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ABSTRACT 
 
Cast-in-place anchors are used to connect steel members (i.e., girders and columns) with concrete (i.e., walls and 
foundations).  The behavior of anchor connections directly affects the behavior of a structure in the event of an 
earthquake.  A thorough understanding of the seismic behavior of cast-in-place anchors/headed studs is necessary to 
ensure safe member connections and structural performance in such events.  This paper summarizes existing 
experimental data and analytical studies on the behavior of cast-in-place anchors/headed studs under cyclic loading 
(including cyclic tension, shear, and combined tension-shear in the literature.  Design equations from several 
building codes around the world have been reviewed and compared.  The presented information will provide an 
overview of the modern day understanding of seismic anchor design and areas of seismic anchor design that are 
being addressed by an ongoing research project.  
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1. INTRODUCTION 
 
Headed anchors/studs are needed to connect steel members and concrete elements.  Typical anchor connections 
include brace-column connections, column-foundation connections, and girder-wall connections as shown in Figure 
1.  Concrete anchor connections are a critical component of load transfer between steel and concrete members 
affecting structural performance during an earthquake.  Recent major earthquakes have raised concerns about the 
seismic performance of anchor connections that were designed using previous practices and guidelines [Nakashima 
and Chusilp (2006)].  For example, the 1995 earthquake in Kobe, Japan caused the Osaka Gas Company to lose 
seventeen transformers that slipped out of place because of anchor failure, causing significant damage to power 
transmission lines [Asia-Pacific Economic Cooperation (2002)].  The 1994 earthquake in Northridge, California, 
caused three buildings of a veteran’s hospital in Los Angeles to lose power for a week due to a damaged 
transformer caused by anchor failure [Lifeline Earthquake Engineering (1997)].  Also, several column-base 



 

connections performed unsatisfactorily in the 1994 Northridge earthquake from excessive anchor elongation and 
unexpected anchor failure [Grauvilardell et al. (2005)].  
 

     
                 (a) Brace-column20                       (b) Column-foundation23                           (c) Girder-wall 
 

Figure 1 Typical anchors connections between steel and concrete members. 
 
The behavior of anchors under seismic loading, which can be affected by excessive cracking and crushing of 
concrete, is not fully understood.  Appendix D of American Concrete Institute 318 document (2008), as a 
representation of the latest effort to assist with anchor design for seismic regions, is based on experimental tests of 
anchors cast/post-installed in concrete that experienced controlled minor cracking.  The methods developed from 
such tests are only accurate for crack widths up to .04 inches [Eligehausen et al. (2006)].  The design provisions are 
suitable for connecting secondary non-structural elements, in which the anchors can be placed in regions with 
predictable damage.  However, for connecting structural members such as steel braces, trusses, or girders to 
concrete columns/walls, where substantial concrete damage is expected, ACI 318-08 states, “The provisions of 
Appendix D do not apply to the design of anchors in plastic hinge zones of concrete structures under seismic loads.”   
   
Outside the plastic hinge zones, anchor connections are required to have adequate ductility, meaning the connection 
must be able to undergo large deformations without losing its capacity [ACI 318-08].  Anchor connections may fail 
either by steel failure of the anchor itself which is usually deemed to be ductile, or by concrete failure, which is 
typically brittle without supplementary reinforcement.  Thus, it is required by the ACI 318-08 code that the design 
strength for steel failure is less than that for all other failure modes in seismic design to assure ductile failure.  If an 
anchor connection cannot meet the ductility requirements given by the code, the connected member or attachment 
(e.g., a shear tab) should be designed to yield at a load well below the anchor capacity.  To ensure a ductile failure 
of the entire structure, the anchor capacity in seismic risk zones is also required to be reduced by 25 percent for 
further conservatism [ACI 318-08].  This can result in an excessive number of anchors and/or an enlarged anchor 
plate, which in turn can adversely affect the behavior of the anchors as a group.  Also, no consideration has been 
given to the idea of ductile concrete failure caused by supplementary reinforcement as a viable strength control in 
seismic design.  One reason for not utilizing this alternative in seismic anchor design is because there is currently 
not enough related research data to support it. 
 
