacements
generally increase with increasing crack widths for otherwise constant boundary
conditions (Section 3.4.5.2). However, the wide range of the displacement data
caused by large scatter between different anchor products overcast this effect and
makes the data less significant with respect to the influence of the crack width.
Sensitivity studies have shown that the significance of the results cannot be
increased by differentiating the failure mode, which is in line with other anchor test
data analyses (Cattaneo, S. (2007)).

The following discussion of ductility parameters is not to quantify exact displacement
capacities but rather to indicate trends for various anchor types in order to identify
potential approaches for the definition of anchor ductility. Therefore, the data are
further consolidated by combining the displacement data for all crack widths (0.0, 0.3,
and 0.5 mm). In Figure 3.30a the median of the displacements at ultimate load is
plotted as a function of anchor size, in Figure 3.30b the median of the percentage
displacements. Parameter is the type of anchor. It becomes evident that the medians
of the percentage displacements seem to be relatively constant for variable anchor
sizes.
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Figure 3.30 Displacement capacity versus anchor size:
a) Absolute displacement s(N,) in [mm]; b) Percentage displacement s(Ny)/hes in [%0]

The findings suggest the following analogy: If an anchor failing in any mode yields a
percentage displacement that is as large as the percentage elongation of an anchor
tested in a material tensile test with a gauge length equal to the embedment depth, it
shall be considered as providing equivalent ductility (Figure 3.31a). The required
percentage elongation for an anchor to be classified as ductile is according to
CEN/TS 1992-4 (2009) 12% (Lo=5d) and ACI 318 (2011) 14 % (L,=4d),
respectively. Figure 3.30b shows that bonded and screw anchors are far from
meeting this requirement, however, expansion anchors are potentially close to it. By
taking the post-peak branch into account, which is in particular reasonable for
expansion anchors failing in a pull-through failure mode, the maximum available
displacement is increased (Figure 3.30Db).

As implemented in Mahrenholtz, P.; Eligehausen, R. et al. (2011), the required
percentage needs to be adjusted for anchor embedment depths different to the
proportional length, e.g. by multiplying it by the conversion factor 2 (So>° / L)% given
in 1ISO 2566-1 (1999). S, is the cross section area, taken as 1t- d®/ 4 for an anchor,
and L the gauge length, taken as the embedment depth hg of the anchor. The
diagram in Figure 3.31b depicts the absolute displacement required to get classified
as ductile for given hes.
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Figure 3.31 a) lllustration of the analogy of percentage displacement for a test on an
installed anchor and the percentage elongation for a corresponding material tensile
test; b) Required absolute deformation to be classified as ductile

As discussed, the quantification of the relative deformation for anchor load-
displacement curves is problematic. For load-displacement curves of individual
anchors, the elasto-perfectly plastic system can vary significantly from the actually
measured load-displacement curve and the CV for yield displacements s(N,) within a
test series is high (Figure 3.26c¢). For the following discussion, the averaged curves
from Figure 3.29 are taken and their yield and maximum deformations extracted
(Figure 3.32). Since the magnitude of available local ductility is not affected very
much by the idealisation rule and is small in any case, the 75 % rule was applied for
the determination of yield deformation Ay. The maximum deformation was taken as
the displacement at ultimate load. Though irrelevant for the determination of
deformation parameters, it is noted here that this procedure results in the
conventional bi-linear idealization of the load-displacement curves.

Analysing the relative deformation by calculating the ratio of maximum deformation
An to yield deformation Ay, results in different magnitudes depending on the anchor
types. For bonded anchors, the ratio may be assumed to be just above 1.0, for screw
anchors less than 2.0, for expansion anchors also in the order of 2.0. Apparently,
expansion anchors do not benefit from their displacement capacities because of the
soft ascending branch that leads also to large yield deformations. Even by taking the
maximum deformation as the post-peak deformation at 85 % of the ultimate load
(S(Npp)), the ratio of Ay, to Ay may be increased only to 2.5.
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Figure 3.32 Average load-displacement curves and extracted values for Ay and Ap:
a) Bonded anchor; b) Screw anchor; c¢) Expansion anchor, dashed line for
pull-through failure

3.3.4.3 Shear deformation capacities and shear/tens ion interaction

There are not enough shear test data available to give a meaningful parametrical
space for shear deformation capacities of post-installed anchors. However, in the
following anchor shear ductility is briefly discussed and key conclusions are drawn.

In contrast to anchors loaded in tension, anchors away from edges loaded in shear
fail under normal conditions always in steel. However, substantial material ductility is
not generated by shear deformation because the cross section area of anchors is
simply too small. Due to the offset of the acting shear anchor load to the resulting
supporting forces, a bending moment and thus bending ductility develops, resulting in
system shear ductility. Fixture lifting due to axial load, as well as lateral concrete
compaction and concrete spalling increase the available system ductility further.
Because of the concrete stress reducing influence, anchors with sleeves (refer to
Figure 3.1) show increased ultimate load and displacement capacities if compared to
an anchor of same size but without sleeve.

The methods presented in Section 3.3.4.1 for load-displacement curve
characterisations to evaluate deformation capacities also apply to shear tests. The
envelope of the cyclic load-displacement curve follows the monotonic mean curve,
provided that the anchor does not tend to low cycle fatigue (LCF) for which the
envelope of the cyclic load-displacement curve may divert from the monotonic curve
and premature failure is likely. However, for anchor qualification it is required to
sustain all cycles of a given qualification protocol (e.g. ACI 355.2 (2007) or DIBt KKW
Leitfaden (2010)), if necessary by reducing the strength (refer to Section 2.5.2). The
deformation capacities can be extracted from the corresponding backbone curve of
that cyclic test for which the anchor has completed all cycles.
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Variable boundary conditions are the reason for large variations in the deformation
data of different test series. Because the boundary conditions have a paramount
impact on the test result, they need to be defined in detail. Qualification tests are
carried out with a downholder which prevent the anchor from lifting off. The more
rigid this device is guided perpendicular to the shear plane, the higher is the load
capacity but the lower the deformation capacity. While this approach is unsafe for the
determined strength, it is conservative for the deformation capacities.

The analysis of available test data showed that in general the maximum
displacement increases with increasing size and is in the range of 5 to 30 mm for
anchor sizes M10 to M20, which is for most cases more than the corresponding
anchor would yield under tension load. Interaction of tensile and shear ductility is
always on the safe side since any axial loading increases system shear ductility.

3.3.5 Conclusions

In the preceding sections it was shown that absolute and relative deformation
capacities are the driving anchor ductility parameters which cover all relevant
behavioural objectives. Large absolute deformations are desirable for static and
seismic applications. In this context, however, it is noted that contrary to structural
design which rely very much on displacement capacities (DBD and PBD), the
requirements of existing anchor design guidelines are strictly force oriented.
Predicting deformation demand for structural or non-structural connections and
correlating this to anchor response characteristic is beyond the capabilities of current
design concepts (Silva, J. (2007)). One problem is the scatter of the deformations in
the post-elastic range which result in widely spread characteristic minimum and
maximum displacements (Mahrenholtz, P. (2011b)). In consequence, the question of
how much ductility or deformation capacity is actually required is not addressed in
this thesis and depends further on the design situation which first of all needs to be
identified as force or deformation controlled.

The current classification of anchor ductility given in AC193 (2010) and AC308
(2009) are founded in the material science and needs to be transferred to the
installed anchor system. The requirement concerning the reduction in area is not
meaningful since it is physically not needed. For the required elongation it is
proposed to define the ratio of absolute deformation capacity to the effective
embedment depth as the available percentage elongation. This approach is more
substantiated and allows classifying anchor ductility based on monotonic load-
displacement curves, irrespective of the failure mode. The approach is compatible
with the existing provisions given in the design guidelines ACI 318 (2011) and
CEN/TS 1992-4 (2009) (Section 3.3.2.3). The evaluation of a data base of several
hundred experimental tests confirmed that absolute deformation is a good parameter
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to characterise the deformation behaviour of various anchor types. Contrary to any
other anchor type and for all embedment depths, expansion anchors may exhibit
ultimate displacements in the magnitude similar to an anchor which fails in steel with
a free strain length equal to the embedment depth. Therefore, expansion anchors
could comply with the requirements on the percentage elongation to get classified as
ductile. However, it is noted that the load-displacement behaviour of anchors not
failing in steel depends on the anchorage material, i.e. concrete, leading to larger
scatter and less defined response, and may be less robust to tension cycling near
ultimate load. Further research is therefore required to reach sound conclusions.

The definition of the yield deformation is essential for the calculation of the relative
deformation capacity. Due to the lack of a pronounced yield point, however, the
definition of the (pseudo) yield deformation is problematic. The relative deformation
derived from the evaluation of the data base is for all anchor types small. Depending
on the definition of yield and maximum displacement, the relative deformation
capacity may be in the magnitude of 1.0 to 2.0, potentially above if the post-peak
deformation is taken into account in case of pull-through failure.

The discussion of the data base evaluation with regard to seismic design requires
distinguishing between structural and non-structural connections. In case of
non-structural connections, anchor loads develop according to the inertial response
of the NCS to the floor accelerations it is connected to. The resulting anchor
behaviour in turn feeds back the anchored NCS behaviour and therefore the ductility
of the anchorage is one of the characterising parameters of the NCS. Ductile
behaviour of the NCS allows reduction of the seismic design loads obtained by linear
elastic analysis according to ASCE 7 (2010) Chapter 13 or CEN/TS 1992-4
(2009) Annex E. If the NCS does not show beneficial ductile behaviour (g, = 1.0),
one might want to assign a reduction factor to the anchorage itself. For
n=Am/Ay=2.0, the behaviour factor can be theoretically calculated to g, = 2.0 for
NCS oscillating in the long period domain or 1.73 for NCS oscillating in the medium
period domain (principle of equivalent displacement or equivalent energy, Newmark,
N.; Hall, W. (1982)). In light of the load transfer characteristics of post-installed
anchors resulting in extremely pinched hysteresis, however, it is arguable whether
the principles developed to recognize the beneficial effect of ductility also apply on
anchors connecting NCS to the structure. In case of structural connections, the
anchor forms an integral part of the structure and as such influences the structural
response to the earthquake input. Deformations imposed by the global structure are
the main demand for these connections. Predicting the exact deformation demand for
connections is difficult, however, while interpreting anchor ductility as local ductility,
the ductility factor p = A / Ay in the range of 1.0 to 2.0 or 2.5 is not large in any case.
Local ductility generally has to be considerably larger than the required global
ductility (Paulay, T.; Priestley, N. (1992), Bachmann, H. (1995) etc.). The interaction
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of local and global ductility is not discussed in more detail here, however, the small
magnitude of the calculated ductility indicates that at least for seismic design, the
available relative deformation capacity of anchors can only play a minor role. Further
research, however, is necessary to understand local anchor ductility and its impact
on the global ductility.

Notwithstanding the outcome of the data base analysis, anchor deformation during
seismic events can be disadvantageous in some aspects. Increasing anchor
displacement may lead to the pounding or hammering effect (Nuti, C.; Santini, S.
(2008), Smith, J.; Dowell, R. (2008), Rieder, A. (2009)), and to a potential increase in
NCS amplification due to the elongation of the period as described in Smith, J.;
Dowell, R. (2008) for loading in tension and in Rieder, A. (2009) for loading in shear.

Despite of its importance, shear anchor ductility is currently not addressed in any
code. For shear loads, the data base is not enough populated to draw significant
conclusions. More test data are needed for the investigation of the shear ductility, for
which the boundary conditions of the test setup have to be defined in detail. Further,
the effects of filling the clearance hole as it is common practice for seismic
applications and recommended by design guidelines, e.g. in Clause 8.2.7 of CEN/TS
1992-4 (2009), but not for qualification testing need to be carefully investigated. For
anchors of common size and embedment depth failing in steel when loaded in shear,
the shear deformation capacity is generally not less than the tension deformation
capacity of the respective anchor and therefore not critical.

In conclusion, a new approach is presented which is based on the equivalent
percentage elongation of the anchor. The percentage elongation equals the ratio of
absolute deformation capacity to the effective embedment depth. An anchor should
be qualified as ductile if the equivalent percentage elongation meets the current
requirement on the percentage elongation of 12 % (for 5d) (Figure 3.31b). The
proposed criterion is more general and substantiated than the definition given in
current codes.

3.4 Anchor Groups
3.4.1 State of knowledge

While there is lot of experimental and numerical test data on single anchors and
therefore their behaviour is quite well understood, there are relatively few tests
reported in literature on anchor groups. This is especially true if the connection is
exposed to cyclic loads or cyclic cracks as under seismic excitation. A detailed
literature review on anchor group testing is given in Mahrenholtz, P. (2008). In the
following, the most relevant literature is shortly summarised for tension loaded
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anchor groups which was the research focus within the scope of this thesis for
reasons explained later.

In Mayer, B.; Eligehausen, R. (1983) the influence of different load-displacement
behaviours of the individual anchors on the ultimate load of anchor groups is
theoretically investigated. The calculation of the ultimate load is based on idealised
load-displacement curves of a torque-controlled expansion anchor for cracked and
uncracked concrete (Figure 3.33al). 2-anchor and 4-anchor groups with large and
small spacing, loaded monotonically in tension were considered. Rotational-
unrestrained and rotational-restrained base plates as well as all possible crack cases
were included. Further, a potential variation in the load-displacement behaviour of
that anchor located in the crack was taken into account (Figure 3.33a2). The ultimate
load was determined graphically allowing for condition of equilibrium and the
compatibility. The crack case was identified as the major influencing factor on the
ultimate group load, irrespectively of the anchor spacing. For the 2-anchor and
4-anchor groups it was concluded that in most crack cases the ultimate load of an
anchor group is at least n-times the capacity of a single anchor in crack. The only
exception is the crack case with 3 anchors located in a crack for a 4-anchor group.
This crack case ends up with an ultimate load that is 15 % lower than 4-times
capacity of a single anchor in crack.
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Figure 3.33: a) Theoretical investigations in Mayer, B.; Eligehausen, R. (1983):
al) Assumed Ld curves; a2) Variation in Ld curves for anchors located in cracks;
b) Experimental investigations in Mayer, B.; Eligehausen, R. (1984): b1) Load setup;
b2) Reduction factor Ky

The theory was validated by experimental tests as reported in Mayer, B,
Eligehausen, R. (1984). 2-anchor and 4-anchor groups were installed in cracked
concrete (w=0.35mm) and loaded monotonically to failure by a displacement
controlled actuator. The base plate used is assumed as relatively stiff; and the
connection between the loading device and the base plate was hinged (Figure
3.33b1). The investigations included all crack cases and the anchor spacing was
taken as 1.5 or 3 times of the embedment depth. The failure mode was a concrete
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cone breakout in all cases. Interestingly, the reduction in ultimate load is smaller than
the theoretical consideration suggested. It was assumed that the reason of this is a
(pseudo-) ductility of the anchors, manifested in a continuously post-peak branch of
the load-displacement curve. All together, the experimental tests verified the
theoretical considerations. The reduction factor kv, reflecting the reduction due to
scatter of the load-displacement curves, was generally larger than 1 (Figure 3.33b2).
Slightly lower values for a 4-anchor group with 3 or 4 anchors located in a crack was
deemed as secondary since it is not very likely in practice.

In Lotze, D. (1986) and Lotze, D. (1993) the behaviour of anchor groups under load
cycling was investigated. A method for the calculation of maximum loads and load
amplitudes of the individual anchors was developed for rotational-unrestrained and
rotational-restrained base plates (Figure 3.34a and b) and applied to various crack
cases. It was shown that in the course of the load alternation, the load was
distributed towards the stiffer anchors. As expected, the displacement is larger for
anchors located in cracked concrete than for those located in uncracked concrete;
whereas the stiffness of the unloading branch is about the same for anchors located
in cracked and uncracked concrete. These investigations highlighted the beneficial
effect of load redistribution for a rotational-restrained anchor plate. On the other hand,
uneven load distribution also results in different load amplitudes during cycling.
However, it is noted that the herein described effects of load cycling, though
generally valid, are only critical for large number of load cycles. The theoretical and
experimental investigations targeted on the group effects of load cycling on high
cycle fatigue (HCF).
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Figure 3.34: a) Load bearing behaviour of anchor groups (Lotze, D. (1993)):
al) Rotational-unrestrained anchor group; a2) Rotational-restrained anchor group
and theoretical load redistribution; b) Test setup in Block, K.; Dreier, F. (2002)

The so-called interactive approach already introduced for single anchors in Block, K.;
Dreier, F. (1998) was picked up again in Block, K.; Dreier, F. (2002) and extended to
anchor groups. The fatigue behaviour and load redistribution was investigated by
means of 4-anchor groups subjected to up to 3 million load cycles. 2 diagonally
opposing anchors were installed in a crack (Figure 3.34c). With reference to Lotze,
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D. (1993), this configuration has been identified as the most critical in view of load
redistribution effects. The theoretical results found in Lotze, D. (1993) were confirmed
experimentally. Since the considered crack case is point symmetric, the type of
connection between loading device and base plate (rotational-unrestrained or
rotational-restrained) did not matter. In fact, the configuration with 2 parallel anchors
in a crack yielded similar load distributions in Lotze, D. (1993), so the advantages
associated with the insensitivity towards the base plate configuration might have
been the decisive argument to test the group with 2 diagonal anchors in a test.

In Okelo, R. (1996), the influence of the scatter of load-displacement curves was
investigated. Therefore, innumerous numerical tests on quadruple anchor groups
were carried out. The base plate was assumed to have infinite bending stiffness. Two
different cases for the displacement of the base plate were considered: Translation
and rotation (rotational-unrestrained) and translation only (rotational-restrained). The
following crack cases were employed: All anchors are located in uncracked concrete;
all anchors are located in cracked concrete and 3 out of 4 anchors are located in
cracked concrete. The incremental loading followed monotonic tensile load-
displacement curves. The calculations yielded that the bearing capacity of 4-anchor
groups decreases with increasing scatter of the load-displacement curves. The report
concluded that the limitations on the coefficient of variation of the displacement at
0.5 F, and at F, to 25 % and 15 %, respectively, might not be appropriate for anchor
groups which anchors are located in uncracked and cracked concrete. Though this
report highlights the influence of scatter on the ultimate group capacity, it is not very
explanatory regarding the actual group behaviour.

In conclusion, there is only little literature on anchor group behaviour available,
however, all of them have in common the consideration of the following features
which will be discussed in Section 3.4.2: (i) The differentiation of base plate
configuration with rotational-unrestrained and rotational-restrained base plates as the
borderline cases; (ii) The importance of cracks on the group performance; (iii) The
influence of the crack pattern on the load distribution and associated effects as
fatigue load range, load redistribution etc.; (iv) The spacing of the individual anchors
is only considered when it comes to ultimate load capacities. Further it is noted that
all investigations were limited on 2- and 4-anchor groups. However, none of the
reported experimental tests were carried out with a base plate which is connected
rotationally rigid to the loading device. Moreover, there is no study on anchor groups
under constant axial load and with some of the anchors installed in a cycled crack.
Crack cycling and associated large axial anchor displacement, however, certainly
have a big impact on anchor group behaviour, in particular in case of rotationally rigid
base plates, and therefore needs to be investigated.
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3.4.2 Theoretical background

Connections between steel and concrete employ either single anchors or anchor
groups consisting of several anchors. Though there is no statistical data available, it
may be reasonably assumed that most of the structural connections involve multiple
anchors due to the large forces to be transferred. In contrast, the extensive survey on
NCS as reported in Watkins, D.; Chui, L. et al. (2009) concluded that the majority of
non-structural connections are carried out as more or less widely spaced single
anchor points. It is noted that with reference to the CC Method, anchor groups are
associated with a number of anchors spaced at less than three times its embedment
depth, however, anchor groups are also understood as several anchors working
together and thus allowing load distribution what also applies to NCS fixed by widely
spaced single anchors. In the following, the key parameters describing anchor
groups are briefly discussed.

3.4.2.1 Base plate configuration

All anchors of an anchor group share a base plate which allows for load distribution
among the anchors. If the individual anchors do not experience any other constraints,
the load acting on a rotation-unrestrained anchor group is distributed equally among
the individual anchors and, if the stiffness of the individual anchors differs, the base
plate rotates. In contrast, a stiff connection of a rotation-restrained anchor group
requires all anchors to follow the same displacement but the load is distributed
among the individual anchors according to their stiffness. The resulting eccentricity
creates a bending moment (Figure 3.35a).
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Figure 3.35: a) Base plate configuration: al) Rotational-unrestrained anchor group;
a2) Rotational-restrained anchor group; b) Load-displacement curves of individual
anchors (schematic)

3.4.2.2 Static and cyclic cracks

One or more anchors of an anchor group may be located in a crack. The tensile

stiffness of anchors located in uncracked concrete and in cracks is different. In
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addition, the scatter in stiffness of anchors located in cracks may be substantial.
Depending on the base plate configuration, the asymmetry in stiffness results in
rotation of the base plate and / or uneven load distribution. For cyclic cracks
associated with seismic actions, the stiffness of the affected anchor changes over
time and the anchor tends to slip. This in turn results in further base plate rotation
and load redistribution. The load capacity can either increase or decrease in relation
to the sum of the individual anchor capacities. This effect is the driving factor for the
overall behaviour and performance of anchor groups under seismic applications. It
occurs only if the anchor group is loaded permanently in axial direction. The effect of
cracks and crack cycling on individual anchors loaded in tension is illustrated by the
curves in Figure 3.35b. More detailed background on anchor behaviour in cycled
cracks can be found in Section 3.6.

For anchor groups loaded in shear, the effect of scatter is generally associated with
unevern load distribution due to variable stiffness mainly caused by more or less
pronounced spalling of the concrete and variable annular gap between anchor and
base plate. However, the investigations presented in this thesis focused on anchor
group loaded in tension, but not in shear.

3.4.2.3 Cyclic and permanent loads

The effect of seismic load cycling on the tensile anchor performance is generally low
(Section 3.5.3). In particular the increased displacement the anchor experiences
during the Ilimited number of cycles is relatively small. In conclusion, load
redistribution effects as in case of cyclic loads are not an issue. What matters, is the
magnitude of the permanent load during crack cycling (Ny, in Figure 3.35b).

3.4.2.4 Crack cases

The load-displacement behaviour of anchor groups highly depends on the actual
crack pattern the individual anchors are located in. One or several anchors may be
located in a crack. Anchor groups with more than 4 anchors were not subject of the
investigations, however, they are deemed to be not critical since the load distribution
Is increasingly smeared with an increase in number of anchors. Their load-
displacement behaviour would be equivalent or better than for 2- and 4-anchor
groups, which are the most common patterns. Figure 3.36a shows all possible crack
cases. The crack cases of all anchors located in uncracked concrete and all anchors
located in cracks are trivial and thus not shown here.
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Figure 3.36: a) Possible crack cases for 4- and 2- anchor groups; b) Large (left) and
small (right) anchor spacing (Eligehausen, R.; Mallée, R. et al. (2006))

3.4.2.5 Anchor spacing

The CC Method, underlying the relevant anchor design guidelines, implies that if the
spacing is less than 3 hg, the individual failure cones interfere and the failure
capacity is reduced. Therefore, anchor groups are often distinguished as anchor
groups with small and large anchor spacing (Figure 3.36b). However, overlapping
failure surfaces matter only for the ultimate load, provided that adjacent anchors fail
in concrete and reach their ultimate capacity at the same time, and is just then
considered by the CC Method. The general applicability of the statements made in
the preceding sections irrespective of the anchor spacing is not affected by this. In
particular the initial load-displacement behaviour prior to ultimate failure is
independent of the anchor spacing.

3.4.2.6 Reduction factors

For anchor located in a region of a concrete member where cracking is expected,
which is generally the case in particular for seismic applications, the anchor design
load shall be reduced according to Clause 5.2.2.4 of ETAG 001 (2006) Annex C and
Clause D.5.2.6 of ACI 318 (2011) Appendix D by the factor ,, of 10.1 /7.2 =0.7 and
1/1.4=0.7, respectively. An additional reduction in the design load may be
introduced by the technical approval reporting a seismic design strength which is
lower than the static design strength, e.g. due to reduced performance in case of
load cycling tests or the more demanding crack cycling tests (refer to Section 2.5 and
2.6).

In light of this, the group performance is assessed best by comparing the ultimate
group load (Ny group) With the corresponding ultimate load of a single anchor. For static
applications, Ny group IS cOmpared with n-times the capacity in cracked concrete (Ny,cr).

For the seismic case, however, it makes more sense to compare the group capacity
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to the capacity of a single anchor under cyclic condition, i.e. in a cyclic crack (Ny,cyc).
In this case, the reduction factor can be taken as Ny group / (N * Nucyc)-

Numerical tests (Section 3.4.3) and experimental tests (Section 3.4.4) were carried
out to determine the group factor which account for any reduction that arise from the
group configuration (Section 3.4.5). The knowledge on the load redistribution effects
gained by the tests was implemented in a group model which allows simulating the
behaviour of statically indeterminate anchor groups (Section 3.4.6).

3.4.3 Re-evaluation of numerical tests

In the following, results of numerical investigations on the behaviour of anchor groups
with 4 anchors under static and cycled crack conditions presented in Periskic, G.
(2009) are discussed. The influence of the anchor type (bolt-type expansion anchor
and headed stud, representing various load transfer mechanisms and range of
stiffness typical for anchors), the crack condition (static and cyclic cracks), the base
plate configuration (rotational-unrestrained and rotational-restrained), the number of
anchors located in a crack (crack case 1 to 4 in Figure 3.36a) on the anchor group
capacity was investigated. Further, the effect of the scatter in the load-displacement
curves was investigated.

3.4.3.1 FE model and simulations

The FE model was basically a rigid base plate with 4 springs (N1, N2, N3, N4, Figure
3.37a), whose characteristics were described by load-displacement curves. For the
simulation, the FE algorithm just followed the input load-displacement curves derived
from experimental tests on single anchors tested under different concrete conditions,
l.e. uncracked, cracked and cyclically cracked (termed as seismic crack in Periskic,
G. (2009)) concrete (Figure 3.37b).
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Figure 3.37: a) FE model; b) Input load-displacement curves for numerical
investigations: b1) Headed bolt; b2) Expansion anchor (Periskic, G. (2009))
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First, a basic investigation was run for each anchor, each crack case, both
configurations (rotational-unrestrained and rotational-restrained), and static and
cycled cracks. In the second step, the influence of scatter in the load-displacement
curves for static and cyclic cracks was investigated for the critical crack cases 3
and 4. The output data in the Periskic, G. (2009) report are mainly given by diagrams
of the simulated load-displacement curve of the group. For this thesis, those data
were re-evaluated and compiled to tables as given in Appendix B: Numerical Group
Test.

The scatter in the load-displacement curves for anchors installed in static cracks was
expressed by input load-displacement curves modified according to the maximum
allowable CV as given in ETAG 001 (2006) and ACI 355.2 (2007) for suitability tests
(refer to Section 2.4.1). Accordingly, the ultimate load was increased and decreased
by +20 %, and the ratio of the secant stiffness (ks = N,/ s(Ny)) for uncracked and
cracked condition (kycr / Ker) was increased and decreased by + 40 % (Figure 3.38a).
The output curves for a specific crack case were calculated by combining the load-
displacement curve of the anchor located in uncracked concrete with all modified
curves for the anchor located in the crack, where for all anchors in uncracked
concrete the same curve was used. Figure 3.38b shows an example of output curves
normalised with reference to the ultimate capacity of a single anchor tested in
cracked concrete (F, / Fy ail cracked, 1.€. Nugroup / (4 - Nucr)). The results are compiled in
the first column of Table B.1 in Appendix B.

al) a2) b)

Uncracked, F,=79.1 kN Headed studs —~ Uncracked Expansion anchors | Kkuk.=36 +20% Load Headed studs
) ] ,\ \

Cracked, +20% Load . all cracked

K./K,=8.6

75

~Cracked, K,./K:=3.6  Cracked, +20% Load

40+ < Cracked, K,./K,=10.0

~ Cracked, K,,/K,=6.1, F,=52.8 kN 1 - Cracked, K,,/K,=16.8
< - __ Cracked, K, /K,=23.5

)
S
1

o

)
1

Cracked, K, ./K.=8.6
/ ~20% Load

Load [kN]
&
1
o
s
1

30 -

AN
F/F (all cracked)

=)
IS
1

10+ Cracked, —20% Load

o
Ny
1

NyN; ¢ NoNg

I L e e B 0 . T r 7 . T v 0 T T - T - T T
o 2 4 6 8 10 12 1 0 10 20 30 40 0 2 4 6 8
Displacement [mm] Displacement [mm] Displacement [mm]

Figure 3.38: a) Modified input load-displacement curves (investigation of scatter for

static cracks): al) Headed stud; a2) Expansion anchor; b) Normalised output curve

(Periskic, G. (2009), example: Headed stud, crack case 4, rotational-restrained base
plate, same input load-displacement curves for anchors in cracks).

For the scatter in the load-displacement curves for anchors located in cyclic cracks
representing seismic conditions, several modified curves were generated such that
the displacement at the maximum residual load capacity were arbitrarily varied
(Figure 3.39a). For the anchors in the crack, either the same or different curves were
used. Since all preceding simulation results identified the rotational-unrestrained
configuration as the critical configuration case, the simulations under the third step
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were carried out for the rotational-unrestrained configuration only. Figure 3.39b
shows an example of output curves normalised with reference to the ultimate
capacity of a single anchor tested in a cycled crack (Fy/ Fyai seismiccrack, I-€.
Nu,group / (4 - Nucyc)). The results are compiled in the second and third column of
Table B.1 in Appendix B.
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Figure 3.39: a) Modified input load-displacement curves (investigation of scatter for
cyclic cracks): al) Headed stud; a2) Expansion anchor; b) Normalised output curve
(Periskic, G. (2009)example: Expansion anchor, crack case 3, rotational-unrestrained
base plate, different input load-displacement curves for anchors in cracks).

The study concludes that for the applied scatter the reduction of the 4-anchor group
capacity relative to 4-times the capacity of a single anchor is up to 15 % in case of
static cracks and 20 % in case of cycled cracks. The main factors influencing the
anchor group capacity were identified as: (i) Number of anchors in a crack with crack
case 4 being the worst, crack case 3 the second but worst case. (ii) Scatter of the
individual anchors located in cracked concrete.

3.4.3.2 Detailed assessment of assumptions and resu  Its

The detailed assessment of the procedure applied to the numerical tests showed that
the implemented variation in the input load-displacement curves to simulate the
scatter is rather large. For the investigations on the static cracks, the ratio of secant
stiffness of the anchor in uncracked and cracked concrete (Figure 3.38a) exceeds
the allowable ratio of 3 for post-installed anchors according to ETAG 001 (2006).
More importantly, for the investigations on the cyclic cracks, the absolute
displacement and its spread (Figure 3.39a) were substantially larger than actually
measured in experimental crack cycling tests. The load-displacement curve for
anchors in cycled cracks is supposed not to exceed the monotonic envelope too
much (refer to Section 3.2.3). Also, for test series reported in Mahrenholtz, C. (2009),
the ratio of maximum and minimum displacement after crack cycling was in the range
of 2.0 to 2.5 for expansion anchors, and much less for undercut anchors having
similar load-displacement behaviour to headed studs. While the extreme variation in
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the input load-displacement curves was helpful to indicate trends and to identify the
critical cases, it resulted in reductions of the group capacity which may be deemed as
unrealistic and over-conservative. For this reason, the test results based on curve 1
for the headed studs (Figure 3.39al) and on curve 3 for the expansion anchor
(Figure 3.39a2) are omitted for further evaluation.

Further, crack case 4 (three out of 4 anchors are located in a crack, Figure 3.36a)
was deemed as unlikely in Periskic, G. (2009) which can be substantiated by
considering the average spacing of adjacent cracks. According to Bergmeister, K.
(1988), among the various approaches for the calculation of crack width and spacing,
the formula after Martin, H.; Schief3l, P. et al. (1980) yields the most realistic results.
For a seismic crack width of 0.8 mm and a steel stress equal to the yield stress, the
average spacing Save Of adjacent cracks can be estimated as Sae = 375 mm. Due to
the diagonal crack pattern of crack case 4 (refer to Figure 3.36a), the corresponding
anchor spacing is further increased to s= 2 sae =530 mm. Conclusively, the
general assumption made regarding the low probability of crack case 4 can be
supported.

Disregarding crack case 4, the basic investigation for the static case always results in
reduction factors Fy/ Fyaicracked = Nu,group / (4 - Nucr) greater than 0.97 (Table B.1 in
Appendix B), what is virtually 1.0. Because of the adverse effects of variations in the
load-displacement curves, the investigation of the influence of scatter results
necessarily in smaller factors. The critical, i.e. minimum factors are comprised in
Table 3.6. The reduction factors for the cyclic crack are given as F, / Fy ail cracked @nd
Fu / Fu,ail seismic crack = Nu,group / (4 - Nucyc), for which the results for crack case 4 were
excluded. For crack case 3, the diagram in Figure 3.40 depicts the reduction factor
Fu ! Fu.all seismic crack Versus the ratio of minimum displacement (u;) and maximum
displacement (uy) at ultimate load of the individual anchors located in cycled cracks
u /u;. The data points derived from unrealistic load-displacement curves are
crossed out. The reduction of the anchor group capacity decreases with increasing
ratio u, / u; by trend. The ratio u, / u; is a degree for the scatter. Taking u; as the
lower 5 % fractile and u, as the upper 95 % fractile (refer to Equation 2.1), a CV of
30 % corresponds to the allowable spread of maximum and minimum anchor
displacement of u, /u; = (1 +1.645 - 0.30) /(1 -1.645 - 0.30)= 3, and a CV of 20 %
touy/u;=2.
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Table 3.6 Critical reduction factors derived 2 S Beomoimaas
from investigations on the influence of scatter B D Headed studs
extracted from Periskic, G. (2009) = “ﬁ\x
Crack  Base Headed  Exp. g @“\Q\u
Type Plate® Stud  Anchor  © S
5 097 x x \\“\“\x X
Static RU Fu/Fu,aII cracked 0.88 0.84 E o L
crack 08 ~L
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Cyclic RU Fu/Fual cracked 0.77 0.68 1 15 2 25 3
CI'aCk(l) . /Uy .
E/E 0.96 0.87 Figure 3.40: Reduction versus
VT walselmoer ™ ' uz/u; (after Periskic, G. (2009))
(1) Crack case 3 only, crack case 4 excluded (1) Crack case 3, data points derived
(2) Base plate configuration: RU: Rotational- from unrealistic load-displacement
unrestrained; RR: Rotational-restrained curves are crossed out

It is important to note that the reduction factors for static cracks given in Table 3.6 are
primarily the result of the input load-displacement curves with decreased ultimate
loads. Contrary, variations in the displacements at ultimate load capacities do not
have a substantial negative influence on the reduction factor (refer also to Figure
3.38b and Table B.1 in Appendix B). In conclusion, determined reduction factors
down to 0.80 are caused by the maximum allowable scatter of 20 % as stipulated for
the ultimate load in ETAG 001 (2006) and ACI 355.2 (2007). Also Periskic, G. (2009)
concludes that the static group capacity primarily depends on the degree of strength
reduction assigned to the individual anchors. In argumentum e contrario, the results
confirmed for the case of static cracks that the group load capacity may be assumed
to be at least n-times the ultimate load of an anchor installed in a static crack
provided that the anchor meets the criteria given in the qualification guidelines for the
CV and thus is qualified.

In contrast, the reduction factors for cyclic cracks have to be taken fully into account.
In consequence, factors smaller than 1.00 mean a reduction in capacity if compared
to a single anchor in a crack and need to be followed up when considering a group
factor for seismic applications (Section 3.4.5).

In conclusion, the key take-aways of the numerical tests and their re-evaluation are:

* One main influencing factor on the group capacity is the number of anchors in
a crack. Crack case 3, i.e. 2 parallel anchors are located in a crack, is deemed
to be the critical case under realistic conditions. This approach is in line with
earlier studies (refer to Section 3.4.1).

* The other important influencing factor on the group capacity is the scatter in
the load-displacement curves of the individual anchors located in a crack. Any
scatter in the load-displacement behaviour of the anchor installed in uncracked
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concrete is not considered. This approach is in line with earlier studies (refer to
Section 3.4.1).

* For the FE calculation based on static cracks, the scatter is expressed by
variations in ultimate load and corresponding anchor displacement. Calculated
reductions in group capacity, however, are not only caused by the group
behaviour and have partly to be attributed to the reduction of the load capacity
of the individual anchor. Taking this into account, the group behaviour in
response to scatter did not result in a reduction of anchor group capacity
smaller than 100 % of a single anchor installed in static crack, provided the
allowable CV given in the qualification guidelines are not exceeded.

» For seismic applications, the FE calculation based on cyclic cracks is relevant.
With reference to the results for the static case, tests with variation in
(residual) load proved to be unnecessary also for the seismic case. Instead,
the scatter in load-displacement curves for cyclic cracks is primarily expressed
by the variation in the displacement during crack cycling. For realistic range of
displacements, the group capacity was never smaller than 87 % of a single
anchor installed in cyclic crack.

The numerical tests delivered sound results for the basic investigation and in general
for the investigation of the influence of scatter on the group capacity. However, the
FE model was not capable to capture the load redistribution effects of rotational-
restrained anchor groups. However, this configuration allows the anchor located in
uncracked concrete to support the anchors located in the crack for which the
displacement is substantially reduced if compared to a single anchor in a crack and
therefore was further investigated by experimentally tests.

3.4.4 Experimental tests on anchor groups

To better understand the load bearing behaviour of anchor groups, and to close gaps
in knowledge of earlier investigations (Section 3.4.1 and 3.4.3), experimental tests on
anchor groups were carried out. As shown before, crack cycling under permanent
group load is the key parameter having the strongest impact on group performance.
Therefore, the anchors within a group were either installed in uncracked concrete or
in a crack which was cycled later. The primary research objectives were the load
redistribution and anchor displacement during cycling, and the potential reduction in
the residual load capacity. In particular, the tests simulating rotationally rigid base
plates required a sophisticated test setup including several hydraulic actuators which
are operated by a capable servo control system.
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3.4.4.1 Parametrical background

For 4-anchor groups, earlier investigations identified the crack case with 3 anchors
located in a crack (crack case 4 in Figure 3.36a) as being the most critical one.
However, this crack case is deemed to be irrelevant in practice for reasons pointed
out in Section 3.4.3.2. Therefore, the experimental tests focused on the critical crack
cases with 2 anchors in a crack. Provided that the stiffness of all anchors located in
uncracked concrete and all anchors located in a crack, respectively, is the same, the
number of relevant base plate configurations can be substantially reduced (Figure
3.41): Due to the point symmetry of the crack case with 2 diagonally opposed
anchors in a crack (crack case 2 in Figure 3.36a), there is no rotation of the base
plate at all and the rotational-unrestrained base plate behaves like a rotational-
restrained base plate. In consequence, the 4-anchor group of both configurations can
be replaced by a rotational-restrained 2-anchor group. For the crack case with 2
parallelly located anchors in a crack, (crack case 3 in Figure 3.36a), the axis of
symmetry runs perpendicular to the crack across the base plate and the 4-anchor
group can be replaced by the corresponding 2-anchor group for rotational-
unrestrained and rotational-restrained base plates.

a1) bl) o
Rotational- cl) R, 4- O+
Unrestrained ° 0* - °
4 r T
a2) b2
) ) e
Rotational- \ B R 7 I
Restrained °® + < o
’ N 4 T

Figure 3.41: Symmetry effect on anchor group configuration: a) 4-anchor group,
diagonal; b) 4-anchor group, parallel; c) 2-anchor group

In conclusion, the behaviour of the 2- and 4-anchor group, rotational-unrestrained
and rotational-restrained, can be investigated by just two base plate configurations:

» 2-anchor group rotational-unrestrained
» 2-anchor group rotational-restrained

It is interesting to note, that the exemplary calculations of the ultimate group load in
Lotze, D. (1986), based on discrete load-displacement curves and theoretical
considerations on rotation-unrestrained and rotation-restrained anchor groups, allows
the same conclusion. However, some experimental tests were carried out on
rotational-unrestrained 4-anchor group (Figure 3.41b1l) to compare the results with
those of the rotational-unrestrained 2-anchor group (Figure 3.41cl).
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3.4.4.2 Test setup and testing procedure

Based on the above considerations, a test programme on 2- and 4-anchor groups
and correlated reference tests was conducted. In order to cover the complete range
of behavioural response of post-installed anchors to load and crack conditions (refer
also to Figure 3.29), 3 types of anchors were tested. One bolt-type expansion anchor
(EAb1’, M12: see Figure 1.5e, soft behaviour), one undercut anchor (UC1, M10: see
Figure 1.5b, stiff behaviour but with displacement capacity), and one screw anchor
(SA1L, 016: see Figure 1.5c, stiff behaviour). The crack width of static cracks and the
maximum crack width of cyclic cracks was w=0.8 mm. The outline of the test
programme is also apparent in Table 3.7.

All tests were carried out in normal weight concrete C20/25 with a mean tested
concrete cube compressive strength between f. 150 = 28.5 and 32.9 MPa. The slabs
were produced according to the state of the art after DIN 1045 (2001) and DIN 1048
(1991). This extended version of the special concrete slab designed for crack cycling
tests, which is introduced in Section 3.6.2.2 in more detail, was large enough to
accommodate the anchor group and the test setup (Figure 3.42).
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Figure 3.42 Drawing of special concrete slab

To avoid any influence of the specimen design and dimensions, reference tests on
single anchors were also carried out in the same type of concrete specimen. The
slab was mounted horizontally in between an abutment and an actuator. Four high
strength tie rods running longitudinally through the member were connected to the
abutment and 630 kN actuator. The application of an adequate force formed a crack
which was initialised at the centre of the member by means of a sheet metal crack
inducer. After initial crack formation, the anchors were installed unmodified according
to the installation manual of the manufacturer. Where required, full installation torque
was released after the elapse of 10 min to 50 % to model the relaxation which occurs
over time in reality. The loading device for the anchor load was placed overhead the
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anchors and supported such that an unconfined concrete cone breakout could occur.
A set of displacement transducers was installed to measure the displacements of the
individual anchors; and another set to measure and control the crack width. Further
details are given in Mahrenholtz, P. (2010b).

This test setup allows loading the specimen in compression or in tension. By doing
so, the crack is closed or opened. To distinguish the actuator load generated to open
and close the cracks better from the actuator load on the anchor, the actuator load on
the concrete specimen is addressed as force from this point on.

Figure 3.43 Close-up of test setup for a) Rotational-unrestrained configuration
(4-anchor group); b) Rotational-restrained configuration (2-anchor group)

For the tests on rotational-unrestrained anchor groups, a 250 kN servo controlled
actuator was used as loading device. Every loading rod of the 2- and 4-anchor group
was hinged to ensure fully unrestrained conditions (Figure 3.43a). The test setup is,
in principle, identical to the one used for crack cycling tests (Section 3.6.2.2).
Originally it was planned to also run the tests on rotational-restrained groups by
means of a single actuator for anchor loading. However, exploratory tests showed
that this is not feasible: A base plate directly connected to the actuator simply does
not provide sufficient stiffness and, moreover, caused potential damages of the
actuator due to load eccentricities. Therefore, a multiple actuator loading and servo
control setup was developed. It enabled the separate loading of two anchors
according to defined boundary conditions. For the simulation of a rotation-restrained
base plate, two 50 kN servo controlled actuators loaded the anchors separately
(Figure 3.43b) and were controlled such that the magnitude of the individual anchor
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displacements was identical at all times while the individual anchor loads varied
(Figure 3.44a). These group tests were, to the author's knowledge, the first of its
kind. The required control accuracy was within the range less than 1 kN and 10 pm.
Further details are provided in Mahrenholtz, P. (2011d).
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Figure 3.44 a) Schematic of multi-axes control system used for rotational-restrained
tests; b) Loading pattern of of test Phases | and Il

10 crack cycles between w; =0.8 mm and w,=0.0 mm were specified, with w,
defined as the crack width at a compression force equivalent to 10 % of the concrete
compression strength. The load level Ny, during crack cycling was chosen as n times
40 % of the mean reference load capacity of a single anchor determined by
monotonic pullout test in a static crack (Nymcr) with n equal to the number of anchors
in the group. This percentage approximates the load the anchorage would be loaded
in reality (Section 3.6.2.1). This yields a permanent load level of Ny, =n - 0.4 - Ny mer
The test conditions are based on the test procedure developed as representative
seismic crack cycling protocol in Hoehler, M. (2006). Reference is also made to
Section 3.6.1. Figure 3.44b shows the two test phases. Phase | begins with the
expanding of the concrete member until the crack is opened by w; = 0.8 mm. Then
the anchor group is initially loaded up to the defined load level N,,. This level is kept
constant during crack cycling. In the following Phase II, the anchor group is loaded
displacement controlled to failure to determine the residual group load capacity
Nugroup- The tension loads applied to the anchors, the anchor displacements, and the
crack width were measured and recorded at a sampling rate of 10 Hz.

3.4.4.3 Experimental results and discussion

For reference, tests on single anchors were carried out. Table 3.7 shows the test
conditions and key test results. The ultimate load capacity in cracked concrete was
used to calculate the load level by which the anchor is permanently loaded during
crack cycling of the cycled crack test with Ny, = 0.4 Ny m.cr-
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Table 3.7 Test conditions and key test results of reference tests

Anchor Type; w, Cr. Ny, No.of PFM sgem, CV,  Seemaxc Nu,ms Ccv,
Emb. Depth mm TO kN Tests mm % Seye.min kN %
UC1; 90 mm 0.0 uncr - 1 S - - - 48.9 -

0.8 cr - 3 S - - - 455 7.5
0.0/0.8 cyc 18.2 3 S 6.0 7.4 11 48.5 0.7
60 mm 0.0 uncr - 3 C - - - 44.9 11.2
0.8 cr - 3 C - - - 33.2 3.6
0.0/0.8 cyc 133 3 C 42 2838 1.8 30.7 216
SA1; 105 mm 0.0 uncr - 2 Po/C - - - 43.3 8.3
0.8 cr - 3 Po/C - - - 18.9 18.7
0.0/08 cyc 7.6 3  Po/C 519 - @ 12.79 -
EAb1’; 70 mm 0.0 uncr - 4 C - - - 334 4.8
0.8 cr - 4 Pt - - - 23.9 17.0
0.0/0.8 cyc 9.6 4 Pt 228 120 1.3 10.8 30.1

(1) Crack type: uncr = uncracked concrete; cr = cracked; cyc = cycled crack
(2) 2 out of 3 test repeats did not complete all crack cycles

For the bolt-type expansion anchor installed in uncracked concrete, concrete failure
occurred, and pull-through failure occurred if installed in a crack. Accordingly, the
anchor displacements in particular after crack cycling (s¢c) are large, and the
residual ultimate load capacity Ny, is reduced. In general, the residual capacity in
case of pull-through failure mode is not sensitive to the actual embedment depth,
however, at the end of crack cycling the anchor resistance is nearly gone because of
excessive anchor displacement, whereas for the undercut anchor s.. is relatively
small, yet showing considerable displacement capacities at N, . The anchor was
installed at two different embedment depths to gain either concrete or steel failure for
all crack conditions. Its behaviour is very stable in case of steel failure. In case of
concrete failure, the anchor shows decreasing load capacities if tested in a crack or
cycled crack. In contrast, the screw anchor shows a very brittle behaviour which is
very sensitive towards cracking. The anchor fails in a mixed pull-out/concrete failure.
The displacement capacity is small and the majority of the test repeats did not
complete all crack cycles.

The group test programme comprised 30 tests in total. The basic test conditions and
key test results of those tests relevant for the scope of this thesis can be taken from
Table 3.8. The group displacement after crack cycling Scyc,group @nd the ultimate group
capacity Num group are given as the average of all test repeats.
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Table 3.8 Test conditions and key test results of group tests

Anchor Type; n Base Nw, No.of PFM  Sgegow CV,  Numgowp  CV,
Emb. Depth Plate”) kN Tests mm % kN %
UC1;90 mm 2 RR 36.4 3 S 0.9 10.0 91.6 3.7

60 mm 2 RR 26.6 3 C 1.2 9.3 58.5 6.1

SA1; 105 mm 2 RR 15.2 3 Po/C 0.1 100.0 61.9 8.2

EAbLl; 70 mm 2 RR 19.2 3 Pt 0.9 10.5 51.7 1.9

2 RU 19.2 4 Pt 6.0 10.5 45.8 11.2
4 RU 38.4 4 Pt 5.12 11.3 77.9 14

(1) Base plate configuration: RR = Rotational-restrained; RU = Rotational-unrestrained

The following discussion is limited to the key findings. For a detailed evaluation of the
In many aspects interesting group test results, reference is made to Mahrenholtz, P.
(2010b). The report includes more test series which were found to be irrelevant for
the scope of this thesis. Diagrams of actually measured load-displacement curves
can be found in Section 3.4.6.

The fundamental performance of anchor groups depends on the load-displacement
beviour of the individual anchors. The overall behaviour of anchor groups follows two
different principles for rotational-unrestrained and rotational-restrained base plate
configurations (Figure 3.45).
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Figure 3.45 Schematic load-displacement curves of anchors;
dashed lines indicate behaviour of single anchors (— ultimate anchor loads Ny uncr,
Nu.cr, @nd Ny ¢yc); solid lines indicate behaviour of individual anchors within a 2-anchor
group (— individual anchor loads Ny group,1 @Nd Ny group,2 @t ultimate group load):
a) Rotational-unrestrained group; b) Rotational-restrained group

In case of rotation-unrestrained anchor groups, the load-displacement curves of the
anchors follow ideally the corresponding load-displacement curves of single anchors
(Figure 3.45a): The load-displacement curve of the anchor located in uncracked
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concrete follows the monotonic mean curve of the reference tests in uncracked
concrete. The load-displacement curve of the anchor located in the crack basically
follows the monotonic mean curve of the reference tests in a cycled crack.

In case of rotation-restrained anchor groups, the load-displacement curve of the
anchor located in the crack is significantly altered due to the restraint of this statically
indeterminate system (Figure 3.45b): During crack cycling, the slip of the anchor
located in the crack is hindered. In consequence, this anchor looses part of its
stiffness and a redistribution of the load from the anchor installed in the cycled crack
to the anchor installed in uncracked concrete takes place. The load-displacement
curve of the anchor located in uncracked concrete follows the monotonic mean curve
of the reference tests in uncracked concrete; the load-displacement curve of the
anchor located in the crack describes a decrease that is of same size but opposite to
the increase in the load-displacement curve of the anchor located in uncracked
concrete.

In the subsequent pullout test, the anchor located in the crack gains load again and
its load-displacement curve approaches the mean curve of the reference tests in
cracked concrete. Depending on the reduction in embedment depth experienced
during crack cycling, the residual load capacity may be smaller than the ultimate
capacity of a single anchor in a crack, but is always larger than the ultimate capacity
of a single anchor in a cycled crack.

This load-displacement behaviour is reflected in the test results. The diagram in
Figure 3.46a depicts the absolute displacement after crack cycling for the tested
single anchors and anchor groups. Figure 3.46b depicts the residual group load
capacity normalised with reference to the single anchor capacity in a crack and in a
cycled crack.
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Figure 3.46 a) Absolute anchor displacement after crack cycling for reference tests
on single anchors (S¢ye,m) and group tests at centre of base plate (Scyc,m,group);
b) Residual load capacity normalised with reference to the capacity of a single
anchor in a crack (Ny,group/N/Num,cr) @and in a cycled crack (Ny,group/N/Num cyc)
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For rotational-unrestrained anchor groups, the crack cycling results in a rotation of
the base plate. In case of a 2-anchor group, the system is statically determinate and
both anchors behave as an independent single anchor. The residual group
corresponds to the average of the anchor capacity in uncracked concrete and of that
in the cycled crack, and in consequence is always larger than the capacity of an
anchor installed in a cycled crack. In case of a 4-anchor group, the scatter in the
load-displacement behaviour of the anchor installed in uncracked concrete and of the
anchor installed in a crack, respectively, results in a rotation of the base plate around
the secondary axis. Due to the statical indeterminacy of the 4-anchor group, the
variable displacements of the individual anchors introduce a constraint within the
group. Accordingly, the displacements are reduced if compared to the 2-anchor
group. When the anchor located in the crack fails, the secondary failure of the anchor
in uncracked concrete is inevitable. In conclusion, the load-displacement behaviour
for rotational-unrestrained groups is governed by the anchor located in the cycled
crack.

For rotational-restrained anchor groups, the base plate does not rotate; instead, load
redistribution takes place during crack cycling. Since the displacement deriving from
load cycling on an anchor installed in uncracked concrete is small for a small number
of load cycles, the overall displacement of the anchor group is substantially reduced
in comparison to a single anchor installed in a cycled crack. The residual group load
capacity depends mainly on the displacement capacity of the anchor installed in
uncracked concrete, which is loaded in the first place due to its larger stiffness. In
conclusion, the load-displacement behaviour for rotational-restrained groups is
governed by the anchor located in uncracked concrete.

3.4.5 Anchor group factor

Current anchor design guidelines do not provide any so-called group factor.
However, there is a seismic strength reduction factor given in Clause D.3.3.4.4 of
ACI 318 (2011) Appendix D and Clause 8.4.2 of CEN/TS 1992-4 (2009) as Oe¢q = 0.75
for all failure mode other than steel. This factor is often referred to as ‘seismic factor’
and is intended to provide additional conservatism for seismic design cases. To the
best of the author's knowledge, it has only limited theoretical or empirical basis. It
was introduced before substantial seismic research on anchors was performed to
account for:

» Adverse load redistribution in anchor groups due to cyclic actions including the
effects of large scatter in the anchor displacement. However, this is
inconsistent with applying the factor to single anchors.

* Wide cracks present during earthquakes, reducing the anchor capacity.
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» Other potential effects during a seismic event like high cycling frequencies and
loading rates.

For the introduction of a group factor and corresponding references to the
qualification guidelines it is meaningful to split the general seismic factor into
separate factors accounting for the individual influencing factors. In the following,
above listed aspects are discussed in reverse order by wrapping up the findings of
the previous sections to draw conclusions for seismic reduction factors.

3.4.5.1 Seismic factor for other potential effects

The aspect of potentially adverse high loading rate effects was dealt with in detail in
Section 3.2 which concluded that high loading rates do not yield a reduction in the
load capacity of post-installed anchors.

The effect of high load and crack cycling frequencies on the performance of undercut
anchors was subject of a research programme which outcome is presented in
Mahrenholtz, C.; Eligehausen, R. et al. (2010). It was found that the capacity tend to
increase for increasing high cycling frequencies what may be assigned to the
beneficial effects of short term actions. Though other anchor types than undercut
anchors were not tested, it may be reasonably argued that earthquake relevant
cycling frequencies in general have no significant negative effect on the load capacity
of post installed anchors.

Since there are no other unknown effects which could be thought of, the aspect of
potential effects other than wide cracks and group effects can be omitted.