 
2. COMPARISON OF DESIGN PRACTICES 
 
The ACI 318-08, New Zealand Standard 3101 (2006), CEB Design of Fastenings in Concrete (1997), and 
Prestressed/Precast Concrete Institute design handbook (6th Edition) were reviewed for comparison of design 
procedures related to anchored connections.  While all design codes reviewed agree with using the concrete capacity 
design (CCD) approach for anchor design, they do not agree on all levels of design equations.  Strength reduction 
factors are the largest discrepancy in anchor design worldwide as demonstrated in Table 1 for the calculation of 
concrete breakout in tension.  Strength reduction factors are used to compensate for inconsistencies between 



 

theoretical strength and actual strength.  Such inconsistencies can be the result of improper construction or 
inaccurate models for theoretical strength calculations.  While some design codes have very detailed selection for 
strength reduction factors (e.g., ACI318-08), other codes have more general strength reduction assignments (e.g., 
NZS 3101 (2006)). 
 

 ACI 318-08 CEB 1997 NZS 3101 2006 PCI 6th Edition 
Strength Reduction .7 .555 .65 .7 

 
Table 1 Strength reduction factors for concrete breakout in tension (no anchor reinforcement) 

 
Strength reduction factors and design equations are continuously being optimized with every code revision thanks 
to the increasing quantity and quality of test data available.  For example, as more test data has become available for 
anchor connections, engineers have been able to adapt design equations to more accurately predict the strength of 
such connections.  The method for anchor design has evolved from the 45 degree stress cone model, to the kappa 
factor approach, and finally to the currently used CCD method.  The changes of design methods have made anchor 
design more accurate and user friendly [Cannon (1995), Fuchs et al. (1995)].  As more accurate design models are 
introduced, confidence and reliability in design allow for less restrictive strength reduction factors to be used.   
 
An example calculation of the anchor capacity for a group of four .75 inch diameter cast-in-place anchors was 
reviewed to quantify the differences in the design codes. The anchor connection contains hairpin reinforcement for 
shear loading, and has sufficient member depth and 12 inch embedment close to two edges (2 inch edge distances). 
The example was designed to exercise the considerations of building codes for anchor design, especially in the areas 
of supplementary reinforcement applications, as well as seismic design.  The design strengths for the example 
problem in both monotonic and seismic loading conditions are shown in Figure 2. There is much disagreement 
among the building codes regarding anchor design. 
 

     
 

Figure 2 Comparison of design strengths of an anchor bolt in concrete with edge conditions 
 
The adoption of the CCD method to design codes worldwide shows international cooperation in anchor design.  
However, the increasing amount of information relating to anchored connections makes it difficult to stay up to date 
on the most recent information that can be used for code revisions.  Anchor design committees are forced to rely on 
limited test results when revising code provisions because of this lack of centralized information.  For example, the 
ACI 318-08 methods for anchor design are based largely on post-installed anchor test data, whereas the PCI 6th 
Edition design handbook relies on test data relating to cast-in-place anchor groups [Anderson and Meinheit (2007)].  
The research project currently underway will create an extensive database from sources worldwide that will exist in 
a single location.  The information will be stored in the Network for Earthquake Engineering Simulation’s (NEES) 
data repository to make it viewable to all interested parties.  The data will also be used to draw conclusions 
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supporting the overall goal of this research project to produce a reliable relationship between cyclic tension, cyclic 
shear, and cyclic tension-shear loading of anchors. 
 
 
3. ANCHOR BEHAVIOR UNDER CYCLIC LOADING 
 
Research has been conducted to study the effects of simulated seismic loading on anchor behavior. This includes 
tests with cyclic tension and cyclic shear. The anchor behavior under combined cyclic tension-shear loading has 
received little attention.  
 
3.1. Cyclic Tension 

The behavior of headed anchors under cyclic tension has been evaluated extensively.  Cyclic tension has been 
shown to have a negligible effect on anchor strength compared to monotonic loading [Rodriguez et al. (2001), 
Hoehler (2006)].  A series of tests by Hoehler (2006) were used to investigate the effect of cyclic tension loading on 
the behavior of headed anchors/studs with a focus on ultimate capacity and deformability upon failure.  The tests 
showed minimal capacity change between monotonic and cyclic load cases if the cyclic load level was below the 
anchor design capacity.  Other tests performed by Rodriguez et al. (2001) tested cast-in-place as well as various 
types of post-installed anchors to study the effect of cracking and load type on anchor behavior.  The load pattern 
used in these tests was a ramp load at rate of .1 seconds, whose magnitude exceeded the anchor design capacity.  It 
was reasoned in the research by Rodriguez et al. (2001) that this load pattern accurately imitates the typical load 
behavior produced by earthquakes on non-structural elements.  The results showed that the normalized dynamic 
ramp loading anchor capacities were approximately 30 percent higher than the monotonic capacities for all types of 
anchors tested.  These literature results suggest that the current strength reduction factor of 25 percent for seismic 
design of anchors subjected to cyclic tension may be overly conservative.  
 