3.4.5.2 Seismic crack width factor

This aspect accounts for the current qualification guideline provision of testing
anchors in 0.5 mm cracks maximum (ACI 355.2 (2007)), what is substantially less
than the wide cracks associated with the structural response to earthquakes
(Section 3.1.5). Future seismic anchor qualification will account for wide cracks by
conducting simulated seismic tests in 0.8 mm cracks (Proposal for ETAG 001
Seismic Amendment (2012)). If the determined seismic load capacity is not meeting
the required percentage of the static load capacity, the seismic design strength will
be reduced accordingly and the failure will be deemed as pullout (Section 4.4.5).
Therefore, only the pullout capacity is measured by the qualification test. For
concrete cone failure, a reduction factor is required to allow for strength reduction in
0.5 mm cracks when determing the concrete capacity according to the CC Method

which is valid for 0.3 mm cracks.
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A comprehensive study on the effect of crack widths on anchor behaviour can be
found in Eligehausen, R.; Balogh, T. (1995). For the extensive investigation
presented therein, a large data base of anchor tests carried out in the late 1980s and
early 1990s was analysed for which the ultimate load was plotted over the crack
width separately for undercut and expansion anchors as well as headed bolts. In
Eligehausen, R.; Mallée, R. et al. (2006) the diagrams were reproduced and
supplemented by diagrams of further studies presented in Mészaros, J. (2002) for
bonded anchors and in Kienzlen, J. (2005) for screw anchors. As a seismic crack
width factor, the ratio of the ultimate load capacity for 0.5 and 0.3 mm cracks can be
defined. Depending on the anchor type, Ny m(w = 0.5 mm) / N, m(w = 0.3 mm) can be
determined to 0.95 for undercut anchors, 0.85 for screw anchors, 0.92 for expansion
anchors, and 0.80 for bonded anchors.

The tentatively proposed seismic crack width reduction factor for wide cracks of 0.8
to be applied in addition to the design factor for cracked concrete (refer to
Section 3.4.2.6), would multiplicate to a total reduction of 0.7 - 0.8 = 0.55 compared
to the load capacity in uncracked concrete.

It is noted, however, that the load capacities of monotonic tests on anchors installed
in 0.5 and 0.8 mm cracks carried out within the scope of this thesis (Section 3.5 and
3.6), consistently yielded smaller reduction factors than the diagrams in Eligehausen,
R.; Mallée, R. et al. (2006) suggest for these crack widths. This is in particular true for
screw anchors which small thread undercut is sensitive towards wide cracks. Also in
Watkins, D.; Hutchinson, T. (2011) tests are reported which result in lower reduction
factors. Further research is required.

3.4.5.3 Seismic group factor

First it is pointed out that a group factor is in principle valid irrespective of the anchor
spacing because during the crack cycling (Phase I) the spacing does not have any
effect, and when it comes to the residual load capacity (Phase Il), the effect of
spacing in case of overlapping concrete cones is considered by the CC Method.
Spacings smaller than 3 he result in a uniform reduction of the full concrete capacity
for all anchors within a regular group, and also the design load and thus N, is
reduced accordingly. In conclusion, all load parameters are scaled down and the
results of the investigations on the group behaviour generally holds also for groups
with spacings smaller than 3 hgt.

According to the current guidelines, for anchor groups under static conditions, all
anchors are assumed to be located in a crack unless it is demonstrated that the
concrete remains uncracked (Section 2.4). For anchor qualification according to
ETAG 001 (2006) adverse group effects are excluded by limiting the allowable
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scatter in the load-displacement curves within the test series. For the static case,
numerical investigations presented in Section 3.4.3 in particular on the effect of
scatter in monotonic load-displacement curves confirmed the validity of the
provisions.

Effects due to seismic actions have not been considered in any qualification guideline
so far. ETAG 001 (2006) does not consider any seismic applications, and ACI 355.2
(2007) does not recognise scatter limitation with respect to group behaviour. For this
reason, numerical tests based on seismic relevant load-displacement curves were
carried out to verify whether the current design concept according to CEN/TS 1992-4
(2009) and ACI 318 (2011) based on the provisions given in the qualification
guidelines are sufficiently conservative. While the tests delivered meaningful results
for rotational-unrestrained anchor groups, they failed to simulate rotational-restrained
groups because the simplifying approach disregarded any load redistribution effects
(Section 3.4.3).

The experimental tests carried out thereupon to overcome the lack of understanding
had therefore a strong emphasis on the rotational-restrained configuration
(Section 3.4.4). The test results for various types of post-installed anchors for
rotational-unrestrained and rotational-restrained base plate configurations have
shown that the reduction of the group capacity was for the anchors tested never
smaller than 0.84 (Figure 3.46b) if compared to the capacity of a single anchor. The
experimental tests have also shown that anchor group behaviour for rotational-
unrestrained configurations is governed by the anchor located in the (cycled) crack,
and for rotational-restrained configurations by the anchor located in uncracked
concrete. Since the variation in the load-displacement curves is only significant for
anchors installed in a crack (refer to Section 3.4.1 and 3.4.3.2), the influence of the
scatter is irrelevant for rotational-restrained anchor groups. For the rotational-
unrestrained anchor groups, in turn, the results gained by the numerical tests are
valuable. Taking the effect of scatter in account, the minimum reduction factor can be
taken as 0.87 provided that the CV of the displacement after crack cycling does not
exceed 30 %.

Conclusively, the numerical and experimental test results of the investigations carried
out so far suggest, for anchor groups loaded in tension, a preliminary seismic group
factor of 0.85 to be applied on the seismic design strength given in the technical
approval (refer also to Section 3.4.2.6). For concrete failure, the seismic crack width
factor (Section 3.4.5.2) needs to be applied in addition. Further research is required
for anchor groups loaded in shear. Preliminary studies presented in Mahrenholtz, P.;
Eligehausen, R. (2012) suggests that depending on the dimension of the annular gap
(refer also to Section 3.3.5) the factor strength reduction factor is in the range
between 0.6 and 0.8.
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3.4.6  Group model allowing for load redistribution effects

Since the group capacity depends on the specific load-displacement behaviour of the
anchor in uncracked concrete and in cracks (Figure 3.45), a parametrical study
including more anchor products could verify the general applicability of the proposed
group factor. In particular, the possible overloading of the anchor located in
uncracked concrete, which in the worst case have to bear the total group load alone,
needs to be investigated. Experimental group tests are very laborious and costly.
Moreover, due to practical limitations only 2-anchor groups can be experimentally
tested in the rotation-restrained configuration. For these reasons, numerical tests are
desirable. However, the effect of the load redistribution on the load-displacement
curves needs to be taken into account. In the following section a group model is
presented which is capable to reflect the redistribution of anchor loads and reduction
of anchor displacements due to rotational-restrained configuration.

Figure 3.47a depicts the individual anchor load portions of the group load during
Phase | of the experimental tests on 2-anchor groups for various anchor types. The
load-displacement curve of the anchor located in uncracked concrete approaches the
total group load, while the load of the anchor located in the crack decreases towards
zero. Figure 3.47b depicts for the same anchors the cumulative absolute group
displacement.
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Figure 3.47 a) Individual anchor loads normalised with reference to the group load;
b) Cumulated absolute group displacement for various ancor types

The rate of redistribution depends on the anchor type. The larger the difference in
stiffness of the individual anchors is, the larger are the effects of load redistribution.
In the following, an analytical model describing the load redistribution behaviour is
presented and verified.
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3.4.6.1 Analytical approach

The diagrams in Figure 3.48 show the measured load-displacement curves for two
exemplary group tests on expansion and undercut anchors. It is clearly visible that
the crack cycling induces load cycling in both anchors. Every time the crack is
compressed, the anchor in the crack (Anchor 2) regains its stiffness and picks up
load. The anchor in uncracked concrete (Anchor 1) is unloaded by the same degree.
When the crack opens again, the anchor in the crack loses its stiffness and
dismisses part of the load that has to be taken up by the anchor in uncracked
concrete. This behaviour recurs 10 times. Ultimately, the anchor is pulled out in the
residual capacity test.
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Figure 3.48 Example for load-displacement curve for a) Expansion anchor;
b) Undercut anchor

The goal was to find a model which is able to simulate this behaviour. The simulation
of the load-displacement curves in Phase Il is relatively straightforward: The anchor
in uncracked concrete follows the monotonic curve of a single anchor in uncracked
concrete. The anchor in the crack follows the shifted monotonic curve of a single
anchor in cracked concrete. The incorporation of the redistribution effects in an
analytical model is quite challenging since the stiffness of both anchors interacts and
alters in the course of crack cycling. Thus no static load-displacement curve can be
assigned to the anchors.

The model presented in the following is based on the analytical model developed in
Lotze, D. (1993) to calculate maximum anchor loads and load amplitudes of groups
under continuously repeated load. A brief discussion of the method can be found in
Mahrenholtz, P.; Eligehausen, R. (2010). This model was adapted and expanded to
the conditions as they are present for anchor groups located in cyclically cracked
concrete areas. For this purpose, the effects of crack cycling were incorporated and
the extended model was then implemented in a spreadsheet calculation which
allowed the generation of load-displacement curves.
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The load redistribution and group displacement is calculated for each crack cycling
incrementally. The load increment ANy, is given as:

AScr diff,n H
— Equation 3.14

o ) l/kLJFICT +]7/kCI'

Where As girn  Displacement per crack cycle of a single anchor installed in a

AN

crack;

Kuncr Stiffness of a single anchor installed in uncracked concrete when it
is loaded;

Ker Stiffness of a single anchor installed in cracked concrete when it is
unloaded.

For this approach it is assumed that the free displacement As,, it n» Of @ single anchor
is fully incompatible in a statically indeterminate system and leads to the load
redistribution (Figure 3.49a).
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Figure 3.49 a) Distribution of load increment after Lotze, D. (1993) and resulting
anchor displacement per cycle n;; b) Stiffness of unloaded anchors over load cycles

In addition, the anchor group experiences displacements because of the load cycling
effect and the total displacement increment Asy, , can be given as:

ASgr,n = ANgr,n * Kuner + ASuncr,diff,n Equation 3.15

Where Asyncrdiin Displacement per load cycle of a single anchor installed in
uncracked concrete.

For the simulation, the parameters need to be determined by tests on single anchors
installed in uncracked concrete (ASuncrdifin @Nd Kuner) OF in @ crack (AScr girn and Ker).
For the examples presented herein, As. q4irn Was extracted from the cyclic crack and
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Kuncr from the monotonic reference tests listed in Table 3.7. It is useful to express the
monotonic load-displacement curve in uncracked concrete, which is the governing
parameter for the simulated group load-displacement curves, as a polynomial
function of load (f(N)). The tangential stiffness equals then its first derivative
(Kuner = F(N)). For the determination of Asyncrdiin @nd K, another test series was
carried out. It is sufficiently accurate to assume the stiffness of the unloaded anchor
to be constant over cycles and load level (Figure 3.49b).

3.4.6.2 Simulation of load-displacement curves

Based on the displacement values gained by single anchor tests, the crack cycling
induced load redistribution and displacement of an anchor group can be calculated
incrementally per cycle as ANg,, and Asy, according to Equation 3.14 and
Equation 3.15. The capability of this model to simulate various load-displacement
behaviours of anchor groups was verified for both the expansion and undercut
anchor types which cover the range of stiffness ratio typical for post-installed
anchors. For the expansion anchor, the diagram in Figure 3.50a depicts the load-
displacement curves as derived from the simulation. The computation is shown in
Figure B.1 in Appendix B. Opposed to the recorded test data of an exemplary test
(Figure 3.50b, which is a windowed cutout of Figure 3.48a), the load-displacement
curves show a good correlation in both, redistribution of the load and displacement.
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Figure 3.50 Load re-distribution during crack cycling for expansion anchor:
a) Simulation; b) Experimental test data

The same applies to the undercut anchor, which simulated load-displacement curves
are depicted in the diagram in Figure 3.51a. The load-displacement curves, which
computation is shown in Figure B.2 in Appendix B, match well with the recorded test
data (Figure 3.51b, which is a windowed cutout of Figure 3.48b).
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Figure 3.51 Load re-distribution during crack cycling for undercut anchor:
a) Simulation; b) Experimental test data

3.4.7 Conclusions

Anchors located in cracks lose a part of their inherent stiffness and, in comparison to
anchors in uncracked concrete, slip more when being loaded. For anchor groups, the
load is distributed among the anchors according to their individual stiffness. In case
of a seismic event, the cracks open and close several times. This leads to increasing
anchor displacements and a redistribution of the load within the group. The
supporting character of a shared base plate has a beneficial effect on the overall
displacement behaviour and residual capacity. The degree of load redistribution and
resulting limitation of anchor displacement primarily depends on the actual base plate
configuration and crack pattern.

For the experimental tests carried out within the scope of the research on anchor
groups under seismic application, the test setup was explicitly designed to mimic
ideally rotational-unrestrained and rotational-restrained base plate configurations.
Various anchor types were tested under defined boundary conditions. The residual
capacity was in all cases larger than n-times the capacity of a single anchor in a
cycled crack, however, showed a reduction of up to 15 % if compared to a single
anchor in a crack. It was shown that the load redistribution within the anchor group
during earthquakes is possible irrespective of the failure mode. The stronger anchors
support the weaker anchors (social behaviour). The resulting beneficial effect of
reduced overall group displacement in case of rotation-restrained anchor groups,
however, leads on the other hand to unused strength of the weaker anchor.

Based on numerical test results, which have been re-evaluated for the purpose of
this thesis, the influence of the seismically caused scatter on the residual load
capacity was investigated. Depending on the variation in the anchor displacement
after crack cycling and for a CV of 30 %, the group capacity may be as low as 85 %
of the corresponding capacity of a single anchor in a cycled crack. To take this
adverse group effect into account, it is proposed to apply a seismic group factor of
0.85 to the seismic design strength given in the technical approval. To take the effect
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of 0.8 mm wide cracks on the concrete capacity into account, the design strength
should be further reduced by the tentatively proposed reduction strength factor for
wide cracks of 0.8. In return, the seismic strength reduction factor of 0.75 as given in
the ACI 318 (2011) Clause D.3.3.4.4 and CEN/TS 1992-4 (2009), which is currently
accounting for wide cracks and group effects (Mallée, R.; Fuchs, W. et al. (2012)) for
all concrete related failures, should be dropped. However, these factors are
preliminary and further research is desirable since only a limited number of anchor
products were tested so far. The limitation of the allowable scatter in the anchor
displacement after crack cycling to a maximum CV of 30 % needs to be incorporated
in the qualification guidelines.

The deepened understanding in particular of the load-displacement behaviour of
rotational-restrained anchor groups enabled the development of an analytical model.
Based on load-displacement curves gained in reference tests on single anchors, this
model simulates the group effects on load redistribution and displacement behaviour.
It helps avoiding costly group tests and allows parametrical studies on the general
validity of the proposed reduction factors. The general applicability of the model was
shown for 2-anchor groups. It is capable to qualitatively and quantitatively replicate
measured group load-displacement curves. An extension to rotational-unrestrained
and rotational-restrained 4-anchor groups based on the approaches presented in
Lotze, D. (1993) is possible. The principle investigational approach for this task is
described in Mahrenholtz, P. (2010c).

3.5 Cyclic Load
3.5.1 State of knowledge

Anchor behaviour for load cycling was studied within the scope of the dissertation
Hoehler, M. (2006). Various load protocols were used, for which exemplary load-
displacement curves are given in Figure 3.23 and Figure 3.52. A detailed literature
review was also performed and therefore only the most crucial aspects are
highlighted in the following.

For anchors loaded in tension, a high resistance to cycling can generally be assumed
for post-installed anchors (Eibl, J.; Keintzel, E. (1989b); Hoehler, M. (2006) and
others). This is also true for tension loads for which a large number of load cycles at
load levels below peak (Figure 3.52a) or considerable number of load cycles near
ultimate load (Figure 3.23b) can be performed without failure, irrespectively of the
failure mode (Hoehler, M. (2006)). Further, tension cycling well below the peak
monotonic capacity does not significantly influence the ultimate load and
corresponding displacement upon subsequent monotonic loading for residual
capacity testing.
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In Hoehler, M. (2006), two kinds of increasing load protocols were used: Tension
load protocol with 30 cycles (increasing load regime which last 10 cycles were
chosen with respect to the study on the number of deformation cycles at near
ultimate anchor capacity, see Section 3.6.1), or the protocol as proposed in SEAOSC
(1997) was taken. The comparison of these two test series (Figure 3.52a and Figure
3.23a) with respect to anchor displacement and residual capacity displyed that the
influence of the load cycling pattern is very small. This indicates that tension load
cycling has generally little effect on the anchor performance provided that the load
level or number of cycles is not too high.

Tension load cycling tests reported in Weigler, H.; Lieberum, K. H. (1984) indicated
that the sequence of the load steps is not significant. In conclusion, decreasing load
protocol as for the simulated seismic tests according to ACI 355 (Figure 3.52b) yield
the same displacement after cycling and residual load capacity as a test protocol of
same amplitudes but in a reverse, i.e. increasing load pattern.

The investigation on the effect of load cycling frequency also presented in Hoehler,
M. (2006) concluded for expansion and screw anchors that increasing the frequency
from 0.5 to 5 Hz did not negatively affect the residual anchor strength, but led to a
reduction in the anchor displacement during cycling. This is basically in line with the
results reported for undercut anchors in Mahrenholtz, C.; Eligehausen, R. et al.
(2010). If anchor displacement during cycling is considered as negative, which is
generally the case, one can conclude for all anchor types and failure modes that low
cycling frequencies are on the safe side.

The effect of crack width on the capacity is for cyclic tests in tension principally the
same as for monotonic tests (Eligehausen, R.; Mallée, R. et al. (2006)). In general,
the tests have shown that the backbone curve of the cyclic load-displacement path
follows the monotonic mean curve of a corresponding reference test series.
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Figure 3.52: Examples for cyclic tension load tests: a) 30 cycles at 50 % and 90 %
Num.ref (Hoehler, M. (2006)); b) ACI 355.2 simulated seismic test with 140 cycles
(Mahrenholtz, P. (2011b))

115



Theoretical and Experimental Studies at Component Level

For shear load cycling, however, the picture is not that uniform. In Vintzeleou, E.;
Eligehausen, R. (1981) displacement controlled tests with target displacement equal
75 % of the displacement corresponding to the ultimate monotonic load were
performed. It was found that the cyclic load-displacement curve generally followed
the monotonic load-displacement curve and that shear cycling had no significant
influence on the shear capacity and corresponding displacement (Figure 3.53a). The
same conclusion was drawn in Kim, S.-Y.; Yu, C.-S. et al. (2004) for load controlled
tests with target loads equal to 12.5 % of the mean ultimate capacity. In contrast,
Klingner, R.; Mendonca, J. et al. (1982) carried out shear load cycling tests with
stepwise increasing load protocols and concluded that generally the cyclic loading
path did not follow the monotonic mean envelope, the cyclic load capacity is smaller
than the monotonic load capacity, and the deformation corresponding to the ultimate
shear load increases with increasing number of cycles.

The different results are caused by the different demand in respect to load level and
cycle number the anchor is subjected to. Cyclic shear performance of anchors is
governed by its sensitivity to low cycle fatigue (LCF). If LCF occurs during shear load
cycling, the strength may be substantially reduced and should be assumed to be less
than 40 % of the monotonic shear strength according to Eligehausen, R.; Mallée, R.
et al. (2006). Guillet, T. (2011) concludes that the shear load level has to be limited to
30 to 50 % of the static mean reference capacity to reach a seismically relevant
number of cycles. In contrast to alternating shear cycling, however, pulsating shear
cycling is not as demanding for anchors and achieved strengths are substantially
higher (Usami, S.; Abe, U. et al. (1981)).

Other than for cyclic tension load, the sequence of the shear load steps has a
significant effect on the result because the anchor system is highly non-linear: Due to
the irreversible deformation in the concrete (compaction, spalling off), which is
accumulating during load cycling, the load and thus stress amplitude does not
directly relate to the anchor displacement. This behaviour is called the “memory
effect” in Rieder, A. (2009). In consequence, the load pattern has a direct impact on
the anchor displacement behaviour during cycling which, in turn, affects the LCF
strength and the residual capacity. This is in contrast to purely steel related problems
(e.g. Malhotra, P.; Senseny, P. et al. (2003)) based on general cumulative damage
models (Miner, M. (1945)).

The decreasing load protocol as for the simulated seismic tests according to ACI 355
(Figure 3.53b) certainly results in performance characteristics other than a test
protocol of same amplitudes but in a reverse, i.e. increasing load pattern would yield.
In fact, long-time experience has shown that anchors not failing during the first 10
large amplitude cycles will not experience LCF during the rest of the cycles.
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Anchors away from edges loaded in shear generally experience steel failure.
Therefore one may assume that for increased shear load cycling frequencies, the
residual load capacities may increase and the corresponding anchor displacement
may decrease. However, a statistically significant change in the load capacity or a
reduction of the displacement could not be inferred in Mahrenholtz, C.; Eligehausen,
R. et al. (2010) for the frequency range 0.1 to 5 Hz.

The effect of cracking on the capacity is for cyclic tests principally the same as for
monotonic tests. Capacity and displacement wise, shear cycling parallel to the crack,
and not perpendicular to the crack, is crucial (e.g. Kim, S.-Y.; Yu, C.-S. et al. (2004),
Eligehausen, R.; Mallée, R. et al. (2006), Guillet, T. (2011)).
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Figure 3.53: Examples for cyclic shear load tests: a) Load cycling at 70 % s(Vum ref)
(Vintzeleou, E.; Eligehausen, R. (1981)); b) ACI 355.2 simulated seismic test
(Mahrenholtz, P. (2011b))

For both, tension and shear load cycling, the additional value of the small amplitude
load cycles required by the ACI 355 simulated seismic tests is only limited. It is
difficult to relate them to the monotonic load-displacement curve and the low
amplitude cycles are to a great extent hidden by the large amplitude cycles (Figure
3.52b and Figure 3.53b). Further, as pointed out in Silva, J. (2001), stepwise
increasing load pattern is preferable for anchor qualification because the stiffness
response of the anchor can be determined throughout the entire loading range.

3.5.2 Load cycling tests

The chapter on cyclic load tests in Hoehler, M. (2006) concludes with the
recommendation of a stepwise increasing load protocol for seismic anchor
qualification. The suggested protocol of 35 cycles comes close to that provided in
SEAOSC (1997) for which some tension load cycling tests have been carried out.
Shear load cycling tests with stepwise increasing load protocol, however, was never
carried out so far. Further research resulted in an extensive load cycling test
programme reported in detail in Mahrenholtz, P. (2009) which is discussed in the
following. The primary objective of the tests was to investigate the performance of
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different anchor types installed in a static crack and subjected to either cyclic tensile
or cyclic shear loads. It was aimed to generate cyclic load-displacement curves for all
key failure modes and to demonstrate the efficiency of the stepwise increasing load
cycling protocol.

3.5.2.1 Load protocol, target anchor load and perma  nent crack width

The technical background of the load protocol used for the load cycling tests
discussed in the following is beyond the scope of this thesis. However, detailed
non-linear numerical simulations of representative reinforced structures carried out at
the UCSD 2007/2008 (Wood, R.; Hutchinson, T. et al. (2010)) resulted in
methodological protocols which are more scientifically substantiated than any other
protocols used for cyclic tests on anchors previously. After subjecting a suite of 7
building of variables heights to 21 earthquakes, the floor level accelerations were
used as input for four elastic single-degree-of-freedom oscillators of 5 to 20 Hz
representing the response of attached non-structural components. Using rainflow
counting on the oscillator responses and re-arranging with respect to their
amplitudes, averaging, and normalization, a stepwise increasing load cycling protocol
of 71 cycles resulted (Figure 3.54a). The cycles of the lowest amplitude, however,
were assumed to have negligible impact on the test result and were removed. Figure
3.54b shows the symmetric and reverse load cycles for shear load cycling tests with
36 cycles. For tension load cycling tests, only positive excursions of the protocol
were used.
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Figure 3.54: a) Normalised load cycling protocol proposed in Wood, R.; Hutchinson,
T. et al. (2010); b) Load cycling protocol after cutoff of first load step

For clarity it is noted here that this load cycling protocol slightly differs from the
protocol used for the seismic amendment of qualification guidelines presented in
Chapter 4. The reasons are discussed in Section 4.1.

The target load is taken as the 5 % fractile of the mean ultimate load of monotonic
tests in a static crack. In conclusion, an anchor loaded cyclically is expected to reach
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a residual load capacity which is equal to the ultimate load of at least 95 % of that of
the anchors tested monotonically. Otherwise, the cyclic, i.e. seismic capacity has to
be reduced. Based on a broad experience, the coefficient of variation (CV) can be
estimated as 15 % for anchors loaded in tension and failing in concrete. This is also
the maximum acceptable CV according to ETAG 001. For anchors loaded in shear,
steel is the predominant failure mode and the CV was estimated as ~ 6 %. Equation
2.2 yields 5 % fractiles and thus target loads corresponding to 75 % of the mean
ultimate tensile capacity for tension load cycling tests (Nmax = 0.75 Nymcr) and 90 %
for shear load cycling tests (Vmax = 0.90 Vymer). The mean ultimate capacities were
derived from monotonic reference tests in cracked concrete.

The crack width during load cycling and during the monotonic pullout test was
constant. For tension tests, all anchors were installed in w = 0.5 mm cracks which is
the relevant crack width for simulated seismic tension and shear tests according to
ACI 355. Some anchors were additionally tested in w = 0.8 mm cracks representing
adverse seismic conditions (refer to Section 3.1.5). Since it is well known that the
actual crack width has only a small impact on the behaviour of the anchor when
loaded in shear, only one crack width was specified for shear tests. All anchors were
installed in w = 0.8 mm cracks and loaded parallel to the crack.

3.5.2.2 Test setup and testing procedure

The test programme comprised mechanical and adhesive anchors of various
manufacturers and make. In total, 123 tests were carried out on 7 different anchor
types: One undercut anchor (UC1 (M10): Figure 3.1b), one screw anchor (SAl
(016): Figure 3.1c, tested only in shear), two sleeve-type expansion anchors (EAsl
(M12), EAs2 (5/6”): Figure 3.1d), one bolt-type expansion anchor (EAbl (1/27):
Figure 3.1e), and two bonded anchors (BAl, BA2 (both with threaded rod M12):
Figure 3.1f), were tested. All tests were performed on single anchors with large
anchor spacing and edge distances. The outline of the test programme is also shown
in Table 3.9.

As anchorage material, normal weight concrete C20/25 with a mean tested concrete
cube compressive strength between fe 150 = 28.7 and 31.8 MPa were used. The
slabs were produced according to the state of the art after DIN 1045 (2001) and DIN
1048 (1991) and were of same type as those used for pullout tests with various
loading rate. The cracks were opened to the designated 0.5 or 0.8 mm. For further
details on slab design and crack formation refer to Section 3.2.2.3.

The test setup used for tension tests is in principle identical to that introduced in
Section 3.2.2.3 but with a 250 kN servo-hydraulic actuator which was supported by
two aluminium beams (Figure 3.55a). Mechanical anchors were tested under
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unconfined conditions with a clear distance between the beams of 4 he. Adhesive
anchors were tested under confined condition to ensure bond failure. For this
configuration, a smooth sheet of PTFE and a steel plate with a clearance hole equal
to ~ 2.0 dop were placed around the anchor on which the beams rested (Figure 3.55b).

e 5 8 - —

Figure 3.55 a) Actuator resting on wedge-split concrete slab; b) Close-up of installed
anchor, confining steel plate, and anchor displacement and crack width transducers

For the tests in shear, a 630 KN servo-hydraulic actuator was used. The concrete
slab was braced against the strong floor and a frontal supports acted as horizontal
bearing. The anchor was loaded by a special shear load device which was
mechanically held down to avoid uplifting of the anchor during testing. In the shear
load device, bushings made of hardened steel of appropriate size were fixed,
providing a clearance gap of 2 mm. In order to minimize friction, a smooth sheet of
PTFE was placed between the concrete member and the shear load device.
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R

Figure 3.56 a) Loading device resting on wedge-split concrete slab and mechanically
held down by a guiding frame (left) and the actuator (right); b) Close-up of installed
anchor, fixture with brushing, and anchor displacement and crack width transducers

The cyclic tests were run load controlled at quasi-static frequencies of about 0.1 to
0.2 Hz. The servo control program consisted of sinusoidal load cycles. Figure 3.57
shows the load protocols normalised with reference to the monotonic mean
capacities. For tension load cycling, the anchor was not completely unloaded to avoid
conflicts of the servo control due to slackness between fixture and concrete surface
caused by the displaced anchor. 0.1 kN was taken as the lower load level instead.
For the same reason, the shear load cycles were split into two half sinus cycles with
interconnecting displacement controlled ramps (Section 4.2.3). Here, the slackness
of the clearance hole inevitably causes difficulties in the servo control.
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Figure 3.57 Load protocol: a) Tension load cycling tests; b) Shear load cycling tests
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After completion of the load cycles, the anchors were unloaded and then loaded
displacement controlled to failure to determine the residual capacity. The ultimate
load was reached as for monotonic tests within 1 to 3 min. The anchor load, the
anchor displacement, and the crack width were measured and recorded at a
sampling rate of 5 Hz. Further details are given in Mahrenholtz, P. (2009).

3.5.2.3 Experimental results and discussion

First the tension load tests are discussed. The plots and pictures in Figure 3.58 to
Figure 3.61 show the load-displacement and failure behaviour of the tested anchors.
For reasons of confidentiality, the exemplary pictures of the anchors are partly
blackened. UC1, EAs1, EAb1, and BA1 were taken as representative for their type.
The general behaviour of EAs2 and BA2 was similar to that of EAsl and BAL,
respectively. The plots are only shown for the tests in 0.5 mm cracks, the leading
crack width in the test programme, to enable best comparability among the anchor
types. Plots of tests in 0.8 mm cracks are not shown, however, the overall load
cycling behaviour was consistent for both crack widths.

The load-displacement curves of the tension cycling tests on the undercut anchor
UC1 followed the corresponding monotonic mean curve (Figure 3.58a). All anchors
failed in concrete (Figure 3.58b).
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Figure 3.58 UC1 anchor tested in tension (0.5 mm): a) Cyclic load-displacement
curves and monotonic mean curve; b) Picture of anchor and concrete after failure

Also the load-displacement curves of the tension cycling tests on the sleeve-type
expansion anchors followed the corresponding monotonic mean curves (Figure
3.59a). Both, EAs1 and EAs2, failed in concrete (Figure 3.59b).
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Figure 3.59 EAs1 anchor tested in tension (0.5 mm): a) Cyclic load-displacement
curves and monotonic mean curve; b) Picture of anchor and concrete after failure

The load-displacement curves of the tension cycling tests on the bolt-type expansion
anchor EAbl were not as perfectly enveloped by the monotonic mean curve,
however, still fair enough (Figure 3.60a). The anchors predominantly failed in
pull-through mode (Figure 3.60Db).
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Figure 3.60 EAb1 anchor tested in tension (0.5 mm): a) Cyclic load-displacement
curves and monotonic mean curve; b) Picture of anchor and concrete after failure

The load-displacement curves of the tension cycling tests on the bonded anchors

fo

llowed the corresponding monotonic mean curves (Figure 3.61a). Both, BA1 and
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BA2, failed in bond as the threaded rod was pulled out the borehole (Figure 3.61b).
The mortar remained partly in the borehole.
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Figure 3.61 BA1 anchor tested in tension (0.5 mm): a) Cyclic load-displacement
curves and monotonic mean curve; b) Picture of anchor and concrete after failure

Table 3.9 provides the test conditions and key test results of all anchor types tested
in cyclic tension. The test programme included more tests which however are not
important in the context of the following discussion and therefore not reported herein.
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Table 3.9 Test conditions and key test results of tension load cycling tests

Anchor Type, Crack Load. Num. PFM  Nym, CV, N,guem S(Num, CV, s(N

u,cyclic )n

Anchor Size,  Width  Type of kN % N mm % s(N,,..)
Emb. Depth W W Tests e e
UC1; 0.5mm m 3 C 394 11.0 390 67.2
M10; c 3 C 445 48 113 478 531 1.23
90 mm 08mm m 3 C 342 57 164 11.8
c 3 C 36.7 196 1.07 3.92 490 171
EAsl: 0.5mm m 3 C 389 153 6.54 62.6
M12; c 3 C 372 39 096 416 49.1  0.64
80 mm
EAs2: 0.5mm m 3 C 234 7.4 829 45
5/6"; c 3 C 264 25  1.13 6.14 40.1 074
85 mm
EAb1; 0.5mm m 3 Pt 252 6.6 794 130
172" c 3 Pt 246 9.4  0.98 9.70 250 1.22
83 mm 08mm m 3 Pt 218 7.3 1098 10.1
c 3 Pt 235 27 108 1352 75 1.23
BA1; 0.5mm m 3 P 782 8.1 121 295
M12 c 2 P 764 6.1  0.98 1.37 161  1.13
treaded rod;
96 mm 0.8mm m 3 P 62.6 10.3 1.87 325
c 3 P 67.4 154  1.08 1.71 302 0.92
BA2; 0.5mm m 3 P 442  16.6 0.83 218
M12 thr. rod; c 2 P 462 1.4  1.05 061 395 0.74
96 mm

(1) Loading Type: m = monotonic; ¢ = cyclic

Generally it can be said that the residual load capacities after tension load cycling
were equal or higher compared to the respective monotonic capacity. Ratios of
Nu,cyclicm / Nuer,m Smaller than 1.00 can be assigned to scatter. The CV was for
several test series high also due to the small number of test repeats.

The test results indicate that load cycling had even positive influence on the
performance of mechanical anchors. The residual load capacities of the undercut
anchor UC1 and expansion anchors EAsl, EAs2, and EAbl were generally higher
compared to the corresponding monotonic capacity. This effect was already
observed in earlier studies (Kim, S.-Y.; Yu, C.-S. et al. (2004), Ghobarah, A.; Aziz, T.
(2004), Hoehler, M. (2006)) and is assigned to the setting of the expansion
mechanism or compaction of the concrete near the anchor head. Also the adhesive
anchors showed a stable behaviour, as the bonded anchors BA1 and BA2 completed
all load cycles.
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The effect of load cycling on the anchor displacement is not consistent and the
displacement is subject to large scatter with a maximum CV of 67 %. The
determination of the displacement is always difficult because of the unsteadiness of
the curves. However, it is noted that the displacement after tension load cycling is
small and ranges from less than 1 mm for bonded anchors to 5 mm at maximum for
expansion anchors failing in pull-through.

Tests in 0.8 mm cracks always resulted in significantly reduced ultimate load
capacities and increased anchor displacements if compared to the results of the tests
in 0.5 mm cracks. The difference was up to 20 % and more. This is true for
monotonic as well as for cyclic tests. It is noteworthy, however, that the response of
anchors tested in 0.8 mm cracks to load cycling was as stable as that of anchors
tested in 0.5 mm cracks.

In contrast, the actual crack width generally does not affect the behaviour of anchors
loaded in shear, provided cracking is not excessive. This was the reason why the test
programme only included 0.8 mm for the shear load tests which are discussed in the
following. The plots and pictures in Figure 3.62 to Figure 3.66 show the load-
displacement and failure behaviour of the anchors tested in 0.8 mm cracks. Next to
UC1, EAs], EADb1, and BAL, also the screw anchor SA1 was tested in shear.

The load-displacement curves of the shear cycling tests on the undercut anchor UC1
with the sleeve in the shear plane were clearly below the corresponding monotonic
mean curve (Figure 3.62a). All anchors failed during cycling in steel (Figure 3.62b).
First the sleeve surrounding the bolt broke (compare to Figure 3.1b), then, one or
several cycles later, the anchor bolt.
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Figure 3.62 UC1 anchor tested in shear (0.8 mm): a) Cyclic load-displacement
curves and monotonic mean curve; b) Picture of anchor and concrete after failure
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The load-displacement curves of the shear cycling tests on the screw anchor SAl
followed the corresponding monotonic mean curve (Figure 3.63a). All anchors failed
in steel (Figure 3.63b) after completion of all cycles when being tested to failure. The
resistance to cycling is quite remarkable in that screw anchors are generally known
to be brittle due to the hardening process during manufacturing.
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Figure 3.63 SA1 anchor tested in shear (0.8 mm): a) Cyclic load-displacement curves
and monotonic mean curve; b) Picture of anchor and concrete after failure

S failure
mode

The concrete spalling around the screw anchor is very limited and much less than
that for the undercut anchor. The observation that anchors with a sleeve generally
display more concrete spalling than anchors without a sleeve is confirmed by the
other tests on expansion and bonded anchors.

As for the undercut anchor, the load-displacement curves of the shear cycling tests
on the sleeve-type expansion anchor EAsl were clearly below the corresponding
monotonic mean curve (Figure 3.64a). All anchors failed in steel during cycling
(Figure 3.64b). Anchor bolt and sleeve, which upper edge were installed flush with
the fixture (compare to Figure 3.1d), broke at the point where the fixture is sliding on
the concrete.
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Figure 3.64 EAs1 anchor tested in shear (0.8 mm): a) Cyclic load-displacement
curves and monotonic mean curve; b) Picture of anchor and concrete after failure

The load-displacement curves of the shear cycling tests on the bolt-type expansion
anchor EADb1 followed again the corresponding monotonic mean curve (Figure
3.65a). All anchors failed in steel (Figure 3.65b) after completion of all cycles when
being loaded to failure.
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Figure 3.65 EAb1 anchor tested in shear (0.8 mm): a) Cyclic load-displacement
curves and monotonic mean curve; b) Picture of anchor and concrete after failure

Also the load-displacement curves of the shear cycling tests on the bonded anchor

BA1 followed the corresponding monotonic mean curve (Figure 3.66a). All anchors
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failed in steel (Figure 3.66b) after completion of all cycles when being tested to
failure.
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Figure 3.66 BA1 anchor tested in shear (0.8 mm): a) Cyclic load-displacement curves
and monotonic mean curve; b) Picture of anchor and concrete after failure

Table 3.10 provides the test conditions and key test results of all anchor types tested
in cyclic shear. The test programme included more tests which however are not
important in the context of the following discussion and therefore not reported herein.
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Table 3.10 Test conditions and key test results of shear load cycling tests

Anchor Type, Crack Load. Num. PFM  Vymn, CV, V, uem SMVdm CV, sV,

u,cyclic )n

Anchor Size, Width Type of kN % v mm % s(V,.)

Emb. Depth W W Tests werm werm
UC1; 0.8mm m 3 S 892 47 31.18 252

M10; 90mm c 3 s 5679 109 064 1971 101  0.63
SAL; 0.8mm m 3 S 597 62 1436 8.0

016; 105mm c 3 S 601 59 101 1206 3.0 084
EAs1; 0.8mm m 3 S 681 69 2112 111

M10; 80mm c 3 S 4909 134 072 1383 165 0.66
EAb1; 0.8mm m 3 S 324 46 1121 105

1/2"; 83mm c 3 s 2679 23 082 1237 59 110
BAL; 0.8mm m 3 S 334 57 1031 221

M12 thr. rod; c 3 S 338 29 101 969 216 0.94

96mm

(1) Loading Type: m = monotonic; ¢ = cyclic
(2) LCF during cycling; V, taken as maximum achieved load
(3) No LCF during cycling but residual load V, smaller than target load Vax

The performance of the anchors loaded in shear is governed by LCF. In principle, the
anchors can be distinguished according to their make: The load path of anchors
without sleeves (SA1, BAl, and EADb1) followed that of the monotonic mean and the
anchors completed all cycles. In contrast, the load path of anchors with sleeves
(UC1, EAsl) deviated soon from that of the monotonic mean and the anchors
experienced LCF prior to completion of load cycles. In these cases, the ultimate load
was reduced by approximately 30 % if compared to the ultimate load of the
corresponding monotonic test series. This observation might initially surprise since
anchors with sleeves are generally assumed to be particularly appropriate for shear
loads. However, the stiff sleeve is more loaded than the bolt which is having play in
the sleeve. Consequently, the sleeve is subject to higher load amplitudes and
therefore more prone to LCF. Moreover, the high monotonic capacity of these anchor
types results in large target anchor loads (Vmax =0.90 Vumcr). In consequence, an
anchor with sleeve is relatively higher stressed during load cycling than an anchor
without sleeve. Also the residual load capacity of the EAb1 anchor was reduced and
was even smaller than the achieved maximum load at the end of load cycling. This
points out that every cyclic capacity lower than the static capacity may be actually
interpreted as LCF.

Compared to cyclic tension tests, the scatter was relatively low in case of cyclic shear
tests. The CV was generally below 6 %. Larger CV can be assigned to excessive
concrete breakout which was observed for cyclic tests on anchor types with sleeves
(see Figure 3.62 and Figure 3.64b).
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The anchor displacements generated during shear load cycling is relatively large in
comparison to that of cyclic tension tests. The displacements at ultimate failure were
in the range of 10 to 30 mm. In case of LCF, the displacements were accordingly
smaller.

3.5.2.4 Evaluation of seismic strength and strength reduction factor

The fundamental assessment criterion of a minimum required residual capacity with
reference to the monotonic capacity is stipulated for various qualification tests
involving load and crack cycling (Sections 2.5 and 2.6). For simulated seismic tests
according to ACI 355, the minimum required residual capacity equals 80 % of the
monotonic capacity in a crack (0.8 Fy¢m, Section 2.5.2). This criterion ensures that
after cyclic actions the anchor still provides sufficient residual load capacity. If it is not
met, the reported strength is reduced as described in Section 2.1.7. This procedure is
ultimately also the background of the reduction factors ayseis given in technical
approvals (ESR) based on the ACI 355. However, the reduction procedure requires
test repeats with maximum anchor load which is reduced until the residual capacity is
meeting the requirement.

The same conceptual approach can be used when evaluating the performance of
anchors tested by stepwise increasing load protocols. Figure 3.67 illustrates the
assessment criteria for the evaluation of seismic tension and shear strengths based
on minimum required residual capacities
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---------------- Vinax=-0.90V,,

Figure 3.67 lllustration of conceptual approach for evaluation of seismic strength
a) Tension test and b) Shear test

It is interesting to know whether the proposed stepwise increasing protocols yield
seismic strengths which are similar to those gained by existing qualification
guidelines. The tested UC1, EAs1, and EAbl anchors hold a valid seismic approval
according to ACI 355, and the BA1 anchor according to AC 308. The approvals of
some of these anchors provide reduction factors for seismic shear. Reduction factors
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for seismic tension are not to be expected as also existing seismic qualification tests
are not critical in tension. However, a detailed analysis in this respect is problematic
due to reasons of confidentiality and because the ratio of reduced maximum load to
unreduced maximum load is not necessarily identical to the reduction factor.
Moreover, the tests on UC1 and EAs1, resulting in LCF, were not repeated and
which residual capacities meeting the requirement are therefore not available for
further evaluation.

Nevertheless, a general statement regarding the ultimate loads determined in the
tests (Table 3.9 and Table 3.10) in comparison to the nominal strengths given in the
relevant ESR may be allowed:

All anchors tested in tension and 0.5 mm cracks yielded mean ultimate loads which
are above the nominal strengths given in the corresponding ESR. More importantly,
however, are the characteristic strengths determined as the 5 % fractile
(Section 2.1.6) because the nominal strengths given in the ESR as design
information are to be understood as characteristic strengths. It turned out that the
calculated characteristic strengths are sometimes lower than the nominal strengths
given in the ESR, however, this is partly owed to the large CV. All anchors tested in
tension and 0.8 mm cracks vyielded mostly mean ultimate loads which are
substantially smaller than the nominal strengths given in the ESR. The reason for
this, however, is not any specific load cycling protocol but in the first place the
increased crack width. Reference is also made to Section 3.4.5.2. It is noted that all
anchors tested in tension fulfill the requirement in that the mean residual capacity
was for all anchors at least 0.8 Ny ¢rm.

Anchors tested in shear (0.8 mm cracks) yielded ultimate loads depending on their
LCF behaviour. The ultimate loads were either largely lower (UC1 and EASs1),
moderately lower (EAb1), or not lower (BA1) than 0.8 V¢ m. It IS noteworthy, that the
corresponding ESR provides seismic reduction factors ay seis for UC1 and EAs1 but
not for EAb1. This is an indication that UC1 and EAs1 anchors also suffer LCF when
tested according to simulated seismic tests provisions given in ACI 355. However,
the ultimate loads determined by stepwise increasing load protocol were reduced if
compared to the nominal strengths given in the ESR. In conclusion, the tested
stepwise increasing shear load protocol is apparently more demanding than the
existing protocol given in ACI 355 (Figure 2.5) basically due to the different target
loads (0.5 Vy crm Versus 0.9 V, «rm) and potentially results in smaller seismic reduction
factors.
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3.5.2.5 Displacement controlled tests and tests wit  h continued cycles

Some of the cyclic tests reported in Mahrenholtz, P. (2009) were conducted on the
UC1 and EAb1l anchor type according to the testing protocol given in FEMA-461
(2007). This guideline is published by the Federal Emergency Management Agency
(FEMA) for determining the seismic performance characteristics of structural and
nonstructural components by displacement controlled fragility tests. The aim of the
exploratory tests discussed in the following was to check the general applicability or
benefits of displacement controlled tests which are potentially handier than load
controlled tests. In particular the displacement controlled crossing of the zero loading
in case of cyclic shear tests is favourable. Further, displacement oriented test
protocols would better reflect the loading conditions in case of displacement
controlled failures.

The loading history is provided as relative displacement amplitudes defined as
ai+1 = 1.4 a; (Figure 3.68a). The number of cycles and loading steps is not explicitly
given, however, the exploratory tests stuck to the generally recommended scheme of
10 steps with 2 cycles each. Figure 3.68b shows the normalised protocol with a
maximum amplitude of a; / a, = Ay, = 1.0.
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Figure 3.68 a) Relative amplitudes and b) Normalised protocol provided in FEMA-461
(2007); c) lllustration of conceptual approach for development of displacement steps

The target displacement (An) after completion of the 20 cycles was taken as the
mean displacement at the target load defined for the load controlled tests. The
individual displacement steps can then be calculated (Figure 3.68c). The protocols
normalised with reference to the displacement of the monotonic load capacity
correspond to those given in Figure 3.57. The displacement control signal was that of
the actuator.
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A detailed evaluation of the tests is beyond the scope of this thesis, however, the
discussion of some key findings is instructive for further development of loading
protocols. Figure 3.69 compares exemplary load-displacement curves derived from
load controlled and displacement controlled tests on the same anchor. Both curves
follow basically the same envelope and achieve virtually the same ultimate residual
capacity. In contrast to load controlled tests with increasing displacements within a
load step, displacement controlled tests show decreasing loads within a
displacement step. In consequence, displacement controlled tests result in less

accumulating displacements and, in particular for shear loading, less demand in view
of LCF.
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Figure 3.69 Comparison of load-displacement curves (exemplary shear tests):
a) Load controlled cyclic test; b) Displacement controlled cyclic test

Characteristic features of load controlled and displacement controlled tests become
visible when analysing the time histories. Figure 3.70 and Figure 3.71 show
windowed time-histories for anchor load and displacement side-by side to visualize
the effect of the different control modes. For cyclic tension, the anchor load show
load cycles in case of load controlled test (Figure 3.70a). Since anchors remain in the

displaced position, displacement controlled tests do not show any clear displacement
cycles (Figure 3.70b).
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Figure 3.70 Windowed anchor load and displacement time-histories (tension tests):
a) Load controlled cyclic test (sinus); b) Displacement controlled cyclic test (sinus)

For cyclic shear, the load-displacement curves reveal the effect of the intermediate
ramps used for the zero load crossing in case of load controlled test, resulting in an
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odd load time history. Further, the time-consuming crossing of the clearance gap
around the anchor is reflected by long periods of zero loading (Figure 3.71a). In case
of displacement controlled cyclic shear tests, the displacement show full cycles. The
clearance gap has to be crossed as well, however, this can be done at a higher rate

because the servo control is more stable due to the lack of the transition from ramp
to half sinus (Figure 3.71b).
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Figure 3.71 Windowed anchor load and displacement time-histories (shear tests):
a) Load controlled cyclic test (half sinus / ramp); b) Displacement controlled cyclic
test (sinus)

The disadvantage of displacement controlled cyclic shear test is that a large portion
of the target displacement is consumed by the clearance gap between the anchor
and the bushing. In consequence, the anchor is less loaded if compared to load
controlled tests (Figure 3.69b). Moreover, misalignment may lead to asymmetric
load-displacement curves (Figure 3.72a).
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Figure 3.72 a) Example for asymmetric load-displacement curve due to
misalignment; b) Example for load-displacement curve of tests with continued cyles

One goal of stepwise increasing load protocols was to enable the evaluation of
stiffness, strength and deformation throughout the entire loading range (Silva, J.
(2001)). In ultimate consequence, the load cycling has to be continued till failure to
cover also near ultimate load behaviour. Another benefit of continued load cycling is
that defining a load or displacemnent target as a fraction of the monotonic capacity is
not required. This approach was checked out by an exploratory cyclic shear test
series on the EAbl anchor for which the protocol given in Figure 3.68b was
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prolonged beyond the target displacement till failure. The displacement increments
after the achievement of the original target displacement were chosen according to
the recommendations given in FEMA-461 (2007) as 30 % of the target displacement.

The envelope of the exemplary cyclic load-displacement curve with continued cycles
shown in Figure 3.72b coincides well with the envelopes derived from the other load
controlled and displacement controlled tests shown in Figure 3.69. Because the
portion up to the target displacement bases on the same displacement cycle regime,
any deviation would be of random nature. The anchor in Figure 3.72b finally failed in
steel due to LCF. Since the LCF occurred after the peak load, the ultimate load
capacity is equivalent to that determined in the other load controlled and
displacement controlled tests.

In summary, the following can be stated:

* The envelopes of load-displacement curves from load controlled cyclic tests,
as well as displacement controlled cyclic tests and displacement controlled
cyclic tests with continued cycles are identical. Provided that no LCF occurs
before peak load, both control modes yield approximately the same residual
load capacities and corresponding displacements.

* However, if the anchor is loaded beyond the linear-elastic range and the
anchor strength is prone to fatigue phenomena, as potentially every anchor
loaded in shear is, the envelope of cyclic load-displacement curves may be
lower than the monotonic mean curve, documenting increasing degradation.

* For displacement controlled tension tests, the anchor is not subjected to full
loading cycles. For displacement controlled shear tests, the clearance gap has
a fundamental impact on the test result.

 For the conceptual approach presented in this section, displacement
controlled tests can be deemed to be less demanding than load controlled
tests. This is in particular true for LCF prone anchors loaded in shear.

3.5.3 Conclusions

The experimental tests on a variety of anchors yielded load-displacement curves for
every type of anchor and associated typical failure mode. In general, the results for
mechanical anchors loaded cyclically in tension verified the observations made
earlier. Cyclic shear tests and displacement controlled tests yielded a number of
unprecedented results. The test programme also included two adhesive anchors
which were the first ever tested by a stepwise increasing load cycling protocol.

For tension load cycling, the testing verified that the scatter band of cyclic load-
displacement curves follow the mean of corresponding monotonic tests within
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acceptable limits. For the given load regime of the relatively small number of cycles,
tensile load cycling on anchors does not yield large anchor displacements. This
verifies the assumptions made for group tests (Section 3.4.2.3) for which the
displacements accumulating during tensile load cycling were deemed of secondary
importance if compared to those accumulating during crack cycling.

For shear cycling tests, the envelope of the cyclic load-displacement curves followed
in principle the load-displacement curve of the monotonic mean. However, depending
on the relative stress level the envelope may be lower than the monotonic mean.
This is particularly observed for anchors which fail during cycling due to LCF or are
close to doing so. This highlights the fact that the performance is ultimately
dependent on the specified load protocol. For anchor qualification, however, the
anchor load has to be reduced to a level which enables the completion of all cycles.
In consequence, the assumption made for ductility parameters (Section 3.3.2.3) that
the envelope of cyclic load-displacement curves follows the monotonic mean also
holds for qualified anchors loaded in shear. The reduction relative to the monotonic
capacity is more likely for anchors with sleeves owing to their larger monotonic
capacities and uneven share of the applied shear between sleeve and bolt.

The results showed that in principle every anchor type is suitable for seismic
application with respect to load cycling, just as hysteresis during cycling is
non-existent irrespective of the anchor type and failure mode. It is noted that also the
bonded anchors installed in a static crack, despite their probably disadvantaged load
transfer mechanism, exhibited good resistance to tensile load cycling which is
assumed to be generated by mechanical interlock due to imperfections in the
borehole.

The effect of crack width on the ultimate tension capacity was clearly visible. Tests in
larger cracks consistently resulted in reduced load capacities. The reduction for tests
in 0.8 mm cracks was about 20 % for all anchors if compared with the capacity in
0.5mm cracks. All tests showed relatively large scatter in particular for
displacements. The CV is increases by trend for large crack widths and cyclic
actions.

The evaluation of the seismic strengths showed that for the tested stepwise
increasing tension load protocol no reduced seismic capacities have to be expected if
compared to the seismic strengths given in technical approvals based on ACI 355 or
AC 308, provided that the crack width is specified to 0.5 mm as hitherto. For tests in
0.8 mm cracks, however, the monotonic and cyclic capacities are fundamentally
reduced due to the increased crack width. For the stepwise increasing shear load
protocol tested on LCF prone anchors, seismic capacities have to be expected which
are lower than the (reduced) seismic shear strength given in technical approvals
based on ACI 355 due to the substantially higher target shear load level.
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The exploratory tension and shear tests conducted on anchors loaded displacement
controlled with or without continued cycles displayed in general anchor behaviour
similar to load controlled loading protocol. Displacement controlled tests allow
shortening the testing time, however, they do not provide additional information and
are in some respect inadequate. Therefore load controlled tests are the preferred
choice for anchor qualification testing. The test results did not indicate that the
stepwise increasing load protocol would allow a differentiation of robust and
non-robust anchors though.

The detailed evaluation of the results also pointed out that for a sound assessment
the repeat of the tests is necessary in case of premature failure or residual capacities
lower than the minimum required capacity. For this case, however, the feature of the
stepwise increasing load protocol allows at least a better estimation of the potential
anchor capacity than the stepwise decreasing and coarser load protocol stipulated in
ACI 355. The goal should be to activate every possibility to reduce the testing burden
in any other extent. For example, it should be checked whether small cycles may be
truncated to speed up testing. The main aim shall be how to test an anchor for
variable level of demand without increasing the number of required test runs too
much. These aspects will be dealt with in Chapter 4.

3.6 Cyclic Crack
3.6.1 State of knowledge

Anchor behaviour under crack cycling was one of the main focuses of the
dissertation Hoehler, M. (2006), which also included a literature review. The number
of available literature on cycled crack tests, however, is relatively limited if compared
to that available on cyclic load tests.

Based on the analysis of studies on the number of deformation cycles in structures
during earthquakes (Malhotra, P. (2002), Dutta, A.; Mander, J. (2001), Kunnath, S.;
Chai, Y.-H. (2004)) 10 uniform-amplitude crack cycles were taken as representative
for crack cycling tests in Hoehler, M. (2006) (Figure 3.73a). Further, empirical
equations suggested by Oh, B.-H.; Kang, Y.-J. (1987), Martin, H.; Schiel3l, P. et al.
(1980), Gergely, P.; Lutz, L. (1968), and prEN 1992-1 (2002) (Eurocode 2) for the
prediction of the crack width in reinforced structures yielded a maximum crack width
of 0.8 mm outside of zones of plastic deformation. The permanent load acting on the
anchor axially during crack cycling N,, was tentatively taken as 0.4 Ny ¢ m. It was
confirmed that according to Rehm, G.; Lehmann, R. (1982) a progressive increase of
anchor displacement during crack cycling indicates imminent failure. In Seghezzi, H.
(1985), it is found that the performance of an anchor installed in cycled cracks
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depends on the number of cycles, the maximum crack width and the ratio of
minimum to maximum crack width during cycling.

To the knowledge of the author of this thesis, all cycled crack tests carried out ever
showed constant maximum crack widths and constant axial anchor loads. For
example, the crack pattern used for the cycled crack tests reported in Hoehler, M.
(2006) showed 10 cycles with constant maximum crack widths of 0.8 mm (Figure
3.73a). Therefore, statements regarding the effect of various shaped crack patterns
and sequence cannot be made.

The tests on the effect of crack cycling frequency presented in Hoehler, M. (2006)
indicated that an increase of the frequency from 0.01 to 0.2 Hz did not significantly
affect the anchor displacement behaviour. A more comprehensive study presented in
Mahrenholtz, C.; Eligehausen, R. et al. (2010) for the frequency range of 0.005 to
5 Hz supported this finding.

Compression forces on the anchor present during crack closure negatively affect the
anchor performance. The higher the compression force applied to the concrete test
specimen, the more the concrete around the anchor is damaged and the higher is the
anchor displacement experienced when the crack opens again. However,
compression forces are difficult to create by standard test equipment, for which
reason qualification guidelines as the DIBt KKW Leitfaden (1998) do not require full
crack closure and increase the maximum crack width instead. The investigations in
Hoehler, M. (2006) of the influence of compression forces during crack closure and
maximum crack opening widths on the test results yielded that further increase of the
compression force beyond the concrete pressure of 0.10 or 0.15 f. 150 Over the gross
cross section area does not lead to further crack closure. Further increased forces
would also not affect anchor load-displacement behaviour because the compression
force would be transferred through the surrounding concrete material. The tested
anchors were size M16. For anchors with larger diameter, the limiting compression
force beyond which the anchor behaviour is not influenced might increase. Regarding
the crack opening width, it was concluded that in case of absence of full crack
closure, the missing negative effect cannot be compensated by additional crack
opening width.

Due to the mechanical interlock, headed bolts and undercut anchors generally show
a robust behaviour in cycled cracks. However, anchors possessing an insufficient
bearing area may be pulled out after a small number of cycles (Eligehausen, R.;
Mallée, R. et al. (2006)). In particular, insufficient undercut due to improper
installation may deteriorate the performance. Provided that the anchor is large
enough and is installed correctly, undercut anchors shows a predictable behaviour
even under extreme conditions (Mahrenholtz, P.; Asmus, J. et al. (2011)) (Figure
3.73b).
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anchor (sleeve-type) with 10 cycles and a constant load at 40 % Ny m et (Hoehler, M.
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Anchor performance is largely expressed by the anchor displacement behaviour
during crack cycling. The permanent axial anchor load during cycling results in
anchor displacements typical for cycled crack tests (see Figure 3.73). If the maximum
crack width and the axial load are constant over time, the displacement increment is
also nearly constant. Tests involving increasing maximum crack widths and probably
increased axial anchor load, could provide additional information of the anchor
response to various crack widths and anchor load levels.

3.6.2 Crack cycling tests

The relatively simple crack protocol used in Hoehler, M. (2006) allowed using simple
actuators to open the cracks in the multi position concrete slab and to permanently
load the anchors. The lack of precise control of crack width and anchor load resulted
in a measured deviation from the target values of up to 20 %. However, the improved
testing equipment developed ever since (Mahrenholtz, C.; Silva, J. et al. (2012))
made complex crack cycling tests with stepwise increasing crack protocol and
precise anchor load control possible. In Mahrenholtz, C. (2009) an extensive crack
cycling test programme is reported which is discussed in the following. The primary
objective of the tests was to investigate the performance of different anchor types
installed in cyclic cracks and subjected to permanent anchor load. It was aimed to
generate cyclic load-displacement curves for all key failure modes and to
demonstrate the feasibility of complex crack cycling protocol involving stepwise
increasing crack widths.

140



Theoretical and Experimental Studies at Component Level

3.6.2.1 Crack protocol, target crack width, and per  manent anchor load

Based on the same non-linear analysis of reinforced structures introduced in
Section 3.5.2.1, Wood, R.; Hutchinson, T. et al. (2010) also developed stepwise
increasing protocols to represent earthquake induced concrete crack cycling on
anchors. The protocol was developed using rainflow counting of the curvature
histories extracted from non-linear history analyses of a suite of building models, as
described in Section 3.5.2.1. For a linear-elastic region, as such for outside of the
plastic hinge zone, curvature values can be linearly related to crack widths using
previously studied equations, i.e: Oh, B.-H.; Kang, Y.-J. (1987), Martin, H.; Schiel3l,
P. et al. (1980), Gergely, P.; Lutz, L. (1968), and prEN 1992-1 (2002) (Eurocode 2).
The cycle count resulted, after normalization, re-arranging with respect to their
amplitudes, and averaging, in a stepwise increasing crack cycling protocol of 32
cycles (Figure 3.74a). With reference to Section 3.5.2.1, the target crack width was
taken as wmax = 0.5 or 0.8 mm. This leads to crack protocols with absolute crack
width values as shown in Figure 3.74b.

a) b)
1 i T ' " " Step Count Crack width [mm] for individual step
AW, = 0.5mm Aw . = 0.8mm
_ 08 1 0.1 10 0.05 0.08
3 0.2 6 0.10 0.16
%06 0.3 4 0.15 0.24
g 0.4 3 0.20 0.32
= 0.5 2 0.25 0.40
204 1 0.6 2 0.30 0.48
£ 0.7 2 0.35 0.56
Z 02 J 0.8 1 0.40 0.64
0.9 1 0.45 0.72
1.0 1 0.50 0.80
0o 5 10 15 20 25 30 SUM 32

Cycle Number

Figure 3.74: a) Normalised crack cycling protocol proposed in Wood, R.; Hutchinson,
T. et al. (2010); b) Crack cycling protocol for target crack widths wnax = 0.5 and
Wmax = 0.8 mm

For clarity it is noted here that this load cycling protocol slightly differs from the
protocol used for the seismic amendment of qualification guidelines presented in
Chapter 4. The reasons are discussed in Section 4.1.

As in Hoehler, M. (2006), N,, was defined as 40 % of the ultimate capacity in cracked
concrete (0.4 Nymcr) for which the mean ultimate capacities were determined by
monotonic reference tests in cracked concrete. This permanent load level is not
scientifically justified yet, but one could argue the following approach: The permanent
load N,, is supposed to represent the load for which the anchor will be designed
according to its assigned capacity. While the seismic capacity is still unknown at the
time of seismic qualification testing, N, is taken as a certain fraction of its monotonic
capacity Nymcr- The magnitude of this fraction is basically derived from the safety
concept of modern codes with partial safety factors. Therefore, the safety concept of

the load and resistance factor design (LRFD) is briefly introduced in the following for
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the European codes which is in principle equivalent to the approach of modern US
codes.

Figure 3.75 illustrates the relationship of load and resistance. The y-coordinate
represents the frequency of occurrence and the x-coordinate the considered value,
which is here the force acting on the anchor.

»
»
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Figure 3.75: General probabilistic consideration of load and resistance as a
frequency distribution

The underlying requirement is that the design load Ngq is always smaller or equal to
the design resistance Ngg:

Ned = Nrg Equation 3.16

The design load is derived by multiplying the characteristic load Ngg by the safety
factor yr. The design resistance is derived by dividing the characteristic resistance
Nrk by the safety factor yy. Thus, Equation 3.12 can be expressed as:

Ned = Nex - Y < Nrk / Ym = NRrg Equation 3.17

With the load safety factor for earthquake load cases (governing load case) of
ve = 1.0 and the material safety factor for concrete (applicable for concrete cone and
pull-out / pull-through failure modes) of yv» = 1.5, Equation 3.13 can be rewritten as:

Negq < Nrk / 1.5 Equation 3.18

For anchor qualification tests, the mean resistance Nry, is taken as the mean ultimate
load determined by a test series Ny . With the assumption for the characteristic load
equals 0.75 Ny ¢rm (Section 2.1.6) Equation 3.14 yields:

NEd < 075 Nu’cr’m / 15 = 05 Nu’cr’m Equatlon 319

The best design, i.e. most economic but safe design, uses the full capacity

(Neq = NRrg). For the considered case, Ngq represents the maximum allowable load
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which corresponds to the adverse (characteristic) loading condition (Ngq = Ngk).
However, in reality it is unlikely that the maximum possible anchor load act
permanently. For this reason, the permanent anchor load should be reduced to
achieve a more realistic, i.e. relatively normal load level. This aspect was dealt with in
more detail by investigations carried out later as presented in Section 3.7.2.4.
Tentatively, the effect of non-permanently acting anchor load was estimated by a
factor of 0.8 and the permanent load was taken as N,

NW = 0.8 * NEd = 0.8 * 0.5 Nuycr’m = 0.4 Nuycr’m Equatlon 3.20

It is interesting to note that a probabilistic study discussed in Sharma, A,
Mahrenholtz, C. et al. (2010) supports the 0.8 factor.

3.6.2.2 Test setup and testing procedure

The test programme comprised mechanical and adhesive anchors of various
manufacturers and make. More than 100 tests were carried out on 9 different anchor
types: One undercut anchor (UC1 (M10): Figure 3.1b, one screw anchor (SA1 (0 16):
Figure 3.1c), one sleeve-type expansion anchor (EAsl (M12): Figure 3.1d), two
bolt-type expansion anchors (EAbl (1/2") and EAb4 (1/2"): Figure 3.1e), and three
bonded anchors (BAl1l, BA2, BA3 (all with threaded rod M12): Figure 3.1f), were
tested. All tests were performed on single anchors with large anchor spacing and
edge distances. The outline of the test programme is also apparent in Table 3.9.

As anchorage material, normal weight concrete C20/25 with a mean tested concrete
cube compressive strength between fe 150 = 26.7 and 31.8 MPa were used. The
slabs were produced according to the state of the art after DIN 1045 (2001) and DIN
1048 (1991). For monotonic reference tests, the same type of wedge-split slab was
used as introduced in Section 3.2.2.3. Also the measures taken to ensure unconfined
conditions for mechanical anchors and confined conditions for adhesive anchors
were the same.

For the crack cycling tests, special concrete test specimens as shown in Figure 3.76
were used. Four high strength tie rods ran lengthwise through the specimen and
protruded at both ends. Two thin metal sheets were embedded in the centre at both
sides to aid the crack formation. The tie rods were debonded at both sides of these
crack inducers, to enable large cracks.
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Figure 3.76 Special concrete test specimens used for cycled crack tests

The special concrete test specimen were originally developed for high crack cycling
frequency tests described in Mahrenholtz, C.; Eligehausen, R. et al. (2010) and
allowed to test one anchor at a time in virgin specimens. Together with the improved
test setup, very accurate test results were achieved.

As a reasonable compromise of accuracy and economy, each specimen was used
on both sides with one anchor location at the centre of the specimen on top and
bottom side. Pilot holes were drilled first to ensure that the crack transects both
anchor locations later. A hair crack was generated by hammering wedges into
sleeves placed in two prefabricated holes. After splitting the concrete crossways, the
wedges were removed. The anchor was installed according to the installation manual
of the manufacturer for which the pilot hole was reamed prior to each installation.
Then the specimen was mounted on the testing rig by connecting the high strength
rods to the abutment on one side and to the 630 kN servo-hydraulic actuator on the
other side. Next, the 50 kN servo-hydraulic actuator for the anchor load was placed
on top and connected to the anchor (Figure 3.77a). Finally, the instrumentation to
measure the tension load applied to the anchor, the anchor displacement and the
crack width were installed (Figure 3.77b).
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Figure 3.77 a) 50 kN actuator resting on special concrete specimen which is mounted
between 630 kN actuator and abutment; b) Close-up of installed anchor, and anchor
displacement and crack width transducers

The measured crack width was not only monitored and recorded but also formed the
input signal for the control system of the actuator force applied to the concrete test
specimen. This enabled the complex crack cycle protocol shown in Figure 3.78a
normalised with reference to the crack width. Full crack closure was assumed for a
concrete pressure equal to 0.10 f.c 150 over the gross cross section area. The crack
protocol was executed by crack width controlled ramps at quasi-static rates. The
anchor load was controlled by a second control system and kept constant at
Nw = 0.4 Nycorm during crack cycling (Figure 3.78b). After completion of the crack
cycles, the anchors were unloaded and the concrete specimen relaxed. Prior to the
succeeding pullout test, the 630 kN actuator opened the crack to the specified
maximum crack width first and then remained in the load-control mode. This mode is
believed to represent crack width conditions which are comparable to that created by
the restoring forces of reinforcement as for wedge-split slabs. The servo control is
discussed in Section 4.2.3 in more detail.
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Figure 3.78: a) Crack protocol; b) Schematic of instrumentation and servo control
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Then the anchors were pulled out displacement controlled to determine the residual
capacity. The ultimate load was reached as for monotonic tests within 1 to 3 min.
Further details are given in Mahrenholtz, C. (2009).

3.6.2.3 Experimental results and discussion

Figure 3.79 to Figure 3.83 show the load-displacement and failure behaviour of the
tested anchors. Again, for reasons of confidentiality, the exemplary pictures of the
anchors are partly blackened. UC1, EAsl, EAbl, and BAl were taken as
representative for their type. The general behaviour of EAb2 and BA2/BA3 was
similar to that of EAb1 and BAL, respectively. The plots are only shown for the tests
with wnax = 0.8 mm cracks, the leading crack width in the test programme, to enable
best comparability among the anchor types. Plots of tests with wWmax = 0.5 mm cracks
are not shown, however, the larger crack width is critical for crack cycling tests
anyway.

The load-displacement curves of the crack cycling tests on the undercut anchor UC1
showed relatively small displacements during crack cycling (Figure 3.79a). The
failure loads were higher and the corresponding displacements larger than for
monotonic loading. All anchors failed in concrete after completion of all cycles when
being tested to failure (Figure 3.79b).
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Figure 3.79 UCL1 anchor tested in cycled crack (0.8 mm): a) Cyclic load-displacement
curves and monotonic mean curve; b) Picture of anchor and concrete after failure

Also the load-displacement curves of the crack cycling tests on the screw anchor
SA1l showed relatively small displacements during cycling and some anchors came
close to the corresponding monotonic mean curve during the pullout test (Figure
3.80a). One anchor showed a significantly reduced failure load compared to the
monotonic mean capacity. All anchors failed in pull-out/concrete failure mode (Figure
3.80b).

2) 39

25 |

Monotonic Mean

[
o
T T

-
(4]
T

Load [kN]

10 F

3 4 5 6 7 Po/C
Displacement [mm] failure

Figure 3.80 SA1 anchor tested in cycled crack (0.8 mm): a) Cyclic load-displacement
curves and monotonic mean curve; b) Picture of anchor and concrete after failure
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The load-displacement curves of the crack cycling tests on the sleeve-type
expansion anchor EAs1 showed displacements during cycling which were larger than
the displacement at peak load during monotonic loading (Figure 3.81a). All anchors
failed in concrete (Figure 3.81 b).

a) 59
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Figure 3.81 EAs1 anchor tested in cycled crack (0.8 mm): a) Cyclic load-
displacement curves and monotonic mean curve; b) Picture of anchor and concrete
after failure

The load-displacement curves of the crack cycling tests on the bolt-type expansion
anchors showed large displacements during cycling and reduced failure loads
compared to the monotonic mean capacity (Figure 3.82a). Both, EAb1l and EAb4
predominantly failed in pull-through mode after completion of all cycles while being
tested to failure (Figure 3.82b).
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Figure 3.82 EAb1 anchor tested in cycled crack (0.8 mm): a) Cyclic load-
displacement curves and monotonic mean curve; b) Picture of anchor and concrete
after failure

The displacements of the bonded anchors during crack cycling were so large that
some anchors did not complete all crack cycles (Figure 3.83a). All anchors of BAL,
BA2, and BA3 type failed in bond as the threaded rod was pulled out the borehole
(Figure 3.83b). The mortar remained partly in the borehole.
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Figure 3.83 BA1 anchor tested in cycled crack (0.8 mm): a) Cyclic load-displacement
curves and monotonic mean curve (displacement data repeat no.3 not recorded);
b) Picture of anchor and concrete after failure
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Table 3.9 provides the test conditions and key test results of all anchor types tested
in cyclic crack. The test programme included more tests which however are not
important in the context of the following discussion and therefore not reported herein.

Table 3.11 Test conditions and key test results of crack cycling tests

Anchor Type, Crack Crack. Num. PFM  Nym,< CV, N,guem S(Num, CV, s(N

u,cyclic )n

Anchor Size, Width Type of kN % N__ mm % s(N, )
Emb. Depth w W Tests werm e
UC1; 0.8mm m 3 C 342 57 1.64 11.8
M10; c 3 C 426 85 1.25 6.35 17.6  3.87
90 mm
SA1L: 0.5mm m 3 Po/C 343 47 269 354
016 c 3 Po/C 195 4.1 0.57 4.01 9.7 1.49
105mm - hemm m 3 PolC 192 330 307 92
c 3 Po/C 17.0 248 0.88 363 114  1.18
EAsl: 0.5mm m 3 C 389 15.3 6.54 62.6
M12; c 3 C 379 78 097 9.76 235  1.49
80 mm 08mm m 3 C 275 76 612 617
c 3 C 299 82 1.09 1628 114  2.66
EAb1; 0.5mm m 3 Pt 252 6.6 794 130
172" c 3 Pt 238 239 094 1557 171 1.96
83 mm
0.8mm m 3 Pt 218 7.3 10.98 10.1
c 3 Pt 185 49 085 2031 254 1.85
EAb4; 0.8mm m 3 Pt 16.3 3.2 10.61 16.3
12 c 3 Pt 136 158 084 17.03 257 161
86 mm
BA1: 0.5mm m 3 P 782 8.1 121 295
M12 c 2 P 350% 125 045 3.009 6.3 2.51
threaded rod;
96 mm 0.8mm m 3 P 62.6 10.3 1.67 325
c 2 P 1859 . 0.38  5.30? - 2.20
BA2: 0.8mm m 3 P 41.4 14.2 0.97 243
M12 thr. rod; c 2 P 278 326 0.68 298 55 3.06
96 mm
BA3; 0.8mm m 3 P 204 8.0 1.14 139
M12 thr. rod; c 2 P 17.8 145 0.60 1.85 47.0 1.63
96 mm

(1) Cracking Type: m = monotonic; ¢ = cyclic
(2) Residual load capacity and corresponding displacement of repeats which completed all cycles

The results clearly indicate that crack cycling had a significant impact on the
performance of post-installed anchors. All cyclic curves show the characteristic
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horizontal plateau which illustrates the accumulating anchor displacement during
crack cycling under constant anchor load. This displacement had the following effects
on the residual capacities depending on anchor type and associated failure mode:

For the tested embedment depth, the undercut anchor UC1 and sleeve-type
expansion anchor EAsl failed in concrete. Therefore, the residual capacity is
expected to be reduced if compared with the monotonic load capacity. The degree of
reduction depends on the displacement accumulated during crack cycling. The
applicability of the approach for the ultimate capacity of headed bolts described in
Furche, J. (1994) (Figure 3.5d in Section 3.2.2.2) on the load-displacement behaviour
of post-installed anchors installed in cycled cracks was shown in Hoehler, M. (2006)
(Figure 3.84al). For both anchors, UC1 and EAs1, however, the measured residual
capacity outranged the monotonic capacity and the load-displacement curves
transected the monotonic mean curve. Similar observations were made for some
tests reported in Hoehler, M. (2006). The most likely explanation for this
misalignment is that the different types of concrete test specimens used for
monotonic and cyclic crack tests influenced the test results.

al) a2) b) 30
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~Monotonic (4) Splitting
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Figure 3.84 a) Load-displacement behaviour after Hoehler, M. (2006): al) Concrete
failure; a2) Pull-through failure; b) Cyclic load-displacement curves and monotonic
mean curve of EAb4 anchor tested in cycled crack (0.8 mm)

In contrast, the load-displacement behaviour of bolt-type expansion anchors in cycled
crack is bounded by the monotonic mean curve as described in Hoehler, M. (2006)
(Figure 3.84a2). Provided that the expansion elements do not slip, the maximum
possible displacement after installation and crack cycling corresponds to the
remaining length of the expansion element (Section 3.2.2.2). This behaviour can be
observed for EAb1 anchor, but is more prominent for the EAb4 anchor which cyclic
load-displacement curves were enveloped by the descending branch of the
monotonic mean curve (Figure 3.84b).

The mixed pull-out/concrete failure mode of screw anchors prevents a simple
description of the load-displacement behaviour. The measured load-displacement
curves of the SA1 anchor showed large scatter, however, the mean residual capacity
is approximately the same as the monotonic capacity in case of the tests with a
maximum crack width of 0.8 mm, which is in line with the findings in Hoehler, M.
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(2006). The comparison with the test results for a maximum crack width of 0.5 mm
shows, however, that the influence of the crack width on the ultimate load capacities
and CV is for the screw anchor much more pronounced than for the undercut and
expansion anchors. The reduction of the monotonic capacity in 0.8 mm cracks was
nearly 45 % if compared to the capacity in 0.5 mm cracks.

The impact of crack cycling on the performance of the bonded anchors BA1, BA2,
and BA3 was even more severe. For both maximum crack widths, 0.5 and 0.8 mm,
one out of two test repeats did not complete all crack cycles. The calculated average
residual capacity after crack cycling of 40 % of the monotonic capacity or less is only
half the truth. Excessive scatter and the possibility of premature failure make the
behaviour of this anchor unpredictable if loaded with Ny = 0.4 Ny ¢ m during crack
cycling.

Irrespective to the anchor type, crack cycling results in large overall anchor
displacements s(N,) with a prominent portion accumulated during crack cycling (Scyc)-
The load-displacement curves of the repeats within a test series dispersed very much
during crack cycling, which resulted in large CV in the anchor displacements, in
particular of course for bonded anchors. However, in case the bonded anchor
completed all crack cycles, the displacement was very small.

3.6.2.4 Detailed evaluation of anchor displacement  behaviour

The preceding section highlighted that the displacement behaviour of the anchor is of
paramount importance for the seismic anchor performance. Figure 3.85a illustrates
the load-displacement curve of an anchor during the crack cycling test. The
horizontal plateau represents the anchor displacement during crack cycling. The
actual behaviour becomes clearer when analysing the time histories of the anchor
load, the crack width and the anchor displacement (Figure 3.85b). For the test
conducted within the scope the test programme presented in this section of the
thesis, the anchor was first loaded by Ny, resulting in the initial displacement s;.
During the crack cycling, the anchor displacement accumulated to S, which is
measured as the displacement after unloading of the anchor. The windowed diagram
in Figure 3.85c demonstrates the typical anchor response to crack cycling for which
the anchor is displaced when the crack is opened and hold in place when the crack is
closed. This behaviour was in that clarity never observed before. Older test setup
always showed unwanted load cycling for each crack cycle (Figure 3.73a) which veils
the pure response of the anchor to crack cycling.
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Figure 3.85 Displacement behaviour of anchor: a) Load-displacement curve with test
phases; b) Exemplary time histories for anchor load, crack width, and anchor
displacement (top to bottom); c) Windowed displacement time history

Anchor displacement during crack cycling results in reduced embedment depth and
ultimately in reduced residual load capacity. This behaviour is the reason why crack
cycling tests are generally more critical than tension load cycling tests, and why in
the extreme case bonded anchors can cope well with load cycling but not with crack
cycling.

The diagram in Figure 3.86 depicts the absolute anchor displacement of the anchors
as a function of the number of crack cycles for tests with wpna = 0.5 mm and
Wmax = 0.8 mm for which the displacements at the maximum crack opening of cycle 1,
16, 27 and 32 have been extracted. The initial displacement (s;) was zeroed out.
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0.0

The development of the anchor displacement in the course of crack cycling is similar
for both target crack widths. The displacement during crack cycling is for all anchors
progressively increasing when plotted in a linear scale. This behaviour is plausible
since the crack width is increasing stepwise, and was also observed in comparison
tests carried out on headed bolts (‘HB’ in Figure 3.86). The effect is even more
pronounced if plotted in a half-logarithmic scale, however, opposes the philosophy for
the assessment of cycled crack tests as provided in current qualification guidelines
for service life tests (ETAG 001 (2006) and ACI 355.2 (2007), Section 2.6.1 and
2.6.2) and in Hoehler, M. (2006). The assessment criteria herein stipulate that only
degressively or linearly increasing displacements plotted in a half-logarithmic scale
and linear scale, respectively, guarantee an acceptable anchor performance. It is
beyond the scope of this thesis to discuss the background of this assessment
criterion in detail, however, it is obvious that the assessment criterion is not
meaningful for stepwise increasing test protocols.

The other requirement stipulated for service life tests as well as in the NPP Guideline
(DIBt KKW Leitfaden (2010), Section 2.6.1) limits the allowable displacement after
crack cycling to 3.0 mm if in the structural analysis the anchor connection is assumed
to be rigid for which case too large displacements are incompatible. If this criterion is
not met, the test has to be repeated with a lower permanent load and the reported
strength is reduced as described in Section 2.1.7. Figure 3.86 demonstrates that this
is inevitable in case of bolt-type expansion anchors, but with reference to the
premature failure (Figure 3.83a) also for bonded anchors. However, the displacement
criterion may also be for some types of undercut anchor anchors critical
(Mahrenholtz, P.; Asmus, J. et al. (2011)).

It is important to note the behavioural objectives regarding anchor displacement are

different for the cyclic phase and the phase when the anchor is loaded after cycling.

Anchor displacement during seismic actions, primarily caused by crack cycling, is

generally not desired. The reason for this is not only the incompatibility of the

displacements which is particularly important on serviceability demand level. As
154



Theoretical and Experimental Studies at Component Level

mentioned before, anchor displacement during crack cycling also results in reduced
embedment depth which consumes part of the available displacement capacity. In
contrast, large deformation capacities associated with the displacements at ultimate
residual load may be desired. In fact, the residual behavioural objectives in respect to
strength, stiffness, but also ductility, are in principle the same as those for
monotonically loaded anchors: To this end, qualification guidelines should limit the
allowable reduction in residual capacity (as it is generally the case for serviceability
tests, refer to Sections 2.5 and 2.6), limit the allowable CV for the displacements at
half the load capacity (s(0.5N,), to avoid unfavourable load distributions, refer to
Section 2.4), and apply the same ductility requirements on the deformation capacity
at failure (refer to Section 2.3). The evaluation of s(0.5N,) requires that the anchor is
unloaded before it is pulled out for the residual strength test.

3.6.2.5 Tests with increased number of crack cycles

Some crack cycling tests reported in Mahrenholtz, C. (2009) were conducted on the
UC1 and EADb1 anchor type with increased number of crack cycles. The aim of these
tests was to develop an approach which reflects the differentiation of various seismic
demand levels better than a mere adaption of the crack width. If the original protocol
with a target crack width of wmax = 0.5 mm is understood to represent moderate
seismic conditions, protocols representing extreme seismic conditions should not
only have a target crack width increased to wmax = 0.8 mm but also an increased
number of cycles.

To this end, two times the standard deviation of the individual amplitudes given in
Wood, R.; Hutchinson, T. et al. (2010) were added to the same. The reasoning of this
approach is beyond the scope of this thesis, however, it results in additional 9 cycles
(Figure 3.87).

10 |Total
Average no.of cycles 8.2 45 3.2 25 1.9 1.6 1.3 1.3 0.6 11
Standard deviation * 2.5 1.3 0.9 0.7 0.7 0.6 0.5 0.4 0.2 0.1
Original protocol 10 6 4 3 2 2 2 1 1 1 32
Protocol with increased no.of cycles 13 6 5 4 4 3 2 2 1 1 41

Figure 3.87 Determination of the crack cycling protocol with increased number of
cycles compared to the original protocol on Wood, R.; Hutchinson, T. et al. (2010)
(marked by }+)

The key finding was that despite the increase in number of cycles by 28 %, the
change in the residual load capacity and anchor displacements was nearly always
insignificant if compared to the tests with the original protocol. The only possible

reason for this is that most of the additional cycles were added to the low amplitude
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cycles whose contribution to the anchor displacement during cycling and
consequently to the reduction of load capacity is relatively low. Nevertheless, the
attempt to come up with a more consistent approach for the differentiation of various
seismic demand levels was very instructive for the further development of test
protocols for seismic anchor qualification.

In summary, the following can be stated:

* The impact of the cycles near the target crack width on the test result is
relatively high if not disproportionate high. Therefore, this portion of the crack
cycle regime requires most attention when synthesising crack cycling
protocols.

» The consistent differentiation of various seismic demand levels requires the
consideration of cycle regime by varying not only the target crack width but
also the number of cycles.

3.6.3 Conclusions

The experimental tests on a variety of anchors using an increasing crack cycle
protocol were the first of its kind. Load-displacement curves and associated typical
failure modes were generated for every type of anchor. The results verified that the
demanding crack cycling tests are often critical for the seismic performance of
anchors. While mechanical anchors generally coped with the crack cycling but
yielded more or less large displacements, adhesive anchors vyielded small
displacements but were prone to early failure during crack cycling if loaded with
Nw = 0.4 Nycrm.

The improved test setup and special concrete test specimen allow testing of complex
test protocols with high accuracy. Hoehler, M. (2006) suggested that a drop of the
anchor load of more than 5 % over several cycles during crack cycling should be
restricted in qualification tests. However, with the further development of test
specimen and setup, the accurate permanent load is not a problem anymore. The
new test setup is capable to compress the concrete specimen to the required 10 % of
the concrete compressive strength over the cross section area of the test specimen.
Therefore, substitute tests with increased maximum crack as stipulated in DIBt KKW
Leitfaden (1998) to mimic the effects of full crack closure are not needed. Systematic
scatter in the test result can now be reduced and the attention is on the natural
scatter. However, high demands are put on instrumentation.

It can be generally assumed that residual load capacities after crack cycling are

substantially decreased if compared to the corresponding monotonic capacity. Every

crack cycle results in anchor displacement and therefore in reduction of embedment

depth, which often is so large that the monotonic capacity is not reached during the
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pullout test (refer to Figure 3.84). Failure is inevitable at the moment when the
capacity corresponding to the actual embedment depth equals the permanent anchor
load (C failure mode) or the length of the expansion elements is consumed (Pt failure
mode). Bolt-type expansion anchors develop large displacements in particular for
extreme crack widths for which the expansion elements are simply too thin. Screw
anchors (Po/C failure mode) experience relatively small displacements during crack
cycling, however, with increasing crack widths the undercut of the thread is nearly
exhausted and the behaviour gets increasingly instable. Bonded anchors appear
generally incapable to withstand crack cycling even for relatively moderate maximum
crack widths of 0.5 mm if loaded with Ny = 0.4 Ny¢m. FoOr lower constant tension
loads, the behaviour might be acceptable. More research is required and the use of
bonded expansion anchors is an option which should be tested.

In conclusion, for tension loading, cyclic cracks are more critical than cyclic loads. All
tests showed large scatter in particular for displacements. The CV generally
increases for large crack widths and cyclic actions. This should be accounted for in
the assessment criteria of future seismic qualification guidelines.

The unreasonably large cyclic capacity of the tested undercut anchor can most likely
be assigned to the use of different concrete test specimen types for monotonic and
cyclic tests. Different geometry and crack width behaviour of wedge-split slabs and
special concrete specimens affect the test results of the pullout test in particular for
large loads. To reduce the systematic scatter it is recommended that monotonic and
cyclic tests are carried out in the same concrete specimen type.

The assessment criteria that displacements are only acceptable if degressively or
linearly increasing as stipulated in current qualification guidelines for service life tests
proved to be inadequate for stepwise increasing crack cycling protocols. However,
displacement during cyclic action is generally not desired, and therefore an
assessment criterion limiting the displacement as in the provided in the NPP
Guideline is meaningful. This does not alter the behavioural objectives defined in
view of ductility.

The exploratory tests conducted on anchors with increased number of crack cycles
pointed out that testing of the anchor performance for different level of demand
requires a variation not only of the target crack width but also of the number of
cycles. This finding corresponds to the respective conclusions made for cyclic load
tests and will be dealt with in Chapter 4.
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3.7 Simultaneous Load and Crack Cycling
3.7.1 State of knowledge

To the knowledge of the author, tests on anchors involving simultaneous load and
crack cycling protocols have never been carried out before. This testing approach is
commonly avoided due to its complexity and requires in particular a servo control
system which is capable to control two actuators at a time: One actuator for anchor
loading, the other actuator for the crack width control.

3.7.2 Simultaneous load and crack cycling tests

Seismic actions cause cycling of anchor load and crack width simultaneously (refer to
Figure 1.9 in Section 1.2). As discussed in Section 2.7, it is common to investigate
the effects of cyclic loads and cyclic cracks separately. This approach is conservative
and results in load cycling tests (Section 3.5.2), and crack cycling tests
(Section 3.6.2). However, the approach of a constant and permanently acting load for
crack cycling tests (Section 3.6.2.1) is probably over-conservative and justifies a
detailed study on the influence of simultaneous load and crack cycling with different
phase lags and frequencies. Therefore, it is instructive to investigate the principal
behaviour under simultaneous load and crack cycling in order to study the effect of
simultaneous load and crack cycling and to determine the influence of their phasing
on the anchor displacement behaviour. The improved test setup introduced in
Section 3.6.2.2 together with a multi axes servo control system introduced in
Section 3.4.4.2 made simultaneous load and crack cycling tests possible. Therefore,
a study was conducted which is reported in Mahrenholtz, P.; Mahrenholtz, C. (2010)
and discussed in the following.

3.7.2.1 Load and crack protocols

The crack protocol used for the simultaneous load and crack cycling tests consists of
uniform cycles. In principle, the different anchor displacement behaviour can be
investigated for any number and amplitude of cycles. However, the embedment and
thus the load capacity is reduced by the accumulated anchor displacement, resulting
in increasingly non-linear anchor behaviour. In order to yield more significant and
clear results, the number and amplitude of load and crack cycles were limited to 10
cycles and therefore the crack protocol is identical to that one used for the anchor
group tests (Section 3.4.4.2). The frequency ratio of load and crack cycling yields the
number of load cycles.

Figure 3.88 shows the tested time histories of anchor load and crack width, each
normalised to the maximum anchor load and crack width, respectively. The crack
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cycling test with a constant load is described by the load and crack time history
shown in Figure 3.88a. If load cycling is taken into account, one may consider two
extreme phasing situations. Conservatively, the load and crack cycling could be
in-phase, meaning the crack opens and reaches its peak simultaneously with the
load demand on the anchor (Figure 3.88b). In contrast, the load and crack cycling
could be out-of-phase, resulting in peak anchor load when the crack is closed (Figure
3.88c). The reality is likely to be somewhere between these two extreme conditions
and load and crack cycling frequencies differ (Figure 3.88d).
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Figure 3.88 Time histories: a) Cyclic crack and constant load; b) Cyclic crack and
cyclic load, in-phase; c¢) Cyclic crack and cyclic load, out-of-phase; d) Cyclic crack
and cyclic load, different frequencies

3.7.2.2 Test setup and testing procedure

To investigate the effect of the protocols given in Figure 3.88 on the anchor
displacement behaviour, a test programme comprising four test series were
conducted. The tests were carried out by means of cast-in-place anchors (Figure
3.1a) which show less scatter than post-installed anchors. Any effect of anchor load
and crack width phasing determined for cast-in-place anchors holds also for
post-installed anchors, but the use of headed bolt ensured that the significance of the
different anchor displacements is not affected by too large variation within the test

series. The outline of the test programme is also apparent in Table 3.12.
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The used headed bolt is a commercially available anchor product made of a mild
steel (S235). Shaft and pressure-forged head are without surface treatment. This
product was slightly modified to serve the needs of the test setup and procedure. The
upper 50 mm of the shaft was cut with M20 threads and the head was machined to
reduce the diameter from 32 mm to 26.5 mm. The embedment depth was 100 mm. A
photograph of the modified headed bolt is shown in Figure 3.89a. The head
modification resulted in a bearing area of A,y = 268 mm?. The bolts were not loaded
to failure since only the displacement during crack cycling was of interest for these
tests. However, if loaded to failure, a concrete cone breakout is the typical failure
mode of a headed bolt.

As anchorage material, normal weight concrete C20/25 with a mean tested concrete
cube compressive strength between fe 150 = 32.7 and 33.2 MPa were used. The
concrete specimen were similar to the special concrete test specimen used for crack
cycling tests (Section 3.6.2.2) which however were delivered with already cast-in
headed bolts. Geometry and reinforcement details are given in Figure 3.89b.
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Figure 3.89 a) Photograph of modified headed bolt; b) Special concrete test
specimens with cast-in headed bolt used for simultaneous load and crack cycling
tests

For the evaluation of the influence of phasing, the actual definition of maximum

anchor load and crack width is not crucial, however, should show reasonable

magnitudes. The maximum crack width was defined as Wmax=0.5mm. The

maximum tension load was defined with reference to the maximum allowable design

load level (Section 3.1.2). Assuming a strength reduction factor of ¢=0.65 and
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bearing area of 268 mmz2, the maximum load level was determined (Equation 3.4):
Nmax =8 * Aurg - i - @=8 - 268 mm?2 - 20 N/mm?2 - 0.65 - 10° = 27.8 kN

The test setup used for simultaneous load and crack cycling tests was basically the
same as that used for crack cycling tests but with the multi-axes servo control system
introduced in Section 3.4.4.2. First, a hair crack was generated by hammering
wedges into sleeves placed in two prefabricated holes and thus splitting the concrete
crossways. Then the specimen was mounted on the testing rig by connecting the
high strength rods to the abutment on one side and to the 630 kN servo-hydraulic
actuator on the other side. Next, the 250 kN servo-hydraulic actuator for the anchor
load was placed on top and connected to the anchor (Figure 3.90a). Regarding the
instrumentation, certain improvements were introduced as proposed in Mahrenholtz,
C.; Silva, J. et al. (2012): The anchor displacement was measured by a transducer
which was fixed to a light frame bridging the crack and the concrete deformation
zone with the sensor head directly touching the top of the anchor (Figure 3.90b). To
achieve an accurate control of the crack width, two transducers were installed on
each side of the concrete test specimen, with the centroid of the four points
coinciding with the effective embedment depth (Figure 3.90c).

- it — b S R
Figure 3.90 Test setup: a) Overview; b) Detail of transducer measuring anchor
displacement; c) Detail of transducers measuring crack width
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The data were monitored and recorded by a data acquisition system with 10 Hz. The
configuration of the multi-axes servo control system was capable to average the
readings of the four transducers measuring the crack width and, together with the
reading of the actuator loading the headed bolt, to control the 250 kN and 630 kN
actuator simultaneously (Figure 3.92a). This allowed synchronisation of anchor load
and crack width according to the programmed time histories.

Since the tests are run at quasi-static loading rates, the actual shape of the load or
crack time histories (Figure 3.88) is irrelevant. The servo control program consisted
of ramps with intermittent breaks for a stable servo control which allowed
synchronising load and crack cycles. The ramp target for the crack opening was the
maximum crack width of 0.5 mm, and for the crack closing a force target of 300 kN
which equals a concrete compression force of 10 % of the concrete strength over the
gross cross section area and is deemed to represent full crack closure. The ramp
target for the anchor loading was the maximum load level of 27.8 kN, and for the
unloading 0.1 kN which was just above zero tension load to avoid conflicts of the
servo control due to missing response. The change from one control mode to the
other was executed at near zero actuator force. The test series with loading at a
frequency other than the crack cycling frequency (Figure 3.88d) was the most
complex protocol. Since 4 crack cycles fell on 1 load cycle, the load cycle had to be
cut into 4 quarter cycles. As for the other phasing tests, the load was kept constant
during the compression of concrete. An example of measured crack width and load
time histories as well as the corresponding control program parameters are given in
Figure 3.91.

a) b) Function Actuator Anchor Load | Actuator Crack Width
40 Control | Rate/Value | Control | Rate/Value
215N Ramp() | load | 2.78kN/min | crack | 0.2 mm/min
N—Anchor load Target load 6.95 kN crack 0.5 mm
e Break load - crack -
- Ramp@ load | 2.78 kN/min | crack [-0.2mm/min
E E Target load 13.90 kN crack 0.0 mm
g E Compression load - load 300 kN/min
2 s - 13.90 kN load -300 kN
E E Ramp@ load [ 2.78 kN/min [ load | 0.2 mm/min
Q Target load 20.85 kN load 0.5mm
Break load - crack -
Ram;@ load [ 2.78 kN/min load | -0.2 mm/min
Target load 27.80 kN load 0.0 mm
Compression load load 300 kN/min

13.90 kN load -300 kN

Figure 3.91 a) Windowed time history of synchronised anchor load and crack width
(example taken from test series with different cycle frequencies); b) Excerpt of
corresponding control program

3.7.2.3 Experimental results and discussion

The diagram in Figure 3.92b depicts an exemplary set of time histories for anchor
load, anchor displacement, and crack width, which illustrates the general anchor
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behaviour during crack cycling. For this test, the anchor load was kept constant while
the crack opened and closed 10 times.
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Figure 3.92 a) Setup for simultaneous control of anchor load and crack width;
b) Time history of measured anchor load, anchor displacement, and crack width
(example taken from test series with constant anchor load)

The headed bolt accumulates displacements for each crack cycle. The displacement
during temporarily constant crack width is negligible. When the crack is closed, the
anchor is slightly pushed back into the concrete. If unloaded, the anchor experiences
no displacement, irrespective of the actual crack width. The influence of the actual
load level on the anchor displacement is discussed in the following section.

Figure 3.93 shows exemplary load-displacement curves of each test series depicted
in Figure 3.88. Apparently, simultaneous load cycling and its phasing to the crack
cycling have a strong impact on the displacement behaviour.

163



Theoretical and Experimental Studies at Component Level

a) 40 b) r

Load [kN]
N
S
Load [kN]

0 1 2 3 4 5 0 1 2 3 4 5
Displacement [mm] Displacement [mm]

30

2 3 4 5 0 1 2 3 4 5

Displacement [mm] Displacement [mm]

Figure 3.93 Load-displacement curves: a) Cyclic crack and constant load; b) Cyclic
crack and cyclic load, in-phase; c) Cyclic crack and cyclic load, out-of-phase;
d) Cyclic crack and cyclic load, different frequencies

Figure 3.93a depicts the load-displacement curve of the test with constant anchor
load which time histories are shown in Figure 3.92b. Due to the constant load level,
the increments in anchor displacement for the individual crack cycles are not visible.
Figure 3.93b shows clearly the effect of load cycling on the load-displacement curve.
Compared with the constant load test, the displacements are reduced by about 20 %.
This effect is more pronounced when load and crack cycling is out-of-phase as
shown in Figure 3.93c because large crack width meets low anchor load and vice
versa. The restoring action of crack closure results in a decrease of displacement
though the load is at its maximum. The unsteadiness in the load-displacement curve
in Figure 3.93d reflects the irregular coincidence of load and crack cycles for different
frequencies. In conclusion, for a given load level, crack cycling tests are in any case
less demanding if the load is simultaneously cycled. The test conditions and key
results of all test series are given in Table 3.12.
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Table 3.12 Test conditions and key test results of simultaneous load and crack
cycling tests

Test series Crack Anchor Ratio of Phasing Num. Anchor CV, Seyei
Width Load Frequency of Displ. % s o
Time Time Tests Sy econsEn
History History mm
HB 10 cycles  constant 1 - 3 3.76 26.7 1.00
constant
HB 10 cycles 10 cycles 1 0° 3 2.97 4.0 0.79
in-phase
HB 10 cycles 10 cycles 1 90° 2 1.49 2.4 0.40
out-of-phase
HB different 10 cycles 25cycles 1/4 - 1 2.17 - 0.57

frequencies

The scatter of the test results was generally very low. Accordingly, the calculated CV
are low despite the limited number of test repeats. The extreme CV determined for
the test series with constant anchor load is the result of one outlier. The positive
effect of simultaneous load and crack cycling can clearly be seen. If compared to
constant loading, the anchor displacements are reduced to 80 % in case of in-phase
load cycling and to 40 % in case of out-of-phase load cycling. The displacement in
case of different frequency is in between the two extreme phasing situations.

3.7.2.4 Phasing as an approach to define the realis tic load level

The diagram in Figure 3.94a depicts the average anchor displacements over the
crack cycle number for each test series. All curves show a steady increase in anchor
displacement. Except for the test with different load and crack cycling frequencies,
which result reflects the irregular loading, the displacement increments over cycles
are relative constant. The variation in steepness is caused by different demands
arising from different phasing, or in other terms, different correlation of anchor load
and crack width (Figure 3.94b). In conclusion, anchor displacement is a
measurement for the degree of loading.

165



Theoretical and Experimental Studies at Component Level

a) 5.00 bl)
] r—Anchor load
—&— Constant load Crack width
450 —&— Cyclic load, in-phase 11
Cyclic load, out-of-phase :
4.00 | Cyclic load, diff. frequency :
376| € o 0
’ Time
= 3.50 b2)
[J]
g g
g 3.00 | 297 | €. 11
[oX
0
©
E 250 |
[8] 0 0
% 217 Time
o 2.00 |
2 b3)
) <. 1}
= H
< 150 | 1.49 : 1
1.00 |
0 0
Time
0.50 .
C) =7
’I’r
0.00 2
0 2 4 6 8 10 N

Crack cycles Structural connection  Non-structural connection

Figure 3.94 a) Average anchor displacement over crack cycle, normalised with
reference to the test series with constant loading; b) Phasing or correlation of anchor
load and crack width for different time histories; ¢) Schematic for structural and
non-structural connection (concrete curvature and cracks not shown)

The approach to simulate the seismic demand on the anchor during crack cycling by
a permanently acting and constant anchor load (Figure 3.94bl) is conservative.
Taking this anchor load as the maximum allowable load, i.e. the design load Ngg
(Section 3.6.2.1), is probably over-conservative. Anchors installed in structural
elements which are exposed to cyclic actions and which concrete therefore shows
cycled cracks, are necessarily also loaded cyclically. Provided that the anchors are
correctly designed for the demands of the design earthquake, the anchors are loaded
at maximum to Ngq but in a cyclic manner. The phasing of load and crack cycling
depends on whether the anchor is part of a structural or non-structural connection:

» For structural connections, provided that the structure did not lose too much of
its integrity, the load and crack cycling induced by the same cyclic actions are
in-phase. In this case, maximum anchor load meets maximum crack width
(Figure 3.94b2). Due to the reduced demand the displacement is reduced to
about 80 % if compared to the case with constant loading as shown in
Section 3.7.2.3.
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* For non-structural connections, however, load and crack cycling are not
in-phase because the fundamental periods of the structure and the
non-structural element are most likely different and out-of-phase (Figure
3.94b3). The seismic loading condition may be assumed to be something in
between the out-of-phase loading and loading at different frequencies, which
reduces the demand and anchor displacement further. The correlation
between maximum anchor load and maximum crack width is much lower. This
effect will be dealt with in detail in Section 5.3.2. In view of seismic demands
and particularly associated anchor displacements, non-structural applications
may be considered as less critical than structural applications of anchors.

In conclusion and with reference to Section 3.6.2.1, constant loading represents the
maximum allowable load which corresponds to the adverse loading condition:
Nw = 0.5 Ny crm. FOr a more realistic demand, however, the anchor load does not act
permanently on that high level. Since crack cycling tests with constant anchor loads
are preferred due to easier handling, a reduction of the permanent anchor load level
to compensate for the beneficial effect of phasing is desirable. Taking structural
connection as the critical design case, and assuming a linear influence of anchor
load and crack width on the anchor displacement (Section 3.7.2.5), a reduction of the
permanent anchor load to 80 % of the original value would replicate a more realistic
demand: Ny, = 0.8 - (0.5 Nycrm) = 0.4 Nycerm.

3.7.2.5 Displacement as a function of accumulated d amage potential

It is obvious that the anchor displacement increases with increasing maximum
anchor load Npax and increasing maximum crack width wpna (refer also to
Section 3.6.2.4). As discussed in the previous section, however, the incremental axial
displacement As during crack cycling also depends on the correlation a of anchor
load and crack width which is determined by the phasing and frequency of load and
crack cycling:

AS = f(Nmax, Wmax, O) Equation 3.21

The high precision achieved for the in-phase and out-of-phase tests as well as for the
tests with different frequencies allows the development of an analytical model which
describes the relative displacement behaviour of anchors for various load and crack
cycling scenarios. This model assumes that the accumulated anchor displacement
can be interpreted as accumulated damage potential (ADP) defined by the anchor
load N and crack width w. Assuming a linear influence of anchor load and crack
width, the ADP can be expressed as an integral:

ADP =] (N - w) Equation 3.22
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To compare the ADP qualitatively for the various protocols and corresponding
correlations tested, it is necessary to integrate the load and crack width over the
crack cycle n (Figure 3.95a).

a) b)

Nmax

Wmax
crackwidthw  AAAA AAAA AAAA
Integration factor a 1/3 1/6 1/4
— Phasing In-phase Out-of-phase  Diff. frequency

Cycle (n)

Figure 3.95 a) lllustration of damage potential for a constant anchor load and cycling
crack width; b) Integration factor a

For the simple linear load and crack cycles with constant maximum anchor load and
maximum crack width considered herein, integration factors a can be found in the
literature for various areas (Figure 3.95b) which simplify the integral to:

ADP, =2, (2 - Nmax * Wmax) Equation 3.23

The effect of simultaneous anchor load and crack width on the ADP and thus on the
resulting displacement becomes obvious when the measured displacement given in
Figure 3.94a are compared to the ratios of the specific ADP which can be expressed
as the integration factors a given in Figure 3.95a. Table 3.13 provides the measured
displacements and the ratio of ADP normalised with reference to the in-phase
cycling:

Table 3.13 Measured displacements and ratio of ADP, normalised with reference to
in-phase cycling

(Normalised) In-phase Out-of-phase Different frequencies
Measured displacement 1.00 0.51 0.73
Ratio of ADP 1.00 0.50 0.75

These figures show a good agreement and therefore support the approach to
understand anchor displacement during crack cycling as a function of accumulated
damage potential. Since the anchor displacement behaviour is independent of the
individual loading rates or cycling frequencies (for a given ratio of load and crack
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cycling frequency), observations made for quasi-static rates are also transferable to
real-time events.

3.7.3 Conclusions

The effect of simultaneous load and crack cycling and different phasing on the
anchor performance was investigated by means of experimental tests. Therefore
headed bolts were tested by various load and crack protocols. The use of a
multi-axes servo control system, together with improved test setup and
instrumentation, enabled precise evaluation of the anchor displacement behaviour.

The crack protocol consisted of 10 uniform cycles. The load was either kept constant
or cycled. Load and crack cycling were either in-phase or out-of-phase, or at a
different frequency. The displacement is significantly reduced if not only the crack is
cycled but also the permanent load. The measured ratio of the displacements if
compared to the displacement under constant load is for in-phase loading, out-of-
phase loading, and loading at different frequency 1:0.8:0.4:0.6. It is noted,
however, that the results are based on a relatively small number of tests.

Applying a permanent anchor load, which is constant over crack cycling and
corresponds to the maximum possible design load, is probably over-conservative for
qualification tests. The beneficial effect of phasing suggests a reduction of the
permanent anchor load applied during crack cycling. The seismic loading condition
for structural anchors may be assumed to correspond to the in-phase loading. The
seismic loading condition for non-structural anchorages may be assumed to be in
between the out-of-phase loading and loading at different frequency. Taking the
in-phase loading as the critical case in respect to anchor displacement, the
permanent anchor load during the crack cycling test may be reduced to 80 % of the
maximum possible design load to replicate a more realistic demand.

For the qualification of anchors which are used in non-structural applications, the
permanent anchor load applied during crack cycling may be further reduced.
However, a differentiation of anchors qualified for cases in structural and
non-structural applications might be not desired due to the following reasons: (i) The
number of tests for anchor qualification will increase and become more costly;
(i) The definition of structural and non-structural connections is probably not always
clear and a false assumption may lead to erroneous design.

The anchor displacement experienced during crack cycling can be interpreted as the
result of accumulated damage potential which is defined by the anchor load, the
crack width and their correlation. It is noteworthy that the displacements measured
for in-phase loading, out-of-phase loading and loading at different frequency yields
the same ratios as the ratios of the corresponding accumulated damage potentials.
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The cyclic anchor load and crack width was programmed as ramps. For quasi-static
tests and constant load, the actual shape of the crack width or load histories does not
matter. However, in case of simultaneous load and crack cycling, the cumulative
damage is a result of load and crack correlation and therefore depends on the actual
gradient of the load and crack width cycle. Additional tests should be carried out to
investigate the effect of sinusoidal shaped load curve in order to compare the
displacements with those derived from triangular shaped load curve.

3.8 Summary

The following findings of the investigations on the component level are critical with
respect to seismic tests for the qualification of post-installed anchors.

Seismic qualification does not require:

* High loading rate tests because the effects of high loading rate can be
conservatively neglected.

» Particular tests on anchor ductility for seismic applications. It is noted
however, that anchor ductility should be evaluated from the results of anchor
gualification tests in any case. The classification of anchors allows complying
with assumptions made in design codes for ductile design.

* Tests on anchor groups to verify the applicability of effective design concepts.
Provided that the scatter in anchor displacement during crack cycling is
limited, possible negative effects on the load capacity can be considered by a
seismic group factor.

» Technically feasible but extremely challenging simultaneous load and crack
cycling tests. The beneficial effect of simultaneous load and crack cycling can
be accounted for by an adequate permanent anchor load during crack cycling.

Seismic qualification requires:
» Reference tension and shear tests in cracks with w = 0.8 mm.
* Simulated seismic tension load cycling tests.
» Simulated seismic shear load cycling tests.
» Simulated seismic crack cycling tests.

Seismic qualification tests should reflect:

» Stepwise increasing loading protocols which are anchor load controlled in
case of load cycling protocols and crack width controlled in case of crack
cycling protocols.
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» Test conditions like crack width as well as number and magnitude of cycles
which are associated with serviceability level and suitability level.

 Test conditions which retain a realistic level of demand in view anchor load
and crack width correlation.

* Procedures which reduces the testing burden to a minimum and boundary
conditions as simple and clear as possible to speed up testing and to ensure
reproducible results.

Further recommendations for anchor qualification guidelines and design codes are
given in Chapter 6.

The following Chapter 4 introduces a proposal for a seismic amendment of anchor
gualification guideline which pays respect to the above bullet-point list.
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4 Seismic Amendment of Qualification Guidelines

In the course of the investigations presented in Chapter 3, it became apparent that
seismic qualification of post-installed anchors has to be evaluated by tension load
cycling, shear load cycling and crack cycling tests, as well as by reference tests
under monotonic tension and shear load. As discussed in Chapter 2, current anchor
qualification guidelines cover the adverse conditions of seismic actions inadequately
(ACI 355.2 (2007)) or not at all (ETAG 001 (2006)). In this chapter, the investigations
carried out to come up with a meaningful seismic amendment are presented and
discussed. First, the test conditions for testing serviceability and suitability demand
levels in separate and unified protocols are developed in Section 4.1. Next, the
equivalence of testing both demand levels by separate or unified test protocols is
verified by experimental tests in Section 4.2. Complementary to the test conditions
defined for the cyclic test protocols, meaningful assessment criteria are outlined in
Section 4.4. The verified test protocols together with the essence of the research
conducted on seismic anchor qualification in past years finally results in a proposal
for the seismic amendment of qualification guidelines which is briefly presented in
Section 4.3.