3.2. Cyclic Shear 

In tests on single-headed studs by Civjan and Singh (2003) and groups of studs by Usami et al. (1980), steel fracture 
due to low-cycle fatigue was found to be the typical failure mode as considerable pinching and degradation of the 
force response was observed.  Klingner et al. (1982) tested single anchor bolts with varying edge distances under 
reversed cyclic shear.  It was observed that the anchor bolts typically failed at much lower loads than those tested 
monotonically due to the effects of low-cycle fatigue.  Similar conclusions were reached in a cyclic loading test of a 
steel frame connected to infilled reinforced concrete walls with headed studs [Tong (2001), Tong et al. (2005)].  The 
shear studs typically failed at deformations that were less than previously sustained deformation values, indicating 
that the studs failed due to low cycle fatigue. 
 
When concrete experiences low cycle fatigue under cyclic shear loading, the concrete near the surface of the 
member crushes/spalls away from the member because of the lack of confinement.  Once concrete crushing has 
taken place around the anchor, the effective height of the anchor is reduced.  The crushed concrete allows a moment 
arm to develop between the external shear force and the shear resistance provided by the intact concrete of the 
member.  This moment arm subjects the anchor to bending stresses and tension forces as seen in Figure 3.  With the 
added stresses on the anchor steel, shear resistance of the anchor is reduced.  The moment arm caused by low cycle 
fatigue under cyclic shear produces a force reaction that resembles a tension-shear interaction in the anchor. 



 

 
 

Figure 3 Concrete spalling resulting in steel failure 
 
3.3. Cyclic Tension-Shear 

Anchor behaviors under combined cyclic tension-shear have been obtained by testing of anchor groups [Roeder and 
Hawkins (1981), Usami et al. (1980)]. The advantage of the test setups used in these experiments is that the ratio of 
tension and shear loads on individual anchors can easily be varied with a single hydraulic ram.  The disadvantage is 
that the actual shear and tension forces on individual anchors cannot be measured directly for 
evaluating/establishing an interaction equation for design.  Combined cyclic tension-shear testing using two 
hydraulic actuators on single anchor bolts/studs can provide more accurate data for evaluating tension-shear 
interaction because the tension and shear forces on the anchor during the test can be individually measured.   
 
As an effort to improve the current code provisions in seismic design of anchors, the cyclic tension-shear interaction 
model to be developed from the ongoing research [Zhao et al. (2007)] will attempt to encompass the effects of low 
cycle fatigue in cyclic anchor loading.  Also, methods of avoiding decreases in strength and ductility in anchor 
connections caused by cyclic loading will be analyzed.  This includes the use of anchor reinforcements. 
 
 
4. ANCHOR REINFORCEMENT 
 
Anchor Reinforcement is recognized in all of the design codes that were reviewed in this study.  While the effect of 
anchor reinforcement is widely recognized to enhance the strength and ductility of anchor connections, there are 
relatively few design guidelines for it.  Furthermore, the ACI 318 design code was the only code reviewed that 
mentioned differences between supplementary reinforcement and anchor reinforcement.  The difference being that 
anchor reinforcement is designed to transfer the full design load from the anchors to the structural member they are 
embedded in, whereas supplementary reinforcement only transfers part of the design load to the structural member.  
There are no requirements however, as to how much of the design load must be carried by the supplementary 
reinforcement in order to qualify for use in the modified design parameters for anchor connections with 
supplementary reinforcement. 
 
The ACI 318-08 code allows strength reduction factors to be less conservative when considering supplementary 
reinforcement in a given load direction.  However, supplementary reinforcement that carries 10 percent of the 
design load is less effective at restraining the breakout failure of the anchors than reinforcement that carries 90 
percent of the design load, yet both meet the requirements to use the factors for supplementary reinforcement.  In 
addition, experimental data is needed to quantify the increase in ductility of anchors introduced by the 
supplementary reinforcement. The arrangement of the reinforcements may also affect its performance.   
 