4.1 Development of Test Conditions

The load and crack cycling tests discussed in Sections 3.5 and 3.6 provided valuable
information on the behaviour of anchors under simulated seismic test conditions. The
test programmes included tests with maximum crack widths of 0.5 mm and 0.8 mm,
representing serviceability and suitability level demands (Section2.1.4 and
Section 3.1.5). However, in the course of detailed test data evaluation it became
clear that not only the maximum crack width but also the number of cycles should
reflect the different conditions of two demand levels. Increased number of cycles has
a fundamental impact on the test results (Section 3.5.2.5 and Section 3.6.2.5).
Further, corresponding to the approach to run load cycling tests on the serviceability
level with a moderate crack width, i.e. 0.5 mm, the crack cycling tests on the
serviceability level should be carried out at moderate anchor load levels. The results
of the simultaneous load and crack cycling tests discussed in Section 3.7 support this
approach. In conclusion, separate tests should reflect the following test conditions:

« Serviceability level tests: Moderate number of cycles ng.. Moderate crack
width w and moderate maximum anchor load Nmax (Or Vimax) for load cycling

tests, as well as moderate permanent load N,, and moderate maximum crack
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width wmax for crack cycling tests. Moderate crack width w during the residual
capacity test.

« Suitability level tests: Extreme number of cycles n¢. Large crack width w and
higher maximum anchor load Nmax (Or Vmax) for load cycling tests, as well as
high permanent load N,, and large maximum crack width wmax for crack cycling
tests. Large crack width w during the residual capacity test.

Seismic tests are one of the most laborious and expensive test types and therefore
running two sets of simulated seismic tests means a large testing burden for
laboratories and manufacturer seeking approval for an anchor product. Moreover, the
tests probably have to be repeated to finally meet all assessment requirements or to
optimize utilization of the anchor. This is all the more true in that the demand in
particular on the suitability level is higher than for existing simulated seismic tests
according to ACI 355. Therefore it is very desirable to reduce the number of required
tests. The most effective approach is to unify the two protocols testing serviceability
and suitability level demand in one protocol. To achieve this target it is important to
realize the main assessment objectives, refer also to Clause 4.1.1.1 of ETAG 001
(2006):

* Serviceability level tests are in the first place relevant for displacement criteria.
Compare to repeated load tests (Section2.5) and service life tests
(Section 2.6). According to Clause 4.1.1.1 (2) of ETAG 001 (2006), the anchor
shall provide an adequate resistance to displacements in the serviceability
limit state (SLS).

» Suitability level tests are critical for the determination of the residual capacity
which is in principle always smaller after cycling on suitability level demand
than after cycling on serviceability level demand. According to
Clause 4.1.1.1 (1) of ETAG 001 (2006), the anchor shall provide an adequate
resistance to failure in the ultimate limit state (ULS).

The development of previously mentioned test conditions and the generation of
unified protocols meeting the required assessment objectives is shown in the
following.

4.1.1 Development of separate P50 and P90 Protocols

Based on the non-linear analysis of buildings briefly introduced in Sections 3.5.2.1

and 3.6.2.1, the cycle counts of the stepwise increasing load and crack cycling

protocols were re-evaluated at the UCSD in 2010 for additional statistical levels

(Wood, R.; Hutchinson, T. et al. (2010)). In particular for suitability level demand, the

cycle count data were evaluated as characteristic values, i.e. 95 % fractile. Moreover,

to represent more conservatively the number of cycles contributing to bins of
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maximum anchor load or crack width the protocol methodology was further
substantiated and the protocols modified accordingly. The study presented in

Hu

tchinson, T.; Wood, R. (2010) resulted in two modified sets of load and crack

cycling protocols:

* P50 Protocols, taken as the arithmetic mean of the cycle count data (50 %)
and therefore replicating serviceability level demand.

* P90 Protocols, taken as 95 % fractile (with a 90 % confidence interval) of the
cycle count data and therefore replicating suitability level demand.

Exemplary for crack cycling protocols, Figure 4.1 shows the approach of different
cycle counts for serviceability and suitability level demands.
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Figure 4.1 Approach for development of separate P50 and P90 Protocols (exemplary

All

for crack cycling): a) Original protocol (Wood, R.; Hutchinson, T. et al. (2010));
b) Separated P50 and P90 protocols (Hutchinson, T.; Wood, R. (2010))

protocols are arranged in steadily increasing 10 % steps. The normalised

protocols are given in Figure 4.2.

a)

Load Cycling Number of Cycles b) Crack Cycling Number of Cycles
Normalized P50 P90 Normalized P50 P90
Anchor Load Serviceability Suitability Crack Width Serviceability Suitability
0.1 50 84 0.1 10 17
0.2 27 48 0.2 7 12
0.3 15 27 0.3 5 8
0.4 9 16 0.4 4 6
0.5 5 11 0.5 3 5
0.6 3 7 0.6 3 5
0.7 3 5 0.7 2 4
0.8 2 5 0.8 2 3
0.9 2 5 0.9 2 3
1.0 2 4 1.0 2 3
SUM 118 212 SUM 40 66

Figure 4.2 P50 and P90 Protocols: a) Load cycling tests; b) Crack cycling tests
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4.1.2 Development of crack width and anchor load pa  rameter

Test protocols are incomplete without the definition of the crack width and anchor
load parameter: For load cycling test, the target anchor load Nmax and Vimax as well as
the static crack width w, and for crack cycling test, the target crack width wnax and the
permanent anchor load N,, need to be defined for the serviceability and suitability
level:

* The crack width parameter w and wnax are defined as 0.5 mm for serviceability
level tests and 0.8 mm for suitability level tests (Section 3.1.5).

* The anchor load parameter Nmax, Vmax and N, are defined as a fraction of the
monotonic capacities Ny¢m and Vycom. The deduction of the anchor load
parameters for the suitability level and their reduction for the serviceability
level is discussed in the following.

In Section 3.5.2.1 it was explained that the target load is taken as the 5 % fractile of
Nucrm and Vyerm. FOr tension load cycling, the maximum acceptable CV of 15 %
according to ETAG 001 yields a target load of Npax =0.75 Nymer (Section 2.1.6)
which has to be reached if unreduced seismic capacity is desired. For shear load
cycling and associated steel failure, the CV was assumed to be ~ 6 %. However, the
cyclic shear test results showed larger CV of about 10 % due to the non-linear
influence of concrete on the failure behaviour. In consequence, the target load was
reduced to Vmax = 0.85 Vyme (Section 2.1.6) for the following tests. These loads,
0.75 Nymcr and 0.85 Vymer, are the ultimate capacity, representative for suitability
level demand (ULS). For serviceability level demand (SLS), these loads have to be
reduced to the level the anchor is designed for. Taking 0.75 Ny mcr and 0.85 Vymcr @s
the ultimate demand (corresponding to Fse, = Frk, Section 2.1.6), the serviceability
level demand can be estimated with a partial load safety factor y= = 1.35 and a partial
material safety factor yw=1.5 t0 Frq = Fr/ (V¢ - Ym) = Fre/ (1.35 - 1.5) = 0.5 Fgk. In
other words, for serviceability level tests, the target loads Nmax and Vmax may be
reduced by 50 %.

In Section 3.6.2.2 the maximum allowable design load acting on the anchor during
crack cycling was derived from the consideration of the LRFD approach and defined
as 0.5 Ny orm- This yields a permanent load for crack cycling test on suitability level of
Nw = 0.5 Nyerm- In Section 3.7.2.4 it was discussed that for a more realistic demand,
the permanent anchor load should be reduced. With the assumption that the
in-phase loading is critical, the permanent load for the crack cycling tests on
serviceability level may be reduced to 80 % of the original value.

Figure 4.3 compiles the crack width and anchor load parameters for all test types. It
is noted that due to the low relevance of the crack width on the results of shear load
cycling tests, the crack width is taken on the safe side as 0.8 mm throughout the test.
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al) Tension Cycling Serviceability Suitability b) Crack Cycling Serviceability Suitability
Static crack width 05 0.8 Target crack width 05 0.8
[mm] [mm]
Target load Permanent load
.5:0.75=0. . 0.8-0.5=0.4 0.5
NmaNogrn] | &207570-375 075 [No/Nucrn]
a2) [ Shear Cycling Serviceability Suitability
Static crack width 08 08 Load Cycling Tests: Crack Cycling Tests:
= [m;nl] 5 « Cyclic load to Frmax « Cyclic crack to Wmax
arget loa _
VimaxVucrml 0.5-0.85=0.425 0.85 « Constant crack w » Constant load Nw

Figure 4.3 Crack width and anchor load: a) Load cycling tests — al) tension,
a2) shear; b) Crack cycling tests

4.1.3 Development of Unified Protocols and Simple U  nified Protocols

The aim of unifying the protocols is to perform only one test and extract all the
information required for the assessment at serviceability and suitability level by the
following procedure: (i) Perform the test on serviceability level demand and extract
the anchor displacement after completing the cycles at serviceability level.
(i) Continue the test on suitability level demand, extract the anchor displacement
after completing all cycles and test the residual load capacity under suitability
condition. Reducing the number of cycles in the low amplitude bins would further
simplify and speed up the test run. To study the feasibility of this approach, two sets
of protocols were developed (Eligehausen, R.; Hutchinson, T. et al. (2010)):

* Unified Protocols, which unify the demands of serviceability and suitability
level demand as described above.

» Simple Unified Protocols, which simplify the protocol to a constant cycle count
per step under the assumption that the reduction of low level cycles does not
have a significant effect on the test results.

The Unified Protocol cannot be generated by a mere sequential coupling of the P50
and P90 Protocols, in which case the tested anchor would have experienced more
demand in the end than required for evaluating the anchor performance at suitability
level. Rather the demand put on the anchor after completing the cycles for the
serviceability level has to be taken into account when the cycles are completed for
the suitability level. This procedure requires the reorganising of cycles which is
discussed exemplarily for crack cycling protocols in the following (Figure 4.4).

The comparison of the P50 Protocol and the P90 Protocol (Figure 4.4a) with the
corresponding target crack widths wna 0f 0.5 and 0.8 mm (Figure 4.3b), respectively,
on an absolute scale (Figure 4.4b), demonstrates the necessity of a rebinning of the
P50 and P90 cycles determined for serviceability and suitability level demand
(Section 4.1.1). The target crack widths given in mm suggest rebinning into joined

176



Seismic Amendment of Qualification Guidelines

bins of 0.1 mm steps. Therefore, the formerly normalised P50 and P90 Protocols
show 5 bins ranging from 0.1to 0.5 mm and 8 bins ranging from 0.1 to 0.8 mm,
respectively (Figure 4.4c). The suitability level bins show larger numbers of cycles
than the serviceability level bins. Moreover, the permanent anchor load level N,
during the serviceability level portion of the test is 0.4 Nyc.m, Whereas testing on
suitability level requires raising of the permanent load level to 0.5 Ny m (Figure
4.3b). Therefore, if the numbers of cycles in the low level bins are reduced to comply
with the demands for the serviceability level, the Unified Protocol has to compensate
for the damage due to missing cycles and lower permanent anchor load level. The
relocation of the cycles is conducted based on the assumption that the accumulated
damage potential (ADP, Section 3.7.2.5) is approximately linear to anchor load and
crack width. However, a total relocation of the cycle difference accumulating in the
serviceability portion of the test would result in extreme large numbers of cycles for
the remaining suitability portion of the test and the stepwise increasing crack cycling
protocol would lose its steadiness character towards the end. Therefore, under the
premise of the linear damage potential rule, a balance of the serviceability and
suitability portion of the test is sought (Figure 4.4d).
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Figure 4.4 Approach for development of Unified Protocols (exemplary for crack
cycling): a) Normalised P50 and P90 Protocols (Hutchinson, T.; Wood, R. (2010));
b) P50 and P90 Protocols as a function of absolute crack widths; ¢) P50 and P90

Protocols after rebinning; d) P50 and P90 Protocols unified in one protocol after

compensation [Fig. b) to d) after Eligehausen, R.; Hutchinson, T. et al. (2010)]
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The resulting Unified Protocol reduces the two test procedures into one test but
allows extracting assessment data for both, serviceability and suitability level demand
(Figure 4.5a). For the Simple Unified Protocol, the Unified Protocol is simplified to a
constant cycle count per step. For this approach it is assumed that the reduction of
small cycles has no significant influence on the results, either because their effect is
too small or the missing accumulated damage is made good for in the following large
cycles. The benefits would be a simpler protocol and a reduction in testing time.
Therefore, the cycle counts at the beginning of the protocol, which are small in
amplitude but high in number, are levelled to the cycle counts further down the
protocol (Figure 4.5b).
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Figure 4.5 Unified and Simple Unified Protocols (exemplary for crack cycling):
a) Unified Protocol (Eligehausen, R.; Hutchinson, T. et al. (2010)); b) Unified and
Simple Unified Protocol opposed

For load cycling protocols, the approach is in principle the same. However, the target
anchor loads Npmax and Vnax given as a normalised fraction of Nycem and Vyerm
(Figure 4.3a), respectively, allow for direct rebinning of the cycles into 10 % bins. The
transition from serviceability to suitability levels takes place after reaching 50 % of the
target anchor load. For tension cycling tests, the transition is accompanied with an
increase of the static crack width from 0.5to 0.8 mm (Figure 4.3al). Due to the
negligible impact of crack width on the test results for shear load cycling tests, the
variation of the static crack width is omitted and the whole test is run with the larger
crack width of 0.8 mm (Figure 4.3a2). Since a reasonable number of cycles was
desired for the Unified Protocol, the cycles of the lowest amplitude were assumed to
have virtually no impact on the test results and were truncated therefore, refer also to
Section 3.5.2.1.

Figure 4.6 depicts the Unified and Simple Unified Protocols. The normalised load
cycling protocols are arranged in steadily increasing 10 % steps. The crack cycling
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protocols are given in [mm], however, their bins could also be normalised to 8 steps
12.5 % wide.

a) Load Cycling Number of Cycles b) Crack Cycling Number of Cycles
Anchor !_oad Unified Simple Unified Crgck Width Unified Simple Unified
normalized in mm
0.1 - - 0.1 20 5
0.2 25 5 0.2 10 5
0.3 15 5 0.3 5 5
0.4 5 5 0.4 5 5
05 I [ S -0 AN [ S
0.6 5 5 0.6 5 5
0.7 5 5 0.7 5 5
0.8 5 5 0.8 4 4
0.9 5 5 SUM 59 39
10 5 5 0.8mm absolute crack width corresponds to
SUM 75 45 100% normalised crack width

Figure 4.6 Unified and Simple Unified Protocols: a) Load cycling tests; b) Crack
cycling tests

4.2 Verification Tests

The test programme discussed in this section is reported in detail in Mahrenholtz, P.
(2010d). The aim of the experimental tests was:

* To verify that Unified Protocols can replicate serviceability and suitability level
demand and therefore can replace P50 and P90 Protocols.

* To determine whether the Unified Protocols can be replaced by Simple Unified
Protocols.

» To evaluate the general practicability of the Unified and Simple Unified
Protocols.

Earlier experimental tests (Section 3.5 and 3.6) have shown that tension load cycling
is generally not critical for anchors which is in contrast to shear load cycling tests
showing pronounced LCF behaviour and crack cycling tests resulting in large axial
displacements. Therefore, tension load cycling tests were not included in the
verification test programme.

4.2.1 Test protocols, target anchor load and perman  ent crack width

The P50 and P90 Protocols and the Unified and Simple Unified Protocols are
tabulated in Figure 4.2 and Figure 4.6, respectively. Figure 4.7 depicts the load and
crack time histories for the load cycling and crack cycling tests, exemplary for the
Unified Protocols, the most complex test protocols.
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The monotonic reference capacities Nycm and Vycom, Which are required for the
determination of Vmnax and Ny, were taken from the cyclic tests discussed in
Section 3.5, Table 3.9 and Table 3.10.

Target load for shear cycling tests: UC1 loaded in shear failed in steel at the ultimate
capacity of V,m = 89.2 kN, yielding a target load of Vimax = 0.85 - 89.2 = 75.8 kN for
the suitability level, which is reduced to 0.5 - 75.8 = 37.9 kN for tests on serviceability
level. EAb1 loaded in shear failed in steel at the ultimate capacity of V¢ m = 32.4 kN,
yielding a target load of Vimax = 0.85 - 32.4 = 27.5 kN for the suitability level, which is
reduced to 0.5 - 27.5 = 13.8 kN for tests on serviceability level.

Permanent load for crack cycling tests: EAb1 loaded in tension was pulled through at
the ultimate capacity of Nycgm=21.8kN, vyielding a permanent load of
Ny =0.5-21.8=10.9kN for the suitability level, which is reduced to
Ny = 0.4 - 21.8 = 8.7 kN for tests on serviceability level. For the test on HB1, no data
for monotonic capacities were available and the mean capacity was calculated based
on the assumption that the characteristic strength equals 75 % of the mean strength
(Section 2.1.6) and with reference to CEN/TS 1992-4 (2009) (Section 3.1.2) to
Nucrrm = Nrkp/ 0.75 =6 Ap fokewe / 0.75 =8 - 268 mm2 - 33.2 N/mm2 - 10°/ 0.75
=71.4 kKN. The permanent load can then be determined to N,, =0.5-71.4 = 35.7 kN
for the suitability level, which is reduced to N, =0.4-71.4 =28.6 kN for tests on
serviceability level.

4.2.2 Test setup and testing procedure

The full set of test protocols (P50, P90, Unified and Simple Unified Protocol) were

evaluated by tests on UC1 anchor (Figure 3.1b) for load cycling and by tests on HB1

(Figure 3.1a) for crack cycling protocols. The reason to use the HB1 anchor was to

benchmark displacement criteria for future tests on post-installed anchors. To

evaluate the general practicability of the Unified and Simple Unified Protocols further,
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additional load cycling tests and crack cycling tests were carried out on the EAbl
anchor. Several tests had to be repeated because of premature failure during cycling.
In total, some 70 tests were conducted. The outline of the test programme is also
apparent in Table 4.1.

As anchorage material, normal weight concrete C20/25 with a mean tested concrete
tested cube compressive strength between f.. 150 = 32.7 and 33.7 MPa were used.
The concrete specimens were identical to the wedge-split slabs used for cyclic load
tests (Section 3.5.2.2) and the special concrete specimens used for simultaneous
load and crack cycling tests (Section 3.7.2.2), respectively. The special concrete
specimens for testing of post-installed anchors were used on both sides for which
one pilot hole was drilled in the center of each side prior to initial cracking. Just
before installation of the anchor, the pilot hole was reamed to the required diameter.
The specimens for testing headed bolts were delivered with already cast-in anchors
and used on one side only. However, to guide the cracking in the axis of the anchor,
a pilot hole was also drilled on the opposite side of the slab.

The test setup and procedure, as well as anchor installation and crack formation is
basically the same as described in the relevant sections before and therefore is not
repeated here in detail. The finally proposed procedures for seismic testing are
summarised in Section 4.3.2. As an improvement to previous shear tests, however,
the slab was mounted on rollers which enabled an accelerated repositioning of the
slab for the next test position (Figure 4.8a). Regarding the crack width measurement
for crack cycling tests, it is noted that two electronic displacement transducers were
installed on either side of the anchor close to the fixture (Figure 4.8b). The
measurement accuracy was therefore reduced if compared to the four point
measurement introduced for the simultaneous load and crack cycling tests in
Section 3.7.2.2. In particular the bending moment introduced into the concrete
specimen by the actuator support during anchor loading results in increased crack
widths measured at the top of the specimen if compared with the bottom of the
specimen. However, for the seismic amendment of qualification guidelines, a simpler
test setup was preferred. Further details are given in Mahrenholtz, P. (2010d).
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Figure 4.8 a) Bird’s eye view on test setup mounted on rollers for shear cycling tests;
b) Detail of crack width instrumentation for crack cycling test

4.2.3 Influence of servo controlling ontestresult s

The servo hydraulic system is the main component of the test equipment used for
simulated seismic tests as discussed in previous sections. However, there are
alternatives for conducting load or crack cycling tests. The crack movement can be
generated by simple hydraulic actuators either as a set of two counteracting
actuators or by single action actuators in combination with external prestressing of
the concrete specimen. The permanent load can be applied by means of spring discs
or air pressure. Sequential hammering of wedges can create stepwise increasing
crack widths in wedge-split concrete slabs. Also repeated load tests can be
performed by simple actuators, particularly for the limited number of cycles in case of
simulated seismic tests.

However, servo hydraulic systems outclass any other method in terms of flexibility,
handiness, reproducibility, and accuracy. The propagation of servo hydraulic systems
for anchor qualification testing will increase in future. Therefore it is important to
understand the servo control methods and their influence on the test results. In the
following, some critical aspects are briefly discussed.

4.2.3.1 Load cycling tests

Cyclic loads in the context of seismic actions are commonly understood as a
sinusoidal loading. Therefore, ACI 355 stipulates sinus load cycles for simulated
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seismic tests. The servo control executes each sinus load controlled with defined
load amplitudes. To avoid uncontrolled slip during load reversal (Section 3.5.2.2),
however, ACI 355 allows to approximate the sinus cycles by two half sinus cycles
with interconnecting displacement controlled ramps (Figure 4.9a).

a) w, b)

Half sine Transition
load cycle 80%
R ~JIN / N\ _ _ _
20% VA JWN )L — Al
LI
Time 0
Crossing of clearance

Figure 4.9 a) Permitted approximation of alternating seismic shear cycle after ACI
355.2 (2007); b) Windowed load history of exemplary test and close-up
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The transition from the ramp to the half sinus wave at 20 % of the load amplitude is
demanding for the servo control system. In particular for small initial amplitudes as
stipulated for the Unified Protocols, the point of transition and the actual amplitude
maximum are extremely close together. The servo control system staggers and
hardly keeps on track (Figure 4.10a). For large cycle amplitudes near ultimate load at
the end of the Unified Protocols, the servo control system struggles with the load
control mode when the the system becomes increasingly inelastic and therefore
easily loses control (Figure 4.10Db).
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Figure 4.10 a) Over- and undershooting for very low load amplitudes (load-time
history); b) Lost of servo control in the inelastic range of the anchor
(load-displacement curve)

To prevent overshooting and to reduce the risk of uncontrolled slip, small
displacement rates are required for the interconnecting ramps. This, in turn,
increases the testing time for which the ramps are decisive because the clearance of
the annular gap is crossed during this phase. Figure 4.9b shows the windowed load
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history measured for an exemplary test. The horizontal sections represent the time
required for crossing of the clearance. It can also be clearly seen that the load curve
does not simulate an ideal sinusoidal shape and instead is described by a series of
spikes, similar to a direct delta function.

In conclusion, the load control mode and sinus approximation proposed in ACI 355 is
extremely demanding for stepwise increasing seismic shear protocols but despite the
efforts, the goal of generating nearly sinusoidal load histories is not achieved. Since
the load is cycled at quasi-static loading rates, the actual shape of the load curve
over time does not matter. These aspects together with the problems encountered for
the shear cycling tests on the UC1 anchor strongly suggest a modification of the
procedure. To this end, a simplified loading scheme based solely on displacement
controlled ramps with load targets was developed (Figure 4.11a) and successfully
tested on the EAb1 anchor. This approach enabled a faster test run and experienced
no servo control problems at all. The load histories were actually smoother than
those of the former half sinus approximation. The loading scheme is also applicable
to tension load cycling tests for which the target loads are Nyax and Npin.

a) “A hor load t t [KN]
nchor load targe
+Vmax """"""""""""""""""""""""""""""""""""""
Displacement controlled Displacement controlled

g ramps [mm/s] ramps [mm/s]
o
®
4]
<
w

RY; 0.1f

e Y Anchor load target [kN] “ Ag Actuator force target [kN]

Figure 4.11 Simplified servo control schema: a) Shear load cycling; b) Crack width
cycling

4.2.3.2 Crack cycling tests

Other than for seismic load cycling tests, there is currently no procedure for seismic
crack cycling tests given in any anchor qualification guideline. However, intuitively a
sinusoidal crack width function was considered in the style of the simulated seismic
tests according to ACI 355. The zero load crossing of the actuator in load control
mode is unproblematic in crack cycling tests since the cycling actuator is connected
to the specimen without any slackness. However, the maximum crack width specified
in mm requires a crack width controlled sinus function, whereas the minimum crack
width is defined as the compression force corresponding to 10 % of the compressive
strength of the concrete section (0.10 fec 150 Ag). Furthermore, the crack width cycling
is not synchronous with the actuator force cycling (Figure 4.12a). In consequence,
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the sinus cycles require splitting into two differently controlled half sinus and an
interconnecting ramp to transit from one half sinus to the other (Figure 4.12b).
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Figure 4.12 a) Schematic history of the crack width and the load on the concrete slab
over time; b) lllustration of the principle for approximation of crack width cycling

This approach is very complex and demanding for the servo control and programmer.
To meet the crack width target, small und therefore time consuming crack cycling
frequencies are required. The crack width histories of exploratory tests, however,
were way off the sinusoidal shape. Therefore, a simplified servo control scheme
based on displacement controlled ramps was also developed for crack cycling tests
(Figure 4.11b). With crack width targets for the crack opening and actuator
compression force targets for the crack closure, the tests on the EAbl and HB1
anchor showed satisfactory crack width histories.

4.2.3.3 Pullout tests

For the pullout tests conducted after the crack cycling tests discussed in
Section 4.2.4.2, the crack was first opened to the specified target crack width. Then
the actuator was kept force controlled to approximate the condition present for the
corresponding monotonic tests in static cracks. The effect of the servo control
settings during the pullout test on the test results is briefly discussed in the following.

When the anchor is loaded to failure to determine the residual load capacity, the
crack is forced open due to wedging effects. This behaviour is much less pronounced
for shear loading than for tension loading. However, in particular for expansion and
undercut anchors loaded in tension, the wedging effect caused by the conical shape
of the anchor head is substantial.

For tension loading and a given anchor product, the degree of crack opening due to
wedging primarily depends on the type of concrete specimen. In case of wedge-split
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slabs, the crack opening depends on the response of the tensioned reinforcement in
the slab (Figure 4.13al). In case of special concrete specimens, the specimen
remains connected to the actuator after cycling and the crack opening depends on
the control mode of the actuator during the pullout of the anchor: If the actuator force
on the specimen is controlled by the crack width, the actuator counteracts the
expansion force of the anchor to keep the crack width constant (Figure 4.13a2).
Alternatively, the actuator force on the specimen can be kept constant during the
pullout to approximate the situation present in wedge-split test (Figure 4.13a3). In this
case, however, the opening is not limited and can be considerable (Figure 4.13b).
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Figure 4.13 a) Crack opening mechanisms during pullout test; b) Example anchor
load and crack width time history illustrating crack opening in case of force controlled
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The evaluation of the test data gained in the crack cycling test programme discussed
in Section 3.6.2 yielded that on average, the crack opens approximately 0.1 mm in
case of wedge-split concrete slabs, and 0.4 mm in case of force controlled special
concrete specimens. The larger crack opening is caused by the low reinforcement
ratio (0.65 %) and large debonded length (250 mm = 16.5 d) in the special concrete
specimens.

Variable crack widths have a strong impact on the test results and influence the
outcome of the test data assessment for which monotonic and residual load
capacities potentially gained in different test specimens are opposed (Section 4.4).
To ensure reproducible test results, either the crack width needs to be controlled or
the test specimen has to be specified in detail. It may be assumed that for reinforcing
ratios = 1% and debonding length < 3 d the additional crack opening due to
wedging is limited to about 0.1 mm.
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It is noted, however, that crack width control is not applicable for the service life tests
according to ACI 355 and ETAG 001 (Section 2.6.1 and Section 2.6.2) which crack
cycling is realistically generated by the restoring force of the reinforcement
Mahrenholtz, C.; Silva, J. et al. (2012). Consequently, the crack width during the
residual capacity tests is also controlled by the tensioned reinforcement as illustrated
in Figure 4.13a. Reference is made to Mahrenholtz, C.; Silva, J. et al. (2012).

4.2.4 Experimental results and discussion

As the aim of the verification tests was to verify the Unified and Simple Unified
Protocol, only test results relevant in this respect are presented in the following. In
particular, the aspects of anchor performance are not assessed in detail.

Testing started with the most demanding protocol to avoid unnecessary failed
attempts in that premature failure is more likely for the most demanding protocol than
for any other protocol. Therefore, the test series on the UC1 and HB1 anchors
started with the P90 Protocol and the test series on the EAbl anchors with the
Unified Protocol.

4.2.4.1 Load cycling tests

All UC1 and EAbl anchors failed in steel. LCF occurred for both anchor products
during cycling and the target load had to be reduced twice. After reduction to 64 %
and 72 % of the original values for UC1 and EAbl, respectively, all cycles were
completed and the residual capacity corresponded to 102 % and 94 % of the
monotonic capacity, respectively. Table 4.1 provides the test conditions and key test
results of the relevant load cycling tests.
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Table 4.1 Test conditions and key test results of verification tests (load cycling)

AnchorType, Proto.  Num. Crack Target Load Seyems  CV, Vim Ccv,
Anchor Size, Type of Width Vimax!Vu.crm mm % kN %
Emb. Depth W Cydes w
UC1,; P90 212 0.8 mm 0.85 Failure in cycle 201
M10; 1* reduction 0.8-0.85 Failure in cycle 204
90 mm 2" reduction 0.8:08:085 995 133 930 117

P50 118 0.8 mm 0.5-(0.8:0.8-0.85) 4.90 4.2 91.9 98
Uni 75 0.8mm 0.8-0.8-0.85 1234 209 914 189
0.8mm 0.5-(0.8-0.8-:0.85) 5.10 6.6  Service. levd
SUni 45 0.8 mm 0.8-0.8:0.85 1341 6.7 88.4 6.5
0.8mm 0.5:(0.8:0.8:0.85) 5.13 22.3 Service. lewel

EADb1; Uni 75 0.8 mm 0.85 Failure in cycle 69
1727, 1% reduction 0.8:0.85 Failure in cycle 70
83 mm 2" reduction 09-08:085 631 99 306 47

0.8mm 0.5:(0.9-0.8:0.85) 3.66 9.3  Service. levd
SUni 45 0.8 mm 0.9-0.8-0.85 6.32 206 320 3.9

0.8mm 0.5:(0.9-0.8:0.85) 3.87 12.8 Service. lewl
(1) Protocol Type: Uni = Unified Protocol; SUni = Simple Unified Protocol

Exemplary for the tests on the UC1 anchor, the load-displacement curves are shown
for the following protocols: P50 and P90 Protocol in Figure 4.14; Unified and Simple
Unified Protocol in Figure 4.15. In addition, example load-time and displacement-time
histories are shown in Figure 4.16.
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Figure 4.14 Load-displacement curves of load cycling tests on UC1: a) P50 Protocol
(w=0.8 mm; Vnax = 24.3 kN); b) P90 Protocol (w = 0.8 mm; Vax = 48.1 kN)
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Figure 4.15 Load-displacement curves of load cycling tests on UC1 (w = 0.8 mm;
Vmax = 48.1 kN): a) Unified Protocol; b) Simple Unified Protocol
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Figure 4.16 Example time histories of Unified Protocol test on UC1: a) Load;
b) Displacement

For a better comparison of the effect of the protocol types on the test results, Table
4.2 compares the relevant data for the UC1 and EAb1 anchor. The respective mean
ultimate load V, » measured for the P90, Unified, and Simple Unified Protocol can be
deemed as statistically equivalent. The same applies to the mean displacement Scycm
measured after completion of all cycles on serviceability level (for the P50, Unified,
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and Simple Unified Protocol) and measured after completion of all cycles on
suitability level (for the P90, Unified, and Simple Unified Protocol). The scatter is
reasonably small for s¢yc and V. The high CV for the Unified Protocol test series on
the EAb1 anchor is caused by one outlier which apparently nearly experienced LCF
during cycling. This confirms that the behaviour of anchors loaded in shear is robust
if LCF is excluded by sufficient reduction of the load level. The mean displacements
at serviceability level are about 5.0 mm for the UC1 and 3.7 mm for the EAb1 anchor.

Table 4.2 Comparison of selected test results (load cycling)

Anchor Protocol Displacement s¢,cm On  Displacement S¢ycm 0N Residual Capacity
Type Type(l) Serviceability Level Suitability Level Vium
ucCl P50 4.90 mm - 91.9 kN
P90 - 9.95 mm 93.0 kN
Uni 5.10 mm 12.34 mm 91.4 kN
SUni 5.13 mm 13.41 mm 88.4 kN
EADb1 Uni 3.66 mm 6.31 mm 30.6 kN
SUni 3.87 mm 6.32 mm 32.0 kN

(1) Protocol Type: Uni = Unified Protocol; SUni = Simple Unified Protocol

Plotting the displacement over the anchor load level of the tests on the UC1 anchor
(Figure 4.17) allows analysing the displacement behaviour for various load cycling
protocols. The averaged displacement increase per cycle (Figure 4.17a) spread and
do not show a uniform correlation. In contrast, the averaged displacements
experienced for each load step shows a good correlation of absolute displacement
and load level (Figure 4.17b). For all load protocols, the anchor displacement
depends on the load level, rather than on the number of cycles. In other terms, the
cyclic load paths follow the monotonic curve irrespective of the actual load cycle
regime, provided that no LCF occurs. This finding complies with the observations
earlier made on stepwise increasing load protocols.
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Figure 4.17 Displacement versus anchor load level (averaged for each load step):
a) Displacement increase per cycle; b) Absolute displacement
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Figure 4.17b illustrates the increasing non-linearity in the anchor response. Further, it
is demonstrated that the truncation of the cycles of the lowest amplitude for the
Unified and Simple Unified Protocol had no effect on the anchor displacement.
Moreover, the reduction in number of cycles for the second and third but lowest
amplitudes of the Simple Unified Protocol did not have any effect either.

4.2.4.2 Crack cycling tests

All EAb1 anchors failed in pull-through mode. In the first test series failure occurred
during crack cycling and the permanent load was reduced to 87.5 % for which all test
repeats completed all cycles. The residual load corresponded to 111 % of the
monotonic capacity. The HB1 anchors completed all cycles at first go and failed in
concrete. The residual load corresponded to 88 % of the calculated monotonic
capacity. Table 4.3 provides the test conditions and key test results of the relevant
load cycling tests.

Table 4.3 Test conditions and key test results of verification tests (crack cycling)

AnchorType, Proto.  Num. Crack  Num. PermanentlLoad Scem, CV, Nusms CcVv,

Anchor Size, Type of Width of Nuw/Nuy cr.m mm % kN %
Emb. Depth @ Cydes Winax Tests
EAD1; Uni 59 0.8mm 1 0.5 Failure in cycle 57
1z 1* reduction 5 0.875-0.5 2318 225 243 267
83 mm 05mm - 0.875-0.4 852 9.1 Service. level
SuUni 39 0.8 mm 5 0.875-0.5 26.47 124 17.0 16.7
0.5 mm - 0.875:0.4 8.84 9.6  Service. level
HB1,; P90 66 0.8 mm 4 0.5-8 A f. 5.90 6.6 599 137
M20; P50 40 0.5 mm 4 0.4-8-An-f. 2.74 10.8 71.8 5.0
00mm - yni 59 08mm 4 0.5-8-Avf, 687 88 628 17.4
0.5 mm - 0.4-8-Ay-f; 2.87 7.4 Service. level
SuUni 39 0.8 mm 4 0.5-8 A1, 6.48 18.1 54.0 20.5
0.5 mm - 0.4-8-Ay-f; 2.92 23.7 Service. level

(1) Protocol Type: Uni = Unified Protocol; SUni = Simple Unified Protocol

Exemplary for the tests on the HB1 anchor, the load-displacement curves are shown
for the following protocols: P50 and P90 Protocol in Figure 4.18; Unified and Simple
Unified Protocol in Figure 4.19. In addition, example crack-time and
displacement-time histories are shown in Figure 4.20.
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Figure 4.18 Load-displacement curves of load cycling tests on HB1: a) P50 Protocol
(Wmax = 0.5 mm; Ny, = 28.6 kN); b) P90 Protocol (Wmax = 0.8 mm; N,, = 35.7 kN)
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Figure 4.19 Load-displacement curves of load cycling tests on HB1 (Wnax = 0.8 mm;
Nwi = 28.6 kKN; Ny, = 35.7 kN): a) Unified Protocol; b) Simple Unified Protocol
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Figure 4.20 Example time histories of Unified Protocol test on HB1: a) Crack;
b) Displacement

For a better comparison of the effect of the protocol types on the results, Table 4.4
compares the relevant data for the EAbl and HB1 anchor. The respective mean
ultimate load Ny, measured for the P90, Unified, and Simple Unified Protocol show
large variations. For the HB1 anchor, the P50 Protocol yields the highest capacity
due to the smallest reduction in anchor displacement after completion of the crack
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cycles. The P90 and Unified Protocol yield similar capacities. It is noteworthy that for
both anchors, EAb1l and HB1, the ultimate load after the Simple Unified Protocol is
substantially lower than for the Unified Protocol. However, the test series showed
extreme scatter in particular at suitability level and therefore confirmed observations
made in earlier studies on anchor behaviour under crack cycling, though the high CV
for the Simple Unified Protocol tests on the HB1 anchor was unexpected and cannot
be conclusively reasoned. However, the displacements sq,..m at serviceability level
measured for the P50, Unified, and Simple Unified Protocol match considerably well,
whereas the mean displacements after completion of all cycles on suitability differ.
The mean displacement at serviceability level is about 5.0 mm for the EAb1 anchor,
and 2.9 mm for the HB1 anchor.

Table 4.4 Comparison of selected test results (crack cycling)

Anchor Protocol Displacement s¢,cm On  Displacement s¢yc m 0N Residual Capacity

Type Type® Serviceability Level Suitability Level Num

EADb1 Uni 8.52 mm 23.18 mm 24.3 kN
SUni 8.84 mm 26.47 mm 17.0 kN

HB1 P50 2.74 mm - 71.8 kN
P90 - 5.90 mm 59.9 kN
Uni 2.87 mm 6.87 mm 62.8 kN
SUni 2.92 mm 6.48 mm 54.0 kN

(1) Protocol Type: Uni = Unified Protocol; SUni = Simple Unified Protocol

Plotting the displacement over the crack width level of the tests on the HB1 anchor
(Figure 4.21) allows for analysing the displacement behaviour for various crack
cycling protocols. Contrary to the shear load cycling tests (Figure 4.17), the averaged
displacement increase per cycle is a function of the cycling parameter (Figure 4.21a)
and the proportionality of anchor displacement and crack width level for the different
permanent load levels is clearly visible in spite of the scatter.
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Figure 4.21 Displacement versus crack width level (averaged for each load step):
a) Displacement increase per cycle; b) Absolute displacement
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In consequence, the assumption of linear damage made for the reorganisation of
cycles when generating the Unified Protocols (Section 4.1.3) is reasonable. The
anchor displacement accumulates over crack cycles and the reduced number of
cycles in the beginning of the Simple Unified Protocol is conveyed till the end of crack
cycling (Figure 4.21b). However, due to the small crack widths in the beginning, the
absolute difference in displacement is very small (As¢yc = 0.5 mm).

425 Conclusions

Differentiating serviceability and suitability demand level for anchor test protocols is a
progressive approach for testing seismic anchor performance. Together with the
crack width and anchor load test parameters associated with the respective demand
levels, the developed P50 and P90 Protocols allow the consistent evaluation of
anchor performance under serviceability and suitability test conditions. However, the
high testing burden resulting from this approach suggests unifying the separate
protocols to one Unified Protocol which then might be further simplified to the Simple
Unified Protocol. To verify the equivalence of the P50, P90, Unified Protocol and
Simple Unified Protocol, a dedicated test programme was carried out.

In respect to the potential introduction of the test protocols in the seismic amendment
of qualification guidelines, the testing procedures were further refined. In particular
the formerly propagated sinusoidal loading and its approximation was thoroughly
studied. It was shown that the complex and time consuming sinus or half sinus load
cycling is not accurate for simulating the desired sinusoidal loading character.
Therefore for future qualification tests, it is proposed to reproduce load cycling and
crack cycling by simple but practical displacement controlled ramps. Further, the
need to specify the test specimen and control the crack width during the residual load
capacity test under supposedly static crack conditions is highlighted.

The shear load cycling tests revealed that the shear displacement behaviour is
primarily governed by the load level. For all test protocols, the anchor displacement
followed the same path. This behaviour corresponds to the load cycling tests
presented in Section 3.5 for which the cyclic load-displacement curves generally
followed the monotonic curve. Therefore, neither the truncation of the smallest
amplitude cycles for the Unified and Simple Unified Protocol, nor the further reduction
of the low amplitude cycles for the Simple Unified Protocol had a significant effect on
the test result, provided that LCF is excluded. The target load reduction required to
pass all cycles without LCF showed that an anchor, which did not complete all cycles
in the first run, may also fail if the target load has been reduced to the load level
successfully passed before, and therefore underlined the requirement that all test
repeats have to develop the resistance to complete the cycling.
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Conclusively, all shear cycling protocols yielded statistically equivalent displacement
data and residual load capacities. It may be reasonably assumed that tension load
cycling tests would yield similar results in that load-displacement curves of anchors
loaded in tension also follow the monotonic curve, irrespective of the actual cycle
regime. Therefore the equivalence of the separate and unified protocols was
successfully verified for load cycling in general.

The crack cycling tests showed that the axial displacement depends on the crack
width level, but also on the permanent load and number of cycles which is in line with
the accumulating anchor displacement behaviour described in Section 3.6 for crack
cycling tests. The linear damage rule as proposed in Section 3.7 was confirmed and
therefore the basic assumption made for reorganising of crack cycles was proved
valid. As every crack cycle counts, the reduction of the low amplitude cycles in case
of the Simple Unified Protocol affected the test result. However, since the initial crack
width amplitudes are small, the difference in anchor displacement may be deemed as
insignificant.

Conclusively, the results showed an acceptable correlation of test data for all crack
cycling protocols and therefore successfully demonstrated the applicability of unified
protocols. The tests on the headed bolt resulted in a serviceability displacement of
just less than 3 mm and form the baseline reference for future qualification tests on
post-installed anchors which are assumed to behave as a headed bolt at best.

In summary, the Unified Protocols for load cycling and crack cycling represent an
adequate testing approach for the seismic amendment of qualification guidelines.
Suitable assessment criteria which allow a meaningful evaluation of the test data are
developed in the following section.

4.3 Proposal for Seismic Amendment of Qualification Guidelines

The verified Unified Protocols form the key elements of a proposal for the seismic
amendment of qualification guidelines which is introduced in the following. This
proposal recognises all relevant aspects of the research presented in previous
sections. It basically corresponds to the draft of the European Guideline for the
technical approval of metal anchors under seismic actions (Proposal for ETAG 001
Seismic Amendment (2012)). This document is compiled within the EOTA Working
Group ‘Metal Anchors’ and is the outcome of specific discussions to which also
research results of other universities and institutions unnamed in this thesis
contributed. It is beyond the scope of this thesis to present the document of the
Working Group in all aspects; also to avoid collision with the ongoing process. Aim of
the following discussion is to outline the principle concept of the Seismic Amendment
of the European Guideline, to highlight critical aspects, and to point out some
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modifications made in the proposal if compared to the test protocols and procedures
described in Section 4.2.

4.3.1 Introduction and background

The basic idea of the proposed seismic amendment is to provide detailed information
on the additional tests which are required to qualify anchors for seismic applications
including test conditions and assessment criteria, as well as additional design
provisions. A precondition for the seismic qualification is the qualification for static
applications in cracked concrete.

The test conditions stipulated for the Unified Protocols given in Section 4.1 are very
demanding and in particular for the suitability level more adverse than the test
conditions given in existing guidelines for tests involving load or crack cycling
(Sections 3.5.2.4 and 3.6.2.4). On the other hand, the hazard level is variable and not
the same for all earthquake prone areas. To reflect the different demands probably
put on the anchor, a grading of the required seismic performance is reasonable. To
this end, the proposed seismic amendment recognizes two anchor seismic
performance categories (ASPC) which are in the following named ASPC1 and
ASPC2. ASPCL1 is the performance category required for lower seismic demands,
and ASPC2 that required for higher seismic demands. The allocation to one or the
other demand level is planned to be conducted according to the seismicity of the site
and importance of the building.

The seismicity is defined by the ground acceleration ay which is according to
Eurocode 8 (2006) given by the reference peak ground acceleration (ay) and the soil
factor (S) as ag=agy - S. For details, Eurocode 8 refers to the relevant National
Annexes, e.g. Eurocode 8 / NA (2009) for Germany. The peak ground acceleration
agr equals 0.0 to 0.8 m/s? depending on the seismic zone (0 — 3, Figure 4.22a). The
soil factor S is based on the soil class (A—E) and deep geology class (R, T, S,
Figure 4.22b). The importance of the building is evaluated with respect to the impact
on life safety or public security (Section 1.1, Figure 1.4b) and is assigned to one of
the importance classes (I — IV).
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Figure 4.22 Eurocode 8 / NA (2009): a) Seismic risk map for determing the peak
ground acceleration agy; b) Deep geology map for determing the soil factor S

The qualification of anchors for regions of low / moderate seismic activity or relatively
unimportant buildings (ASPC1) may be carried out by means of less stringent
qualification tests, e.g. ACI 355, and is not further discussed here. The qualification
tests on anchors for high seismic demands (ASPC2) is planned to be conducted
according to the Unified Protocols as outlined in the following section.

4.3.2 Testing and assessing of anchors for high sei ~ smic demands

As indicated in the previous section, the envisaged test protocols of cyclic tests
required for high seismic demands (ASPC2) are in principle identical to the Unified
Protocols discussed in Section 4.1. The cyclic tests together with the reference tests
make up the basic test programme as outlined in Table 4.5. The assessment criteria
are subject to discussions, however, will be similar to those proposed in Section 4.4.
The test conditions will mostly reflect those developed in the course of the research
presented in this thesis.
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Table 4.5 Outline of the basic test programme for seismic anchor qualification

Cyclic Phase Monotonic Phase
Test No. Purpose
Crack Width Anchor Load Crack Width
ASPC2 1 Seismic reference tension test ) i 0.8 mm

- Nu,cr,m

ASPC2 2 Seismic reference shear test ) i 0.8 mm

g Vu,cr,m

ASPC2.3 Tension load cycling test 0.5,0.8 mm 0.0 + 0.75 Nycrm 0.8 mm
ASPC2.4 Shear load cycling test 0.8 mm 0.0 +0.85 Vyerm 0.8 mm
ASPC2.5 Crack cycling test 0.0 + 0.8 mm 0.4, 0.5 Nycrm 0.8 mm

Above listed tests are carried out in C20/25 concrete (Section 3.1.3). However,
reference tests in high strength concrete have shown that additional ASPC2.1 tests
in C50/60 concrete are meaningful and are therefore included in the test program
stipulated in the Proposal for ETAG 001 Seismic Amendment (2012). All tests are
performed at quasi-static loading rates and cycling frequencies. All anchor holes are
drilled using the medium drill bit diameters do (Section 3.1.4).

The seismic reference tests in tension and shear yields the monotonic capacities
Nucrm and Vo m, respectively, which are required to determine the anchor load and
crack width parameters for the load and crack cycling tests. Possibly, Ny¢m and
Vucorm have to be normalised to account for the actual material strengths. In case of
steel failure, normalisation is conducted linearly with reference to the ultimate steel
strengths f,. In case of concrete failure or concrete related failure, normalisation is
conducted with reference to the square root of the concrete strengths f.. In case of
bond failure, normalisation is conducted with reference to the ratio of the concrete
strengths f; to the power of n which is the normalization factor according to Part 5 of
ETAG 001 (2006).

The Proposal for ETAG 001 Seismic Amendment (2012) provides further
requirements regarding the test setup. In particular, the concrete specimens are
described in detail. The key features of the cyclic tests together with some remarks
on the procedures are compiled in the following sections.

4.3.2.1 Tension load cycling tests

The proposed procedure is generally identical to the procedure presented in
Section 3.5.2.2 and consists mainly of the following steps: (1) Install the anchor in the
hairline crack. (2) Open the crack to w = 0.5 mm. (3) Subject the anchor to triangular
cyclic tension load of stepwise increasing amplitudes up to 0.5: 0.75 - Nycrm.
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(4) Open the crack to w = 0.8 mm. (5) Subject the anchor to triangular cyclic tension
load of stepwise increasing amplitudes up to 0.75 - Ny¢rm. (6) Unload the anchor.
(7) Load the anchor in tension to failure. The schematic procedure is illustrated best
as anchor load time history which is given together with the tension anchor load
amplitudes in Figure 4.23.

a) b)
— Anchor load
----- C_rack width No. of | Anchor Load | Crack width
N/0.75-Nyerm o Displacement assessment w cycles [[N/0.75-Ny e m] [mm]
1.0 + 25 0.2 0.5
0.9 + , ] 08 15 0.3 0.5
0.8 + ; ' 5 0.4 0.5
0.7 + : 5 0.5 0.5
8-2 T los 5 0.6 0.8
AN 5 0.7 0.8
0.4 1 5 0.8 0.8
03 1/ 5 0.9 0.8
0271 /V\l Vm‘ 5 1.0 0.8
N & 75 |Total

Timet

Figure 4.23 Tension load cycling tests: a) Time history after Proposal for ETAG 001
Seismic Amendment (2011); b) Anchor load amplitudes and corresponding crack

width

The following remarks are given for tests in tension:

For tension tests (monotonic and cyclic), anchors are generally loaded under
unconfined conditions, allowing a full concrete cone to develop in case of
mechanical anchors. This is achieved by unsupported concrete within a radius
of 2 he around the anchor location. For adhesive anchors, bond failure is
desired for which the embedment depth has to be chosen accordingly. For
most embedment depths, however, either steel failure (large embedment
depth) or concrete failure (small embedment depth) is critical. In this case,
adhesive anchors have to be tested under confined conditions
(Sections 3.5.2.2 and 3.6.2.2) and a medium embedment depth is
recommended (Section 3.3.4.1).

The minimum load during cycling Nmin should be taken slightly greater than
zero to avoid servo control problems (Section 3.5.2.2), however, limits for Nmin
are helpful to avoid undermining the intention of the test. Simulated seismic
tests according to ACI 355 are commonly run with Ny, =200 N but not
exceeding 2 % of Npyax.

For tension load cycling tests, each cycle starts and ends at mid level.
Transition from one load level step to the next is done from mid level to mid
level. To enable the evaluation of residual displacement parameter, however,
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it is necessary to unload the anchor after cycling and prior to final pullout test
(Section 3.5.2.5).

4.3.2.2 Shear load cycling tests

The proposed procedure is generally identical to the procedure presented in
Section 3.5.2.2 and consists mainly of the following steps: (1) Install the anchor in the
hairline crack. (2) Open the crack to w = 0.8 mm. (3) Subject the anchor to triangular
cyclic shear load of stepwise increasing amplitudes up to 0.85 - Ny crm. (4) Load the
anchor in shear to failure. The schematic procedure is illustrated best as anchor load
time history which is given together with the shear load amplitudes in Figure 4.24.

a) Anchor load b)
— Anchor loa
V/O'SS'V“’Z’B 1 Crack width No. of | Anchor Load [ Crack width

osl ° Displacement assessment ' l ' cycles |[V/0.85-Vy ¢r.m] [mm]
06T 25 0.2 0.8
041! 15 0.3 0.8
021} 5 0.4 0.8

o H 5 0.5 0.8
021 5 0.6 0.8
0.4 1 5 0.7 0.8
0.6 1 5 0.8 0.8
0.8 1 5 0.9 0.8
1.0 1 5 1.0 0.8

75 |Total

Time t

Figure 4.24 Shear load cycling tests: a) Time history after Proposal for ETAG 001
Seismic Amendment (2011); b) Anchor load amplitudes and corresponding crack
width

The following remarks are given for tests in shear:

* For shear testing, the monotonic tests may be omitted if the results of exisiting
test series in uncracked concrete are taken for reference. For shear loads the
effect of cracks is low (Section 3.5.2.1). Moreover, taking potentially larger
monotonic reference capacities makes the testing conditions and assessment
criteria for the shear cycling more adverse. Therefore this approach is
conservative.

» Each cycle starts and ends at mid level, i.e. zero displacement. Displacements
are considered as positive in the direction of +Vnqax. The pullout test is
performed in positive direction.
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4.3.2.3 Crack cycling tests

The

proposed procedure is generally identical to the procedure presented in

Section 3.6.2.2 and consists mainly of the following steps: (1) Install the anchor in the
hairline crack. (2) Load the anchor to 0.8 - 0.5 - Ny¢rm. (3) Subject the anchor to
triangular cyclic crack width of stepwise increasing amplitudes up to w = 0.5 mm.
(4) Load the anchor to 0.5 - Nycrm. (5) Subject the anchor to cyclic crack width of
stepwise increasing amplitudes up to w = 0.8 mm. (6) Unload the anchor. (7) Open
the crack to w=0.8 mm. (8) Load the anchor in tension to failure. The schematic
procedure is illustrated best as anchor load time history which given together with the
tension anchor load amplitudes in Figure 4.25.

a) b)
----- Anchor load FERR
— Crack width / .
N/0.5:-Nyerm | o Displacement assessment i w No. of | Crack width | Anchor Load
' cycles [mm] [N/0.5- Ny ¢ m]
708 20 01 08
T07 10 0.2 0.8
T06 5 0.3 0.8
07 i 1 : 105 5 0.4 0.8
104 5 0.5 0.8
o8 '/rlnitial I T 03 2 83 18
| v uLN 1092 4 0.8 1.0
01f Ay |/ M u 701 59 |Total
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Figure 4.25 Crack cycling test: a) Time history after Proposal for ETAG 001 Seismic
Amendment (2011); b) Crack width amplitudes and corresponding tension load

The following remarks are given for tests in cycled cracks:

Some guidelines recommend for service life tests (Section 2.6) to establish a
constant relationship between the loading of the concrete specimen and the
width of the thereby opened crack by applying several load cycles on the
concrete test specimen (crack training). However, the presented crack cycling
tests are basically controlled by the crack width and do not require this
procedure (Section 3.6.2.2).

Full crack closure (w = 0.0 mm) is assumed for 0.10 f. 150 Over the gross cross
section area.

The load is applied first, and then the crack is opened. For the small initial
crack width, however, a reversed order is believed to have no effect on the
test results. During the initial load application the crack is slightly forced open
due to wedging effects of the anchor and may even exceed the first crack
width step of 0.1 mm. This is, however, for the programming of the servo
control not a problem. Each cycle starts and ends at relaxation of the concrete
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specimen and crack movement in the direction of crack closure. Transition
from one crack width step to the next is done while the concrete specimen is
relaxed. After cycling and prior to the final pullout test, the crack is opened to
0.8 mm.

If the crack width is measured by electronic displacement transducers installed
on either side of anchor (Section 4.2.2), the difference between the crack
width measured on the top (Wiep) and bottom (Wperom) Of the concrete specimen
have to be limited to an acceptable ratio. Calculations have shown that a ratio
of Wiottom / Wiop 2 0.9 can be assumed for a concrete specimen depth of
h = 2 hes and a reinforcement ratio of As = 0.01 A..

4.3.3 Reporting of design information

The technical approvals (ETA, Section 2.1.1), provide information on the intended
use, the installation, and the design. The following design information should be
reported in ETA for anchors qualified for seismic applications.

Structural and non-structural connections: Since the qualification is applicable
to structural and non-structural connections despite different anchor demands
and behaviour, the design of both types of connections is covered by an ETA
(Section 3.7.2.4).

Concrete and cracks: The concrete is generally assumed to be cracked.
However, the qualification applies only to anchors installed outside of plastic
hinge zones for which the maximum crack width may be assumed as 0.8 mm
(Section 3.1.5).

Displacement: Generally, the strength is assumed to be the most relevant
design parameter which is also critical for the choice of a certain anchor
product. However, in particular for seismic applications with associated large
displacements and displacement controlled failures (Section 3.3.5),
displacement data may actually be critical. Therefore, the anchor displacement
occurring during cyclic actions has to be evaluated in detail and should be
reported in the ETA accordingly. Approved anchor strengths are principally
understood as the lower 5 % fractile of the mean strength in that this is the
lower end of capacity. In contrast, for displacement design small or large
displacements may be critical depending on the design situation
(Section 3.3.5). In consequence, minimum and maximum characteristic
displacements at serviceability level and suitability level are required to be
reported in the ETA. For tension load cycling tests, displacements should be
reported for minimum and maximum tension load (Figure 4.23). For shear load
cycling tests, displacements should be reported for minimum and maximum
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shear load (Figure 4.24). For crack cycling tests, displacements should be
reported for maximum crack width (Figure 4.25).

4.4 Development of Assessment Criteria

Testing and reporting the performance of anchors is only one part of the qualification
programme. The other part is the evaluation of the anchor behaviour. To this end,
critical parameters are evaluated and compared to assessment criteria given in the
qualification guidelines. If these criteria are not met, the anchor is either not qualified
(fail-pass tests, also termed No go / Go tests) or the strength the anchor is approved
for is reduced if compared to the full strength. But even if an anchor did not comply
with a fail-pass criterion, the test can generally be repeated with reduced demands
and the approved strength is reduced in return (Section 2.1.7).

Specific limits on allowable anchor displacements, strength reductions, coefficients of
variation (CV) etc. are always arguable and to some extent subjective. For the
Proposal for ETAG 001 Seismic Amendment (2012), the assessment criteria are
discussed within the EOTA Working Group ‘Metal Anchors’. Due to ongoing
discussions and due to the sensitiveness of the test data in respect to product
confidentiality, the presentation of a detailed assessment is not desired in this thesis.
Moreover, the assessment of the test results presented in the previous section is of
little interest since the tested post-installed anchors were not developed for the
extreme conditions that they were actually exposed to. However, it is instructive to
discuss potential assessment criteria as they can be reasoned by the results of the
research carried out within the scope of this thesis. It is noted that the assessment
criteria and reduction factors slightly differ from those given in the Proposal for ETAG
001 Seismic Amendment (2012).

4.4.1 Minimum monotonic capacity in seismic referen ce tests

Reference tests in extreme crack widths of 0.8 mm are required to determine the
monotonic capacities Nycm and Vyem Which, in turn, are decisive for target and
permanent loads for load and crack cycling tests, respectively. For clarity, these tests
are called seismic reference tests in the following. Since the decrease in load
capacity due to extreme cracks is a critical performance criterion of anchors used for
seismic applications, the allowable reduction should be limited for anchors seeking
seismic qualification to ensure robustness of the anchor towards extreme cracks. For
this reason, the monotonic load capacity F, .m determined in seismic reference tests
is compared with the monotonic load capacity determined in the reference tests
which can be taken from the ETA for non-seismic applications.
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The load-bearing behaviour of anchors loaded in tension is in particular sensitive to
the crack width. For many anchors tested within the scope of this thesis, the capacity
in 0.8 mm cracks was as low as 70 % of the capacity in 0.5 mm cracks
(Section 3.4.5.2). For anchors engineered for adverse seismic conditions, a less
pronounced decrease in load capacity is realistic and the criterion is proposed as
Nu,cr.m / Nu,crm(.5mm) > req.a = 0.80.

This criterion could also be applied to the shear capacity V,«m which is then
compared with the monotonic load capacity in 0.3 mm cracks Vy cr,mo.3mm). However,
anchors loaded in shear are not sensitive to crack widths and seismic reference tests
in shear are not necessarily required anyway. Therefore, this criterion may not be
required for the evaluation of shear capacities.

In case the proposed criterion is not fulfilled and with reference to the deduction of
the permanent anchor load for crack cycling tests in Section 4.1.2, the permanent
load during crack cycling should be reduced by the factor dmon = Nucr,m / Nu,cr.m(0.5mm)-

4.4.2 Uncontrolled slip during pullout

Anchor should show a good load response which is expressed by steadily increasing
load-displacement curves. If anchors at low load levels experience significant
displacements without increase in load, the behaviour is considered as uncontrolled
slip. Extreme crack widths make uncontrolled slip behaviour more likely. According to
Clause 6.1.1 (a) of ETAG 001 (2006), a reduction in load or a plateau in the curve
caused by uncontrolled slip of the anchor is not acceptable up to a load of
N; = 0.7 N, (Figure 4.26a). The same criterion should apply to monotonic load-
displacement curves of seismic reference tests (Section 4.4.1) and the pullout tests
carried out after load or crack cycling to determine the residual capacity
(Section 4.4.5). In principle, this criterion could also be applied to tests in shear,
though it may be assumed as uncritical.

If the criterion is not met, Clause 6.1.2.2.1 (b) of ETAG 001 (2006) requires the
reduction of the characteristic strength corresponding to agp = min(Ny / Ny) / 0.7 with
min(N; / Ny) equal to the lowest ratio of all tests within a series. This requirement
should also be applied to seismic tests.
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Figure 4.26 a) Uncontrolled slip (ETAG 001 (2006)); b) lllustration of assessment
criteria yielding reduction factors (example for crack cycling)

4.4.3 Failure during cycling

If the anchor cannot cope with the demands during cycling, the anchor fails before
completing all cycles. Analogue to the repeated load tests and service life tests
according to ETAG 001 as well as for reasons discussed in Section 3.5.3 and
Section 4.2.5, tests with anchor failure before completing all cycles are not
acceptable.

Since the cycle regime and crack width are given, the premature failure is understood
as the result of the anchor load level which was chosen too high. In conclusion,
premature failure requires repeating the tests with reduced target load Fpnax Or
permanent load N, to iteratively determine sustainable load levels. Consequently, the
approved seismic strength is then reduced by dcye,n = {Nmaxred / Nmax; Nw,red / Nw} for
tension loading and Acycv = Vmaxred / Vmax for shear loading.

4.4.4 Exceeding of displacement limit during cyclin g

The anchor displacements accumulated during load or crack cycling may be
excessive by the end of cycling and therefore challenge the structural integrity of the
connection. For this reason, the displacement during cycling needs to be limited.
Clause 6.1.1.2 (a) of ETAG 001 (2006) limits the axial displacement measured in
service life tests to 3 mm (Section 2.6.1). Also for seismic tests, similar provisions
should be effective. It is not very much agreed on whether a shear displacement limit
is required at all. However, a strong argument for the same limit on shear
displacement as on axial displacement is that for the design of the connected
element it does not matter whether the displacement is generated in axial or shear
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direction of the anchor. This applies to both, structural and non-structural
connections.

Also according to DIBt KKW Leitfaden (2010) the displacement during load or crack
cycling must not exceed 3 mm in any direction if a rigid connection is assumed for
the design. The mean displacement of the headed bolt at serviceability level of just
below 3 mm (Section 4.2.3.2) encourages this limit since for the qualification of
post-installed anchors no stricter requirements should apply than a comparable
headed bolt can meet. Therefore and in absence of any better definition, the 3 mm
mean displacement (S¢yc,m) limit should be specified as assessment criteria for axial
and shear displacements during load cycling and crack cycling tests on serviceability
level. It is noted, however, that allowable design displacements always depend on
the specific design situation.

If the limit is exceeded, the tests could be repeated at lower anchor load levels to
reduce the displacement during cycling. The approved seismic strength is then
reduced by dgisn = MiN {Nmaxred / Nmax; Nwrea / Ny} for tension loading and
Ogis,v = Vmaxred / Vmax fOr shear loading.

For the sake of clarity it is repeated here that despite of the limit on anchor
displacements during cycling, large deformation capacities might be desired at
ultimate limit state because of the associated ductile behaviour (Section 3.3.5 and
Section 3.6.2.4). However, an assessment criterion for minimum anchor
displacements is not required for the seismic qualification of anchors (Section 3.8).

4.45 Minimum residual capacity after load or crack cycling

After completing the load or crack cycles, the residual capacity has to be determined
by a monotonic pullout test in order to evaluate whether the anchor is capable to
carry the assigned load. Clause 5.2.1 of ETAG 001 (2006) requires for repeated load
tests or service life tests a minimum residual capacity of 90 % of the corresponding
monotonic reference capacity (Section 2.5.1 and Section 2.6.1). Also for seismic
tests, a minimum residual capacity ensures that the anchor is capable to carry the
assigned load even after an earthquake. For simulated seismic tests, ACI 355.2
(2007) requires that the residual capacity is at least 80 % of the monotonic capacity
in a crack F,¢m (Section 3.5.2.4). However, since the target load Fnax for tests based
on the Unified Protocol is close to 0.80 - F,om (tension load cycling tests,
Section 4.3.2.1) or even above of 0.80:F,m (shear load cycling tests,
Section 4.3.2.2), the criterion should rather fall back on the requirement stipulated in
ETAG 001 and the criterion is proposed as Fyes / Fucrm > req.a = 0.90.

If this requirement is not met, the strength is reduced in accordance to the provisions
given in ETAG 001 for the ultimate loads in suitability tests by Oresn = Nures / Nucrm
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for tension load cycling tests and Oresv = Vures / Vmax for shear load cycling tests. For
clarity, it is noted that the simulated seismic tests according to ACI 355 requires a
repeat of the tests at reduced load levels in case the criterion is not met. For the
residual load capacity after crack cycling, the same requirement as for tension load
cycling tests should apply. The reduction factor asn is then the minimum of the
values resulting from tension load cycling test and crack cycling test.

446 Coefficient of variation

The coefficient of variation (CV) is the parameter quantifying scatter. Large scatter in
the test results is an indicator for unreliable and unstable load-displacement
behaviour of anchors. Further, a large CV reduces the characteristic strength
(Section 2.1.6) and makes the statistical evaluation less significant. In conclusion,
limitations on the CV are important assessment criteria. ETAG 001 stipulates criteria
for the CV of the ultimate load F, and of the displacement at 0.5 F, ,. The criteria are
applied to the reference tests as well as to repeated load tests and service life tests.
The limit on the CV for the displacement at 0.5 F,, is mostly owed to the
requirements of equal load distributions within anchor groups (Section 2.4.1).

The limits should apply to the ultimate load determined in seismic reference tests
(Section 4.4.1) and to residual load capacity tests after load or crack cycling
(Section 4.4.5), for which the anchor has to be unloaded after completion of the
cycles as shown in Figure 4.26b. Both test types are suitability level tests in 0.8 mm
cracks, for which Clause 6.1.1.1 (b) and (c) of ETAG 001 (2006) limits the CV of the
ultimate load F, and the displacement at 0.5 F, to 20 and 40 %, respectively.
Though these requirements on the CV are hard to be met after the anchor was tested
in 0.8 mm cracks in particular after load or crack cycling, they should be consistently
applied to seismic qualification tests.

If the limit is not met in case of a cyclic test, the test could be repeated at lower target
load level Fnax Or permanent load level N,, which generally yields reduced CV. The
strength the anchor is approved for is then reduced by dcv = Fmaxred / Fmax for load
cycling tests and acy = Nwred / Ny for crack cycling tests. Alternatively, one may want
to allow a certain exceedance of that limit and introduces a regulation in accordance
with Clause 6.1.2.2.2 in Part 5 of ETAG 001 (2006) which stipulates a safety factor
for CV between 20 and 30 % as ys =1 + (CV[%] — 20) - 0.03. This is of particular
importance for the monotonic tests which cannot be repeated at lower anchor load
levels.

In addition, the CV for the displacement during crack cycling should be limited to
ensure that the seismic group factor (Section 3.4.5.3) is sufficiently conservative. For
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a seismic group factor of 0.85, the CV has to be limited to 30 % (Section 3.4.5.3).
This holds for displacements at serviceability and suitability level.

4.47 Combination of reduction factors

As presented in the previous sections, not meeting the stipulated requirements
results either in disqualification (requirements on residual capacity for monotonic
tests, Section 4.4.1), reduction factors (requirements for load and crack cycling tests,
Figure 4.26b) or in increased safety factor y; (requirement on CV of the ultimate
loads, Section 4.4.6). It is important to note the difference in the reduction factors and
how several reduction factors are combined for the evaluation of the results of load
and crack cycling tests.

The following reduction factors are considered:
» Uncontrolled slip — agp (Section 4.4.2)
 Failure during load or crack cycling — ¢y (Section 4.4.3)

 Exceedance of displacement limit during load or crack cycling — dgis
(Section 4.4.4)

 Minimum residual load capacity after load or crack cycling — Opes
(Section 4.4.5)

These criteria can be categorised as follows: Uncontrolled slip and residual load
results in reduction factors based on the achieved strength, whereas failure during
cycling and exceedance of the displacement limit requires a repeat of the test at
reduced load levels and results in reduction factors based on the reduced load levels.
The reduction factors within a category should be merged before their minima are
multiplied:

Oiotal,N = min{aslp; Ores,N} - min{acyc,N; Oldis:N}
Ototal,y = Ores,v min{acyc,v; Olis,v}

It is noted that other than provided in ETAG 001, the a-factors should not consider
individual tests but the mean capacities. This is in line with the provisions given in
ACI 355 and the NPP Guideline and avoids reductions which would be unreasonable
large for the extreme event of an earthquake.

4.5 Summary

After comprehensive experimental and numerical investigations presented in

Chapter 3, the development of testing conditions focused on load cycling and crack

cycling tests which were identified as critical previously. Based on further statistical
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evaluations carried out at the UCSD, the protocol methodology was refined. The
result was a set of load cycling and crack cycling protocols reflecting serviceability
and suitability demand levels.

Together with crack width and anchor load levels taken as representative for
serviceability and suitability demand, P50 and P90 Protocols were defined which
allowed testing of the seismic anchor performance at serviceability and suitability
demand level, respectively. In a second step, the separate P50 and P90 Protocols
were combined in one Unified Protocol replicating both demand levels. The goal was
to test seismic anchor performance at serviceability and suitability level in one test
yet meeting the requirements on both demand level and therefore allowing the
extraction of the relevant assessment data.

The equivalence of the separate and unified protocols was experimentally verified by
comparative tests on various anchor types. The tests also confirmed earlier findings
on anchor behaviour under load cycling and crack cycling. The repeatedly required
reduction of the target load backs up the requirement that for a sound assessment all
test repeats have to complete the cycling without failure. The truncation of the lowest
amplitude cycles for the load cycling protocol had no effect on the test results but
reduced the testing time substantially. The crack cycling tests on the headed bolt
yielded on the serviceability level anchor displacements near 3 mm and supports this
limit as a benchmark for the performance evaluation of post-installed anchors.

In addition, the possibility to aid testing by simplified protocols was evaluated.
Therefore, Simple Unified Protocols with reduced number of low amplitude cycles
were tested. Though the difference in test results deriving from this kind of small
cycle cut-off is virtually non-existent in case of load cycling or insignificant in case of
crack cycling, the practical benefit of this approach is very limited. Therefore and
since there is no scientific justification for the reduced number of cycles, the
simplified protocols are not recommended for the seismic amendment of qualification
guidelines. In contrast, the proposed approximation of sinusoidal cycling by triangular
ramps is clearly an improvement for servo controlled seismic testing of anchors
which also shortens the testing time.

Meaningful assessment criteria were established on the basis of current anchor
qualification guidelines and with reference to conclusions of the investigations
presented in Chapter 3. Possible limits for anchor displacements, reduction of
residual strengths, and the corresponding coefficients of variation were proposed.

The verified protocols unifying serviceability and suitability level demands are
proposed for the seismic amendment of qualification guidelines. The load cycling and
crack cycling tests will form the core of the guideline amendment which general
approach was briefly introduced. Finally the testing procedures for the tension load
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cycling, shear load cycling, and crack load cycling tests were outlined and critical
aspects highlighted.
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5 Studies at System Level: Shake Table Tests

The experimental investigations presented in Chapter 3 and Chapter 4 were carried
out on component level by means of simulated seismic tests on anchors. To
investigate the seismic performance under real earthquake conditions, the anchor
has to be tested on system level. Therefore, shake table tests were conducted on
anchors connecting a suspended model NCS to cyclically cracked concrete. For the
studies discussed in the following, the anchored system was subjected to floor
acceleration and corresponding cracking histories of real earthquakes. After a brief
introduction on the background and experimental approach of the tests in
Section 5.1, the test setup and procedure is explained in Section 5.2. The test
programme consisted of several test suites which are discussed in Section 5.3. The
main targets of the tests were the investigation of the correlation of anchor load and
crack width, the verification whether the anchor displacements occurring during
shaking are in line with those measured for the proposed seismic qualification tests,
and the investigation of the ultimate seismic performance. Section 5.4 summarises
the observations and conclusions from the testing.

51 Introduction

Shake table tests and their technical background are complex. The following
introduction helps to understand the underlying experimental approach of the
conducted test programme. The complete test report is available in Mahrenholtz, P.;
Hutchinson, T.; Eligehausen, R. (2012).

5.1.1 System level tests on a shake table

The investigations presented in the previous chapters contribute to the increasing
knowledge on seismic anchor behaviour gained over the past years. All these
studies, however, considered the behaviour of the isolated anchor only. For these
component level tests, the demands originating from seismic actions are introduced
by load and crack protocols (Figure 5.1a) which simulate the environment the anchor
is exposed to if installed in a real structure as part of a system (Figure 5.1b).
However, the validation is yet missing whether the test conditions and assessment
criteria developed in Sections 4.1 and 4.4 for the proposed seismic qualification tests
are able to replicate the demands a real earthquake and stipulate meaningful

requirements.
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a) b) Concrete structure
Crack width Antrr:?gggﬁd c
protocol p toor
I Z— .
NNV __ .

\ Cracks

Anchor

Concrete specimen
Figure 5.1 Schematic of a) Component level test; b) System level test

To date, there are only few studies on the system level performance of anchors
available. In Hoehler, M.; Silva, J. et al. (2007), the performance of anchors
connecting pipe systems to a 7-storey building, which was tested in a full-scale shake
table test programme, are described. The primary target of the tests was to
investigate the anchor loads during a diverse range of input ground motions. In
Rieder, A. (2009), a weight was anchored horizontally to an uncracked concrete
block and excited tri-axially by real earthquake input motions. The single anchor were
loaded dominantly in shear and failed by excessive axial and shear deformations
resulting in anchor bending and concrete crushing. It is noted, however, that the
setup of the investigated connection did not replicate any specific design situation.
For shake table tests presented in Watkins, D.; Hutchinson, T. (2011), a model NCS
was anchored on top of a cracked concrete slab and subjected to axial acceleration.
This study is referred to in more detail in Section 5.2.

In contrast, shake table tests focussing on the seismic performance of the NCS are
common practice in academic and corporate research programmes (Section 1.1). For
these tests, however, the anchorage of the NCS is generally overdesigned,
preventing any significant deformations and connection failures.

5.1.2 Testing of anchored NCS on a building segment

Non-structural connections are in several aspects more interesting than structural
connections. In case of structural connections, the anchor is loaded by deformations
of the global structure. The anchor behaviour does not influence the response of the
connected structural element. In contrast, anchors for non-structural connections are
loaded according to the inertial response of the NCS to the floor accelerations which,
in turn, feeds back the anchored NCS behaviour (Section 1.2). This behaviour has
the following consequences:
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» Since oscillation of concrete structure and NCS are not in phase, the
correlation of maximum anchor load and maximum crack width in the concrete
is transient and hardly predictable.

» The axial anchor displacement accumulating during the shaking is the result of
specific NCS acceleration and concrete cracking time histories, but is also
influenced by the anchor performance in response to the demand.

» Ultimate capacity and failure mechanism of non-structural connections are not
just determined by the load and displacement characteristics of the anchor,
but also by the system performance of the anchored NCS.

This complex interaction can only be investigated by system level tests based either
on a full-scale model building or a building segment. For testing on a full-scale model
building, the NCS is anchored to a real concrete structure and tested for specified
ground accelerations (i.e. Ground Motion (GM)) on a shake table (Figure 5.2a). This
approach, however, is impractical in particular if the anchor performance is
investigated for the specific demands present in multi-storey buildings. An economic
option is to test the anchor performance using a building segment, for which the test
setup has to mimic the acceleration and crack behaviour at that particular location
(Figure 5.2b).

b)  Concrete slab Loading rig
\ 4
Model NCS

Zl

/
Shake table

Figure 5.2 Schematic of test setups for testing anchored components: a) Full-scale
model building; b) Segment of the structure

This approach was chosen for shake table tests with floor mounted NCS reported in
Watkins, D.; Hutchinson, T. (2011). The time histories for the cracking in the concrete
slab (Crack Record (CR)) as well as for the acceleration of the concrete slab that the
NCS was attached to (Floor Motion (FM)), based on the non-linear analysis
presented in Wood, R.; Hutchinson, T. et al. (2010).

For tension dominated anchor design situations, however, on-floor installations are in
many aspects less critical than suspended installations for which the anchors are
permanently loaded by gravity loads and the system does not get re-centered during
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the earthquake as it is the case for floor mounted NCS. Therefore, the behaviour of
anchors connecting suspended NCS to concrete under combined acceleration and
cracking demand was investigated by shake table tests which are described in the
following sections.

5.2 Experimental Procedure

The experimental procedure of the shake table tests on anchors connecting
suspended NCS is a further development of procedures presented in Watkins, D.;
Hutchinson, T. (2011). The experimental procedure of shake table tests and the
elaborate infrastructure to conduct them is very extensive and therefore only
described to an extent which allows understanding the determination of the test
parameters and the discussion of the results.

5.2.1 Input motions and time histories

5.2.1.1 Context of acceleration, curvature, anchor loads and crack widths

Acceleration and curvature time histories simulate the response of the floor segment
to a specific earthquake excitation and depend on the layout and design of the
structure and the storey of the building actually considered (Section 5.2.1.2). The
model NCS, representing typical non-structural components and systems, is
anchored to the concrete slab which in turn is mounted in the elevated loading rig on
the shake table (Section 5.2.2). During shaking, the anchor load develops according
to the response of the anchored NCS to the acceleration time history and the
evolving load transfer mechanism, and in parallel, the cracks are opened and closed
according to the given curvature time history. By scaling the input time histories, the
maximum anchor load and crack width can be controlled (Section 5.2.3.2).

5.2.1.2 Selection of ground motions and floor motio ns

The shake table input motions were developed from extensive non-linear building
simulations which are reported in Wood, R.; Hutchinson, T. et al. (2010). The
simulation was conducted for representative reinforced concrete frame structures
with 2, 4, 8, 12, and 20 storeys which were subjected to 21 ground motion time
histories (Figure 5.3a) selected from the PEER Database (2010). These were scaled
to the specified design spectrum by the geometric mean method which minimizes the
sum of the squares error between the design spectral acceleration and the spectral
acceleration ordinate of the selected records. The resulting spectra using scaled
records and the target design spectrum are shown in Figure 5.3b.
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4 T
a) Event Date Location b) Design Target
Baja California Jul 2, 1987 Mexicali, Mexico | |
Cape Mendocino Apr 25,1992 Cape Mendocino, CA, USA 3.5¢ Scaled Average i
Cape Mendocino Apr 25, 1992 Cape Mendocino, CA, USA
Chi Chi Sep 25, 1999 Taichung City, Taiwan 3
Friuli Nov 12, 1999 Fruili, ltaly =
Gazli May 17, 1976 Gazli, USSR :
Irpina Nov 23, 1980 Irpina, Italy '% 25
Kobe Jan 16, 1995 Kobe, Japan 3
Kobe Jan 16, 1995 Nishi-Akashi, Japan 8
Landers Jun 28, 1992 Luceme, CA, USA é'()
Loma Prieta Oct 18, 1989 San Jose, CA, USA @
Loma Prieta QOct 18, 1989 Sarafoga, CA, USA °
Morgan Hill Apr 24, 1984 Morgan Hill, CA, USA g
Nahanni Dec 23, 1985 Nahanni, Canada 0
Northridge Jan 17, 1994 Castaic, CA, USA
Northridge Jan 17, 1994 Los Angeles, CA, USA
San Fernando Feb 9, 1971 Castaic, CA, USA
San Salvador Oct 10, 1986 San Salvador, El Salvador ~
Superstition Nov 24, 1987 Superstition Mtn, CA, USA ‘—‘-""-"T _________________ —_—
Tabas Jun 28, 1991 Tabas, Iran -
Victoria Jun @, 1980 Mexicali, Mexico 2 25 3 3.5 4

Period (s)

Figure 5.3 Ground motions in Wood, R.; Hutchinson, T. et al. (2010): a) Details of
ground motions selected from PEER Database (2010); b) Design spectrum target
and pseudo spectral acceleration for scaled ground motions, elastic 5 % damped

In Wood, R.; Hutchinson, T. et al. (2010), 966 acceleration time histories and
corresponding curvature time histories were generated. For the test programme
discussed in the following, 11 floor motions were selected. The goal of the selection
process was to obtain a random sampling of motions with a wide variety of
characteristics in terms of magnitude, earthquake, distance, frequency content, and
effective duration.

The selected FM are from the GM of the Nishi-Akashi Earthquake (‘kobe’) which has
narrow band frequency and long predominant period characteristics, the Northridge
Earthquake (‘north’) which has narrow band frequency and short predominant period
characteristics, and Superstition Earthquake (‘super’) which frequency characteristics
is relatively broad. Figure 5.4 provides details of the selected floor motions, their
peak floor acceleration (PFA) and spectral accelerations (Sa) at characteristic
periods, as well as underlying building details (building height given in number of
storeys and considered floor) and associated building periods for the first four modes
(T1 to T4).

Floor Peak Flo‘or Spegtral Spegtral Building First Mode Second Mode Third Mode  Fourth Mode

Motion Earthquake Acceleration acceleration (Sa)  acceleration (Sa) Height Floor TLs] 28] T3[s] T4[s]
(PFA) [g] at 0.10sec/10Hz [g] at 0.25sec/4Hz [g]

FMO02 kobe 0.950 1.17 7.28 2st 1 0.24 0.06

FMO03 north 1.371 2.85 13.83 2st 1

FMO05 super 0.592 1.23 1.54 4st 1 0.47 0.13 0.07 0.04

FMO08 north 0.786 3.99 1.71 4st 2

FM12 kobe 0.450 0.67 2.71 8st 5 0.89 0.29 0.15 0.10

FM13 super 0.564 1.34 2.52 12st 2 1.33 0.45 0.24 0.16

FM14 super 0.596 1.18 1.57 12st 5

FM16 kobe 0.401 0.73 1.13 12st 10

FM18 kobe 0.450 0.61 1.95 20st 4 2.07 0.71 0.39 0.26

FM19 super 0.460 0.65 1.45 20st 9

FM20 super 0.475 0.61 0.76 20st 18

Figure 5.4 Details of selected floor motions and underlying building details
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The spectral acceleration of the floor motions shows one or several peaks. The
analysis of the curvature history by Fast Fourier Transformations (FFT) identifies the
frequency content of cracking. Since the crack width cycling is a direct result of the
structural deformation, the peak cracking content generally aligns with the first or
second mode of building vibration and is therefore relatively constant for floor
motions of same building heights (Figure 5.4).

Since the acceleration expressed by the FM as well as the crack width cycling
expressed by the CR derive from the response of the structure to the ground motion
input, both cyclic actions are closely related to the building period. This becomes
obvious when opposing the periods of the first and second spectral acceleration peak
of all tested FM to the period of peak cracking content of corresponding CR (Figure
5.5a). In many cases, the peak in cracking content coincides with the first or second
FM peak (Figure 5.5b).

1.0

a) b)

2]
Floor Period at Period at Crack Period at ‘v . 4
Motion First Peak [s]  Second Peak [s]| Record Peak [s] _EES 08 ® First Peak FM12
FMO02 0.25 0.45 CRO2 0.25 > m Second Peak FM20
FMO3 024 0.07 CRO3 0.25 € 06
FMO5 0.50 0.13 CROS 0.47 8 e
FMO8 0.13 0.43 CRO08 0.44 ; 0.4 FMo8 FMO5
FM12 0.95 0.25 CR12 0.92 o
FM13 0.48 0.27 CR13 1.38 .‘E 02 FM02,03
FM14 0.43 0.22 CR14 1.39 3
FM16 0.50 0.23 CR16 0.48 5
FM18 0.43 0.26 CR18 2.28 & 00
FM19 0.70 0.38 CR19 2.09 0.0 0.2 04 0.6 0.8 1.0
FM20 0.74 L CR20 Tk Period at FM acceleration peak [s]

Figure 5.5 Compilation of periods at FM acceleration and CR cracking peak

Correlation Tests (Section 5.3.2) and Displacement Tests (Section 5.3.3) were run
for all floor motions, whereas FM02 was the dedicated reference floor motion taken
for the Failure Tests (Section 5.3.4). Its large spectral acceleration at the period of
the used model NCS (Tncs) guaranteed that anchor tension failure could be achieved
without exhausting the limits of the shake table. The spectral acceleration of the floor
motion FMO02, as well as the normalised time histories of all selected floor motions
and corresponding curvatures are given in Figure 5.6.
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Figure 5.6 Sa(FM02) and normalised floor acceleration and curvature time histories
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5.2.2 Test setup and testing procedure

5.2.2.1 Test equipment

The main components of the test setup were the shake table, the elevated frame, the
loading rig, the concrete slab and the model NCS (Figure 5.7). The total weight of the
elevated test setup sums up to approximately 8750 kg. The centre of gravity is
approximately 700 mm above shake table floor. The single axis shake table
3050 x 4875 mm is operated by one actuator with a nominal capacity of 445 kN (at
5.5 g) allowing a maximal acceleration of the unloaded table of 10 g. The peak
velocity is 900 mm/s, the maximum displacement + 140 mm. The table is controlled
by an accelerometer installed underneath the table.

Iy

oncrete Slab

Figure 5.7 Overview of test setup with the main components

The elevated frame consisted mainly of assembled steel sections (piers) which form
together with the longitudinal beams of the loading rig a stiff frame. The conceptual
design is based on the assumption of allowable maximum accelerations of 4 g in
longitudinal direction, i.e. direction of the shaking, and 2 g in transversal direction to
account for out of plane modes. The structural analysis included the lateral bracing
and bolts.
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A modal analysis was run to analyse possible shaking modes for which the
commercial software SAP2000© was used. Figure 5.8a shows the detailed finite
element (FE) model of the elevation including bracings, the loading rig, the concrete
slab, and the model NCS. The key output of the modal analysis was the
determination of the eigenfrequencies of the elevated test setup. 12 modes were
identified. Mode 4 (19.1 Hz) showed the lowest frequency involving the elevated
frame, which suggests that the frame is sufficiently stiff and no major response
problems have to be expected during the shaking.

b) [td i
) ‘3;Head beam:?; .
Sliding end s L
iy
Concrete
slab
L
+ Head beam: :

Fixed end L

Figure 5.8 a) Rendering of FE model for Mode 4; b) Top view of loading rig

The loading rig (Figure 5.8b) was used nearly unchanged from the test setup
developed for the shake table tests on anchors connecting floor mounted NCS and
reported in Watkins, D.; Hutchinson, T. (2011) in detail. The loading rig consists
basically of two steel beams, to which the concrete slab is attached to, coupled with a
pair of servo hydraulic actuators (735 kN) used to open and close the cracks in the
slab dynamically. The head beams are mounted on two longitudinal beams, which
are bolted to the piers. One head beam is permanently fixed, the other rests on
sliding panels allowing a free movement in longitudinal direction.

Also the model NCS was originally manufactured for the tests with the on-floor
configuration. Its design parameters bases on evaluations of the OSHPD Database
(2009) and observations made in an extensive survey on NCS reported in Watkins,
D.; Chui, L. et al. (2009) which indicated that a considerable percentage of NCS
shows periods in the range of 0.10 to 0.25 seconds (Figure 3.4b). The model NCS is
basically a rack made of hollow sections and four footings which are fixed to the
concrete slab by means of the post-installed anchors. Varying the number of
attached weight plates allows tuning its fundamental period given by
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T=1/f=2 1 (m/k)>® with m = mass and k = stiffness, and influencing the gravity
and inertial loading transferred to the anchors. Two configurations were used during
testing: Light (8 weight plates, 3.8 kN in total) and heavy configuration (56 weight
plates, 11.3 kN in total), with natural periods of vibration of 0.10 and 0.25 seconds,
respectively. Figure 5.9a shows a photograph of the light NCS anchored overhead to
the soffit of the concrete slab which is supported by rollers resting on the longitudinal
beams. Each concrete slab provided 3 test locations with 2 cracks each, which
defined the locations of the anchors. The drawing in Figure 5.9b depicts the heavy
NCS and the concrete slab with indicated test positions. The 4 anchors were
numbered and labelled unambiguously according their geographic direction. Anchor
1 and 3 made up the south anchor pair; Anchor 2 and 4 the north anchor pair.

3 Test positions: A, B, C
2 Cracks each: North and South

4 Anchors:
* 1 (South West)
* 2 (North West)
* 3 (South East)
* 4 (North East)

\\\\\

Model NCS Period [s] Frequency [HZ]
light 0.10 10
8 - 2T heavy 0.25 4

Figure 5.9 a) Photogfaph of test setup; b) Drawing of model NCS and concrete slab

5.2.2.2 Anchors and concrete specimens

Two types of post-installed anchors were tested: One undercut anchor (UC1 (M10)):
Figure 5.10al), representing an anchor of moderate displacement capacity and high
load capacity, which is relative insensitive to large cracks, and one bolt-type
expansion anchor (EAbl (1/2"): Figure 5.10a2), representing an anchor of large
displacement capacity and moderate load capacity, which is relative sensitive to
large cracks. To enable multiple test runs (Section 5.2.2.4), the upper portion of the
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sleeve of the UC1 anchors was cut off. This allowed the anchor to move out of the
borehole without contacting the footing of the installed model NCS.

The anchor were installed with embedment depths equal to those for the load cycling
and crack cycling tests discussed in Sections 3.5, 3.6, and 4.2, i.e. 90 mm for UC1
and 83 mm for EAbl. This allowed the direct comparison of component level and
system level test results.
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Figure 5.10 a) Tested anchor types: al) Undercut anchor UC1 with modified sleeve,
a2) Expansion anchor Eabl; b) Concrete slab used for tests: b1) Horizontal section,
b2) Cross section; b3) Crack inducer

The used reinforced concrete slabs 2438 x 1067 x 254 mm were made of low
strength concrete with a mean concrete compressive strength between fcc 150 = 29.6
and 37.1 MPa. The slabs were designed to produce a 330 mm crack spacing (Figure
5.10b1). The longitudinal reinforcement of the slabs consisted of four 7/8” nominal
diameter high strength reinforcing bars. Three #3 reinforcing hoops were placed at
the ends of the slab to provide confinement (Figure 5.10b2). Six 3 mm thick stainless
steel sheet metal crack inducers at each crack position were installed to aid the initial
crack formation. 109 mm deep voids provided space for the concrete and anchors to
be installed therein (Figure 5.10b3). For better crack generation, the longitudinal
reinforcement was debonded around the envisaged crack positions by 100 mm long
PVC tubes.

To ensure that the crack runs through the borehole over the entire depth, the holes
were drilled prior to crack initialisation (Section 3.2.2.3). To guide the crack further,
series of 1/4 in. pilot holes were pre-drilled into the slab. All anchor boreholes were
visually inspected using a borescope. All cracks found to be satisfactorily generated,
confirming the adequacy of the applied method.

221



Experimental Study at System Level: Shake Table Tests

5.2.2.3 Instrumentation and data acquisition

The instrumentation for the tests consisted of 84 channels in total (Figure 5.11a) to
record accelerations (18), displacements (17), loads (4), and strains (2). Load
measurement devices were load washer (LW) type which are installed like a washer
between the footing of the model NCS and the nut of the anchor (Hoehler, M.;
Dowell, R. et al. (2011)). Displacement measurement devices were either string pot
type (SP) or linear potentiometer type (LP, Disp for anchor displacements, Wcr for
crack widths). The key measurements were the anchor loads (LW1 to LW4), anchor
displacements (Displ to Disp4), and the crack widths adjacent to the anchor
locations (Wcrl to Wcr4). Figure 5.11b shows exemplary the instrumentation for the
northeast anchor.
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Figure 5.11 a) Schematic of instrumentation of shake table, elevated loading rig, and
model NCS; b) Detail of instrumentation at the vicinity of an anchor

The measured data were transferred via an amplifier and conditioner to the data
acquisition (DAQ) computer. The DAQ software program creates a binary file which
is then transformed to a text file for further data processing. For evaluating the
measurements in respect to the achieved maximum anchor loads and crack widths,
the data were initially processed by a matlab© code. For filtering, baseline correction,
and the calculation of spectral accelerations, the program SeismoSignal© was used
with a 3rd order Butterworth bandpass filter and cutoff frequencies of 0.1 to 25 Hz.

5.2.2.4 Multiple test run procedure

The principle procedure for each test run was: (i) Tighten the model NCS with the
installed anchors; (ii) Install the instrumentation and start DAQ system; (iii) Run the
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test; (iv) Stop DAQ, save data file, carry out preliminary data evaluation; (v) Resume
testing by jacking the model NCS back into position and restart with (i).

This efficient procedure allowed running multiple tests at one test position. For
Correlation and Displacement Tests, the test run were continued until the minimum
embedment depth was achieved. Since for these tests the anchors were not loaded
near their ultimate capacity, the behaviour was not affected by this reduced
embedment depth. For Failure Tests, however, one test position was used to load
the anchors incrementally to failure.

5.2.3 Targets and scaling

5.2.3.1 Targets for anchor load and crack width

The target anchor load Niarget IS the targeted maximum load Nmax in the anchor during
a specific test run. Basically, two target anchor load levels were defined:

* 50% of the mean monotonic load capacity in cracked concrete Nycrm,
representing the load level typical in design practice.

* 100 % of the design seismic strength Nso, / Yy, representing the highest load
level the anchor could be designed for.

Nucrm Was determined by reference tests in 0.8 mm cracks carried out within the
scope of the tests reported in Watkins, D.; Hutchinson, T. (2011). Nso is the
characteristic strength which was determined as 5 % fractile of the resistance
evaluated for the proposed seismic qualification tests (Section 4.2). The material
safety factor yy is given in Clause 4.4.3 of CEN/TS 1992-4 (2009) for all failure
modes other than steel as 1.5 (=ywp =Ymc=Yc-Y2=1.5-1.0) and corresponds
approximately to the reciprocal of the strength reduction factor ¢ given in
Clause D.4.1 of ACI 318 (2011)ACI 318 (2008) for failure governed by concrete
breakout and pullout strength as 0.65 (= 1/ 1.5).

The target crack width is the maximum crack width wnay that is reached during the
test. Two target crack widths were defined:

* 0.5 mm, representing serviceability level crack widths.
* 0.8 mm, representing suitability level crack widths.

The vast majority of tests were run with all 4 anchors located in a crack. To
investigate the influence of reduced number of anchors in a crack on the
performance, however, some tests were run with only 2 anchors located in a crack
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5.2.3.2 Scaling of time histories

The acceleration time histories represent the FM which are introduced via the shake
table to the concrete segment and accelerate the anchored NCS. The curvature time
histories form the basis for CR which control the actuators of the loading rig to
generate the crack width histories (Figure 5.2b). The processing and scaling of the
acceleration and curvature time histories are explained in the following.

The discrete floor motions given in Figure 5.4 with their specific and absolute
acceleration characteristics is not identical to the acceleration of the model NCS
necessary to create the targeted maximum anchor load. Therefore, the original
acceleration time history needs to be scaled. Provided that the NCS oscillates with a
constant period and the load transfer system is known, the required scale factor oyeq
could be determined for any given spectral acceleration Sa(T) and target anchor load
Niarget t0 Oreq = areq / Sa(T). Assuming a simplified load transfer system (Figure 5.12a),
areq Can be estimated for the equilibrium of forces at the moment of maximum
acceleration.
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Figure 5.12 Scaling of FM: a) Simplified load transfer model for estimation of anchor
load to acceleration factor (one anchor represents an anchor pair); b) Original and
scaled acceleration time history (FM02); c) Example measured anchor load histories

The anchor pair opposite the deflected mass is loaded by the dead load
corresponding approximately to half of the NCS weight (W / 2) and the earthquake
load corresponding to the inertia induced tension load (T):

Ntarget = D + E Equation 5.1
where D=%-W/2 (D = Dead load acting on one anchor)
E=%-T (E = Earthquake load acting on one anchor)
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WithT=H-#/s,H=m - aeq and m =W / g, Equation 5.1 yields:
- NtargeIZW/4+(W . areq-f)/(z +g-9)
> areq =2 (Niarget D)s/t/ (W /Q) Equation 5.2

The acceleration time histories multiplied by the determined scale factor generates
the desired acceleration time history (Figure 5.12b) out of which a command file for
the shake table is generated. After the test run, the measured maximum anchor load
was evaluated (Figure 5.12c) and the scale factor modified if required.

To create the target crack width time histories, the positive range of the normalised
curvature time histories are multiplied by the target maximum crack width. Next, the
crack width time histories are transformed into actuator commands for which a
relationship between the actuator force and crack width is established by a tri-linear
approximation (Figure 5.13a). This relationship allows calculating the actuator
command for the positive range. The negative range of the normalised curvature time
histories are scaled with reference to a compression force equal to 10 % of the
compressive strength over the cross section area of the test specimen for which full
crack closure is assumed (Section 3.6.1). By combining positive and negative range,
the crack record (CR) is created. For the control of the actuators loading the concrete
slab, an actuator command file is generated consisting of actuator force values given
in Ibf for 0.05 second time steps (Figure 5.13b). After each test, the measured crack
width time histories was checked against the target crack width time history (Figure
5.13c) and the scale factor modified if required.
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Figure 5.13 Scaling of CR: a) Measured actuator force versus crack width and
tri-linear approximation; b) Actuator force time history for maximum crack width of
0.5 and 0.8 mm (CRO02); ¢) Exemplary measured crack width histories (windowed)
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5.2.4 Test programme

5.2.4.1 Test types and associated key test paramete rs

The general objective of the shake table tests was to study the performance of
anchors connecting suspended NCS to concrete under real seismic conditions. The
test programme consisted of several test suites serving the investigation of particular
points of interest. The test types, their specific test objectives and the associated key
test parameters are listed in the following:

Correlation Tests: The primary test objective of the Correlation Tests was to
investigate the coincidence of anchor load and crack width amplitude and
draw conclusions regarding the realistic anchor load demand for crack cycling
tests. The tests enlarge the correlation statistics already implemented in
Watkins, D.; Hutchinson, T. (2011) for floor mounted NCS and allowed
investigations on the effect of combined gravity and inertia loads.

For consistency with the earlier correlation tests, all tests were conducted on
the UC1 anchor with the same target anchor load of 0.5 Nym« = 13.5 kN and
crack width of 0.8 mm. Testing heavy and light configuration of the model NCS
allowed studying the effect on the amplification and correlation. The deep
installation of the modified UC1 anchor, together with the relative low
maximum anchor load enabled to run scores of tests at one test location.

Displacement Tests: The primary test objective of the Displacement Tests was
to verify whether the dynamic shake table tests yield results that are in line
with the results of the qualification test protocols proposed for the seismic
amendment of qualification guidelines in Section 4.2. In the first place this is
done by comparing the accumulated displacement of a fully utilised anchor
after shaking with the displacement during crack cycling of a seismic
gualification test.

To investigate the impact of anchor type and crack width variation on the
anchor load and displacement characteristics, tests were carried out on the
UC1 and EAb1 anchor with maximum crack widths of 0.5 and 0.8 mm. Only
the heavy model NCS was able to provide sufficient gravity and inertial loads
required for the targeted high anchor loads. The FM time histories were scaled
to load the anchors to the full seismic design strength. For the EAb1 anchor
providing a mean capacity of Ny m = 24.3 kN with CV = 17.5 % (Table 4.3), the
characteristic strength was determined to 16.6 kN after normalisation with
reference to the actual concrete strength. For the UC1l anchor, no crack
cycling tests according to the proposed seismic qualification tests were
available. Instead, the test results gained in earlier crack cycling tests (Table
3.11) were taken and interpreted. With the displacement after crack cycling
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extrapolated on basis of the ADP approach (Section 5.3.3.2), the hypothetical
embedment depth remaining after a crack cycle regime as proposed for
seismic qualification tests was estimated and the corresponding mean residual
strength calculated to Ny m = 40.7 kKN. With CV = 8.5 % and after normalisation
with reference to the actual concrete strength, the characteristic strength was
determined to 37.0 kN.

Failure Tests: The primary goal of the Failure Tests was to investigate the
failure mechanism and system performance of the anchor. It was aimed to
validate that anchor and system fail simultaneously when the load capacity of
an anchor is reached, rather than the system benefits from the gravity induced
re-centering as it is the case for on-floor installations.

For the given shake table capacity, only the heavy model NCS was able to
break the anchorage. Testing of UC1l and EAbl with different load-
displacement characteristics allows investigating the impact of anchor type
variation on the failure mechanism. The anchored NCS was tested by several
test runs with incrementally increased peak input acceleration (PIA). For this
incremental dynamic analysis (IDA), no target load is to be specified. Instead,
the scale factor is increased after each test run until the anchorage finally fails.
As the ultimate failure capacity is clearly associated with the maximum
possible crack width, all tests were run with a target crack width of 0.8 mm.

Further test aspects included group behaviour for various number of anchors in
crack, the effect of anchor ductility, and high loading rates.

5.2.4.2 Test matrix

The complete test programme and key test parameters are compiled in the test
matrix given in Figure 5.14.

Tgst Test Characterization Anchor Embedm. Target Model NCS TargeF No: of Anchor No. of
Suite Type Depth Anchor Load Type Crack Width in Crack Tests
Pretests, Sinewave - - 4
Whitenoise, Shakedown w/o NCS - - 3
W hitenoise, Shakedown w/ NCS heavy & light 0 5
Crack width callibration - - 0.5 & 0.8mm - 6
Suitel |Correlation Tests UC1 UcC1 variable 0.5 Nyorm = 13.5kN | heavy & light 0.8mm 4 52
Suite2 |Verification Tests UC1, moderate crack width uc1 variable Nsg, / Y = 37.0kN heavy 0.5mm 4 11
Suite3 extreme crack width 0.8mm 4 11
Suite4 2 11
Suite5 | Verification Tests EAbl, moderate crack width EAbl variable Nso, / Yy = 16.6kN heavy 0.5mm 4 11
Suite6 extreme crack width 0.8mm 4 11
Suite7 |Failure Test UC1 UC1  90mm (3.54") 40,70,100,130% PIA heavy 0.8mm 4 4
Suite8 |Failure Test EAb1 EAb1  83mm (3.25") 20,40,60% PIA heavy 0.8mm 4 3

Figure 5.14 Test matrix: Test programme and key test parameters
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53 Test Results and Discussion

To validate the test setup and the fidelity of its components, an elaborate test
programme was carried out before the actual testing on the anchored NCS started
(Figure 5.14). After extensive calibration of the shake table and actuators, the
divergence between target and achieved test parameters were within the expected
tolerances. Figure 5.15 shows exemplary the target acceleration response spectra
for FM02 and the acceleration response spectra measured on table and slab for
shakedown tests with the heavy and light model NCS.
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Figure 5.15 Acceleration response spectra of given floor motion (target) and
measured acceleration on table and slab level (double) logarithm scale (example:
FMO02): a) 10% scaling, heavy model NCS; b) 40% scaling, light model NCS

The robustness of the test setup was confirmed during testing by test repeats which
yielded nearly the same measurements, even if several test runs were carried out in
between the repeats. In conclusion, the assumption of the feasibility of multiple test
runs at one test location (Section 5.2.2.4) proved to be valid.

5.3.1 General behaviour

Before the key test results of the particular test types are discussed in Section 5.3.2
to 5.3.4, the general anchor behaviour during the shake table test is described by
means of a test employing UC1 anchors and the heavy model NCS as an example.
Target anchor load was 13.5 kN and target crack width 0.8 mm.

5.3.1.1 Anchor load, crack width, and anchor displa  cement

Figure 5.16 shows representative time histories of the anchor load, the crack width,
and the anchor displacement, which are discussed in more detail in the following.
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Figure 5.16 Time histories of measured primary test data (example: FM02 40 %,
UC1, heavy model NCS): a) Anchor load; b) Crack width; c) Anchor displacement
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The anchor loads show a pronounced cyclic behaviour (Figure 5.16a). Strong tensile
loading magnitudes are followed by phases of complete unloading. Figure 5.17 is the
same anchor load time history as Figure 5.16a but windowed for the medium section
during which the anchors are highly loaded. The two anchor pairs (north and south)

are loaded alternately. Though the magnitudes of the individual anchor loads differ to

a certain degree, the two anchors of a pair are principally loaded at the same time
and approximately achieve the target load. The intermediate small magnitudes load
cycles are discussed in more detail in Section 5.3.1.3.
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Figure 5.17 Windowed load time histories (example: FM02 40 %, UC1, heavy model
NCS): a) Anchor load; b1) Extinction of preload at the beginning of shaking;
b2) Fading out of swinging actions after shaking

Figure 5.17b1 windows the section at the beginning of the motion. The preload of
5 kN reflects the gravity load of the model NCS acting on the anchors. In addition, the
anchors are to a certain degree prestressed. This preload vanishes within the first
few strokes. In the initial phase of shaking, the anchors are not completely unloaded
after each impulse. However, with increasing inertial loading the offset of the
minimum anchor load to complete unloading (0 kN) disappears. Figure 5.17b2
windows the section at the end of the motion. At this moment, the concrete slab
already came to a complete halt and the swinging action on the anchors is fading out.

The crack width histories at the four points of measurement next to the anchors
generally show a good agreement and the target crack width is approximately
achieved (Figure 5.18a). For smaller crack widths and more complex crack width
target curves with intermediate maxima, there is some discrepancy between the
crack width measured for the north anchor pair and south anchor pair. Since the
influence of smaller crack widths on the anchor behaviour is limited, however, the
difference is tolerable.
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Figure 5.18 Windowed load time histories (example: FM02 40 %, UC1, heavy model
NCS): a) Crack width (CR02 with 0.8 mm target crack width; b) Anchor displacement

The displacements of the individual anchor differ due to natural scatter (Figure
5.18b). The interrelationship of anchor load, crack width and resulting anchor
displacement is discussed in more detail in Section 5.3.3.

5.3.1.2 Acceleration and period shift

Measured acceleration data can be evaluated best by response spectra which allow
comparing the input acceleration measured on floor level, i.e. concrete slab, and the
output acceleration measured at the centre of gravity of the model NCS (Figure
5.19a). Provided that the system of the anchored NCS remains perfectly elastic, the
peak spectral acceleration of the NCS would occur at its original natural period,
irrespective of the specific input acceleration on floor level. However, due to
increasing anchor displacements, the connection gets sloppy and the period of the
anchored NCS elongates. Though the original natural period of the heavy model
NCS used for this test was 0.25 seconds, the peak spectral acceleration was at
about 0.45 seconds. This corresponds to a period shift of 0.2 seconds. Since the
underlying floor motion FM02 (compare also to Sa(FM02) given in Figure 5.6) is
having its peak close to 0.25 seconds, the NCS eludes the maximum amplification by
the elongation shift down the descending branch of the floor acceleration spectrum
This behaviour was also observed for tests on floor mounted model NCS (Watkins,
D.; Hutchinson, T. (2011)).
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Figure 5.19 a) Response spectra based on measured floor and NCS accelerations
(example: FM02 40 %, UC1, heavy model NCS); b) Spectral acceleration of unscaled
input floor motions: b1) FM08; b2) FM18

It is important to note that the NCS period generally elongate in response to any FM,
however, the resulting amplification depends on the specific fundamental NCS period
and spectral acceleration of the input motion. This is exemplary shown in Figure
5.19b: The shift to longer periods during shaking has different results for the light
model NCS (T = 0.10 seconds) and heavy model NCS (T = 0.25 seconds). In case of
FMO08, the amplification decreases for the light, but increases for the heavy model
NCS, whereas in case of FM18 it is vice versa. Therefore, no general statement can
be made whether the effect of period shift is beneficial or adverse.

5.3.1.3 Load transfer mechanism

The load history in Figure 5.20a is the same as in Figure 5.17a but further windowed.
The opposite plotting of the north and south anchor pair loads together with the
corresponding deflection (Figure 5.20b), allows understanding how the load is
transferred during the phase of strong motions. The inertial loads generated due to
the induced floor acceleration and the lever action (Figure 5.12a) result in a
deflection of the model NCS and alternating loading of the north and south anchor
pair (earthquake load). In addition, the anchors are loaded by the permanent gravity
load (dead load). The following distinct load transfer phases can be identified and
opposed to the deflected model NCS (Figure 5.20c, north is left hand side).
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Figure 5.20 Load transfer mechanism: a) Anchor load time histories and deflection;
b) Measured displacement and calculated deflection; c) Load transfer phases

(1) At the moment of largest deflection, the load on the north anchor pair reaches its
peak. The footing touches the concrete on the opposite side and transfers
compressive load. The anchor load is a reaction of the prying action derived from the
supporting of the horizontally accelerated NCS by the concrete. (2) When the NCS
swings back, the north anchor pair is gradually unloaded and finally, at the point of
intermediate minimum anchor load, the opposite footing loses contact to the
concrete. The NCS is now resting only on the north anchor pair and behaves like a
pendulum. (3) On its way down, the vertical load component increases and makes
the north anchor pair picking up tensile load again till the opposite footing touches the
south anchor pair. The NCS is not leveled yet, so apparently the south pair anchor
are less displaced than the north pair anchors. (4) With further swinging and
increasing load on the south anchor pair, the displacement of the south anchor pair
increases. The NCS is leveled and then deflected to the north side. At the same time
the north anchor pair is completely unloaded. (5) The NCS is a pendulum again and
with ongoing rotation the vertical load component decreases. In consequence, the
tensile load of the south pair anchors decreases till the opposite footing touches the
concrete. (6) At this point the prying action is effective and the load on the south pair
anchor increase till it reaches its maximum at maximum deflection.
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In conclusion, the load transfer mechanism is dominated by the earthquake load; the
much smaller dead load plays only a minor role. This is also reflected by the
alternating loading over time showing no permanent load level (Figure 5.17a and
Figure 5.20a). The increased anchor displacement results in an impact loading of the
anchors when the footing hits the anchor.