Ductility of anchored connections in seismic risk zones is equally important as their strength.  Because structural 
damage is eminent in the event of an earthquake, care is taken in design to minimize the chances of structural 
collapse.  The largest factor to ensure structural stability during an earthquake is to allow the building to endure 
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large deflections without collapsing.   Properly detailed anchor reinforcement has been proven to nearly double the 
ductility of anchors subjected to cyclic shear loading while maintaining approximately the same strength as in 
monotonic loading conditions [Klingner et al. (1982)].  Other tests performed by Lee et al. (2007) study the effects 
of anchor reinforcement on the tensile capacity of anchor connections.  These studies show the effectiveness of 
reinforcement in various layouts and distances from the anchor studs.  The reinforcement layouts studied in the tests 
were able to increase the capacity of the connection by approximately 50 percent compared with un-reinforced tests.  
The test data also showed that the inner anchor reinforcement near the anchor shafts resisted more than twice the 
load resisted by the reinforcement on the outer circle. 
 
These tests and others related to anchor reinforcement are taking steps into an area of anchor design that has 
received little attention in the past.  While design codes [ACI 318-08, PCI 6th Ed., CEB 1997, NZS 3101 2006] 
recognize and allow the substitution of anchor reinforcement strength for concrete breakout capacity, only the ACI 
318 and the CEB 1997 codes for anchor design contain design equations specific to anchor reinforcement.  
However, even though the CEB 1997 design code offers in-depth guidelines for detailing anchor reinforcement, it 
does not account for the partial contributions of supplementary reinforcement.   The code states that unless the 
reinforcement is designed to carry the full load in shear, tension, or both, the effects of anchor reinforcement on 
concrete breakout capacity should not be considered. In fact, the ACI 318-08 document was the only code reviewed 
that allows strength reduction factors of all capacity checks in a given load direction to be reduced in the presence 
of supplementary or anchor reinforcement.   
 
Continued study needs to be performed to develop a model that accurately predicts the partial strength contributions 
of supplementary reinforcement.  Once this has been achieved, the model needs to be incorporated into worldwide 
design codes. Anchor reinforcement design provisions also need to be accompanied by reinforcement detail 
guidelines for anchored connections to create a standardized approach to anchor reinforcement design. 
  
 
5. SUMMARY AND CURRENT EFFORTS 
 
The current code provisions worldwide are limited in the design of anchored connections for use in regions of 
moderate or high seismic risk.  The lack of information on the topic of seismic anchor design is due to the 
complexity of simulating seismic loading in a controlled test environment and the lack of the necessary equipment 
to reproduce such loading patterns.  Recent developments in experimental capabilities such as the NEES have 
provided the means to replicate such loading actions with state-of-the-art equipment.  In terms of design maturity, 
seismic anchor design is a relatively young topic.  Appendix D of the ACI 318 for example, was introduced for the 
first time in 2002.  With the help of the NEES facilities, the ongoing research [Zhao et al. (2007)] will collect data 
to create models that can properly predict the performance of concrete anchors in seismic loading conditions such as 
cyclic tension, cyclic shear, and cyclic tension-shear. 
 
This research will conduct tests in which unidirectional and fully reversed cyclic loading will be applied to concrete 
anchors in order to study the effects of low cycle fatigue and cyclic loading on the strength of anchor connections.  
The testing will focus mainly on combined cyclic tension-shear loading and the corresponding effects this loading 
has on the performance of concrete anchors.  The research will work toward a goal of establishing a seismic 
tension-shear interaction model for concrete anchors.   
 
The understanding of the strength contributions of supplementary reinforcement in anchored connections needs to 
be improved.  With the development of design models that accurately predict the performance of supplementary 
reinforcement in both cracked and uncracked concrete under montotonic and seismic loading, design codes 
worldwide can be updated to support the beneficial contributions of supplementary reinforcement to the strength 
and ductility of anchor connections.  Once a standard method of supplementary anchor reinforcement design has 
been established, the potential of ductile concrete failure can be incorporated into seismic anchor design.  This 



 

could remove the limitation of steel strength controlling seismic anchor design that is currently being used in 
worldwide design codes, and make the process of concrete anchor design for seismic applications much less 
restrictive. 
 
As more data is collected regarding seismic anchor design, the need for a centralized location of information will 
present itself.  In addition to providing test data relating to cyclic tension-shear interaction and supplementary 
reinforcement, this research will develop a NEES repository where data collected worldwide can be compiled in one 
location.  This will allow researchers and committee members to easily access information that can be used to 
enhance the methods used in seismic anchor design.  Once the testing and analysis of data has been completed, the 
results will be presented and used to further enhance design codes worldwide. 
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