5.3.1.4 Cracking and NCS oscillation

The predominant period of cracking Ty characterise the crack width cycling in the
slab and correspond to the peak cracking period content depicted in Figure 5.5. The
oscillatory behaviour of the NCS is identified best by the deflection of the NCS
(Figure 5.20b). The corresponding time history in Figure 5.21 shows after a phase of
transient oscillation, a relatively constant oscillation during the phase of strong
motions. The corresponding period is also reflected in the peak of the NCS response
spectra (Figure 5.19a) and is defined as the predominant period of NCS oscillation
Toncs. I1ts magnitude depends on the fundamental period of the model NCS and the
floor motion characteristics. Maximum anchor loads are achieved at the maxima and
minima of deflection (Figure 5.17a), illustrating that the period of NCS oscillation is in
principle identical with the period of anchor load cycling.
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Figure 5.21 Windowed time histories of slab cracking and calculated NCS deflection

For relatively constant periods T, and Tpncs, their ratio is also constant. For the
particular example shown in Figure 5.21, the period of NCS oscillation is
approximately twice the period of cracking. This aspect is discussed in more detail in
the relevant sections.

5.3.1.5 Conclusions

For the critical frequency domain, the test setup is capable to sufficiently replicate the
floor motions and crack records targeted for the slab, i.e. floor level. Its robustness
guarantees repeatable test results. The chosen testing procedure proved feasible.
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The shake table tests delivered unprecedented test data to evaluate the behaviour of
anchored NCS in suspended configuration.

The time histories of anchor load, crack width, and anchor displacement helped to
understand the load transfer mechanism of suspended NCS. Anchor loading in this
configuration is dominated by earthquake loads which overcome the dead load and
cause alternate loading of opposite anchors. The predominant periods of cracking
To.er and NCS oscillation Tp nes characterise the crack width and anchor load cycling,
respectively.

The anchor displacement results inevitably in a period elongation of the NCS and
confirmed the observations made on floor mounted NCS. However, whether the
period shift helps to reduce the anchor load or results in amplified accelerations and
increased anchor loads depends on the specific floor motion.

5.3.2 Correlation tests

The primary aim of the Correlation Tests was to investigate the coincidence of
anchor load and crack width amplitude for the critical design case of a suspended
NCS. Correlation describes a relation of two statistical variables (here: anchor load
and crack width) between which, however, a causal relationship does not necessarily
exist. The findings on the statistical distribution of the anchor load over crack width
during seismic events (Figure 5.22a) allow drawing conclusions on the average load
level if interpreted as the corresponding permanent load applied during crack cycling
of the proposed seismic qualification test (Section 4.2.1, Figure 5.22b).
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Figure 5.22 a) Statistical correlation of anchor load and crack width; b) Permanent
anchor load and crack width cycling of simulated seismic test

For the Correlation Tests, only the UC1 anchor was used, and a maximum anchor
load of Nirget = 0.5 Nyerm = 13.5 kN and a maximum crack width of Wmax =0.8 mm

235



Experimental Study at System Level: Shake Table Tests

were targeted. To achieve the target anchor load, generally several test repeats with
modified scale factors (Section 5.2.3.2) were required. Finally, both parameters were
achieved with an adequate accuracy and just slightly over- or undershot the targets.

5.3.2.1 Correlation of anchor load and crack width during shaking

The Correlation Tests were conducted to collect statistical data on the correlation of
anchor load and crack width (N-w correlation) which are representative for
suspended NCS. The evaluation methodology is illustrated exemplary in Figure 5.23.
During each test run, anchor load and crack width data are sampled for all four
anchors at a rate of 200 Hz (Figure 5.23a). For further statistical evaluation, the data
pairs measured at the four anchor locations are combined (Figure 5.23b, target value
area is shaded). Binning the data with reference to the crack width allowed
calculating the mean and one standard variation of the anchor load which then
represents the complete data of the normalised N-w correlation. It is noted that due

to small data population in the outmost crack width bins, the corresponding mean
value is sometimes not representative.
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Figure 5.23 Measured anchor load versus crack width (example: FM03 21 %):
a) Statistic for Anchor 1 to 4; b) Combined for Anchor 1 to 4, mean and one standard
deviation of anchor load; c) Normalised with reference to Narget aNd Winax, mean
anchor load
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The aim to evaluate the N-w correlation in respect to the average load level during
seismically induced shaking and cracking of the concrete, requires the normalisation
of the test data (Figure 5.23c). If the normalisation is carried out with reference to
Niarget = 0.5 Ny.erm, the correlation factor a can be interpreted as the reduction factor
to be applied to the permanent load level in order to derive realistic demand level
during crack cycling (Figure 5.22, Section 4.1.2).

5.3.2.2 Average anchor load level and effect of pre  dominant periods

The diagrams in Figure 5.24 plot the mean (1) and one standard deviation (i1 + o) of
the anchor loads measured for all floor motions versus the normalised crack width.
The anchor loads are normalised with reference to 0.5 Ny ¢rm. Figure 5.24a depicts

the data for the tests on the heavy model NCS, Figure 5.24b those on the light model
NCS.
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Figure 5.24 Mean anchor loads, normalised with reference to 0.5 Ny ¢rm, 85 mean

(4, solid line) and one standard deviation (p + o, dashed line), and the fluctuation
measured for the floor motions: a) Heavy model NCS, b) Light model NCS

The normalised anchor load over crack width is relatively constant. Table 5.1
provides the predominant periods of cracking Ty and NCS oscillation Tpncs, their
ratio and the normalised average anchor load level Naye / (0.5 Ny crm).
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Table 5.1 Predominant periods of cracking and anchor loading, their ratio and the
corresponding average anchor load level for the Correlation Tests

Heavy Model NCS Light Model NCS
r‘r|1:(|)ct)|cc)):’1 Toen Tones: Toor Nave Toer Toness Tocr Noye
S S Tones 0.5N, ¢rm S S Toncs 0.5N, ¢rm
FMO02 0.25 0.45 0.56 0.25 0.25 0.14 1.79 0.18
FMO03 0.25 0.26 0.96 0.20 0.25 0.24 1.04 0.20
FMO05 0.47 0.50 0.94 0.24 0.47 0.15 3.13 0.14
FMO08 0.44 0.40 1.10 0.18 0.44 0.14 3.14 0.15
FM12 0.92 0.93 0.99 0.23 0.92 0.24 3.83 0.13
FM13 1.38 0.35 3.94 0.28 1.38 0.17 8.12 0.17
FM14 1.39 0.47 2.96 0.22 1.39 0.21 6.62 0.17
FM16 0.48 0.49 0.98 0.20 0.48 0.49 0.98 0.15
FM18 2.28 0.45 5.07 0.13 2.28 0.44 5.18 0.16
FM19 2.04 0.74 2.76 0.21 2.04 0.70 291 0.19
FM20 0.74 0.74 1.00 0.23 0.74 0.75 0.99 0.18
Mean [-] 0.22 0.17
CV [%] 18.2 13.1

The ratio of periods (Tpcr / Tpncs) Varies substantially, however, the deviation in the
average anchor load level calculated for various NCS periods and floor motions is
relatively small with the corresponding CV at about 15 %.

5.3.2.3 Correlation factor

Since the anchor load level is nearly independent of the crack width, the normalised
average anchor load level Nae can be taken as the correlation factor a. Though not
part of the correlation study, the analysis of the Displacement Tests (Section 5.3.3)
with respect to the N-w correlation enhances the correlation statistic and is instructive
for general conclusions. Table 5.2 compiles for various shake table tests the
correlation factor as the average of all 11 tested FM.
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Table 5.2 Mean, coefficient of variation, and mean plus one standard deviation of
correlation factors determined for various shake table tests

Correlation Test Suites Displacement Test Suites
Niarget = 0.5 Nyer,m Ntarget = Nso, / Y
UC1, Wpax = 0.8mm UC1, Heavy NCS EAb1, Heavy NCS
HeayNCS  LIghtNCS  Wim=05mMM  Whe=08MM  Wirn=08mmM®  Wirpe=05MM Wiy =0.8mm
M 0.22 0.17 0.22 0.22 0.22 0.21 0.21
Cv 18.2 % 13.1% 17.8% 16.2 % 19.7 % 159 % 12.0%
p+o 0.29 0.22 0.28 0.34 0.29 0.26 0.25

(1) 2 anchors in crack, 4 anchors in crack for all other tests

The correlation factor is virtually identical for all test suites using the heavy model
NCS. Only the tests on the light model NCS yield a smaller correlation factor.

5.3.2.4 Conclusions

The correlation in terms of normalised anchor load over crack width is relatively
constant. The Correlation Tests on the heavy model NCS yield an average anchor
load level of Nae =0.22 - (0.5 Nycrm) and the Correlation Tests on the light model
NCS vyield Naye =0.17 - (0.5 Nycrm). This corresponds to a correlation factor of about
a = 0.2. Taking one standard deviation into account, the factor is increased by about
50 %.

The average anchor load level is relatively low, however, due to the gravity loads,
higher than for tests on floor mounted NCS (Watkins, D.; Hutchinson, T. (2011))
which yielded correlation factors of about a = 0.1. In conclusion, to replicate realistic
demand levels, the permanent load level during crack cycling may be reduced to
0.2 - (0.5 Nycrm) When simulating seismic actions on non-structural connections. This
observation could be recognised in the proposed seismic qualification tests by further
reducing the reduction factor of 0.8 applied to the permanent load during the
serviceability portion of the test, provided that the anchor qualification is limited to
non-structural connections only.

The comparative study on correlation factors determined for the N-w data of
Displacement Tests clearly showed that the correlation factor is independent of the
maximum anchor load and crack width during shaking, as well as the number of
anchors in a crack, but primarily depends on the fundamental period of the NCS.
These findings support a correlation factor of a = 0.2.
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5.3.3 Displacement tests

The primary aim of the Displacement Tests was to verify whether the dynamic shake
table tests yield anchor displacement results which are in line with the displacement
results of the qualification test protocols proposed for the seismic amendment of
qualification guideline (Section 4.2). Figure 5.25 illustrates this approach by
comparing the anchor displacement accumulated during a shake table tests and a
seismic qualification test.
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Figure 5.25 Measured anchor displacement and crack width time histories (examples
taken from tests on EAb1 anchor): a) System level test; b) Component level test

All Displacement Tests were run on the heavy model NCS. The selected floor
motions (Section 5.2.1.2) were scaled (Section 5.2.3.2) to achieve maximum anchor
loads approximately equal to the seismic design strength Nso, / ym. Of 24 kN for the
UC1 anchor and 11 kN for the EAb1 anchor. The scale factors were kept constant for
all tests on the particular anchor type.

5.3.3.1 Anchor displacements accumulated during sha  king

During shaking, the anchor displacements accumulate according to the seismic
demand articulated in the anchor load and crack width time histories (Figure 5.26a)
which in turn depend on the characteristics of the FM and CR. The increase in
anchor displacement is highest when high anchor loads meet large crack widths. In
contrary, if the anchor is loaded but the crack is closed or, vice versa, if the crack is
opened but the anchor is not loaded, there is virtually no increase in anchor
displacement.
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Figure 5.26 Measured and extrapolated anchor displacement (example: FM02 15 %):
a) Combined time histories of anchor loads, anchor displacements and crack widths;
b) Calculation of the extrapolated average anchor displacement

As the crack width time history is not affected by any response actions of the NCS,
the targeted maximum crack width is generally achieved with a high degree of
accuracy (Section 5.3.1.1). However, though the individual scale factors required for
achieving the targeted anchor loads were estimated on the basis of earlier
Correlation Test results, the anchor load over- and undershot the targets. Contrary to
the Correlation Tests with associated minimal displacements, however, the relative
large anchor displacements occurring during the Displacement Tests prohibited
frequent test retakes. The available embedment reduction and limited number of test
position would have been consumed up quickly. Instead, the average anchor
displacement was extrapolated (Figure 5.26b) assuming an approximately linear
relationship between anchor load and displacement (Section 3.7.2.5).

5.3.3.2 Average anchor displacements and effect of  predominant periods

The diagram in Figure 5.27a depicts the extrapolated average anchor displacement
for all tested FM. The displacements are smaller for 0.5 than for 0.8 mm maximum
crack widths, and smaller for the stiffer UC1 than for the EAb1 anchor. For the tests
on the UC1 anchor with just 2 anchors in crack, the average anchor displacement
decreased by approximately 40 % on average, though the maximum anchor loads
increased by 10 % on average.
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Figure 5.27 Average anchor displacement (test suite with 2 anchors in crack marked
by *): a) Values versus FM; b) Values versus Ty / Tpnes

Table 5.3 provides the ratio of predominant period of loading Tpncs, the ratio of
predominant periods Ty / Tponcs @and the displacement after shaking Scyc. The values
of Tpnes and Ty o Were derived as those for Table 5.1.

Table 5.3 Predominant periods of cracking and anchor loading, their ratio and the
resulting average weighted anchor displacement for the Displacement Tests

UC1 Anchor EAb1 Anchor
FIo_or Toncs: To.cr Seyc Seye Toncs: To.cr Seye Seyc
motion s m We=05MT),  (Wrem0BTIT), s m (W 05MM),  (Whee08MIM),
mm mm mm mm
FMO02 0.46 0.54 0.45 1.73 0.49 0.51 1.03 3.98
FMO03 0.24 1.04 0.61 2.16 0.30 0.83 1.20 2.46
FMO5 0.49 0.96 0.98 1.61 0.48 0.98 2.37 3.91
FMO08 0.44 1.00 0.63 1.80 0.45 0.98 1.63 443
FM12 0.93 0.99 1.39 1.89 0.93 0.99 1.16 3.56
FM13 0.36 3.83 0.67 2.37 0.37 3.72 0.97 2.09
FM14 0.47 2.96 1.90 4.36 0.46 3.02 1.28 2.19
FM16 0.50 0.96 0.34 2.72 0.41 1.17 1.09 2.53
FM18 0.43 5.30 0.37 2.55 0.44 5.18 1.27 3.22
FM19 0.71 2.87 0.46 0.93 0.72 2.83 0.55 1.67
FM20 0.75 0.99 0.33 1.00 0.72 1.04 0.46 1.09
Mean [mm)] 0.74 2.10 1.18 2.83
CV [%] 47.5 44.8 43.3 375
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The predominant periods of cracking T, are identical to and the predominant
periods of NCS acceleration Tpncs are approximately the same as those determined
for the Correlation Tests on the heavy model NCS given in Table 5.4. In conclusion,
also the ratios of periods Tpo/ Tpncs are approximately the same as for the
Correlation Tests and apparently cluster around 1.0 and its integral multiples.
However, a relation between T, / Toncs and the magnitude of anchor displacement
cannot be inferred (Figure 5.27b), though the specific characteristics of the floor
motion seem to have a significant influence on the anchor displacement which CV is
in the order of 40 %.

5.3.3.3 Comparison of component and system level di ~ splacements

Before comparing the component and system level displacements, it is interesting to
know whether there is a relation between the demand deriving from the floor motion
and the resulting anchor displacement. Therefore, the input motion data are
evaluated based on the accumulated damage potential (ADP) approach formulated
in Equation 3.22 [ADP =] (N - w)]. It is assumed that the anchor load N is the result
of the floor acceleration arising from the FM, and the crack width is the result of the
floor curvature history defined by the CR:
t2
ADP; = j IFM(t)| CCR(t)" [t Equation 5.3
t1
FM(t) and CR(t) are the normalised time histories as shown in Figure 5.5. Since the
displacement of the anchor during crack closure can be neglected for design load
levels, only the positive range of the CR is considered (Figure 5.28a). In contrast, the
acceleration creates anchor loads in both directions of the motion and therefore the
FM is taken as the absolute value. Since the anchor is loaded to its design strength
at maximum, it is further reasonable to assume that all anchor displacement is
generated by slip during crack cycling and not due inelastic load levels.

Figure 5.28b depicts the values for ADP; for all floor motions tested. The diagram
further shows the average anchor displacement s¢,c as presented in Table 5.3 for the
tests with wnax = 0.5 mm. It can be seen that by trend, the accumulated anchor
displacements develop according to the ADP; of the underlying floor motion. For
better visualisation, the ADP; values as well as the anchor displacements of the
respective anchor type and crack width are interconnected.
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Due to the specific load transfer system (Figure 5.20) the acceleration time history is
not identical with the anchor load time history. However, the approach shows that
there is a relation between the demand arising from the input motions and the
resulting anchor displacements, though the lines in Figure 5.28b are not perfectly
congruent. It is noted that the test data depicted in Figure 5.28b represents only one
test and that in particular the anchor displacement due to crack width cycling is
subject to large scatter (Section 3.6.2.3).

Table 5.5 compiles the mean, the CV, and the mean plus one standard deviation of
the anchor displacements measured for all floor motions, and compares them to the
corresponding displacement after crack cycling measured for the tests which were
carried out according to the proposed seismic qualification tests (Section 4.2.1).

Table 5.5 Mean, coefficient of variation, and mean plus one standard deviation of
anchor displacements measured for system and component level tests

Anchor type and max. crack width Scyc System Level Tests Scyc Component Level Tests
UC1, Heavy NCS Ninax = Nsop = 24kN Nmax = 0.5Nymer = 17.1kN
K, mm CV,% p+o,mm g, mm CV,% p+o, mm
Wimax = 0.5mm (serviceability level) 0.7 475 1.8 ~2.09 ~1719 ~26@
Wiax = 0.8mm (suitability level) 2.1 44.8 3.6 ~459 ~2749  -649
Wiax = 0.8mm® (suitability level) 1.3 46.3 1.9 - - -
EAb1, Heavy NCS Ninax = Nsop = L11KN Nmax = 0.5Nymer = 10.9kN
M, mm CV,% p+o,mm g, mm CV,% p+o, mm
Wmnax = 0.5mm (serviceability level) 1.2 43.3 1.7 8.5 9.1 9.3
Wmax = 0.8mm (suitability level) 2.8 375 3.9 23.2 225 28.4

(1) 2 anchors in crack, 4 anchors in crack for all other tests
(2) Values extrapolated on basis of the ADP approach
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As discussed in Section 5.2.4.1, no performance data were available for the UC1
anchor tested according to the proposed seismic qualification test. However,
comparing the load and crack demand of the proposed seismic qualification test with
that of earlier crack cycling tests (Figure 5.29a) allows estimating the displacement.
By means of Equation 3.23 [ADP,, = %, (@ - Nmax - Wmax); N normalised with reference
to 0.5 Numcr; W normalised with reference to w = 0.8 mm], the ADP of the proposed
seismic qualification test is 4.95 after 45 cycles (serviceability level) and 11.01 after
59 cycles (suitability level), whereas the test protocol of the earlier crack cycling tests
yielded an ADP of 4.32 after 32 cycles and a displacement of s¢yc = 1.75 mm (Figure
5.30a). In conclusion, the displacement after crack cycling can be estimated to
1.75-495/4.32=2.0 mm (serviceability level) and 1.75-11.01/4.32=4.5mm
(suitability level).
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Figure 5.29 Load and crack demand: a) Test protocol of component level tests;
b) FM and CR histories of system level test (example: FM02)

The anchor displacements experienced during shaking of system level tests are
much smaller than those during crack cycling of component level tests (Table 5.5).
This is conclusive since the anchor load level during the shake table tests was
relatively low. In order to compare the load and crack demand of the component and
system level tests, the accumulated damage potential has to be normalised. For the
component level tests, the ADP,, was determined by integrating over the number of
cycle n. Normalisation with reference to n yields 11.01 /59 = 0.19 on suitability level
and 4.95/ 45 = 0.11 on serviceability level. In contrast, for the system level tests, the
ADP; was determined by integrating floor motion and crack records (Figure 5.29b)
over time t (Equation 5.3). Normalisation with reference to t yields 0.065 (suitability
level) and 0.040 (serviceability level) on average for all tested 11 floor motions
(Figure 5.30b). In conclusion, the seismic qualification test is approximately three
times (0.19/0.065 ~ 0.11/0.04 ~ 3) as demanding as the shake table test, provided
that same maximum anchor load and crack width are tested.
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Figure 5.30 Accumulated damage potential: a) ADP, for component level tests;
b) Normalised ADP,, of seismic qualification test and normalised ADP; as average of
the 11 floor motions tested

After weighing the mean plus one standard variation displacements Scyc(H + O)
determined for crack cycling on the serviceability level (Table 5.5), the magnitude
comes quite close to the corresponding displacements measured at the end of
shaking: 2.6 mm - 24 kN /(3 - 17.1 kN) = 1.2 mm= 1.8 mm for the UC1 anchor and
9.3mm - 11 kN /(3 - 10.9 kN) =3.1 mm= 1.7 mm for the EAb1 anchor.

5.3.3.4 Conclusions

Anchor displacement accumulates during shaking and is the result of anchor load
and crack width. For the same degree of strength utilisation, the anchor displacement
depends primarily on the anchor type and the maximum crack width. Though the
maximum anchor load increases for a given peak input motion, the anchor
displacement is substantially reduced if not all anchors are located in a crack. The
influence of the floor motion characteristics on the anchor displacement is significant
but scatters.

It was demonstrated that the relative seismic demand, which is largely expressed by
the accumulating anchor displacement, can be estimated by integrated input motions
according to the ADP approach. Normalisation of the ADP enables comparing the
load and crack demand of component and system level tests.

The anchor displacements measured in shake table tests on fully utilised anchors are
much smaller than those determined in proposed seismic qualification tests. If
however the load and crack demand is taken into account and the results are
extrapolated accordingly, the anchor displacements are of about the same
magnitude. Since the residual load capacity primarily depends on the remaining
embedment depth after load and crack cycling, one may assume that also the
residual load capacities are comparable. In conclusion, the shake table tests yield
results that are in line with the results of the seismic qualification tests.
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5.3.4 Failure tests

The primary aim of the Failure Tests was to investigate the failure mechanism and
ultimate seismic capacity. The IDA approach allowed several test runs on the
anchored model NCS before it finally failed. The final failure was targeted for the third
or fourth test run. All Failure Tests were captured by three video cameras. Two were
pointing at the model NCS footings, another camera took the big picture of the
shaking slab and NCS from the side. Test videos containing the three camera shots
and synchronised test data plots were produced. The shown data included the table
acceleration and displacement, the averaged crack width for the north and south
anchor pairs, as well as the loads and displacements of all anchors (Figure 5.31).

Medien Wiedergabe Audio Video Extras  Ansicht  Hilfe

Acceleration (g)

o

North

Displacement (mm)

Avg. Crack Width(mm)
&

South

Anchor Displacement (mm)

Anchor Load South (kN)
& swW

Anchor Load North (kN)
& NW

“ 8
BEEOEREROEDE P e —

Fail UC-130% Final.avi 1.00x | 00:20/01:00

Figure 5.31 Screenshot of a video compiling synchronised test data and videos

For all Failure Tests, the heavy model NCS was tested using FM02 and CRO02 with
Wmax = 0.8 mm. One series was carried out on the UC1 anchor, another one on the
EAb1 anchor. The original embedment depths were identical to those used for the
component level tests. After each test run without failure, the anchors were
re-tightened. The permanent displacement the anchor already experienced at that
stage was deemed to be negligible. Further details are presented in Mahrenholtz, P.;
Hutchinson, T.; Eligehausen, R. et al. (2012).
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5.3.4.1 Load-displacement behaviour and partial fai  lure

The UCL1 anchor represents an anchor type failing in a quasi brittle concrete mode.
The anchors were installed with an original embedment depth of 90 mm. After test
runs with scale factors of 40, 70 and 100 %, the north anchor pair (Anchor 2 and 4)
broke almost simultaneously after 10.68 seconds during the test run with a scale
factor of 130 % (Figure 5.32).
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Figure 5.32 Anchor load and acceleration time histories for Failure tests on UC1
(FMO02 130%); moment of partial failure marked by red dot

The load-displacement curves are given for all four anchors in Figure 5.33. Since no
reference test were carried out within the shake table test programme, the monotonic
mean curves were extracted from Watkins, D.; Hutchinson, T. (2011) and adjusted

for the actual embedment depth.
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The curves frequently exceeded the monotonic mean envelope for cracked concrete
due to crack closure. At the moment of failure, the crack width was 0.15 mm. Steel
failure load in Anchor 2 and 4 was significantly lower than the steel capacity of the
anchor bolt of 48.9 kN, probably because of LCF induced by bending of the bolt in
the tight footing during strong NCS deflections. Anchor 1 and 3 were heavily loaded
at the moment of failure of Anchor 2 and 4, however, made it through the floor
motion. The load-displacement curves show large displacement capacities which
significantly went beyond what was expected for the cracked concrete monotonic
envelop. This indicates that also these anchors were at the onset of steel failure. The
failure occurred before the peak acceleration was reached. After failure of Anchor 2
and 4, the installed model NCS behaved like an ideal pendulum with a period of
T=2-1-(/9)°°=2 1 (1.397/9.81)*° = 2.37 seconds.

Figure 5.34 shows pictures taken after failure and removal of the model NCS. The
concrete remained intact (Figure 5.34a). The bolts ruptured about 10 mm below the
nuts (Figure 5.34b).

b)

Figure 5.34 a) Failure photograph of the 130 % test run on the UC1 anchor;
b) Photograph of ruptured bolts
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The EAbl anchor represents an anchor type with substantial displacement capacity
due to the pseudo ductile pull-through failure mode. The anchors were installed with
an original embedment depth of 83 mm. After test runs with scale factors of 20 and
40 %, Anchor 2 failed after 14.97 seconds during the test run with a scale factor of
60 %. (Figure 5.35). Anchor 4 (also north anchor pair) was clearly beyond its peak
capacity.
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Figure 5.35 Anchor load and acceleration time histories for Failure Test on EAbl
(FMO02 60%); moment of partial failure marked by red dot

The load-displacement curves are given for all four anchors in Figure 5.36. Again, the
monotonic mean curves in the following load-displacement diagrams were extracted
from Watkins, D.; Hutchinson, T. (2011).
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The curves frequently exceeded the monotonic mean envelope for cracked concrete,
and there were also brief excursions above the envelope for uncracked concrete due
to crack closure. At the moment of failure, the crack width was 0.15 mm. The
displacement of Anchor 2 and 4 was substantially larger than that of Anchor 3. Prior
to failure, Anchor 2 was decreasingly loaded and Anchor 4 was taking over a steadily
increasing share of the north anchor pair load. This soft transition of the load avoided
an abrupt overload of Anchor 4 at the moment of final failure. The failure occurred
when the peak acceleration was just reached. The model NCS anchored by only
three anchors turned into an asymmetric system and showed an out of plane
vibration mode.

Figure 5.37 shows pictures taken after failure and removal of the model NCSThe
concrete remained intact (Figure 5.37a). The expansion clip of the pulled through
bolt was left in the borehole (Figure 5.37b).

b)

LALCTTCTORETUTRIERY

Figure 5.37 a) Failure photograph of the 60 % test run on the EAb1 anchor
b) Photograph of pulled through bolt

5.3.4.2 Seismic anchor strength and system performa  nce

Anchor strength is the main anchor performance parameter current design
methodology falls back on. The tests carried out according to the test protocols of
proposed seismic qualification tests yielded seismic anchor capacities which were
introduced in Section 5.2.4.1 as the nominal seismic strength Nso (Characteristic
strength taken as the 5 % fractile). The ultimate loads measured for shake table tests
allow determining the seismic capacity of the anchor in the installed situation. For the
individual maximum, i.e. ultimate anchor loads during the final Failure Tests Nmaxi,
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the corresponding characteristic capacity Ni (characteristic strength taken as the 5 %
fractile) can be calculated based on the mean ultimate loads and corresponding CV
(Section 2.1.6). Table 5.6 summarises the relevant test data.

Table 5.6 Comparison of key test results of component level and system level tests

uci EAb1
Component Level Test NU,Cr,m! S(Nu,cr,m)a W(Nu,cr,m)a Nu,iy S(Nu,i)y W(Nu,i)a
kN mm mm kN mm mm
Anchor (3 nos.) 40.7Y 5.0% 0.80 24.3 7.61 0.80
Nso,, KN 37.0 16.6
System Level Test Nmax,ia S(Nmax,i)a W(Nmax,i)a Nu,iy S(Nu,i)y W(Nu,i)a
y kN mm mm kN mm mm
Anchor 1 (SW) 40.1 1.19 0.10 31.8 0.48 0.10
Anchor 2 (NW) 43.1 2.49 0.16 35.3 8.48 0.19
Anchor 3 (SE) 455 5.60 0.10 41.2 7.46 0.05
Anchor 4 (NE) 45.9 2.52 0.16 33.9 8.55 0.10
Mean 43.7 2.95 0.13 355 6.25 0.11
CV, % 6.1 11.4
Ny, KN 39.3 28.8
Ny / Nso 1.06 1.74

(1) Values extrapolated on basis of the ADP approach

The ratio of the characteristic strengths Ng/ Nsy, compares the system to the
component level capacity. Values near 1 represent a good consistence of the seismic
strength assigned to the anchor on basis of qualification tests and the seismic
strength determined by shake table tests. For the UC1 anchor, the shake table tests
yielded capacities which were marginally higher (6 %) than the seismic strengths
based on qualification tests. For the EAbl anchor, the shake table tests yielded
capacities which were significantly higher (74 %) than the seismic strengths
anticipated by the qualification tests. The reason for this is that the crack was only
opened to w=0.12 mm compared t0 Wnax = 0.80 mm at the moment of ultimate
anchor load. This also applies to the Failure Test on the UC1 anchor; however, the
effect was not visible because the concrete capacity for the partly closed crack
exceeded the steel capacity.

The results of the Failure Test series are also useful to characterise the system
performance. Analysis of the spectral response as well as of load time histories
confirmed for both anchor types and all tests an elongated NCS period as already
observed in Correlation and Displacement Tests. The spectral acceleration of the
model NCS Sa(NCS) shows its peak at 0.45 seconds and the amplification increases
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with increasing amplitude scales a of the input motion. This holds for all test runs but
for the a =130% test run on the UC1 anchor type which resulted in anchor failure
early during the test run.

Figure 5.38a plots the maximum anchor load Nnax as the average of all 4 anchors to
various acceleration parameters. The percentage scales used in the tests are given
at the bottom line of the diagram. It can be seen that the spectral accelerations on
slab level Sa(floor) at 0.45 seconds are proportional to the corresponding amplitude
scales, therefore identifying Sa(floor) at the elongated NCS period as the driving floor
acceleration parameter. The maximum anchor load Npy.x develops approximately in
proportion to the peak NCS acceleration (PNA) which is in line with the load transfer
mechanism (Figure 5.12 and Equation 5.2). However, Nmax iS not proportional to the
scale factor because of non-linearity of the system which is discussed in the
following.
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Figure 5.38 a) Maximum anchor load versus spectral accelerations Sa(Floor) and
Sa(NCS) at 0.45 seconds and peak NCS acceleration (PNA); b) Maximum anchor
load and accumulated anchor displacement versus amplitude scale

Figure 5.38b plots maximum anchor load and accumulated anchor displacement as
the average of all 4 anchors. The anchor displacements increase progressively with
increasing scales, whereas the maximum anchor loads also increase but
degressively. The non-linearity of the system response helps to reduce the seismic
demand for increasing scales. This observation may mislead to the conclusion that
soft load-displacement behaviour supports the reduction of peak loads. For a given
scale factor, however, the anchor displacements for the UC1 and EAbl anchors are
very different, but the maximum anchor load is not. Apparently, different load-
displacement characteristics of various anchor types do not influence the earthquake
driven oscillating behaviour. Equal NCS periods for both anchor types tested in this
study (T = 0.45 seconds) support this conclusion.
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For constant periods but increasing maximum anchor loads, the loading rate
increases. For the considered Failure Tests, the loading rate ranges from 100 kN/s
(EAD1, 20 %) to 420 kN/s (UC1, 130 %). Since the anchor loads showed pronounced
impact actions, it may be assumed that the achieved loading rates are at the upper
limit of what may be observed in shake table tests on anchored NCS.

5.3.4.3 Conclusions

Partial anchor failure does not lead inevitably to a complete system failure though the
kinematic changes and the remaining anchors have to cope with high reactive loads.
It is important to note, however, that the ultimate capacity of the remaining anchors
was nearly exhausted and the complete system failure was impending. Compared to
the situation of floor mounted NCS, the situation of suspended NCS is generally
more critical.

The Failure Tests yielded ultimate seismic strengths which are larger than those
determined in tests according to the proposed seismic amendment of qualification
guidelines. The main reason for this is that the maximum anchor load does not
coincide with the maximum crack width in the shake table tests. In conclusion, the
gualification tests yielded seismic load capacities which are conservative at least if
compared to shake table tests on NCS.

Detailed analysis of accelerations and maximum anchor loads revealed that the
maximum anchor load is proportional to the peak NCS acceleration, and the
amplitude scale to the spectral acceleration of the floor at the elongated NCS period.
However, due to non-linearity of the system, the maximum anchor load is not
proportional to the amplitude scale, i.e. seismic demand, but increases degressively.
This effect is independent of anchor types and associated load-displacement
characteristics.

Though (pseudo) ductile anchor behaviour does not have beneficial effects for the
considered case, anchor displacement allows the NCS to elongate its period. It is
important to note, however, that a period elongation may also result in an increase in
amplification, depending on the floor motion characteristics (Section 5.3.1.2)

With increasing anchor loads but constant period, the loading rates increases for
increasing floor accelerations. The rise times and loading rates measured for the
Failure Test series are well in line with the loading rates taken as a basis for
experimental investigations on earthquake relevant loading rates between 20 and
1000 kN/s conducted under the scope of this thesis (Section 3.2.2.1).
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5.4 Summary

The shake table tests on anchored NCS in suspended configuration were the first of
its kind and delivered valuable data for investigating the anchor behaviour when
subjected to real earthquake acceleration time histories and corresponding crack
demand. Though gravity loads acting on the connection, the pendulum like load
transfer system is earthquake load dominated and loads the anchors alternatingly by
high load impulses. In view of load and displacement demands, this configuration is
more critical than the configuration of floor mounted NCS.

Anchor load normalisation with reference of 0.5 Nym ¢ allows interpretation of the
statistically representative average anchor load level as correlation factors a by
which the permanent load level during crack cycling tests may be multiplied to derive
realistic demand levels for seismic qualification tests. The correlation is nearly
constant for all floor motions and anchor types and relatively low, but higher than for
floor mounted NCS. The results derived from the tested heavy NCS may be assumed
as crucial in respect to average anchor load level. Therefore, the statistically
representative anchor load level can be conservatively estimated by 0.2 - 0.5 Ny mcr.

Due to the relatively low average anchor load level, the shake table tests yield anchor
displacements which are much smaller than those measured for the proposed
seismic qualification tests. For a fully utilised anchor, the mean plus one standard
variation equals 1.0 mm on the serviceability level. In case of reduced number of
anchors in a crack, the anchor displacement is further decreased. However, the
anchor displacements measured for the suspended component tests are in a
magnitude which could hypothetically be expected for qualification tests with reduced
permanent anchor load levels. In this respect, the shake table test results verify the
seismic demands stipulated in the proposal of the seismic amendment (Proposal for
ETAG 001 Seismic Amendment (2012)).

The impact of various floor motions on the test results is significant, however, the
difference is small with respect to the prevalent scatter. Anchor displacement allows
the NCS to elongate its period to the next integral multiples of the building period.
Therefore, the predominant cracking period, i.e. crack width period as well as the
predominant floor motion period, both closely related to the building period, coincide
with the (elongated) NCS period, i.e. anchor loading period. The non-linearity of the
system helps to reduce the load demand on the anchors, irrespective of the anchor
type and associated load-displacement characteristics. It is noted, however, that the
magnitude period elongation and system non-linearity is neither the result of nor is it
influenced by the anchor ductility.

The maximum anchor load increases proportionally with increasing peak NCS
acceleration, and degressively with the amplitude scale. It was demonstrated that
partial failure does not necessarily lead to complete system failure. For constant NCS
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periods, the loading rates increases with increasing amplitude. The determined
loading rates confirmed the assumed range of earthquake relevant loading rates.

During shaking, the cracked concrete capacity is often exceeded because of partial
crack closure due to the low correlation of maximum anchor load and crack width.
The low correlation also results in relatively small anchor displacements. In
consequence, the seismic strengths determined on basis of the shake table tests
results are greater than those determined in qualification tests according to the
proposed seismic amendment which therefore may be deemed as conservative for
anchors used for non-structural connections.
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6 Recommendations for Design Codes and Qualificatio n Guidelines

In Chapter 4, testing procedures, test conditions and assessment criteria for seismic
gualification tests on post-installed anchors were developed and discussed. The
tension load cycling, shear load cycling, and crack cycling tests form an integral part
of a proposed seismic amendment of the European ETAG 001 qualification guideline
(Proposal for ETAG 001 Seismic Amendment (2012)). The amendment is
scientifically substantiated and provides a high level of earthquake safety. The
introduction of the ASPC2 test standard could supersede the highly specialised
application of the NPP Guideline in Germany. The presented research was
conducted also with regard to the situation in the US. Therefore, an adoption of the
proposed seismic amendment for a revision of the ACI 355 anchor qualification
guideline is conceivable. The revenue of the presented research on the seismic
performance of anchors, however, is not restricted to the proposed seismic
qualification tests. Moreover, findings made in component level tests (Chapter 3) and
system level tests (Chapter 5) yield further recommendations for design codes and
qualification guidelines which are described in the following sections.

6.1 General

The presence of cracks in the concrete and their widths are critical for the anchor
performance. Therefore, in order to conduct qualification testing of anchors for use in
cracked concrete, the generation of the crack in the target location is very important.
It is critical such that the crack passes through the anchor location over the entire
depth. In previous chapters, it was repeatedly highlighted that drilling of the anchor
hole prior to crack initialisation ensures best results. Qualification guidelines should
require a verification of a full depth crack by a borescope inspection.

Furthermore it is strongly recommended that identical concrete specimen types are
used throughout the test programme. In particular this applies for the cyclic tests and
their corresponding monotonic reference tests. Different geometry and reinforcement
layout in the concrete specimens introduce an unnecessary and systematic scatter
which may jeopardise the high demands on accuracy seismic qualification test
procedures require.
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6.2 High Loading Rate

It was shown that the general assumption of the beneficial effects of high loading
rates holds irrespective of the anchor type. Additionally dynamic tests on anchors
have shown that the load capacity also increases for high load or high crack cycling
frequencies of 1 to 5Hz (Mahrenholtz, P.; Mahrenholtz, C. et al. (2012)).
Consequently, it is conservative to neglect these effects in anchor design and
qualification and tests at high loading or cycling rates are not required for
gualification.

6.3 Anchor Ductility

Testing of anchor ductility is deemed unnecessary for seismic anchor qualification.
Since the classification of an anchor as brittle or ductile effects the anchor design in
general, however, it is recommended to incorporate tests on anchor ductility in
qualification guidelines. Moreover, anchor displacements are critical in case of
displacement controlled problems in particular for seismic applications and
deformation based design. In this respect, future technical approvals should provide
additional anchor displacement data, i.e. the minimum and maximum characteristic
displacements during cyclic actions and the ultimate (residual) displacement
capacity. The specific anchor displacement demands need to be evaluated and
compared to displacement capacities, independent of the classification of an anchor
as ductile or not. Large anchor displacements are not necessarily beneficial for the
behaviour of anchored NCS. Moreover, the residual displacement for moderate and
more frequently occurring earthquakes is generally desired to be small
Consequently, the universal promotion of ductile anchor behaviour in seismic design
irrespective of any specific demands should be reconsidered. In this context, the
one—sided punishment of brittle anchorages as stipulated by the overstrength design
approach for brittle anchorages in CEN/TS 1992-4 (2009) and ACI 318 (2011) should
be revised and harmonised.

The filling of clearance holes as currently recommended in CEN/TS 1992-4 (2009)
and widely exercised for seismic applications of anchors loaded in shear, has
certainly a positive effect on the reliability of attributed displacement behaviour.
Further, closure of the annular gap prevents gap induced amplification. Therefore,
filling the clearance hole can be conservatively neglected in anchor qualification test,
however, should be more explicitely addressed in CEN/TS 1992-4 (2009) and ACI
318 (2011).

Apart from seismic aspects of anchor ductility, anchor qualification guidelines should
generally stipulate anchor ductility tests on the basis of the proposed equivalent
percentage elongation criteria. Failure modes other than steel should be allowed to
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be classified as ductile if they generate comparable anchor displacements. The
requirements for the plastic design approach of structural connections according to
CEN/TS 1992-4 (2009) Annex B as well as the partial safety factors as given in ACI
318 (2011) Appendix D should be revised accordingly.

6.4 Anchor Groups

The CC Method and UB Model (Section 3.1.2) have been adopted by relevant design
codes as ETAG 001 (2006), ACI 318 (2008) and ACI 349 (2006), and proved valid
ever since. The design equations given in ETAG 001 (2006) Annex C are also
applicable for anchor groups provided that the used anchors fall within current
experience which are according to Annex B Clause 2.0 all expansion and undercut
anchors. Group design of bonded anchors is covered in EOTA TR 029 (2010).
However, group design of screw anchors is yet to be regulated, but will follow the
same approach for overlapping concrete cones and influencing areas as stipulated
for the CC Method and UB Model, respectively. In conclusion, tests for the
determination of the critical spacing s, required for the transmission of the full anchor
strength are no longer considered as s is generally assumed to be 3 he. However, if
the group behaviour is desired to be evaluated, the test conditions in ETAG 001
(2006) need to be defined in more detail, e.g. as rotational-restrained configuration.

The introduction of the seismic group factor of 0.85 allows to drop the seismic
strength reduction factor of 0.75 as currently stipulated in the design codes ACI 318
(2011) and CEN/TS 1992-4 (2009). The strength reduction factor was originally
meant to cover several effects, which are either ruled out or, as the effect of extreme
crack widths of 0.8 mm, can be taken into account in the design by a seismic crack
width factor of ~ 0.9 to reduce the strength of a single anchor for concrete cone
failure.

6.5 Cyclic Load

The proposed seismic amendment for qualification guidelines includes tension and
shear load cycling tests as described in Section 4.3.2.1 and Section 4.3.2.2, where
also detailed recommendations for the testing procedures are given.

Boundary conditions of shear qualification tests require further specification to
achieve reproducible test results. In particular the hold down mechanism has a
strong impact on the test results, however, is currently not defined in the guidelines
yet. Other influencing but undefined factors include the height of the fixture and the
filling of the annular gap. For increased fixture heights or if the gap is filled, an
additional bending moment is introduced at the anchor head. Since the seismic
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performance in shear is governed by LCF, qualification testing with large fixture
heights or filled gaps yields conservative results.

6.6 Cyclic Crack

The proposed seismic amendment for qualification guidelines includes crack cycling
tests as described in Section 4.3.2.3, where also detailed recommendations for the
testing procedure are given.

The anchor displacements during crack cycling are critical for the evaluation of
qualification tests and consequently should be measured accurately. Anchor
displacements in the range of 100 um require direct measurement on the free end of
the anchor. If the measurement devices are installed next to the anchor, the anchor
load induced bending of the concrete test specimen may lead to a significant
undershooting of the crack width at the point of anchorage. Therefore, it is
recommended to mount the measurement devices on each side of the concrete test
specimen at the level of the theoretical embedment depth. Further improvement in
measurement accuracy can be achieved by the four point method.
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7 Reference-Test Based Model for Cyclic Anchor Disp  lacement

Large axial displacement accumulated during crack cycling with a permanently acting
load is a critical performance aspect of post-installed anchors. For anchors seeking
seismic qualification, the crack cycling test is the most demanding test type which
likely causes a reduction in the approved seismic tensile strength to meet the
allowable displacement criterion. On the other hand, crack cycling tests offer the
largest potential for product optimisation. However, the required technical equipment
together with time consuming procedures make crack cycling tests a decisive cost
factor in anchor qualification test programmes. Moreover, when a test is halted due to
a premature failure, additional tests with iteratively reduced anchor loads are
required. Consequently, a model that is able to predict the anchor displacement
during crack cycling on basis of monotonic reference test data is beneficial. In
Section 7.1 the analytical background of a model developed in Section 7.2 is
presented. Its capability is shown in Section 7.3 by exemplary calculations, which
results are concluded in Section 7.4.

7.1 Analytical Background

The effect of cracks and crack cycling on anchor displacement is the central theme of
this thesis. The stiffness of anchors located in cracks is reduced as compared to the
stiffness of anchors located in uncracked concrete (Section 3.4.2.2). As a result, the
anchor displacement increases for decreased stiffness. In the case of crack cycling,
the accumulated displacement is a result of slip during crack opening
(Section 3.6.2.4). For constant anchor load and maximum crack width, the
displacement increment is approximately constant (Figure 7.1a). As the permanent
anchor load and crack opening width increase, the anchor slip increases (Figure
7.1b). For discrete phasings (Figure 7.1c), the relative effect of anchor load cycling
can be taken into account by integrating anchor load and crack width over the cycles,
leading to the ADP approach which basically assumes an approximate linear
influence of anchor load and crack width on the anchor slip (Section 3.7.2.5).

The proposed seismic qualification tests with variable permanent load level (Figure
7.1d) demonstrated that the accumulated anchor displacement is proportional to
anchor load level and crack opening width (Section 4.3.2.3). The relative load and
crack demand acting on the anchor can be expressed for various test protocols by
the ADP approach, which could also be extended to transient anchor load and crack
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width time histories (Figure 7.1e). To compare the displacement results of various
load and crack demands, the time histories have to be normalised (Section 5.3.3.3).
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Figure 7.1 Effect of variable anchor load and crack width (schematic): a) Crack cycle
protocol with constant load; b) Stepwise increasing crack cycle protocol with constant
load; c) Protocol for simultaneous load and crack cycling; d) Stepwise increasing
crack cycle protocol with variable load; €) Anchor load and crack width time histories

The anchor displacement can be calculated provided that the fundamental response
of the anchor to a given anchor load and crack width opening is known. However, the
experimental determination of a single anchor displacement increment Asc for a
particular anchor load and crack width opening is disproportionately elaborate
because a full test setup for crack cycling tests is required.

The general idea for the model developed is to estimate the anchor displacement
during crack cycling based on test data of monotonic pullout test. The aim is not to
calculate exact displacements, which is nearly impossible due to scatter within crack
cycling tests, but to provide a simplistic tool to predict the trend. Herein the incentive
is the avoidance of unnecessary and costly premature failures during seismic
gualification tests.

7.2 Development of Model

Figure 7.2 depicts schematic load-displacement curves for tests on an anchor
installed in uncracked concrete, in a static crack, and in a cycled crack. The effect of
static cracks on the anchor performance was extensively investigated over past
decades also in quantifiable terms, e.g. strength reduction factor , (Figure 7.2a).
Despite the direct influence of anchor displacement on the remaining embedment
depth and residual capacity, the effect of crack cycling on the increase in anchor
displacement from the initial displacement, s;, to the displacement after crack cycling,
Seye, IS NOt quantified to date.
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Figure 7.2 Schematic load-displacement curves for tests on an anchor installed in
uncracked concrete, in a static crack, and in a cycled crack: a) Key performance
parameter; b) Displacement at 50 % Ny n and displacement increment AScyc n

The experimental data of earlier tests is studied in the following to find an
approximate interrelation of characteristic displacement data (0.5 Nym uncr),
S(0.5 Nym.cr), and Ascyen (Figure 7.2b) which serves as a basis for the calculation of
the displacement increments.

7.2.1 Characteristic displacement data

The group test programme reported in Mahrenholtz, P. (2010b) included reference
tests on single anchors installed in uncracked concrete, static crack, and cycled
cracks (Section 3.4.4). The static crack width and crack opening width were 0.8 mm.
The characteristic displacement data are compiled in Table 7.1 for further analysis.

Table 7.1 Characteristic displacement data of reference tests on anchors installed in
uncracked concrete, in static crack, and in cycled cracks

Anchor  $(0.5Nymunc)m'™  S(0.5Nymem, As® DSeyenm®® As
Type mm mm mm mm ASeyen
UcC1l 0.75 1.14 1.14-0.75=0.39 (4.22-0.58)/10=0.36 1.08
SAl 0.20 0.66 0.66-0.20=0.46  (5.10-0.53)/10=0.45 1.03
EAbYT 0.08 2.33 2.33-0.08=2.23 (22.81-1.86)/10=2.09 1.07

(1) Tests in uncracked concrete

(2) Tests in static cracks (w = 0.8 mm)

(3) As = S(O-SNu,m,uncr)m - S(O-SNu,m,cr)m

(4) Tests in cycled cracks: n = 10; Ny, = 0.4 Nyme; Wi = 0.8 mm; w, = 0.0 mm;
(5) AScyc,n = (Scyc - Si) / n; sj= S(0-4Nu,m,cr)m = (04 / 05) ’ S(O-SNu,m,cr)m

The data reveal that the difference in the displacement at 50 % N, for tests in
uncracked and cracked concrete, As, is approximately equal to the displacement
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increment, Asgycn, Which an anchor experiences every crack cycle. This is conclusive
because for load levels in the elastic range, the difference in displacement for an
anchor installed in uncracked concrete to an anchor installed in a crack of the width
w corresponds to the displacement increment of a permanently loaded anchor due to
opening the crack from full crack closure to w (Section 4.3.2.3). This principle is also
valid for tests conducted in 0.5 mm cracks, assuming a linear influence of the crack
width on the displacement.

7.2.2 Calculation of displacement increment

Based on this hypothesis, the reference displacement increment Asgy.,* is calculated
for the reference tests carried out for the crack cycling tests presented in
Section 3.6.2 and Section 4.2.3.2. Since reference tests on anchors installed in
uncracked concrete were not carried out, the values for s(0.5Ny muncr) are calculated
by means of specific displacement ratios s(0.5Ny mcr) / S(0.5Ny m.uncr) taken from the
data base reported in Mahrenholtz, P. (2011b) (Table 7.2).

Table 7.2 Calculation of displacement increment for one crack cycle with

Anchor 5(0.5Nym.e)™, cal.( S(0.5Nymer) J @  cal.5(0.5Nymuncr)s cal.ASeye o,
Type mm S(0.5Ny, muncr ) mm mm
UC1 0.38 1.5 0.35/1.5=0.25 0.38-0.25=0.13
SAl 0.70 1.5 0.70/1.5=0.47 0.70-0.47=0.23
EAb1 2.01 3.0 2.01/3.0=0.67 2.01-0.67=1.34

(1) Tests in static cracks (w = 0.5 mm)
(2) Values calculated by data base for anchor tests in uncracked concrete and in 0.5 mm cracks

For the crack closing width w, = 0.0 mm, the displacement increment AScyc, can be
calculated for any given anchor load and crack width by:

—_ * NW,n Wl,n .
calAs =cal.As N 3— Equation 7.1

cyc,n cyc,n * *
w Wl

Where N,,, Permanent anchor load for the crack cycle n
Nw*  Permanent anchor load for which Ascycn* was determined
w1,  Crack opening width for the crack cycle n

wy* Crack opening width for which Ascycn* was determined
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7.3 Example Calculations

The hypotheses are verified by predicting the displacements during crack cycling for
exemplary experimental tests reported in Mahrenholtz, P. (2009) and Mahrenholtz, P.
(2010d). The calculations presented in this section benchmark the practical
applicability of the proposed model.

7.3.1 Application to Simulated Seismic Tests

Figure 7.3 and Figure 7.4 depict load-displacement curves measured for crack
cycling tests discussed in Section 3.6.2 and Section 4.2.3.2. The displacement
increments calculated by Equation 7.1 are indicated by hollow dots.
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Figure 7.3 Measured Ld curves and calculated anchor displacement: Stepwise
increasing crack cycle protocol with constant load: a) UC1 anchor and b) SA1 anchor
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Figure 7.4 Measured Ld curves and calculated anchor displacement for tests on
EADb1 anchor: a) Stepwise increasing crack cycle protocol with constant load;
b) Stepwise increasing crack cycle protocol with variable permanent load
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The results for the stepwise increasing crack cycle protocol (n = 32; Figure 7.3 and
Figure 7.4a) show satisfactory agreement of calculated and experimental
displacement s.y.. In case of the seismic qualification tests (n = 59; Figure 7.4b) the
model clearly overestimates the experimental displacement measured at
serviceability and suitability levels. However, the divergence in the measured load-
displacement curves indicates that the anchor behaviour is not stable.

7.4 Conclusion

Based on the findings of the comprehensive research presented in this thesis, a
model was developed to enable an approximate prediction of the anchor
displacements during crack cycling given only displacement data of simple reference
tests. Exemplary calculations are performed on the data and the comparison of load-
displacement data between experimental results and the model predictions
demonstrated a positive result. It is noted that a mismatch between experimental and
analytical data for more complex test protocols may be related to the extreme scatter
typical of crack cycling tests.

The proposed model is a useful tool to estimate displacements, but it would not
replace experimental tests. Further reference tests on single anchors are required to
substantiate and refine this approach. The test programme should comprise tests in
uncracked concrete, in static cracks, and in cycled cracks employing identical test
specimens.
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8 Summary and Open Questions

The previous chapters investigated systematically the performance and qualification
of post-installed anchors for seismic applications. Existing anchor qualification
guidelines were analysed and deficits in the understanding of anchor behaviour were
identified. For the comprehensive research programme conducted to overcome these
deficits, an experimental approach supplemented by analytical models was chosen.
The conducted research directly addressed the lack of understanding in the relevant
aspects, namely: loading rate, anchor ductility, anchor groups, cyclic loads and
cracks, and simultaneous load and crack cycling. The studies herein contributed to
the proposal for the seismic amendment of the anchor qualification guideline, which
refined test protocols were evaluated by additional experimental testing. The
component level results were then compared to the system level results, where
post-installed anchors were tested in cyclically cracked concrete on a shake table. In
the following, the key findings of the individual aspects are summarised (Section 8.1)
and open questions outlined (Section 8.2).

8.1 Summary

Experimental test data confirmed that the preclusion of high loading rate tests for
seismic qualification also apply to expansion anchors. Detailed studies have shown
that due to dynamically increased concrete strengths, tests at earthquake relevant
loading rates also result for anchors failing in pull-through mode in increased load
capacities despite a decreased friction between the anchor cone and expansion
elements. Therefore, any high loading rate test is deemed to be unnecessary for
seismic anchor qualification.

Detailed studies on anchor deformation characteristics, in particular with respect to
seismic applications, resulted in a meaningful understanding of anchor ductility.
Evaluation of a data base of compiled test data of a large range of anchor products
enabled the quantification of anchor displacement capacities. A new definition is
proposed based on the percentage displacement and would allow for other failure
modes than just steel failure to be classified as ductile. This is provided that the
percentage displacement is as large as the percentage elongation of the anchor
tested in a material tensile test with a gauge length equal to the embedment depth.
Current provisions given in qualification and design guidelines should be modified
accordingly, irrespective of whether the intended use of the anchor is seismic or

static.
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A sophisticated test setup with multi-axes servo control system was developed which
allows testing of rotational-unrestrained and rotational-restrained anchor groups
under defined conditions. Based on the experimental results and the re-evaluation of
numerical simulations, the seismic group factor was determined to 0.85 provided that
the CV of the displacement after crack cycling of the individual anchor is not larger
than 30 %. A group model is developed which realistically considers the load
redistribution caused by crack cycling and induced load cycling. This model allows for
simulating the axial displacement behaviour during crack cycling which largely
defines the anchor performance and constitutes a good basis for further numerical
simulations. Properly embedded in a numerical routine, this model could certainly
become a valuable tool to avoid costly group tests.

Extensive experimental load and crack cycling tests on on a broad variety of anchor
types and failure modes increased substantially the understanding of cyclic anchor
behaviour. In particular the test setup for crack cycling tests was improved, allowing
tests of high precision and complexity. The magnitude of the permanent anchor load
was reasoned. The tests proved the beneficial applicability of stepwise increasing
test protocols developed at the University of California, San Diego, and delivered
valuable input for further refinement of the test protocols for final implementation in
the seismic amendment or revision of anchor qualification guidelines. The test results
highlighted the paramount impact of crack widths on the anchor behaviour for tension
load and crack cycling tests. Low cycle fatigue makes shear load cycling tests critical
for the seismic performance of anchors loaded in shear. Large accumulated axial
anchor displacements during crack cycling tests are critical for the performance of
anchors loaded in tension.

Simultaneous load and crack cycling tests carried out within the scope of this thesis
were the first of its kind and delivered new insights regarding the influence of phasing
and frequency on the anchor displacement behaviour and corresponding
performance. The results justify a reduction factor of 0.8 for the permanent load
during the serviceability level of crack cycling tests, retaining a realistic anchor load
level. Furthermore, it was shown that the anchor displacement collected over load
and crack cycles can be described by accumulated damage potentials which take the
correlation of anchor load and crack width into account.

All investigations on the component level resulted in a set of load cycling protocols
and crack cycling protocol, which are carried out anchor load controlled and crack
width controlled, respetively. Exploratory tests verified the general approach to test
serviceability and suitability demand level by one unified test protocol. Herein the
stipulated test conditions were validated, reasonable assessment criteria postulated,
and concluding testing procedures proposed.

268



Summary and Open Questions

Shake table tests delivered valuable information on the seismic performance and
failure mechanisms of anchors connecting suspended components to concrete. The
suspended configuration were tested with a model NCS with a representative periods
and can be deemed as the critical case for non-structural connections. For the
considered configuration, the shake table tests verified that the proposed seismic
gualification tests sufficiently replicate the characteristic demands of a real
earthquake. The tests showed that for anchors used to fasten non-structural
elements, earthquake motions generally result in a low correlation of anchor load and
crack width. Accordingly, the anchor displacements are relatively small if compared
to simulated seismic tests carried out for anchor qualification. This indicates that the
permanent anchor load in qualification tests could be substantially reduced, if the
anchor application is limited to non-structural connections. Moreover, findings on
loading rates, anchor ductility, and anchor group behaviour observed on a
component level were confirmed.

In addition to the proposed seismic qualification tests, the knowledge agglomerated
during the investigations presented in this thesis finally resulted in a number of
recommendations for anchor design codes and qualification guidelines. Further, a
model was developed to reasonably predict the displacement of post-installed
anchors subjected to load and crack cycling. This model utilizes known data from
monotonic load-displacement curves and allows estimating the anchor displacement
and therefore the sustainable load for a given anchor load and crack width demand.
Inplementation of this model can greatly reduced the number of costly and labour
intensive simulated seismic tests, while accelerating pretesting phase.

8.2 Open Questions

The presented research reduced the gap in knowledge as identified in the opening
sections. Additional issues arose during extensive testing and were dealt with in the
course of progressing investigations. However, some questions could not be
answered completely.

Ideally, further research is necessary to understand local anchor ductility and its
impact on the global ductility in case of structural connections. Numerical simulations
similar to those carried out previously on non-structural connections (Smith, J.;
Dowell, R. (2008)) could help to address this problem. Regarding the ductility
parameter, more experimental test data would help to back up the conclusions for
anchors loaded in shear while defining realistic and reproducible boundary conditions
in the test.

Additional group tests along with other anchor types and products would help to
further substantiate the proposed seismic group factor. For tension loads, it is

recommended to conduct numerical tests which are based on the presented load
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redistribution model, as described in Mahrenholtz, P. (2010c). For anchor groups
loaded in shear, effects related to crack cycling and the associated scatter are not
relevant for the load distribution. However, other performance affecting factors such
as variable clearances should be investigated. In this context, the question of filling
the annular gap as recommended but not explicitly required in some design
guidelines should be addressed more vigorously.

The cyclic load tests showed that in principle every anchor type is not sensitive to this
type of loading, while the behaviour during crack cycling depends significantly on the
anchor type. However, the seismic shear capacity is governed by low cycle fatigue
which in turn depends on the anchor design and used material. Additional research is
required to identify the driving parameters for the anchor performance in cyclic shear
and to foster the development of suitable anchor systems. The seismic capacity in
axial direction is governed by the displacement behaviour of the anchor during crack
cycling. Due to the unfavourable load transfer mechanism, bonded anchors did not
cope well with cycled cracks. It is evident that for use in seismic applications, the
generally promising adhesive technology can only be successfully qualified as
bonded expansion anchors which should be investigated by crack cycling tests.

Theoretical considerations identified structural connections as the critical design case
in that, contrary to non-structural connections, load and crack cycling is potentially in
phase. Non-linear structural analysis or experimental tests could confirm this
hypothesis. Furthermore, structural connections of typical retrofit solutions rarely
show a dominate anchor load direction. Tension and shear loads occur in varying
portions and in a smeared manner. Further research could shed light on the realistic
demand and possible beneficial effect of the shear and tension load interaction on
the axial displacement behaviour.
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Zusammenfassung (German Summary)

Experimentelles Verhalten und Empfehlungen fir die Qualifikation von
nachtraglich installierten Dibeln im seismischen An wendungsfall

Kapitel 1 — Einleitung

Die Starkbebenwahrscheinlichkeit ist flr weite Teile der Erde vergleichsweise gering.
Allerdings hangt das Schadensrisiko nicht nur von der Erdbebenintensitat ab,
sondern auch von den Vermogenswerten und der Verwundbarkeit des betrachteten
Gebiets. Daher ist in vielen vormals als gering erdbebengefahrdet eingestuften
Gebieten das Potential zu Personen- und Sachschaden tatséchlich erheblich héher
als allgemein angenommen. Gerade bei Erdbeben geringer Starke in Gebieten mit
hohem Technologisierungsgrad und empfindlicher Infrastruktur kommt der
Erdbebensicherung mittels nachtraglich installierter Dibel eine herausragende
Bedeutung zu.

Nachtraglich installierte Duibel dienen der Befestigung von tragenden und
nichttragenden Bauteilen an tragende Betonbauteile. Sie werden wahrend eines
Erdbebens extremen Beanspruchungen ausgesetzt, welche im Allgemeinen mit
zyklischen Belastungen in Langs- und Querrichtung assoziiert werden. Da man
davon ausgehen muss, dass der Dibel sich in einem bereits vorhandenen oder
wahrend des Erbebens entstehenden Betonriss befindet, erfahrt der Dlbel zuséatzlich
eine Beanspruchung durch den sich zyklisch 6ffnenden und schlielenden Riss.
Desweiteren werden seismische Einwirkungen durch grol3e Rissweiten und teilweise
schockartige Belastungsgeschwindigkeiten charakterisiert.

Diese besonderen Beanspruchungen werden derzeit bei der Qualifizierung von
Dubelsystemen nach den einschlagigen Prifrichtlinien wie der européischen ETAG
001 (2006) oder der US-amerikanischen ACI 355.2 (2007) nicht oder nicht im
ausreichenden Mal3e bertcksichtigt. Ziel dieser Dissertation ist es, die
Erdbebensicherheit von nachtraglich installierten Dibeln zu erhéhen, indem das
Verhalten unter Erdbebeneinwirkung umfassend erforscht und Prifrichtlinien um
sinnvolle Testkriterien fur die seismische Qualifikation erganzt werden.
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Kapitel 2 — Derzeitiger Stand von Prifrichtlinien

Kapitel 2 analysiert den derzeitigen Stand des Regelwerks fur die Zulassung von
Dubeln. Einleitend wird der Zusammenhang von Prufrichtlinien,
Bemessungsrichtlinien und Zulassungen von Dubeln dargelegt. Wichtige Begriffe
und die grundsatzliche Vorgehensweise bei Zulassungsverfahren werden erlautert.
Die Analyse konzentriert sich auf bestehende europaischer und US-amerikanischer
Normen und Richtlinien, wie die ETAG 001 (2006) und ACI 355.2 (2007) als
Prifrichtlinien und die CEN/TS 1992-4 (2009) und ACI 318 (2011) als
Bemessungsrichtlinien.

Die Diskussion gliedert sich in folgende Aspekte: Belastungsgeschwindigkeit,
Dubelduktilitat, Dubelgruppen, sowie getrennt oder gleichzeitig wirkende zyklische
Lasten und Risse. Die Randbedingungen und Prufkriterien der entsprechenden
Qualifikationstests werden hinsichtlich ihrer Relevanz fir die Beurteilung der
Erdbebentauglichkeit im Detail bewertet. Kritische Punkte werden herausgearbeitet
und Defizite im Verstandnis Uber das Verhalten von nachtraglich installierten Dubeln
identifiziert. Fragen, die beantwortet werden missen, um eine seismische
Prifrichtlinie erarbeiten zu kénnen, werden formuliert.

Kapitel 3 — Untersuchungen auf Komponentenebene: Te  sts unter simulierten
Erdbebenbedingungen

Die in Kapitel 3 vorgestellten Forschungsarbeiten dienen der Beseitigung der zuvor
identifizierten Defizite. Hierzu wurden umfangreiche Literaturrecherchen sowie
theoretische und experimentelle Untersuchungen zu den oben aufgefiihrten
Aspekten durchgefuhrt:

* Belastungsgeschwindigkeit. Anders als Hinterschnitt-, Schraub- oder
Verbunddibel Gbertragen Spreizdiibel die Lasten tber Reibung mit Hilfe einer
Spreizhilse, in die sich der konisch zulaufende Dubelbolzen beim Belasten
zieht. Auszugsversuche an im Riss installierten Spreizdiibeln sollten klaren, ob
es infolge erdbebentypischer Belastungsgeschwindigkeiten zu einer
unginstigen Anderung der Reibungsverhaltnisse und Abnahme der
Tragfahigkeit kommen kann. Die Versuche zeigten jedoch, dass die
Tragfahigkeit tendenziell mit steigender Belastungsgeschwindigkeit zunahm
und im Mittel nie unter der quasi-statischen Tragfahigkeit lag. Um sicher zu
gehen, dass die gemessenen Laststeigerungen nicht Ausdruck einer
zunehmenden inneren Reibung sind und damit die Funktionstichtigkeit
potentiell gefahrden, wurden zusatzliche Untersuchungen uber die &ul3ere
Reibung und den Eindrickwiderstand der Hulse in den Beton durchgefihrt.
Die Ergebnisse dieser Untersuchungen ergaben, dass die Laststeigerung auf
die Erh6hung des Eindruckwiderstands zurtckzufihren ist und eine
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Verminderung der Tragfahigkeit unter hohen Belastungsgeschwindigkeiten
praktisch ausgeschlossen  werden kann. Damit  haben sich
Hochgeschwindigkeitsversuche fur die seismische Qualifizierung von
nachtraglich installierten Diibeln als nicht erforderlich erwiesen.

Dubelduktilitat: Wahrend die Klassifizierung der Duktilitat von Dubeln konkrete
Auswirkungen auf ihre Bemessung hat, sind die im Ansatz existierenden und
auf reiner Materialduktilitat beruhenden Definitionen nicht schlussig.
Insbesondere ist in den einschlagigen Prufrichtlinien bis dato nicht geregelt,
wie sich Dubel fur eine hinreichende Duktilitat qualifizieren kénnen. Um den
Begriff der Duktilitdét in der Dibeltechnologie sinnvoll und quantifizierbar
definieren zu konnen, wurden Duktilitdtskriterien entwickelt und auf eine
mehrere tausend Lastverschiebungskurven umfassende Versuchsdatenbank
angewendet. Die Auswertung hat ergeben, dass die Bewertung des Dibels
hinsichtlich der relativen Verschiebekapazitat im Sinne eines vom
Erdbebeningenieurwesen bekannten Duktilitatsfaktors wenig sinnvoll ist.
Mangels eines ausgepragten Flie3punktes sowie wegen der grol3en Streuung
im abnehmenden Ast der Lastverschiebungskurve sind die ermittelten
relativen Verschiebekapazitdten zu gering um relevant sein zu koénnen.
Dahingegen ist eine Bewertung des Dibels hinsichtlich der absoluten
Verschiebekapazitat am  Punkt der Hochstlast zuverlassig  und
charakterisierend fur das Verschiebeverhalten des Dubels. Ein neuer Ansatz
zur Bestimmung der Dubelduktilitat wird vorgeschlagen, der unabhéngig von
der Versagensart einen Dibel als duktil klassifiziert, wenn die auf seine
Verankerungstiefe bezogene Verschiebung bei Ho6chstlast mindestens
genauso gro3 ist wie die geforderte prozentuale Langung des
Dubelwerkstoffes in einem Zugversuch.

Dubelgruppen: Wahrend in der Vergangenheit das Lastverschiebungs-
verhalten von Einzelbefestigungen weitestgehend untersucht worden ist, gilt
dies nicht fur Mehrfachbefestigungen. Aus der systematischen Betrachtung
der bei Mehrfachbefestigungen relevanten Randbedingungen und die
zielgerichtete Auswertung vorhandener numerischer Versuche konnte
geschlussfolgert werden, dass Dubelgruppen unter Einhaltung eines maximal
zulassigen Variationskoeffizienten far die Verschiebung nach
erdbebenbedingter Risszyklen von 30 % auch unter Erdbebeneinwirkung eine
Tragfahigkeit von mindestens 85 % der Summe der Einzeltragfahigkeiten
aufweisen. Allerdings wurde in den bisherigen Untersuchungen die bei
offnenden und schlieenden Rissen zu erwartende Lastumverteilung nicht
ausreichend bericksichtigt. Um das Tragverhalten von
Mehrfachbefestigungen, deren Dibel sich teilweise in einem sich zyklisch
offnenden Riss befinden, besser zu verstehen, wurden Versuche an Zwei- und
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Vierfachbefestigungen unter exakt definierten Randbedingungen durchgefihrt.
Bei diesen experimentellen Versuchen wurde unter extremen Anforderungen
an die Mess- und Steuertechnik ein in der experimentellen Dubelforschung
bisher nicht dagewesenes Komplexitdtsniveau erreicht. Die dabei
insbesondere fur drehsteife Anschliisse beobachteten Umlagerungseffekte
wirkten sich positiv auf das Lastverschiebungsverhalten aus. Die Tragfahigkeit
von mindestens 85 % der Summe der Einzeltragfahigkeiten konnte bestatigt
werden; und die Verschiebungen fielen im Vergleich zu den gelenkigen
Anschlissen erheblich geringer aus. Das durch die Versuche vertiefte
Verstandnis erlaubte es ferner, ein analytisches Modell zu entwickeln, das die
Umlagerungseffekte innerhalb von Dibelgruppen simulieren und so die
aulerst aufwendigen Gruppenversuche zukiinftig ersetzen kann.

Zyklische Lasten: Das Verhalten von nachtraglich installierten Dubeln unter
schrittweise ansteigenden Dubellasten wurde anhand diverser Dibeltypen
und -produkte untersucht. Dabei hat sich gezeigt, dass in L&ngsrichtung
belastete Dubel die 36 Lastzyklen generell und unabhéngig von der
Versagensart  Uberstehen und die Umhillende der zyklischen
Lastverschiebungskurven der mittleren monotonen Auszugskurve folgt. Damit
wurden fir mechanische Diubel bereits vorher getétigte Beobachtungen
bestétigt und auf Verbunddibel ausgedehnt. In Querrichtung belastete Dubel
zeigen  einige Dubeltypen  mehr oder weniger ausgepragtes
Ermudungsverhalten im Zuge dessen sich die Umhillende der zyklischen
Lastverschiebungskurven von der mittleren monotonen Auszugskurve I6st und
der Dubel vor Erreichen der angestrebten Last bzw. Lastwechselanzahl
versagt. Dubel, die in Rahmen von Tastversuchen nicht last- sondern
wegkontrolliert belastet wurden, haben im Prinzip das gleiche Verhalten und
die gleiche Grenztragfahigkeit aufgewiesen. Da jedoch wegkontrolliert
abgefahrenen Lastwechsel zu unregelmaRigen Lastamplituden fuhren, ist der
lastkontrollierten Durchfiihrung der Qualifikationstests den Vorzug zu geben.
Desweiteren haben die Versuche gezeigt, dass eine vollstdndige Abfahrung
der vorgegebenen Lastwechselanzahl fir eine  Auswertung der
Grenztragfahigkeit unabdingbar ist. Damit kann die wahrend der Lastwechsel
maximal erreichte Last nicht fur die Auswertung der Grenztragfahigkeit
herangezogen werden und der Test ist in diesem Fall auf einem niedrigeren
Niveau zu wiederholen.

Zyklische Risse: Auch das Verhalten unter schrittweise ansteigenden
Rissweiten wurde anhand diverser Dubeltypen und -produkte untersucht.
Dabei kam erstmalig ein Versuchsaufbau zum Einsatz, der unter gleichzeitiger
exakter Einhaltung der Dibellast die rissweitenkontrollierte Abfahrung
komplexer Testprotokolle erlaubte. Die Steuerung und Auswertung der Tests
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im Bereich weniger hundertstel Millimeter stellt neue Herausforderung an die
Priufkorper und technischer Ausstattung der Priflabore dar. Die
Versuchsergebnisse haben verdeutlicht, dass Risszyklusversuche wegen der
dabei auftretenden Dubelverschiebungen eine extreme Anforderung an die
Dubel darstellen, die im Allgemeinen fur die seismische Grenztragfahigkeit
und Gebrauchstauglichkeit in Langsrichtung malf3geblich ist. Die Grol3e der
Dubelverschiebung richtet sich nach dem Lastlbertragungsmechanismus.
Verbunddiibel zeigen erheblich geringere Verschiebungen als mechanische
Dubel, jedoch neigt dieser Dubeltyp dazu, vor Ablauf aller 32 Risszyklen
schlagartig zu versagen und muss daher als ungeeignet fiur diese Art der
Belastung angesehen werden. Zusétzliche Versuche mit einer erhdhten
Anzahl an Rissoffnungen haben den erheblichen Einfluss der oberen
Rissweitenamplituden auf das Verschiebeverhalten herausgestellt und
verdeutlicht, dass die Differenzierung des Gebrauchstauglichkeits- und
Grenztragfahigkeitsniveaus sich nicht nur in der Maximalamplitude, sondern
auch in der Anzahl der Zyklen widerspiegeln muss.

Gleichzeitig wirkende zyklische Lasten und Risse: Das getrennte Testen
zyklischer Lasten und zyklischer Risse ist im Allgemeinen konservativ. Fir
Risszyklusversuche, bei denen die Rissweite gezykelt und der Dubel mit einer
konstanten Dauerlast in Hohe der maximalen Bemessungslast belastet wird,
kann dieser Ansatz zu unrealistischen Bedingungen und sehr ungunstigen
Versuchsergebnissen fihren. Daher wurde in mehreren Testreihen
untersucht, wie sich gleichzeitiges Last- und Risszykeln in unterschiedlichen
Phasenlagen das Verschiebeverhalten eines Duibels beeinflusst. Die
Ergebnisse zeigten deutlich, dass die Verschiebungen fir Zyklen in Phase,
Zyklen auller Phase und Zyklen bei unterschiedlichen Frequenzen
zunehmend geringer werden. Unter der Annahme, dass eine Belastung im
ungunstigsten Fall einer Befestigung tragender Bauteile in Phase auftritt, kann
man die Dauerlast wahrend der Testphase auf Gebrauchstauglichkeitsniveau
auf 80 % der Bemessungstragfahigkeit reduzieren, die wahrend der
Testphase auf Grenztragfahigkeitsniveau angesetzt wird. Da die Versuche mit
Kopfbolzendubel ausgefihrt wurden, die eine geringe Streuung in den
Verschiebungen aufweisen, konnte gezeigt werden, dass sich die
Dubelverschiebung proportional zum akkumulierten Schadenspotential
entwickelt. Dieses Schadenspotential (engl. Accumulated Damage Potential,
ADP) ist definiert als das Produktintegral aus Rissweite und Lastniveau uber
den Risszyklus. Zwar sind Versuche mit gleichzeitig wirkenden zyklische
Lasten und Risse zur Qualifizierung von Dubeln nicht erforderlich. Jedoch
zeigen diese Versuche, dass insbesondere bei Befestigungen nicht tragender
Bauteile und der hierbei anzunehmenden Auf3erphasigkeit von Last und Riss
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die konstante Dauerlast reduziert werden kénnte, um bei Risszyklusversuchen
realistische Verhéltnisse zu replizieren.

Zusammenfassend konnte gezeigt werden, anhand welcher Testtypen im Rahmen
von Zulassungsverfahren die Qualifikation von nachtraglich installierten Dubeln fir
die Verwendung in Erdbebengebieten erfolgen sollte: Tragfahigkeitsversuche unter
Hochgeschwindigkeit, gesonderte Tests zur Feststellung der Dibelduktilitat sowie
Tests zur Bestimmung der Dubelgruppentragfahigkeit sind zur Beurteilung der
Eignung nicht erforderlich. Zukinftige seismische Prufrichtlinien sollten im
Wesentlichen auf Lastzyklus- und Risszyklusversuche basieren. Schrittweise
ansteigende Last- und Risszyklusprotokolle erlauben eine gute Beurteilung des
seismischen Verhaltens und sollten die bei Erdbeben auftretenden Belastungen auf
Gebrauchstauglichkeits- und Grenztragfahigkeitsniveau realistisch abbilden. Dabei
sind Testprozeduren zu wahlen, die reproduzierbare Ergebnisse liefern, gleichzeitig
jedoch den Testaufwand so gering wie mdglich halten.

Kapitel 4 — Ergdnzung der Prifrichtlinien fir seism ische Anwendungen

In Kapitel 4 werden die Untersuchungen vorgestellt, mit deren Hilfe die weiter
entwickelten Testprotokolle und -prozeduren fir die seismische Qualifizierung von
nachtraglich installierten Dubeln Uberprift wurden. FUr die Lastzyklus- und
Risszyklusversuche wurden zunachst die Prifbedingungen fir separate und
kombinierte  Testprotokolle auf  Gebrauchstauglichkeits- und  Grenztrag-
fahigkeitsniveau definiert.

Separate Testprotokolle erlauben die Uberpriifung des Verhaltens von nachtraglich
installierten Dubeln getrennt auf dem Gebrauchstauglichkeitsniveau und dem
Grenztragfahigkeitsniveau. Da getrennte Tests grundsatzlich zu einer erhdhten
Anzahl an durchzufiihrenden Tests fihren, wurde die Beurteilung der Eignung und
Bestimmung der charakteristischen Bemessungswerte auf Grundlage eines
kombinierten Testprotokolls angestrebt. Die Gleichwertigkeit der separaten und
kombinierten Testprotokolle konnte anhand von Vergleichsversuchen verifiziert
werden. Dabei konnte auch gezeigt werden, dass bei zyklischen Querlastversuchen
die Reduzierung der hohen Anzahl an kleinen Lastamplituden zu Beginn des
Testprotokolls eine erhebliche Testzeitverkirzung ohne Auswirkung auf das
Testergebnis erlaubt.

Ferner wurde Uberprift, ob vereinfachte Testprotokolle mit konstanter Anzahl je

Amplitudenstufe ohne signifikante Anderung der Versuchsergebnisse moglich sind.

Zwar haben diese Untersuchungen gezeigt, dass die Unterschiede gering sind,

jedoch ist der Gewinn durch vereinfachte Protokolle zu gering, um diese zu

rechtfertigen. Im Gegensatz dazu stellt die Annaherung der Sinusschwingungen

durch  dreiecksformige Zeitverlaufe eine erhebliche Vereinfachung und
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Beschleunigung dar, so dass diese Losung ausdricklich zur Aufnahme in den
Prufrichtlinien empfohlen wird.

Erganzend zu den Priufbedingungen wurden auf Grundlage der bis dato
vorhandenen  Erkenntnisse  sinnvolle  Bewertungskriterien  bezlglich  der
Dubelverschiebung, der Abminderung der Tragfahigkeit sowie der dazugehdrigen
Streuungen hergeleitet. Die gesammelten Untersuchungsergebnisse resultierten
dann in einem Vorschlag Uber die Prufbedingungen, Versuchsdurchfiihrung und
Bewertungskriterien fir die seismische Ergdnzung von Prfrichtlinien.

Kapitel 5 — Untersuchungen auf Systemebene: Rittelt  ischversuche

Die in Kapitel 3 und 4 prasentierte Forschung wurde am isolierten Dubel, auf der so
genannten  Komponentenebene, unter simulierten  Erdbebenbedingungen
durchgefthrt. Bei den in Kapitel 5 vorgestellten Forschungsarbeiten ist das Verhalten
des Dubels als Teil eines Systems Gegenstand der Untersuchungen. Hierzu wurden
Rutteltischversuche durchgefiihrt, bei denen ein Gewicht Uber Kopf mittels vier
nachtraglich installierter Dubel in eine Betonplatte befestigt wurde. Die Betonplatte
wurde Uber den Rutteltisch nach Beschleunigungszeitverlaufen realer Erdbeben
angeregt, gleichzeitig wurden die Risse, in denen die Dubel zur Befestigung gesetzt
wurden, nach korrespondierenden Verkrimmungszeitverlaufen gedffnet und
geschlossen. Hierbei kamen ein relativ steifer Hinterschnittdiibel sowie ein
verschiebungsfahiger Spreizdibel zum Einsatz. Die Tests waren die ersten ihrer Art
und ermdglichten die genaue Untersuchung des Tragverhaltens von Dubeln bei der
Befestigung nicht tragender Bauteile unter realen Bedingungen. Ferner erméglichte
der direkte Vergleich das Bestatigen zahlreicher auf Komponentenebene getatigter
Beobachtungen. Das Testprogramm bestand im Wesentlichen aus folgenden
Testtypen:

» Kaorrelationstests haben gezeigt, dass bei dieser Konfiguration Dubellast und
Rissweite nur eine geringe Korrelation zeigen. Das heil3t, dass maximale
Dubellast und maximale Rissweite nur selten zusammentreffen. Statistisch
liegt die Dubellast unabhéngig von der Rissweite bei im Schnitt 20 % der
Bemessungstragfahigkeit. Daraus lasst sich ableiten, dass die Dauerlast in
Risszyklusversuchen zumindest bei der Prifung von Befestigungen
nichttragender Elemente deutlich reduziert werden kénnte.

* Verschiebungstests erlaubten den direkten Vergleich mit den
Dubelverschiebungen, die in den seismischen Qualifikationstests gemessen
wurden. Aufgrund des relativ geringen Dubellastniveaus fielen die
Verschiebungen bei den Rutteltischversuchen erheblich kleiner aus. Setzt
man jedoch die Verschiebungen im Verhéltnis zu den akkumulierten
Schadenspotentialen der Qualifikationstests (Kapitel 4) und den der
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Rutteltischversuche, so kann gezeigt werden, dass sich die Verschiebungen in
der gleichen Grélenordnung bewegen.

* Versagenstests hatten das Ziel, den Versagensmechanismus von
Uberkopfinstallationen zu untersuchen. Die Hohe der wechselseitig
auftretenden Lasten wurde von den erdbebenbedingten Tragheitskraften
dominiert; die bei Uberkopfinstallationen zusatzlich wirkenden
Gravitationslasten spielten dahingegen eine untergeordnete Rolle. Das
Versagen von zwei der vier Dubel fuhrte nicht zum Totalversagen des
Anschlusses, auch weil die Dibel von dem nach dem Teilversagen
veranderten statischen System profitierten. Da die Risse zum Zeitpunkt der
maximalen Lasten weitestgehend geschlossen waren, wurden die in den unter
Kapitel 4 durchgefiihrten Qualifikationstest ermittelten Grenztragfahigkeiten
Uberschritten. Insofern kdnnen die Qualifikationstests als ausreichend
konservativ angesehen werden.

Ferner hat die detaillierte Analyse der Kraft-, Verschiebungs- und
Beschleunigungsdaten ergeben, dass das Schwingverhalten des montierten
Gewichts in erster Linie von der Eigenfrequenz dieses abhangt und nicht von dem
Niveau der Dubellasten oder der Rissweiten. Die Nichtlinearitat des Systems flhrt zu
einer Reduzierung der Lastanforderungen an die Dubel bei hohen Horizontal-
beschleunigungen. Zwar sind hierflr eine Lockerung der Befestigung und die
einhergehende Verlangerung der Schwingperiode erforderlich, jedoch ist die
Nichtlinearitat unabhangig vom Dubeltyp und dessen charakteristischen, mit den
Dubelduktilitaten assoziierten (Kapitel 3) Verformungsverhalten. Die in den Tests
gemessenen Belastungsgeschwindigkeiten bestatigten den Geschwindigkeits-
bereich, der zuvor bei den Hochgeschwindigkeitsversuchen (Kapitel 3) als
erdbebenrelevant angesehen wurde.

Kapitel 6 — Empfehlungen fir Prif- und Bemessungsri chtlinien

Aus den gewonnenen Erkenntnissen vorgenannter Untersuchungen werden folgende
Empfehlungen fir Pruf- und Bemessungsrichtlinien vorgeschlagen:

» Generell wird empfohlen, bestimmte Randbedingungen der Qualifikationstests
detaillierter zu definieren, um eine gute Reproduzierbarkeit der Testergebnisse
zu gewahrleisten. Dies gilt unter anderem fur die Prufkdrpergeometrie
und -bewehrung, die Generierung der Risse, sowie der Testaufbau
insbesondere bei Querkraftversuchen.

» Hochgeschwindigkeitsversuche missen in den Versuchskatalog zur
Qualifizierung von Dubeln fir den Verwendung in Erdbebengebieten nicht
aufgenommen werden.
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Die Dubelduktilitdt sollte grundséatzlich im Rahmen von Zulassungsverfahren
bestimmt werden, auch wenn sie fir die seismische Qualifizierung keine
besondere Relevanz hat. Hierfir wird vorgeschlagen, dass ein Dubel, der
unabhéngig von der Versagensart eine auf die Verankerungstiefe bezogene
Verschiebung bei Hochstlast in GroRe der geforderten prozentuale Langung
des Dubelwerkstoffes in einem Zugversuch erreicht, als duktil klassifiziert wird.
Die plastische Bemessung von Befestigungen tragender Bauteile gemal}
CEN/TS 1992-4 (2009) Annex B und die in ACI 318 (2011) Appendix D flr
duktile Befestigungen angegebenen Teilsicherheitsbeiwerte sollten unter
diesem Gesichtspunkt Gberprift werden.

Die Tragfahigkeiten von Dubelgruppen und deren Abminderung infolge von
geringen Dibelabstdnden werden grundsatzlich nach der Concrete Capacity
(CC) Methode bei Betonversagen und des Uniform Bond (UB) Modells bei
Verbundversagen ermittelt. Der zur vollen Ubertragung der Tragfahigkeit eines
Einzeldubels erforderliche Mindestabstand von 3 heg hat sich in der
Vergangenheit bestatigt. Damit erscheinen Gruppenversuche, wie sie im
Gegensatz zum ACI 355.2 (2007) laut ETAG 001 (2006) noch Bestandteil des
Testprogramms sind, als nicht erforderlich. Falls jedoch Gruppenversuche
durchgefuhrt werden, sollten diese unter klar definierten Randbedingungen
erfolgen, da die Drehsteifigkeit einen erheblichen Einfluss auf das
Tragverhalten haben kann. Mit EinfUhrung eines  zusatzlichen
Gruppenabminderungsfaktors von 0.85 flr die Berlcksichtigung ungunstiger
Einflisse bei seismischen Anwendungen kann der bestehende, nicht naher
definierte seismische Abminderungsfaktor von 0.75 nach CEN/TS 1992-4
(2009) und ACI 318 (2011) entfallen.

Zyklische Lastversuche in Langs- und Querrichtung bilden einen zentralen
Bestandteil der seismischen Qualifikation von nachtraglich installierten
Dubeln. Diese folgen einem schrittweise ansteigenden Amplitudenprotokoll mit
75 Lastwechseln, deren Maximaldibellast bei Langskraft 75 % und bei
Querkraft 85% der mittleren monotonen Tragfahigkeit entspricht.
Gebrauchstauglichkeits- und Grenztragfahigkeitsniveau werden in einem
Testdurchgang getestet. Das Gebrauchstauglichkeitsniveau wird jeweils bei
50 % der Maximallast erreicht. Die Rissweite betragt 0.5 mm auf
Gebrauchstauglichkeitsniveau und 0.8 mm auf Grenztragfahigkeitsniveau.
Nach Durchfahren aller Amplituden wird die Resttragfahigkeit in einem
Auszugsversuch ermittelt. Weitere Empfehlungen werden im Kapitel 4
gegeben. Insbesondere gilt es, den Versuchsaufbau bei zyklischen
Querkraftversuchen genauer zu definieren.

Zyklische Rissversuche bilden den zweiten zentralen Bestandteil der

seismischen Qualifikation von nachtréglich installierten Dubeln. Diese folgen
279



Zusammenfassung (German Summary)

einem schrittweise ansteigenden Amplitudenprotokoll mit 59 Riss6ffnungen,
deren Maximalrissweite 0.8 mm betragt. Gebrauchstauglichkeits- und
Grenztragfahigkeitsniveau werden in  einem Testdurchgang getestet.
Gebrauchstauglichkeitsniveau wird bei einer Rissweite von 0.5 mm erreicht.
Die Dubellast betragt wahrend des Testens auf Grenztragfahigkeitsniveau
50 % der mittleren monotonen Tragfahigkeit und wird wahrend des Testens
auf Gebrauchstauglichkeitsniveau auf 80 % dieses Wertes reduziert. Nach
Durchfahren aller Amplituden wird die Resttragfahigkeit in einem
Auszugsversuch ermittelt. Weitere Empfehlungen werden im Kapitel 4
gegeben. Besondere Aufmerksamkeit ist bei zyklischen Rissversuchen der
genauen Messung der Rissweiten und Dubelverschiebungen zu schenken.

Die seismische Qualifikation von nachtraglich installierten Dibeln ist also durch
zyklische Lastversuche und zyklische Rissversuche zu erlangen. Die oben
beschriebenen Versuche bilden den Kern eines Vorschlags fir die seismische
Erganzung der europaischen Prifrichtlinie ETAG 001 (2006). Da bei der Festlegung
der Randbedingungen fur die im Rahmen dieser Dissertation durchgefiihrte
Forschung nicht nur bestehende Bestimmungen europaischer Richtlinien, sondern
auch die der US-amerikanischen berlcksichtigt wurden, lassen sich die
Empfehlungen auch in das US-amerikanische Normenwesen tbertragen.

Kapitel 7 — Modell zur Berechnung der Dubelverschie  bung

Die Auswirkung von zyklischen Rissen auf die axiale Dubelverschiebung ist ein
zentrales Thema dieser Dissertation. Grof3e Verschiebungen sind ein kritischer
Parameter bei der Bestimmung der seismischen Tragfahigkeit. Risszyklusversuche
sind technisch aufwendig und wegen ihres hohen Zeitaufwandes auch sehr teuer.
Daher ist eine ndherungsweise Abschéatzung der zu erwartenden Verschiebung auf
Grundlage vorgegebener Last- und Rissregime erstrebenswert. Das hierflr
entwickelte Modell ermdglicht dies auf Grundlage des ADP Ansatzes und monotoner
Auszugskurven, deren charakteristische Verschiebungsverhalten zur Ermittlung
eines Verschiebungsinkrements ausgewertet werden.

Anhand vorhandener Lastverschiebungskurven konnte gezeigt werden, dass mit
diesem Ansatz eine Berechnung der akkumulierten Verschiebung grundséatzlich
maoglich ist. Die Lastverschiebungskurven aus dem Testprogramm der zyklischen
Rissversuche mit 32 Rissoffnungen konnten mit Hilfe des Modells gut dargestellt
werden. Die Simulation der Lastverschiebungskurven der seismischen
Qualifikationstests mit 59 Rissoffnungen lieferte nicht ganz so gute Ergebnisse.
Diese waren jedoch vor dem Hintergrund, dass die vorgestellte Methode nicht als
Ersatz sondern als Erganzung von Zulassungsversuchen dienen soll, immer noch
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zufriedenstellend, gerade in Anbetracht der mit Riss6éffnungsversuchen verbundenen
extrem grofRen Streuungen.

Kapitel 8 — Zusammenfassung und offene Fragen

Die vorliegende Dissertation stellt eine umfassende Behandlung des Verhaltens und
Qualifizierung von nachtraglich installierten Dubeln fir seismische Anwendungen
dar. Hierzu wurden umfangreiche Untersuchungen auf Komponenten- und
Systemebene durchgefuhrt, deren wesentliche Ergebnissen in Kapitel 8
zusammengefasst sind. Alle Fragestellungen, deren Beantwortung fir eine
seismische Erganzung der europaischen Prufrichtlinie unabdingbar war, konnten
abschlielend behandelt werden.

Dartber hinaus wurden Testmethoden und Modelle entwickelt, die fur weiterfihrende
Untersuchungen verwendet werden kénnen. Als untersuchungswert wurden folgende
Punkte identifiziert:

* Weitere Forschung ist erforderlich, um den Zusammenhang von lokaler
Dubelduktilitdt und globaler Bauwerksduktilitat zu verstehen. Hierzu bieten
sich  numerische  Simulationen an. Auflerdem sind zusatzliche
Querkraftversuche unter genau definierten Randbedingungen hilfreich, um
den Parameterbereich der Querverschiebungen genauer zu quantifizieren.

» Zusatzliche Gruppentests mit weiteren Dubelprodukten sind notwendig, um
eine generelle Gultigkeit des vorgeschlagenen seismischen Gruppenfaktors zu
zeigen. Hierzu bieten sich Simulationen auf Grundlage des entwickelten
Modells zur Lastumverlagerung an. Bei in Querrichtung belasteten Gruppen
spielt die Lastumverlagerung infolge erdbebenbedingter Risszyklen keine
Rolle, jedoch findet hier eine Umverlagerung infolge unterschiedlichen
Lochspiels statt. Bevor eine weitere Untersuchung dieses Effekts erfolgt, sollte
die Frage nach dem Verflllen des Lochspiels adressiert werden.

» Die zyklischen Tests haben gezeigt, dass grundsatzlich jeder Dibeltyp fir den
seismischen Einsatz geeignet ist. Dies gilt allerdings fur Verbunddibel nur
eingeschrankt, da diese einer groBeren Anzahl an Risszyklen nicht
standhalten. Da der Einsatz von Klebstoffen in der Befestigungstechnik
grundsatzlich  vielversprechend ist, sollte das Verhalten von
Verbundspreizdibeln naher untersucht werden. Hinsichtlich der zyklischen
Querkraftbelastung  sollten  die  kritischen Parameter  fur  das
Ermudungsverhalten ndher untersucht werden.

« Theoretische Uberlegungen haben gezeigt, dass Befestigungen tragender
Bauteile bezuglich der Belastung aus zyklischen Lasten und Rissen kritischer
einzustufen sind als Befestigungen nicht tragender Bauteile. Diese Hypothese
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sollte durch bauwerksdynamische Simulationen und experimentelle Versuche
bestétigt werden. Ferner sollte untersucht werden, ob gleichzeitig auftretende
Langs- und Querkraftzyklen einen potentiell positiven Effekt auf die axiale
Verschiebung des Dubels im Riss haben.
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Appendix A: External and Internal Friction Test Data

Appendix A: External and Internal Friction Test Dat a

The following data are extracted from Mahrenholtz, P. (2011a).

Table A.1 External friction

Preset Preset External Friction N/Ee - T tana
Anchor Anchor  Angle of Concrete Expansion Loading Coefficient p [-] —— o =
Type Size Cone Grade Load Rate T + N/Fexp tana
[kN] [mm/min] Test Number
1 2 3 4 5
EAs1' M12 13° C20/25 5.00 2.0 0.30 0.40 - - -
30,000 0.22 0.33 0.46 - -
EAb1' M12 11° C20/25 5.00 2.0 0.17 0.36 - - -
30,000 0.36 0.45 0.28 - -
EAb1' M12 11° C20/25 15.00 2.0 0.16 0.12 0.12 0.14 0.30
30,000 0.12 0.10 0.15 0.21 0.11
EAb1' M12 11° C50/60 15.00 2.0 0.24 0.30 0.12 0.25 0.33
30,000 0.26 0.37 0.26 0.16 0.16
Table A.2 Internal friction
Preset Preset Increase in Compressive Force
Anchor Dice Dice Concrete . Loading between 1 and 2 mm [kN]
. Indentation
Type Diameter Length Grade [mm] Rate
[mm/min] Test Number
1 2 3 4 5 6 Mean
EAs1 18 200 C20/25 1.0 1.0 21.00 19.00 20.20 20.60 21.70 16.00 19.75
30,000 31.00 29.60 2850 3190 30.50  26.30 29.63
normalised 1.51
EAb1' 6 150 C20/25 1.0 1.0 16.00 16.90 18.30 16.90 19.10 - 17.44
30,000 2530 1910 29.90 27.30 29.30  23.80 25.78
normalised 1.48

The make of EAb1’ (metric size) anchor is similar to that of EAb1 (imperial size) anchor.
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Appendix B: Numerical Group Test Data

Appendix B: Numerical Group Test Data

Table B.1 Results of numerical tests extracted from Periskic, G. (2009)

Reduction Factors given as calculated group load divided by four times the capacity
of a single anchor loacted in a crack and cycled crack, respectively

Headed Stud = HS = B
Expansion Anchor = EA =73 faded atucs J s T BoR e
] IF'| -Eu:l'..‘: & -El!cl.eﬂ
| | Sarthquske srulstion 1/ Earthguake smuaticn
= = ll I‘.\ ‘.=‘\-5:.3 &N = I."l \
E. = | : e _ Fadiarn § 1 >
k] | ’_:’ | . ] - E\E
HS EA i = S . J x"l \ B
Fum,uncracked 79.1 48.4 P s ~ " T \
Fumcracked 528 331 N , ¥ \
Fu,m,cyc\ed crack 42.4 25.8 : P j 3 ! s j M j 4z j .z o 10 15 0 2= 0 EH
Fumoracked/Fum,  0.80 0.78 Displacament [mm] Desplacament [mm]
Fig. 8: Employed load-displacement curves for investigated anchors
Basic Investigation : Static; Fy/Fy ai cracked Basic Investigation : Cyclic; Fy/Fy ai cracked Basic Investigation : Cyclic; Fy/Fy ai seismic crack
HS EA HS EA HS EA
Rotation- Crack Case 1 1.24 1.25 Rotation- Crack Case 1 0.98 1.15 Rotation- Crack Case 1 1.22 1.48
unrestrained Crack Case2  1.02 1.21 unrestrained  Crack Case 2 0.94 1.00 unrestrained  Crack Case 2 1.17 1.28
Crack Case3 1.04 1.05 Crack Case 3 0.87 0.84 Crack Case 3 1.08 1.08
Crack Case4  0.97 0.97 Crack Case 4  0.59 0.69 Crack Case 4 0.73 0.88
Rotation- Crack Case1l 1.22 1.33 Rotation- Crack Case 1 1.22 1.21 Rotation- Crack Case 1 1.52 1.55
restrained Crack Case 2 0.97 1.22 restrained Crack Case 2 0.93 0.99 restrained Crack Case 2 1.16 1.27
Crack Case 3  0.97 1.22 Crack Case 3 0.93 0.99 Crack Case 3 1.16 1.27
Crack Case4  0.88 1.10 Crack Case 4  0.65 0.88 Crack Case 4 0.81 1.13
Investigation Scatter : Static; Fy/Fy i cracked Investigation Scatter : Cyclic; Fy/Fy ai cracked Investigation Scatter : Cyclic; Fy/Fy ai seismic crack
HS EA HS EA HS EA
Rotation- Crack Case 3  1.04 1.05 Rotation- Crack Case 3 Rotation- Crack Case 3
unrestrained  Kyo/Ker +40%  1.06 1.07 unrestrained same 1+1 0.84 0.85 unrestrained same 1+1 1.05 1.09
-40%  1.03 1.04 242 0.87 0.87 2+2 1.08 111
Nuer +20%  1.22 1.24 3+3 0.89 0.87 3+3 111 1.12
-20%  0.88 0.84 4+4 - 0.84 4+4 - 1.08
Crack Case 4  0.97 0.97 different 1+2 0.69 0.80 different 1+2 0.86 1.02
Kue/Ker +40%  0.94 0.99 1+3 0.77 0.69 1+3 0.96 0.88
-40%  0.93 0.95 243 0.77 0.81 2+3 0.96 1.04
Nyer +20%  1.12 1.17 1+4 - 0.78 1+4 - 1.00
-20%  0.97 0.79 2+4 - 0.68 2+4 - 0.87
Rotation- Crack Case 3  0.97 1.22 Rotation- Crack Case 4 Rotation- Crack Case 4
restrained Kue/Ker +40%  1.08 1.24 unrestrained same 1+1+1 - 0.66 unrestrained same 1+1+1 - 0.85
-40%  0.93 1.24 2+2+2 - 0.62 2+2+2 - 0.80
Nyer +20%  1.04 1.31 3+3+3 - 0.63 3+3+3 - 0.81
-20%  0.93 1.10 4+4+4 - 0.73 4+4+4 - 0.94
Crack Case4  0.88 1.10 different 1+1+4 - 0.83 different 1+1+3 - 1.07
Kue/Ker +40%  0.85 1.05 1+1+3 - 0.59 1+1+4 - 0.76
-40%  0.97 1.13 3+3+1 - 0.60 3+3+1 - 0.77
Nuer +20%  1.04 1.25 3+3+2 - 0.62 3+3+2 - 0.79
-20%  0.73 0.86 4+4+1 - 0.83 4+4+1 - 1.06
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Appendix B: Numerical Group Test Data

Expansion anchor

Monotonic Ld Curve in Uncracked Concrete

Ng = 19.20 kN o
800 -+ EAD1
Initial load Stiffness ~ Displacement  Load - Toemm—En
[kN/mm] [mm] [kN] ? J=0.000x* - 00021 + 0,048 - 0,325+ 0.000
Anchor 1 Kuner’ = 120.00 0.14 16.46 s
Anchor 2 kcvo = 20.00 0.14 2.74 200
19.20 000 + —_— .
000 s 1000 1500 2000 200 W00 B0 4000
Load [kN]
Cycling Stiffness Displacement rate per cycle with reference to load
kN/mm mm/kN
Anchor 1 Kuner = f(F1) AScy gin/N = 0.115
Anchor 2 ker = 130 ASyner diftn/N = 0.01
n Nuncr” N’ Kuncr Ker DSt ANgini  ANggnikin  Nuno” N e . ZASgin
0.00 0.00 0.00 0
0 - - - - 0.000 - - 16.46 2.74 0.14
1 16.46 2.74 20.00 130 0.158 2.73 0.14 19.19 0.01 0.05 0.19 0.33
2 19.19 0.01 16.67 130 0.001 0.01 0.00 19.20 0.00 0.06 0.06 0.39
3 19.20 0.00 16.65 130 0.000 0.00 0.00 19.20 0.00 0.06 0.06 0.46
4 19.20 0.00 16.65 130 0.000 0.00 0.00 19.20 0.00 0.06 0.06 0.52
5 19.20 0.00 16.65 130 0.000 0.00 0.00 19.20 0.00 0.06 0.06 0.59
6 19.20 0.00 16.65 130 0.000 0.00 0.00 19.20 0.00 0.06 0.06 0.65
7 19.20 0.00 16.65 130 0.000 0.00 0.00 19.20 0.00 0.06 0.06 0.71
8 19.20 0.00 16.65 130 0.000 0.00 0.00 19.20 0.00 0.06 0.06 0.78
9 19.20 0.00 16.65 130 0.000 0.00 0.00 19.20 0.00 0.06 0.06 0.84
10 19.20 0.00 16.65 130 0.000 0.00 0.00 19.20 0.00 0.06 0.06 0.91

Figure B.1 Exemplary calculation of load redistribution for expansion anchor

Undercut anchor

Monotonic Ld Curve in Uncracked Concrete

Ngr = 36.40 kN 500
450
o e
Initial load Stiffness  Displacement Load Fow
[kN/mm] [mm] [kN] 3291y 00000000+ 000100340 + 05484 -3528x+ 0000
Anchor 1 Kune = 80.00 0.28 22.40 S
Anchor 2 ke = 50.00 0.28 14.00 s
36.40 000 b
T e T
Cycling Stiffness Displacement rate per cycle with reference to load
KN/mm mm/kN
Anchor 1 Kuner = f(F1) AscrginlN = 0.027
Anchor 2 Ker = 70 P — 0.003
n Noner” Ner Kuncr Ker Bscraria DNgni  ANgiorkuner  Nune'” No' BSuncraitn Asgia SASgin
[kN] [KN] [kN/mm] [kN/mm] [mm] [kN] [mm] [kN] [KN] [mm] [mm]
0.00 0.00 0.00
0 - - - - 0.000 - - 22.40 14.00 0.28
1 22.40 14.00 70.00 70 0.189 6.62 0.09 29.02 7.39 0.02 0.12 0.40
2 29.02 7.39 54.39 70 0.100 3.05 0.06 32.07 4.33 0.03 0.09 0.48
3 32.07 4.33 31.59 70 0.059 1.27 0.04 33.34 3.06 0.03 0.07 0.55
4 33.34 3.06 28.39 70 0.041 0.83 0.03 34.17 2.23 0.03 0.06 0.62
5 34.17 2.23 27.76 70 0.030 0.60 0.02 34.77 1.63 0.03 0.06 0.67
6 34.77 1.63 27.93 70 0.022 0.44 0.02 35.21 1.19 0.03 0.05 0.72
7 35.21 1.19 28.37 70 0.016 0.32 0.01 35.53 0.87 0.04 0.05 0.77
8 35.53 0.87 28.86 70 0.012 0.24 0.01 35.77 0.63 0.04 0.04 0.81
9 35.77 0.63 29.32 70 0.008 0.17 0.01 35.95 0.45 0.04 0.04 0.86
10 35.95 0.45 29.69 70 0.006 0.13 0.00 36.08 0.32 0.04 0.04 0.90

Figure B.2 Exemplary calculation of load redistribution for undercut anchor
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Appendix C: Experimental Test Data - Component Level

Appendix C: Experimental Test Data — Component Leve |

Appendix C.1 High loading rate tests

The following data are extracted from Mahrenholtz, P. (2007hb).

Table C.1 Key test results of high loading rate tests (0.8 mm crack)

Anchor Type, Crack Loading Mean Rise Time to Ultimate Load, sec
Anchor Size, Width w Rate®  Ultimate Load Ny, kN
Emb. Depth Displacement at Ultimate Load s(N,), mm
1 2 3 4 5 Mean CcVv

EADb1’; 0.8 mm Qs Pt Pt - - -
M12 190 108 - - - 149 38.9%
90 mm 23.18 23.25 - - - 23.21 0.2%
17.17 10.02 - - - 14.1 40.9 %

LB Pt Pt Pt - -
0.47 0.61 0.66 - - 0.58 17.0 %
24.95 25.65 27.39 - - 25.99 4.8%
13.11 19.65 14.59 - - 17.20 21.1%

uB Pt Pt Pt - -
0.064 0.054 0.039 - - 0.052 24.0%
18.11 25.81 25.15 - - 23.02 18.5%
12.11 11.60 17.30 - - 17.99 38.6 %

EAb2; 0.8 mm Qs Pt Pt Pt Pt Pt
M12; 149 111 117 119 99 119 15.5%
68 mm 1251 14.10 11.31 11.41 12.53 12.37 9.1%
13.83 9.54 10.85 12.48 9.53 11.25 16.8 %

LB Pt Pt Pt Pt Pt
0.28 0.26 0.90 0.68 0.76 0.58 49.9 %
17.94 18.21 14.05 17.63 16.03 16.77 10.4 %
7.68 5.18 13.98 10.08 11.46 9.68 35.1%

uB Pt Pt Pt Pt Pt
0.026 0.029 0.037 0.025 0.037 0.031 19.0 %
17.88 17.80 18.60 13.92 19.69 17.58 12.4 %
6.60 7.36 11.69 5.27 12.26 8.64 36.4 %

EADb3; 0.8 mm Qs Pt Po Pt Pt Pt
M12; 224 190 226 164 105 181 27.5%
68 mm 21.81 20.71 18.24 19.23 18.63 19.72 7.6 %
16.80 14.03 17.86 12.91 7.23 13.77 30.3 %

LB Pt Pt Pt Pt Pt
0.25 0.44 0.50 0.35 0.58 0.42 30.3%
24.87 20.60 18.15 21.40 21.52 21.31 11.3%
8.11 12.10 14.94 9.32 17.22 12.34 30.8 %

uB Pt Pt Pt Pt Pt
0.041 0.047 0.031 0.049 0.053 0.044 19.4 %
17.49 21.02 19.33 21.64 19.22 19.74 8.3%
14.84 17.27 8.34 16.13 17.71 14.86 25.6 %

EAs1; 0.8 mm Qs C C Cc C C
M12; 85 91 123 72 70 88 242 %
80 mm 34.86 32.95 29.88 31.53 33.11 32.47 5.7 %
8.33 7.95 11.58 5.93 4.95 7.74 33.0%

LB C C C C C
0.17 0.50 0.97 0.58 0.73 0.59 50.0 %
40.76 34.25 35.85 37.56 40.46 37.78 7.5%
6.86 5.39 9.80 4.86 6.50 6.68 28.8 %

uB Cc C Cc C Cc

0.054 0.046 0.049 0.043 0.044 0.047 9.4 %
44.95 39.94 43.61 39.24 39.63 41.47 6.3 %
10.83 10.09 9.38 8.69 8.61 9.52 9.9 %

(1) QS = Quasi-static loading rate; LB = Lower bound and UB = Upper bound of earthquake relevant loading rate
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Appendix C: Experimental Test Data - Component Level

The following data are extracted from Mahrenholtz, P. (2011a).

Table C.2 Key test results of high loading rate tests (0.5 mm crack)

Anchor Type, Crack Loading Mean Rise Time to Ultimate Load, sec
Anchor Size, Width w Rate®  Ultimate Load Ny, kN
Emb. Depth Displacement at Ultimate Load s(N,), mm
1 2 3 4 5 Mean CVv
EADb1’; 0.5 mm Qs Pt Pt Pt Pt Pt
M12; 136 165 128 99 236 153 34.1%
85 mm 24.08 24.12 23.70 26.45 24.44 24.56 4.4%
12.83 16.25 12.29 8.79 15.80 13.19 22.9%
LB Pt Pt Pt Pt Pt
0.44 0.55 0.45 0.56 0.53 0.51 11.0%
33.02 28.60 27.36 25.89 30.55 29.08 9.6 %
12.26 15.81 12.41 16.35 14.63 14.29 13.2%
uB Pt Pt Pt Pt Pt
0.066 0.092 0.055 0.055 0.051 0.064 26.2%
32.19 29.76 30.18 25.51 21.13 27.75 16.0 %
16.32 22.46 15.27 12.17 14.66 26.18 23.7%
(1) QS = Quasi-static loading rate; LB = Lower bound and UB = Upper bound of earthquake relevant loading rate
Appendix C.2 True and pseudo displacement controlle d tests
The following data are extracted from Mahrenholtz, P. (2011c).
Table C.3 Key test results of true and pseudo displacement controlled tests
Anchor Type, Crack Loading Failure Mode
Anchor Size, Width w Rate®  Ultimate Load Ny, kN
Emb. Depth Displacement at Ultimate Load s(N,), mm
Ultimate Displacement s, at 0.85 N, post-peak, mm
1 2 3 4 5 Mean CcVv
SA2; 0.0 mm True Po/C Po/C Po/C Po/C Po/C
012; 34.00 39.29 35.76 34.56 33.53 35.43 6.5 %
75 mm 0.67 0.98 0.70 0.63 0.64 0.72 20.2 %
1.44 1.34 1.06 1.06 1.18 1.22 13.9%
Pseudo Po/C Po/C Po/C Po/C Po/C
38.67 35.46 39.15 37.18 37.91 37.67 3.8%
1.03 1.32 1.13 1.17 0.97 1.12 11.9%
1.39 2.39 2.00 1.51 1.74 1.81 222%
EADb5; 0.0 mm True Pt Pt Pt Pt Pt
M16; 49.53 46.91 47.59 47.18 49.86 48.21 2.9%
100 mm 11.39 10.88 11.39 11.53 13.72 11.78 9.5%
18.45 19.10 16.63 19.39 19.60 18.63 6.4 %
Pseudo Pt Pt Pt Pt Pt
42.30 51.91 47.54 49.62 49.43 48.16 7.5 %
9.76 10.77 13.16 13.39 11.80 11.78 13.2%
21.40 15.66 19.39 19.66 17.18 18.66 12.1 %
BA4; 0.0 mm True S S S S -
M12 75.42 75.61 73.15 75.70 - 74.97 1.6%
threaded rod; 4.12 3.69 3.58 3.86 - 3.81 0.0 %
85 mm 7.06 6.85 6.52 7.03 - 6.87 0.0%
Pseudo S S S S -
81.90 74.62 76.54 77.44 - 77.63 4.0%
3.35 3.91 281 3.43 - 3.38 13.2%
5.82 6.56 5.29 6.28 - 5.99 9.3%

(1) True = True displacement controlled tests; Pseudo = Pseudo displacement controlled tests
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Appendix C.3 Group tests

The following data are extracted from Mahrenholtz, P. (2010b).

Table C.4 Key test results of reference tests

Anchor Type; Crack Width  Crack Type Failure Mode

Anchor Size; Ultimate Load N,, kN
Emb. Depth; Displacement at 50% Mean Ultimate Load s(0.5Ny ), mm
Perm. Load Displacement at Ultimate Load s(N,), mm
Displacement after Cycling S¢yc, mm
1 2 3 4 Mean CV
UCit; w=0.0mm Uncracked S -
M10; 48.89 - - - 48.89 -
90 mm 0.20 - - - 0.20 -
3.52 - - - 3.52 -
w=0.8 mm Cracked S S S -
42.72 49.31 44.46 - 45.50 7.5 %
1.98 1.30 2.28 - 1.85 27.1 %
6.25 6.27 5.65 - 6.06 5.8 %
Ny =182 kN w; =0.8mm Cycled S S S -
w, = 0.0 mm Cracked 48.41 48.18 48.83 - 48.48 0.7 %
0.99 1.01 1.23 - 1.08 124 %
6.17 7.11 6.88 - 6.72 7.3%
5.48 6.34 6.10 - 5.97 7.4 %
UC1; w=0.0 mm Uncracked C C C -
M10; 48.91 46.51 39.27 - 44.90 11.2%
60 mm 0.84 0.82 0.69 - 0.75 10.4 %
4.82 3.76 1.50 3.36 50.5 %
w=0.8mm Cracked C C C -
32.19 34.52 33.0 - 33.24 3.6%
1.07 1.47 0.89 - 1.14 26.0 %
4.65 3.69 3.89 - 4.08 12.4 %
Nw=13.3 kN w; =0.8mm Cycled C C C -
w, = 0.0 mm Cracked 31.51 36.94 23.74 - 30.73 % 21.6%
0.51 0.99 0.49 - 0.66 42.7 %
1.67 1.01 0.68 - 1.12 45.0 %
5.39 2.96 4.32 - 4.22 28.8 %
SAL; w=0.0mm Uncracked Po/C Po/C - -
1e; 40.75 45.81 - - 43.28 8.3%
105 mm 0.16 0.24 - - 0.20 28.0 %
1.00 1.01 - - 1.01 0.7 %
w=0.8 mm Cracked Po/C Po/C Po/C -
22.46 15.43 18.69 - 18.86 18.7 %
0.77 0.50 0.69 - 0.66 21.1%
3.61 4.21 2.99 - 3.60 16.9 %
Ny=7.6kN  w;=0.8mm Cycled Po/C Po/C Po/C -
w, = 0.0 mm Cracked - - 12.67 - 12.67 -
- - 0.40 - 0.40 -
- - 0.80 - 0.80 -
6.01% 5.99% 3.29 - 5.10 30.7 %
EAb1’; w=0.0 mm Uncracked C C C C
M12; 33.32 31.33 35.28 33.58 33.38 4.8 %
70 mm 0.08 0.08 0.06 0.10 0.08 21.1%
7.86 5.55 5.47 6.46 6.34 17.5%
w=0.8mm Cracked Pt Pt Pt Pt
26.66 18.48 27.35 23.15 23.91 17.0%
1.38 3.82 1.88 2.23 2.33 45.1 %
10.03 11.27 9.30 7.77 9.59 15.2 %
Ny=9.6 kN  w; =0.8mm Cycled Po/C Po/C Po/C Po/C
w, = 0.0 mm Cracked 11.89 14.25 10.65 6.47 10.82 30.1 %
1.52 0.81 1.04 1.93 1.33 37.7%
3.52 1.91 1.78 4.19 2.85 41.9%
25.00 21.87 19.37 25.01 22.81 12.0 %

(1) Anchor failed during last cycle, displacement after cycling taken as displacement at the moment of failure
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Table C.5 Key test results of group tests

Anchor Type, Anchorin Anchorin Ultimate Load Ny group, KN
Anchor Size; Uncr. Conc.: Crack Ultimate Load Ny gouw,, KN (Anchor in Uncracked Concrete)
Emb. Depth; Nos; Nos; Ultimate Load Ny gouw,i, KN (Anchor in Crack)
Configuration; Faiure Mode; Faiure Mode; Displacement after Cycling Scyc group, MM
Pem. Load CrackWidth CrackWidth Displacement after Cycling Scyc,group,, MM (Anchor in Uncracked Concrete)
Displacement after Cycling Scyc,group,, MM (Anchor in Crack)
1 2 3 4 Mean CV
UC1; 1 1 95.57 89.82 89.53 - 91.64 3.7%
M10; S - 47.89 47.93 48.53 -
90 mm; w=0.0mm w;=0.8mm 47.68 41.88 41.00 -
2 RRY:; W, = 0.0 mm 0.90 0.95 0.78 - 0.88 10.0 %
Ny = 36.4 kN 0.90 0.95 0.78 -
0.89 0.95 0.78 -
UC1; 1 1 54.47 60.00 61.15 - 58.54 6.1 %
M10; C - 41.06 43.18 39.72 -
60 mm; w=0.0mm w;=0.8mm 13.40 16.82 21.44 -
2 RRY:; W, = 0.0 mm 1.20 1.07 1.29 - 1.19 9.3%
Nw = 26.2 kN 1.20 1.07 1.29 -
1.20 1.07 1.29 -
SAL,; 1 1 60.27 57.81 67.62 - 61.9 8.2%
01e; Po/C - 50.00 41.21 48.77 -
105 mm; w=0.0mm w;=0.8mm 10.26 16.60 18.85 -
2 RR®: w, = 0.0 mm 0.07 0.01 0.14 - 0.07 88.7 %
Nw = 15.2 kKN 0.07 0.01 0.14 -
0.07 0.01 0.14 -
EAb1’; 1 1 50.71 51.88 52.72 - 51.77 1.9%
M12; Pt - 32.89 33.69 30.62 -
70 mm; w=0.0mm w;=0.8mm 17.83 18.19 22.01 -
2 RRY:; W, = 0.0 mm 0.83 1.02 0.97 - 0.94 10.5 %
Nw =19.2 kN 0.83 1.02 0.97 -
0.83 1.02 0.97 -
EAb1’; 1 1 44.28 52.59 45.84 40.33 45.76 11.2%
M12; - Pt 23.62 27.14 26.12 23.23
70 mm; w=00mm w;=0.8mm 19.31 24.61 19.61 17.80
2; RUY; W, = 0.0 mm 5.34 5.00 7.08 6.75 6.04 10.5 %
Nw =19.2 kN 0.19 2.59 0.03 0.14
10.48 11.32 14.13 13.35
EADb1’; 2 2 78.63 78.31 78.28 76.32 77.9 1.4%
M12; - Pt 20.65 19.66 23.02 23.82
70 mm; w=00mm w;=0.8mm 21.94 22.21 22.23 19.94
4 RUY:; W, = 0.0 mm 16.39 18.95 16.75 14.88
Nw = 38.4 kN 19.25 17.07 17.49 17.58
5.00 6.22 4.65 4.59 5.12 11.3 %
0.01 0.11 0.73 0.21
0.42 0.22 0.76 0.18
9.35 16.69 8.78 9.60
10.22 7.86 8.34 9.85

(1) Nos of anchors and base plate configuration: RR = Rotational-restrained; RU = Rotational-unrestrained
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Appendix C.4 Load cycling tests

The following data and figures are extracted from Mahrenholtz, P. (2009).

Table C.6 Key test results of tension load cycling tests — Mechanical anchors

Anchor Type; Crack Load Failure Mode
Anchor Size; Width w Type®  Ultimate Load Ny, kN
Emb. Depth Displacement at 50% Mean Ultimate Load s(0.5N,,), mm
Displacement at Ultimate Load s(N,), mm
1 2 3 Mean CV

UCit; 0.5mm monotonic C C C
M10; 37.9 44.3 36.0 39.4 11.0 %
90 mm 0.37 0.10 0.67 0.38 74.6 %
1.78 3.09 6.83 3.90 67.2%

cyclic C C C
42.9 43.6 46.9 445 4.8 %
0.84 0.86 0.87 0.86 1.4%
3.95 2.76 7.63 4.78 53.1 %

0.8 mm monotonic C C C
36.4 33.0 33.1 34.2 57 %
0.19 0.25 0.32 0.25 25.9 %
1.85 1.47 1.60 1.64 11.8%

cyclic C C C
42.4 28.6 39.0 36.7 19.6 %
0.25 1.15 1.56 0.99 67.5 %
2.71 2.92 6.14 3.92 49.0 %

EAs1,; 0.5mm monotonic C C C
M12; 37.0 45.6 34.2 38.9 153 %
80 mm 0.25 0.90 0.69 0.61 54.0 %
5.67 10.99 2.95 6.54 62.6 %

cyclic C C C
38.4 37.7 35.6 37.2 3.9%
0.88 0.93 0.67 0.83 16.6 %
6.51 3.16 2.81 4.16 49.1 %

EAs2; 0.5 mm monotonic C C C
5/6"; 214 24.3 24.5 234 7.4%
85 mm 2.58 1.21 0.41 1.40 78.5 %
8.26 8.67 7.93 8.29 4.5 %

cyclic C C C
27.0 25.7 26.4 26.4 25%
1.16 1.06 0.86 1.03 14.5 %
4.74 8.99 4.70 6.14 40.1 %

EADb1; 0.5 mm monotonic Pt Pt Pt
1/2"; 25.0 23.7 27.0 25.2 6.6 %
83 mm 2.40 2.51 1.19 2.03 35.8%
7.30 9.13 7.38 7.94 13.0 %

cyclic Pt Pt Pt
25.6 26.3 22.0 24.6 9.4%
1.36 0.93 2.42 1.57 48.9 %
12.33 7.55 9.23 9.70 25.0%

0.8 mm monotonic Pt Pt Pt
20.9 20.8 23.6 21.8 7.3%
3.91 3.97 2.87 3.58 17.2%
9.87 11.00 12.08 10.98 10.1 %

cyclic Pt Pt Pt
23.7 22.8 24.0 235 2.7%
4.08 3.87 1.83 3.26 38.0 %
14.16 14.06 12.35 13.52 7.5 %
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Table C.7 Key test results of tension load cycling tests — Adhesive anchors

Anchor Type; Crack Load Failure Mode
Anchor Size; Width w Type®  Ultimate Load N,, kN
Emb. Depth Displacement at 50% Mean Ultimate Load s(0.5N, ), mm
Displacement at Ultimate Load s(N,), mm
1 2 3 Mean CV
BAZ,; 0.5 mm monotonic P P P
M12 72.6 85.1 77.0 78.2 8.1%
threaded rod 0.24 0.29 0.52 0.35 41.7 %
96 mm 0.87 1.17 1.58 1.21 29.5 %
cyclic P P P
81.6 72.6 75.0 76.4 6.1 %
0.39 0.43 o 0.41 6.9%
1.52 1.21 i 1.37 16.1 %
0.8 mm monotonic P P P
64.9 55.3 67.6 62.6 10.3 %
0.18 0.70 0.47 0.45 58.3 %
1.60 2.56 1.44 1.87 32.5%
cyclic P P P
77.1 68.6 56.5 67.4 15.4 %
0.40 0.53 0.49 0.47 14.0 %
1.42 141 2.31 1.71 30.2 %
BA2; 0.5 mm monotonic P P P
M12 48.5 35.7 48.3 44.2 16.6 %
threaded rod 0.31 0.35 0.28 0.31 11.4 %
96 mm 0.85 0.64 1.00 0.83 21.8 %
cyclic P P P
45.6 46.0 46.9 46.2 14%
0.17 0.30 0.22 0.23 29.3 %
0.44 0.89 0.51 0.61 39.5 %

(1) Anchor displacement not correctly recorded

Table C.8 Key test results of shear load cycling tests— Mechanical anchors

Anchor Type; Crack Load Failure Mode
Anchor Size; Width w Type Ultimate Load V,, kN
Emb. Depth Displacement at 50% Mean Ultimate Load s(0.5V,n), mm
Displacement at Ultimate Load s(V,), mm
1 2 3 Mean CV

UC1; 0.8 mm monotonic S S S
M10; 85.3 88.7 93.6 89.2 4.7 %
90 mm 5.41 5.19 6.60 5.73 13.3%
22.25 34.34 36.95 31.18 252 %

cyclic S S S
61.1 59.4 49.6 56.7 10.9 %
6.09 5.40 5.15 5.55 8.8 %
19.66 21.73 17.74 19.71 10.1 %

SAL; 0.8 mm monotonic S S S
M10; 63.8 58.6 56.6 59.7 6.2 %
90 mm 4.19 4.06 4.62 4.29 6.8 %
13.03 15.10 14.94 14.36 8.0 %

cyclic S S S
57.4 58.8 64.1 50.1 5.9%
5.21 4.70 3.90 4.60 14.4 %
11.67 12.39 12.13 12.06 3.0%

EAs1; 0.8 mm monotonic S S S
M12; 73.5 65.5 65.2 68.1 6.9 %
80 mm 4.95 3.14 5.48 4.52 271 %
19.52 20.01 23.852 21.12 11.1%

cyclic S S S
42.3 55.4 494 49.0 13.4 %
7.27 5.47 4.61 5.78 23.4%
14.75 15.52 11.23 13.83 16.5%

EAb1; 0.8 mm monotonic S S S
1/2" 33.0 335 30.7 324 4.6 %
83 mm 5.14 4.58 5.34 5.02 7.9%
11.67 9.87 12.09 11.21 10.5 %

cyclic S S S
27.3 26.6 26.1 26.7 23%
9.19 10.38 8.45 9.34 10.4 %
11.71 13.15 12.25 12.37 5.9%
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Table C.9 Key test results of shear load cycling tests— Adhesive anchors

Anchor Type; Crack Load Failure Mode
Anchor Size; Width w Type Ultimate Load V, kN
Emb. Depth Displacement at 50% Mean Ultimate Load s(0.5V,m), mm
Displacement at Ultimate Load s(V,), mm
1 2 3 Mean CVv
BA1; 0.8 mm monotonic S S S
M12 32.2 35.6 324 334 5.7%
threaded rod 1.65 5.69 2.82 3.39 61.4 %
96 mm 7.79 12.21 10.94 10.31 221 %
cyclic S S S
33.1 34.9 334 33.8 29%
3.59 1.75 2.65 2.66 34.7 %
12.08 8.75 8.23 9.69 21.6 %

Appendix C.5 Crack cycling tests

The following data and figures are extracted from Mahrenholtz, C. (2009).

Table C.10 Key test results of crack cycling tests — Mechanical anchors — Part 1

Anchor Type; Crack Load Failure Mode
Anchor Size; width w Type®  Ultimate Load N,, kN
Emb. Depth; Displacement at 50% Mean Ultimate Load s(0.5N,,), mm
Perm. Load Displacement at Ultimate Load s(N,), mm
1 2 3 Mean CVv
UC1, 0.8 mm  monotonic C C C
M10; 36.4 33.0 33.1 34.2 5.7 %
90 mm; 0.19 0.25 0.32 0.25 259 %
1.85 1.47 1.60 1.64 11.8%
Ny = 13.7 kKN cyclic C C C
44.2 45.1 38.4 42.6 8.5%
2.72 2.00 2.35 2.36 15.2 %
7.47 5.24 6.34 6.35 17.6 %
SA1L; 0.5mm  monotonic Po/C Po/C Po/C
M10; 33.6 36.1 33.1 34.3 4.7 %
90 mm; 0.41 0.87 0.83 0.70 36.0 %
1.61 341 3.06 2.69 35.4 %
Ny = 14.4 KN cyclic Po/C Po/C Po/C
18.8 194 20.4 195 4.1%
3.78 3.10 2.59 3.16 18.9 %
4.42 3.95 3.65 4.01 9.7%
0.8 mm monotonic Po/C Po/C Po/C
12.2 21.0 245 19.2 33.0%
1.27 0.43 0.35 0.68 74.9 %
2.75 3.27 3.20 3.07 9.2%
Nw = 7.7 kN cyclic Po/C Po/C Po/C
21.8 13.9 15.3 17.0 24.8 %
1.33 3.18 0.91 1.80 66.9 %
3.69 4.01 3.19 3.63 11.4 %
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Table C.11 Key test results of crack cycling tests — Mechanical anchors — Part 2

Anchor Type; Crack Load Failure Mode
Anchor Size; Wwidth w Type®  Ultimate Load N,, kN
Emb. Depth; Displacement at 50% Mean Ultimate Load s(0.5N, ), mm
Perm. Load Displacement at Ultimate Load s(N,), mm
1 2 3 Mean CVv
EAs1; 0.5 mm monotonic Cc Cc C
M12; 37.0 45.6 34.2 38.9 153 %
80 mm; 0.25 0.90 0.69 0.61 54.0 %
5.67 10.99 2.95 6.54 62.6 %
Ny = 15.6 kN cyclic C C C
39.8 39.4 34.5 37.9 7.8%
3.77 3.45 5.34 4.19 241 %
8.40 8.48 12.41 9.76 23.5%
0.8 mm monotonic C C C
29.9 26.7 26.0 27.5 7.6 %
0.97 1.24 1.32 1.18 15.6 %
10.39 4.73 3.23 6.12 61.7 %
Nw =11.0 kN cyclic C C C
27.8 32.6 29.3 29.9 8.2%
13.21 10.46 10.54 11.40 13.7 %
17.18 17.51 14.15 16.28 11.4 %
EAD1; 0.5 mm monotonic Pt Pt Pt
1/2"; 25.0 23.7 27.0 25.2 6.6 %
83 mm; 2.40 2.51 1.19 2.03 35.8%
7.30 9.13 7.38 7.94 13.0%
Nw=10.1 kN cyclic Pt Pt Pt
17.6 24.9 28.8 23.8 23.9%
9.69 7.56 8.25 8.50 12.8 %
13.55 18.58 14.57 15.57 17.1%
0.8 mm monotonic Pt Pt Pt
20.9 20.8 23.6 21.8 7.3%
3.91 3.97 2.87 3.58 17.2%
9.87 11.00 12.08 10.98 10.1 %
Nw = 8.7 kN cyclic Pt Pt Pt
18.9 17.5 19.2 18.5 49%
12.98 9.29 13.37 11.88 19.0%
18.83 16.06 26.04 20.31 25.4 %
EADb4; 0.8 mm monotonic Pt Pt Pt
1/2" 15.7 16.66 16.50 16.3 32%
86 mm; 1.38 2.99 2.64 2.34 36.2 %
10.75 8.81 12.26 10.61 16.3 %
Nw = 6.7 kN cyclic Pt Pt Pt
13.1 16.0 11.8 13.6 15.8 %
7.08 8.37 16.33 10.59 47.3 %
13.22 16.06 21.81 17.03 25.7%

Table C.12 Key test results of crack cycling tests — Adhesive anchors — Part 1

Anchor Type; Crack Load Failure Mode
Anchor Size; Wwidth w Type®  Ultimate Load N,, kN
Emb. Depth; Displacement at 50% Mean Ultimate Load s(0.5N,,), mm
Perm. Load Displacement at Ultimate Load s(N,), mm
1 2 3 Mean CV
BAZ,; 0.5 mm monotonic P P P
M12 72.6 85.1 77.0 78.2 8.1%
threaded rod 0.24 0.29 0.52 0.35 41.7 %
96 mm; 0.87 1.17 1.58 1.21 29.5 %
Nw = 31.3 kN cyclic P P P
31.9 o 38.1 35.0 12.5 %
1.37 - 1.95 1.66 24.7 %
3.16 - 2.89 3.00 6.3%
0.8 mm monotonic P P P
64.9 55.3 67.6 62.6 10.3%
0.18 0.70 0.47 0.45 58.3 %
1.60 2.56 1.44 1.87 32.5%
Nw = 25.0 kN cyclic P P P
o 18.5 o 18.5 -
o 35 W 35 -
- 5.3 W 5.3 -

(1) Anchor did not complete crack cycles
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Table C.13 Key test results of crack cycling tests — Adhesive anchors — Part 2

Anchor Type; Crack Load Failure Mode
Anchor Size; Wwidth w Type®  Ultimate Load N,, kN
Emb. Depth; Displacement at 50% Mean Ultimate Load s(0.5N, ), mm
Perm. Load Displacement at Ultimate Load s(N,), mm
1 2 3 Mean CVv
BA2; 0.8 mm monotonic P P P
M12 46.4 42.9 34.9 41.4 14.2 %
threaded rod 0.23 0.14 0.13 0.17 32.1%
96 mm; 0.79 0.89 1.24 0.97 24.3%
Nw =17.5 kN cyclic P P P
39.9 25.9 17.7 27.8 326 %
0.96 2.04 2.10 1.70 37.7%
3.06 2.89 2.81 2.98 55 %
BA3; 0.8 mm monotonic P P P
M12 321 28.0 28.1 29.4 8.0 %
threaded rod 0.16 0.36 0.17 0.23 50.3 %
96 mm; 1.20 1.26 0.96 1.14 13.9%
Nw =12.4 kN cyclic P P P
19.2 19.3 14.8 17.8 14.5 %
0.21 1.16 1.15 0.84 65.0 %
0.96 1.90 2.70 1.85 47.0 %
Appendix C.6 Simultaneous load and crack cycling te sts

The following data and figures are extracted from Mahrenholtz, P.; Mahrenholtz, C.

(2010).

Table C.14 Key test results of simultaneous load and crack cycling tests

Test Series Crack Width Anchor Load Displacement after Cycling S¢,c, mm
Time History Time History
1 2 3 Mean CV
HB 10 cycles; Constant;

; ; o
constant Wi = 0.8 MM Ny = 27.8 kN 3.00 4.89 3.38 3.76 26.6 %
in- HhE;se 10 cycles; 10 cycles, 3.10 2.94 2.87 2.97 4.0 %

P Wmax = 0.8 MM Npay = 27.8 kN ' ' ' ' e
out-o?—Bhase 10 cycles; 10 cycles; 1.46 1.51 . 1.49 2.4 %
P Wmax = 0.8 MM Npay = 27.8 kN ' ' ' 4
HB
. 10 cycles; 2.5 cycles;
different Wom = 0.8 MM Nooy = 27.8 kN 2.17 - - 2.17 -

frequencies
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Appendix D: Experimental Test Data — Seismic Qualif  ication

Appendix D.1 Verification tests with separate and u  nified protocols

The following data and figures are extracted from Mahrenholtz, P. (2010d).

Table D.1 Key test results of verification tests (load cycling)

Anchor Type; Prot. Num. Crack Target  Failure Mode
AxhorSze  Type® of Width Load  Ultimate Load V., kN
Emb. Depith Cycles w Vimax Displacement after Cycling sc,c, mm, Serviceability Level
Displacement after Cycling s¢,c, mm, Suitability Level
1 2 3 4 5 Mean CcVv
UCI; P50 118 [ S S S S
M10; 0.8 mm 93.5 97.3 79.4 86.9 102.3 91.9 9.8%
90 mm; 118 0.8mm 243kN  4.56 4.85 4.98 5.08 5.02 4.90 42%
P90 212 [
0.8 mm Failure in
cycle 201
212 0.8mm  75.8kN  (90% keve)
Pa0, 17 212 S
reduction 0.8 mm Failure in
Cycle 204
212 0.8mm  60.7kN  (90% kve)
P90, 2™ 212 [ [ [ [ [
reduction 0.8 mm 100.4 82.5 80.9 95.7 105.6 93.0 11.7%
212 0.8mm 486kN  8.09 9.99 49® 1076  10.93 995 13.3%
uni 75 S S S S S
0.8 mm 87.1 111.3 1025 90.4 65.6 914  18.9%
50 0.8mm 24.3kN  4.62 5.42 4.94 5.40 5.13 5.10 6.6 %
25 0.8mm  48.6 kN 9.75 10.85 9.11 1349 1848 1234 309%
SuUni 45 [ [ [ S S
0.8 mm 85.8 87.6 95.7 80.9 92.2 88.4 6.5%
20 0.8mm 243kN  4.35 3.80 5.01 5.80 6.68 513 22.3%
25 0.8mm 48.6kN 1193 1385 1325 1424 1376 1341 67%
EAb1; Uni, 1% 75 S
1/2"; reduction 0.8 mm Failure in
83 mm 50 0.8mm 13.8kN Cycle 69
25 0.8mm  27.5kN  (90% kve)
Uni, 2™ 75 [ [
reduction 0.8 mm 27.1 Failure in
50 0.8mm 11.0kN  3.68 Cycle 70
25 0.8mm 22.0kN 10.65 (100% keve)
Uni 75 S S S S S
0.8 mm 30.2 31.0 315 28.3 32.0 30.6 4.7 %
50 0.8mm  9.9kN 3.40 3.89 3.21 4.02 3.76 3.66 9.3%
25 0.8mm  19.8 kN 6.00 6.11 5.81 7.39 6.22 6.31 9.9%
Suni 45 [ [ S S [
0.8 mm 33.3 @43 32.1 30.3 32.2 32.0 3.9%
20 0.8mm  9.9kN 4.28 2 3.17 3.89 4.14 387 128%
25 0.8mm 198kN 7.05 (@4®  6.39 7.13 6.71 6.32 20.6%

(1) Protocol Type: Uni = Unified Protocol; SUni = Simple Unified Protocol

(2) Servo control error during cycling caused load overshooting and increased displacement

(3) Outlier
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Table D.2 Key test results of verification tests (crack cycling)

Anchor Type; Prot. Num. Perm. Crack Failure Mode
AxhorSze,  Type® of Load width  Ultimate Load Ny, kN
Emb. Deptth Cycles Nw Wmax Displacement after Cycling s¢,c, mm, Serviceability Level
Displacement after Cycling S¢yc, mm, Suitability Level
1 2 3 4 5 Mean CcVv
HB1; P50 40 C C C C -
M20; 0.5 mm 75.6 73.3 71.2 67.1 - 71.8 5.0 %
100 mm; 40 28.6 kN  0.5mm 3.02 2.94 2.37 2.64 - 274  10.8%
P90 66 C C C C -
0.8 mm 69.0 52.9 53.0 64.7 - 59.9 13.7%
66 35.7kN  0.8mm 6.09 5.51 5.65 6.35 - 5.90 6.6 %
uni 59 C [ [ [ -
0.8 mm 71.4 71.9 58.8 49.1 - 62.8 17.4%
45 28.6 kN  0.5mm 2.60 2.97 3.09 2.81 - 2.87 7.4%
14 357kN  0.8mm 6.34 6.98 7.67 6.47 - 6.87 8.8%
SUni 59 C C [ [ -
0.8 mm 68.1 45.4 45.0 57.5 - 54.0 20.5%
45 28.6 kN  0.5mm 2.65 2.20 3.84 3.00 - 292 23.7%
14 35.7kN  0.8mm 6.55 5.03 7.89 6.43 - 6.48 18.1%
EAb1; Uni, 1 59 Pt
1/2"; reduction Failure in
83 mm 45 9.7 kN 0.5mm Cycle 57
14 12.1kN 0.8 mm  (100% kevel)
uni 59 Pt Pt Pt Pt Pt
0.8mm  28.0 19.7 18.0 315 y? 243  26.7%
45 85kN  0.5mm 8.06 9.76 8.78 7.90 8.08 8.52 9.1%
14 106kN 0.8mm 2284 2833 2544  16.11 0? 23.18 225%
Suni 39 Pt Pt Pt Pt Pt
0.8 mm 15.9 17.4 o® 20.7 14.0 170 16.7%
25 85kN  0.5mm 9.78 11.12 9.01 8.29 5.99 884 21.6%
14 106 kN 0.8mm 2496  30.63 o 2297 2733 2647 124%

(1) Protocol Type: Uni = Unified Protocol; SUni = Simple Unified Protocol

(2) Failure during last cycle
(3) Servo control system got out of control when increasing load to Ny,
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Appendix E: Experimental Test Data — System Level

Appendix E.1 Shake table tests

The following data and figures are extracted from Mahrenholtz, P.; Hutchinson, T.;
Eligehausen, R. (2012).

Table E.1 Key test results of Correlation Tests

AchorType;  NCS Floor Scale Accumulated Anchor Displacement Maximum Anchor Load
AxhorSze;  Type Motion  Factor, during Shaking, mm during Shaking, kN
CrackWidh %
1(SW) 2(NW) 3(SE) 4(NE) 1(SW) 2(NW) 3(SE) 4 (NE)
UCI; Heavy  FMO2 20 0.57 0.36 0.58 0.42 14.0 14.8 11.9 9.7
M10; FMO3 21 0.51 0.55 0.32 0.66 12.4 125 11.7 8.5
0.8 mm FMO5 42 0.97 0.38 1.23 0.43 8.2 10.3 7.6 9.0
FMO8 26 1.08 0.26 1.43 0.18 12.6 19.8 12.7 14.8
FM12 50 0.41 0.49 0.67 0.49 10.6 125 7.6 10.8
FM13 29 0.18 0.48 0.65 0.39 10.6 8.2 6.7 6.6
FM14 28 0.37 0.45 0.33 0.49 11.0 12.0 9.1 9.8
FM16 39 0.40 1.00 0.71 0.23 9.0 14.0 8.2 10.0
FM18 23 0.28 0.43 1.03 0.53 11.7 7.7 8.1 7.2
FM19 30 0.36 0.04 0.49 0.52 11.4 8.3 9.7 6.7
FM20 58 0.44 0.37 0.51 0.52 11.3 145 7.7 12.5
Light  FMO2 50 2.00 1.61 4.07 1.63 7.7 10.5 12.2 10.4
FMO3 58 0.58 -0 -0 0.37 13.0 11.0 9.9 8.6
FMO5 86 0.64 0.56 -0 0.64 11.9 13.4 7.3 6.8
FMO8 87 0.44 0.58 0.82 0.47 12.7 13.3 7.8 6.8
FM12 100 0.36 0.25 0.44 0.27 6.2 5.8 5.4 5.1
FM13 160 0.29 0.67 1.53 0.63 15.6 19.7 11.3 12.2
FM14 130 0.30 -0 0.20 0.46 11.6 15.9 8.3 11.9
FM16 100 0.33 0.29 0.31 0.21 6.5 6.3 5.0 5.3
FM18 127 0.30 0.29 0.37 0.14 9.8 6.9 6.8 5.8
FM19 126 0.40 0.28 0.50 0.40 11.6 8.1 7.6 6.8
FM20 100 0.65 0.20 0.31 0.41 55 5.3 5.2 5.4
(1) Displacement sensor detached during shaking
Table E.2 Key test results of Failure Tests
AchorType;  Crack Floor Scale Accumulated Anchor Displacement Maximum Anchor Load
AchorSze;  Width, Motion Factor, during Shaking, mm during Shaking, kN
NCS Type mm %
1(SW) 2(NW) 3(SE) 4(NE) 1(SW) 2(NW) 3(SE) 4 (NE)
UC1; 0.8 FMO2 40 1.94 - 1.95 2.31 29.4 40.1 28.1 243
M10; 70 1.48 3.07 1.40 1.89 36.1 40.9 32.2 32.3
Heavy 100 4.16 6.47 3.60 5.16 40.2 44.4 47.3 43.2
130 7.69 -0 8.21 -0 40.1 43.1 455 45.9
EAD1; 0.8 FM02 20 4.37 3.23 3.25 2.29 95 9.4 11.9 8.7
1/2" 40 7.04 6.84 6.81 3.33 24.8 30.8 36.5 28.1
Heavy 60 -0 35.00 9.44 17.40 31.8 35.3 41.2 33.8

(1) Displacement sensor detached during shaking
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Table E.3 Key test results of Displacement Tests

AchorType;  Crack Floor Scale Accumulated Anchor Displacement Maximum Anchor Load
AchorSze;  Width, Motion  Factor, during Shaking, mm during Shaking, kN
NCS Type mm %
1(SW) 2(NW) 3(SE) 4(NE) 1(SW) 2(NW) 3(SE) 4 (NE)
UC1; 0.5 FM02 31 0.25 0.66 0.33 0.51 26.8 26.2 22.2 18.9
M10; FM03 48 0.43 1.25 0.29 0.72 30.9 24.7 27.8 22.1
Heavy FMO5 90 2.06 0.38 1.34 0.54 29.2 25.9 24.1 27.1
FMO8 34 0.55 0.09 0.50 0.20 15.1 18.4 9.5 7.9
FM12 103 1.50 1.41 1.29 1.24 23.4 28.5 17.5 24.6
FM13 96 1.27 0.84 0.84 0.60 37.6 26.2 33.8 30.0
FM14 67 3.08 3.57 1.73 3.86 38.9 36.4 40.6 38.7
FM16 74 -0 0.18 0.69 0.12 22.7 27.8 175 25.1
FM18 59 0.40 0.49 0.47 0.38 33.4 27.2 27.7 24.8
FM19 74 0.48 0.81 0.40 0.39 35.4 19.7 29.1 25.2
FM20 101 0.38 0.06 0.40 0.24 15.9 215 26.1 14.0
0.8 FM02 31 1.44 1.22 1.05 1.50 17.0 18.1 194 17.3
FMO3 48 -0 -0 1.50 5.18 20.3 19.0 18.4 223
FMO5 90 2.63 1.17 3.00 1.07 22.1 333 30.2 315
FMO8 34 2.51 1.32 2.14 0.75 25.6 21.0 17.2 25.7
FM12 103 2.42 1.65 2.44 0.47 19.2 23.6 17.9 28.1
FM13 96 3.11 2.38 5.12 1.46 35.2 26.2 25.3 35.7
FM14 67 6.80 6.33 5.82 5.07 40.8 28.6 22.9 39.9
FM16 74 5.40 3.09 4.19 1.19 25.5 31.2 27.9 37.6
FM18 59 3.15 3.76 2.18 2.25 28.1 23.3 25.8 29.4
FM19 74 0.92 1.74 0.86 1.21 30.9 28.2 39.3 23.2
FM20 101 0.86 0.30 0.99 0.22 13.9 235 26.5 14.5
0.8* FMO02 31 -0 0.44 - 1.12 17.4 21.6 @ 18.5
FMO3 48 0.55 0.42 0.98 0.35 13.4 17.3 23.3 20.5
FMO5 90 1.59 0.01 2.45 0.05 17.6 14.0 29.2 26.4
FMO8 34 1.66 0.63 2.41 0.78 17.0 25.0 24.4 24.6
FM12 103 0.22 0.35 0.80 0.18 16.1 24.3 27.0 23.2
FM13 96 1.93 0.43 2.99 0.35 24.1 29.9 32.8 28.5
FM14 67 5.60 2.28 7.06 2.22 39.4 37.0 43.3 43.6
FM16 74 4.30 0.27 3.51 1.16 20.8 30.3 @ 25.1
FM18 59 0.82 0.35 1.09 0.83 13.8 19.2 @ 19.9
FM19 74 1.04 0.20 1.33 1.23 18.4 12.4 @ 15.4
FM20 101 - 0.25 2.18 0.59 16.7 28.8 -@ 20.5
EAD1; 0.5 FMO2 15 0.40 0.96 1.12 1.06 10.6 10.4 9.8 6.9
172", FMO3 18 -0 1.42 1.06 1.35 18.1 11.7 8.9 8.3
Heavy FMO5 36 4.26 1.53 5.51 0.71 14.3 19.7 11.8 10.0
FMO8 14 1.20 0.30 2.41 0.58 7.0 11.6 5.9 5.8
FM12 41 1.33 0.52 1.97 0.72 10.1 14.8 10.7 7.3
FM13 38 0.76 1.32 1.14 1.17 15.6 16.4 8.6 9.4
FM14 27 1.30 2.32 1.16 1.22 11.2 19.0 11.6 9.6
FM16 30 - 0.42 1.41 0.76 8.11 12.1 6.3 8.2
FM18 24 1.09 0.57 1.45 0.85 10.6 9.5 6.8 7.3
FM19 30 0.33 1.13 0.68 0.35 14.3 155 13.1 6.7
FM20 40 0.60 0.22 0.84 0.04 8.7 16.7 10 55
0.8 FMO02 15 2.74 2.93 4.17 3.56 7.4 125 9.8 7.3
FMO3 18 0.96 2.35 2.91 3.75 15.6 125 8.8 7.7
FMO5 36 4.63 3.04 7.24 5.33 16.9 18.0 11.0 11.0
FMO8 14 7.24 1.46 8.92 2.58 15.0 16.9 10.6 7.7
FM12 41 5.12 0.66 8.50 211 13.2 195 10.4 7.6
FM13 38 3.45 2.72 3.79 2.35 18.5 21.3 13.6 11.4
FM14 27 4.38 4.33 3.97 3.33 18.7 22.0 20.3 19.3
FM16 30 -0 0.68 6.54 1.31 12.4 15.8 10.8 10.5
FM18 24 3.57 1.65 5.17 2.62 15.3 12.0 9.0 8.2
FM19 30 2.22 1.66 2.18 1.25 8.7 20.1 9.7 9.6
FM20 40 2.14 0.24 2.42 0.17 9.1 20.7 9.9 10.4

*
1
@)

Tests with 2 anchors in crack

Displacement sensor detached during shaking

Load washer defect
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Appendix F: Calculated Displacement Data Reference

a2)

al)

a3)

Nym,cr = 34.2 kN
Ny* = 0.4 Nymer
w* 0.5 mm
Si = 0.30 mm

s(0.5N
cal. [s(ﬂ] =15

(0-5Ny m uncr )

Ultimate load reference tests
Reference permanent load level

Reference crack width

Incremental reference anchor displacement

Initial displacement

Data base evaluation

N Nuo/Numer — Win BSeyen Scy Seyc * Si Nu.n

0.00 0.0
1 0.4 0.08 0.0 0.01 0.31 13.7
2 0.4 0.08 0.0 0.02 0.32 13.7
3 0.4 0.08 0.0 0.03 0.33 13.7
4 0.4 0.08 0.0 0.04 0.34 13.7
5 0.4 0.08 0.0 0.05 0.35 137
6 0.4 0.08 0.0 0.05 0.35 137
7 0.4 0.08 0.0 0.06 0.36 137
8 0.4 0.08 0.0 0.07 0.37 137
9 0.4 0.08 0.0 0.08 0.38 13.7
10 0.4 0.08 0.0 0.09 0.39 137
11 0.4 0.16 0.0 0.11 0.41 13.7
12 0.4 0.16 0.0 0.13 0.43 13.7
13 0.4 0.16 0.0 0.14 0.44 137
14 0.4 0.16 0.0 0.16 0.46 137
15 0.4 0.16 0.0 0.18 0.48 137
16 0.4 0.16 0.0 0.20 0.50 137
17 0.4 0.24 0.0 0.23 0.53 13.7
18 0.4 0.24 0.0 0.25 0.55 13.7
19 0.4 0.24 0.0 0.28 0.58 13.7
20 0.4 0.24 0.0 0.31 0.61 13.7
21 0.4 0.32 0.0 0.34 0.64 137
22 0.4 0.32 0.0 0.38 0.68 137
23 0.4 0.32 0.0 0.41 0.71 137
24 0.4 0.40 0.0 0.46 0.76 137
25 0.4 0.40 0.0 0.50 0.80 137
26 0.4 0.48 0.1 0.56 0.86 137
27 0.4 0.48 0.1 0.61 0.91 137
28 0.4 0.56 0.1 0.68 0.98 137
29 0.4 0.56 0.1 0.74 1.04 137
30 0.4 0.64 0.1 0.81 111 137
31 0.4 0.72 0.1 0.89 119 137
32 0.4 0.80 0.1 0.98 1.28 137

Numer
Ny*
wp*
Bseyen*

si =

S(0-5Nym uncr )

1.00 mm
cal. [M] =30

Ultimate load reference tests
Reference permanent load level

Reference crack width

Incremental reference anchor displacement

Initial displacement

Data base evaluation

(vielded ~ 5.0, however,

limited to 3 with respect to ETAG001, Clause 3.2.1)

N Nwo/Numer — Win BSeyen Seyc Seye * Si Nun

0.00 0.0
1 0.4 0.08 0.13 0.13 113 87
2 0.4 0.08 0.13 0.27 127 8.7
3 0.4 0.08 0.13 0.40 1.40 8.7
4 0.4 0.08 0.13 0.54 1.54 87
5 0.4 0.08 0.13 0.67 1.67 87
6 0.4 0.08 0.13 0.80 1.80 8.7
7 0.4 0.08 0.13 0.94 1.94 8.7
8 0.4 0.08 0.13 1.07 2.07 87
9 0.4 0.08 0.13 1.21 221 87
10 0.4 0.08 0.13 1.34 2.34 8.7
1 0.4 0.16 0.27 1.61 2.61 87
12 0.4 0.16 0.27 1.88 2.88 87
13 0.4 0.16 0.27 2.14 3.14 8.7
14 0.4 0.16 0.27 2.41 3.41 8.7
15 0.4 0.16 0.27 2.68 3.68 87
16 0.4 0.16 0.27 2.95 3.95 87
17 0.4 0.24 0.40 3.35 4.35 8.7
18 0.4 0.24 0.40 3.75 4.75 8.7
19 0.4 0.24 0.40 4.15 5.15 87
20 0.4 0.24 0.40 4.56 5.56 87
21 0.4 0.32 0.54 5.09 6.09 8.7
22 0.4 0.32 0.54 5.63 6.63 8.7
23 0.4 0.32 0.54 6.16 7.16 87
24 0.4 0.40 0.67 6.83 7.83 8.7
25 0.4 0.40 0.67 7.50 8.50 8.7
26 0.4 0.48 0.80 8.31 9.31 87
27 0.4 0.48 0.80 9.11 10.11 87
28 0.4 0.56 0.94 10.05 11.05 8.7
29 0.4 0.56 0.94 10.99 11.99 8.7
30 0.4 0.64 1.07 12.06 13.06 87
31 0.4 0.72 1.21 13.27 14.27 87
32 0.4 0.80 1.34 14.61 15.61 8.7

b)

-Test Based Model

Nymer = 19.2 kN
Ny* = 0.4 Numer
wi* = 0.5 mm

S5yt =[_02dm

Ultimate load reference tests
Reference permanent load level

Reference crack width

Incremental reference anchor displacement

Si = 0.10 mm Initial displacement
S(0.5Ny ) ] !
cal. | =7 | =15 Data base evaluation
[S(O-SNum‘unm )

N Nun/Nomer Win BSeyen Seyc Seye + Si Nun

0.00 0.0
1 0.4 0.08 0.02 0.02 0.12 7.7
2 0.4 0.08 0.02 0.05 0.15 77
3 0.4 0.08 0.02 0.07 0.17 77
4 0.4 0.08 0.02 0.09 0.19 7.7
5 0.4 0.08 0.02 0.12 0.22 7.7
6 0.4 0.08 0.02 0.14 0.24 77
7 0.4 0.08 0.02 0.16 0.26 7.7
8 0.4 0.08 0.02 0.18 0.28 7.7
9 0.4 0.08 0.02 0.21 0.31 77
10 0.4 0.08 0.02 0.23 0.33 7.7
11 0.4 0.16 0.05 0.28 0.38 7.7
12 0.4 0.16 0.05 0.32 0.42 77
13 0.4 0.16 0.05 0.37 0.47 77
14 0.4 0.16 0.05 0.41 0.51 7.7
15 0.4 0.16 0.05 0.46 0.56 77
16 0.4 0.16 0.05 0.51 0.61 77
17 0.4 0.24 0.07 0.58 0.68 7.7
18 0.4 0.24 0.07 0.64 0.74 7.7
19 0.4 0.24 0.07 0.71 0.81 77
20 0.4 0.24 0.07 0.78 0.88 7.7
21 0.4 0.32 0.09 0.87 0.97 7.7
22 0.4 0.32 0.09 0.97 1.07 77
23 0.4 0.32 0.09 1.06 1.16 77
24 0.4 0.40 0.12 117 1.27 7.7
25 0.4 0.40 0.12 1.29 1.39 77
26 0.4 0.48 0.14 1.43 1.53 77
27 0.4 0.48 0.14 1.56 1.66 7.7
28 0.4 0.56 0.16 1.73 1.83 7.7
29 0.4 0.56 0.16 1.89 1.99 77
30 0.4 0.64 0.18 2.07 217 7.7
31 0.4 0.72 0.21 2.28 2.38 7.7
32 0.4 0.80 0.23 2,51 2.61 77
N Nuwn/Num.cr Win AScyen Scye Scyc + Si N

0.00 0.0
1 0.4 0.10 0.15 0.15 1.15 85
2 0.4 0.10 0.15 0.30 1.30 8.5
3 0.4 0.10 0.15 0.45 1.45 8.5
a4 0.4 0.10 0.15 0.60 1.60 85
5 0.4 0.10 0.15 0.75 1.75 85
6 0.4 0.10 0.15 0.90 1.90 8.5
7 0.4 0.10 0.15 1.06 2.06 8.5
8 0.4 0.10 0.15 1.21 221 8.5
9 0.4 0.10 0.15 1.36 2.36 85
10 0.4 0.10 0.15 151 2.51 85
11 0.4 0.10 0.15 1.66 2.66 8.5
12 0.4 0.10 0.15 1.81 2.81 8.5
13 0.4 0.10 0.15 1.96 2.96 85
14 0.4 0.10 0.15 211 3.11 85
15 0.4 0.10 0.15 2.26 3.26 8.5
16 0.4 0.10 0.15 2.41 3.41 8.5
17 0.4 0.10 0.15 2.56 3.56 85
18 0.4 0.10 0.15 271 3.71 85
19 0.4 0.10 0.15 2.86 3.86 8.5
20 0.4 0.10 0.15 3.02 4.02 8.5
21 0.4 0.20 0.30 3.32 4.32 85
22 0.4 0.20 0.30 3.62 4.62 85
23 0.4 0.20 0.30 3.92 4.92 85
24 0.4 0.20 0.30 4.22 5.22 8.5
25 0.4 0.20 0.30 452 5.52 8.5
26 0.4 0.20 0.30 4.82 5.82 85
27 0.4 0.20 0.30 5.13 6.13 85
28 0.4 0.20 0.30 5.43 6.43 8.5
29 0.4 0.20 0.30 5.73 6.73 8.5
30 0.4 0.20 0.30 6.03 7.03 85
31 0.4 0.30 0.45 6.48 7.48 85
32 0.4 0.30 0.45 6.93 7.93 8.5
33 0.4 0.30 0.45 7.39 8.39 8.5
34 0.4 0.30 0.45 7.84 8.84 85
35 0.4 0.30 0.45 8.29 9.29 85
36 0.4 0.40 0.60 8.89 9.89 85
37 0.4 0.40 0.60 9.50 10.50 8.5
38 0.4 0.40 0.60 10.10 11.10 8.5
39 0.4 0.40 0.60 10.70 11.70 85
40 0.4 0.40 0.60 11.31 12.31 85
41 0.4 0.50 0.75 12.06 13.06 8.5
42 0.4 0.50 0.75 12.81 13.81 8.5
43 0.4 0.50 0.75 13.57 14.57 85
a4 0.4 0.50 0.75 14.32 15.32 85
45 0.4 0.50 0.75 15.08 16.08 8.5
46 05 0.60 1.13 16.21 17.21 10.6
a7 0.5 0.60 1.13 17.34 18.34 10.6
48 0.5 0.60 1.13 18.47 19.47 10.6
49 0.5 0.60 1.13 19.60 20.60 10.6
50 05 0.60 1.13 20.73 21.73 10.6
51 05 0.70 1.32 22.05 23.05 10.6
52 0.5 0.70 1.32 23.37 24.37 10.6
53 0.5 0.70 1.32 24.69 25.69 10.6
54 05 0.70 1.32 26.00 27.00 10.6
55 05 0.70 1.32 27.32 28.32 10.6
56 0.5 0.80 1.51 28.83 29.83 10.6
57 0.5 0.80 1.51 30.34 31.34 10.6
58 05 0.80 1.51 31.85 32.85 10.6
59 05 0.80 1.51 33.35 34.35 10.6

Figure F.1 Exemplary calculation of displacement: a) Crack cycling tests with
stepwise increasing crack protocol (n = 32) —al) UC1; a2) SAl; a3) EADb1;
b) Seismic qualification tests (n = 59) — EAb1
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Scholars have the greatest responsibility to the people. Their work can ultimately
improve the lives of all people in future. But if an academic becomes lost in his study,
he cannot see the benefit of his work. Therefore, like a well balanced fencing stance,
or a reasonable argument, the scholar must have a fair and balanced mind.

King Sejong the Great, 1397 — 1450
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1995/2 MaRstabseffekt und Duktilitat von Beton- und Stahlbetonkonstruktionen, von Josko Ozbolt
(ISBN 3-9803044-7-7)

1995/3 Jahresbericht 1993-1995 Activities

1996/1 Gas Permeability as a Means to Assess The Performance Properties of Concrete, von Abebe
Dinku (ISBN 3-9803044-8-5)

1996/2 Nachbehandlungsunempfindlicher Hochleistungsbeton, von Silvia Weber (ISBN 3-9803044-9-3)

1996/3 Zum Trag- und Verformungsverhalten von Stahlbetontragwerken unter Betriebsbelastung, von
Thomas M. Sippel (ISBN 3-9805102-0-4)

1996/4 Tragverhalten von Ankerschienen ohne Riickhéangebewehrung, von Rolf Wohlfahrt
(ISBN 3-9805102-1-2)

1997/1 Jahresbericht 1996-1997 Activities

1999/1 Bemessung von zugbeanspruchten Befestigungen bei Versagensart Spalten des Betons, von Jorg
Asmus (ISBN 3-9805102-2-0)

1999/2 Jahresbericht 1998-1999 Activities

2000/1 Okobilanzierung von Baustoffen am Beispiel des Recyclings von Konstruktionsleichtbeton, von
Julian Kimmel (ISBN 3-9805102-4-7)

2001/1 Dichtheit von Heil3wasser-Langzeitspeichern aus Hochleistungsbeton, von Martin Joof3
(ISBN 3-9805102-3-9)

2001/2 Zum Trag- und Rotationsverhalten von Stahlbetontragwerken mit nicht-linearer SchnittgroBenermitt-

lung, von Eckhart Fabritius (ISBN 2-9805102-5-5)
2001/3 Jahresbericht 2000-2001 Activities

2001/4 Brandverhalten von Befestigungen mit groBem Randabstand in Beton bei zentrischer Zugbean-
spruchung, von Michael Reick (ISBN 3-9805102-6-3)

2002/1 Zum Einflul3 der Oberflachengestalt von Rippenstéhlen auf das Trag- und Verformungsverhalten
von Stahlbetonbauteilen, von Utz Mayer (ISBN 3-9805102-7-1)

2002/2 Zum Durchstanzen von Flachdecken im Bereich von Rand- und Eckstiitzen, von Henrik Vocke
(ISBN 3-9805102-8-X)

2002/3 Tragverhalten und Bemessung von eingemdrtelten Bewehrungsstében, von Hannes A. Spieth
(ISBN 3-9808542-1-3)

2002/4 Tragverhalten von Einzelverbunddibeln unter zentrischer Kurzzeitbelastung, von Juraj Meszaros

(ISBN 3-9808542-0-5)

2002/5 met@BiM - Ein semantisches Datenmodell fur Baustoff-Informationen im World Wide Web (An-
wendungen fur Beton mit rezyklierter Gesteinskdrnung), von Marcus Schreyer
(ISBN 3-9805102-9-8)

2003/1 Tragverhalten von Verbunddubeln unter zentrischer Zugbelastung im ungerissenen Beton — Grup-
penbefestigungen und Befestigungen am Bauteilrand, von Bernhard Lehr (ISBN 3-9808542-2-1)

2003/2 Tragverhalten von Kunststoffdiibeln im ungerissenen und gerissenen Beton, von Thilo Pregartner
(ISBN 3-9808542-3-X)

2005/1 Jahresbericht 2002/04 Activities
2006/1 Zum Tragverhalten von Injektionsdibeln in Mauerwerk, von Andrea Meyer (ISBN 3-9808542-5-6)

2006/2 Behavior and Testing of Fastenings to Concrete for Use in Seismic Applications, von Matthew S.
Hoehler (ISBN 3-9808542-7-2)
2007/1 Ein Verbundelement fiir nichtlineare Finite Elemente Analysen — Anwendung auf Ubergreifungs-

stdRe, von Steffen Lettow (ISBN 978-3-9808542-9-0)

2007/2 Anwendung von Ankerstdben in Rahmenecken, Rahmenendknoten und Stiitze-Fundament-
Verbindungen, von Markus J. Bruckner (ISBN 978-3-9811682-0-4)



2007/3

2008/1
2011/1
2011/2

2012/1

2012/2

2012/3

2013/1

Verbundverhalten von eingemoértelten Bewehrungsstében unter zyklischer Beanspruchung, von
Isabelle N. Simons (ISBN 978-3-9811682-1-1)

Jahresbericht 2005/07 Activities
Jahresbericht 2008/10 Activities

Tragverhalten und Bemessung von Injektionsdibeln unter Quer- und Schragzugbelastung im
Mauerwerk, von Georg Welz (ISBN 978-3-9811682-3-5)

Seismic Assessment of RC Exterior Beam-Column Joints and Retrofit with Haunches Using Post-
Installed Anchors, von Giovacchino Genesio (ISBN 978-3-9811682-4-2)

Load-bearing behavior and design of anchorages subjected to shear and torsion loading in
uncracked concrete, von Philipp R. Grosser (ISBN 978-3-9811682-5-9)

Untersuchungen zum Verbundverhalten von Bewehrungsstaben mittels vereinfachter Versuchs-
koérper, von Anke Wildermuth (ISBN 978-3-9811682-6-6)

Experimental performance and recommendations for qualification of post-installed anchors for
seismic applications, von Philipp Mahrenholtz (ISBN 978-3-9811682-7-3)



	Leere Seite

