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 INTRODUCTION 1

1.1 Background 

The traditional method for attaching concrete traffic barriers to concrete bridge decks has 

utilized cast-in-place concrete around vertical reinforcing bars protruding out of the top of the 

deck slab. However, this technique presents two major shortcomings: (1) it includes the need for 

extension hand finishing of large portions of the deck; and (2) it lacks the flexibility to be 

utilized for a variety of different traffic barriers once the deck is formed because vertical cast-in-

place anchor bars can only be installed before concrete placement. Alternative anchoring options 

include post-installed mechanical anchors, chemical or epoxy adhesive, and bolt-through 

anchors. In particular, previous full-scale crash testing has been successfully conducted on bolt-

through designs, however, epoxy adhesive anchorages have had limited testing for bridge rail 

applications.  

Chemical or epoxy adhesive anchors are capable of developing the full strength of the 

surrounding concrete and can provide tensile and shear strengths comparable to any straight bar 

anchors in cast-in-place concrete with similar embedment. Further, epoxy adhesive is typically 

stronger than the surrounding concrete and provides distribution of the anchor loads over a larger 

area of the concrete. This can result in higher capacities for epoxy adhesive anchors than straight 

cast-in-place bars with similar embedment depths. However, cast-in-place anchor bars typically 

contain bent hooks at the end of the embedment depth to increase their strength. This enables the 

cast-in-place anchor bar to obtain capacities that typically cannot be matched by epoxy adhesive 

anchors with limited embedment. 

Rated shear and tensile capacities published by epoxy adhesive anchor manufactures are 

largely based on static tests and contain large factors of safety. When used in conjunction with 

traffic barriers and under impact loading conditions, epoxy adhesive anchors can potentially 
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resist much higher capacities based on consideration of actual ultimate strengths and dynamic 

load factors. As such, it may be overly conservative to design epoxy adhesive traffic barrier 

anchors based solely on their published load ratings. 

Additionally, all anchor components used in concrete bridge rail applications are required 

to have some sort of corrosion protection in order to ensure long term durability. However, 

published ratings for epoxy adhesive anchor bars are based on testing without any corrosion 

protection. Corrosion protection could affect anchor capacities as compared to black steel due to 

the varying frictional resistance of the corrosion protection surfaces. As such, dynamic tests 

would be required to determine the dynamic capacity of epoxy adhesive anchors when corrosion 

protection was incorporated in design. 

1.2 Research Objectives 

The purpose of this research study was to determine if epoxy adhesive masonry anchors 

can be utilized to attach crash barriers to bridge decks and create a design methodology that can 

be used to configure epoxy adhesive anchorages for a variety of concrete bridge railings. This 

would allow for the installation of precast aesthetic concrete traffic barriers or in-board cast-in-

place concrete traffic barriers without the need to cast barrier anchorage into the deck surface. 

Also, the epoxy adhesive anchors could potentially be used to anchor temporary concrete barriers 

or retrofit permanent concrete or steel bridge railings. 

1.3 Research Approach 

The research project began with a literature review of previously developed design 

procedures for estimating the capacity of epoxy adhesive anchors for both static and dynamic 

loading conditions. A dynamic uniform bond stress model was then developed based on the 

findings of the literature review and the fundamental mechanics involved with epoxy adhesive 

anchors. A series of 16 dynamic bogie tests were conducted to refine and verify the accuracy of 
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the model. A static test was also conducted to investigate the strain rate effects of epoxy adhesive 

anchorages. Following completion of the component testing, the data was analyzed and 

compared with the previous developed methodologies for estimation of adhesive anchor 

capacities. Following that analysis, conclusions and recommendations were prepared regarding 

procedures for estimating the capacity of epoxy adhesive anchors for use in the attachment of 

concrete traffic barriers.  

It should be noted that the large portion of this research effort was completed and 

documented as part of the requirements for a master’s thesis for Ben Dickey [1]. 
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 LITERATURE REVIEW 2

2.1 Overview 

For the initial part of the research effort, publications pertaining to the analysis, design, 

and behavior of epoxy adhesive anchors under static and dynamic loading conditions were 

examined. Additionally, manufacturers’ specifications and Pooled Fund State standards for 

bridge railings were also investigated to identify the anticipated anchor sizes and requirements.  

2.2 Design Standards 

A Load and Resistance Factor Design (LRFD) specification for the design of cast-in-

place and post-installed mechanical concrete anchors is included in Appendix D of the American 

Concrete Institute (ACI) publication ACI 318-08, Building Code Requirements for Structural 

Concrete and Commentary [2]. This procedure details the design of single concrete anchors as a 

function of both material and geometric properties. It also includes procedures to adjust the 

strength of anchor groups based on the spacing and edge distances from other anchors and 

concrete edges, respectively. An interaction equation is included that allows for the design of an 

anchor loaded under simultaneous shear and tension. Strength and reduction factors are provided 

for the various failure mechanisms to ensure a statistically acceptable measure of reliability.  

Several of the design procedures for estimating the capacity of concrete anchors 

presented in ACI 318-08 come from the Concrete Capacity Design (CCD) method [3]. The CCD 

method is a simpler design procedure than the one contained in ACI 349-85, Code Requirements 

for Nuclear Safety-Related Concrete Structures and Commentary [4]. For calculation of the 

concrete breakout strength of anchors in tension, ACI 349-85 assumes a concrete cone shape 

with the fracture line angled at 45 degrees from the concrete surface. Alternatively, the CCD 

method assumes a pyramidal concrete shape with the fracture line angled at 35 degrees from the 

concrete surface to approximate an idealized cone. This allows for easier calculations of the 
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projected failure surface, especially for a group of closely spaced anchors or anchors located near 

a concrete edge.  

A study conducted in 1995 by Breen, Eligehausen, Fuchs, and Werner evaluated the 

accuracy of the CCD method and the method presented in ACI 349-85 against a database of 

reinforcing bar tests [3]. The CCD method correlated rather well with the mean test results for 

both shear and tensile loads. The procedure presented in ACI 349-85 was found to be 

conservative for shallow embedment depths and un-conservative for deep embedment depths. 

However, the CCD method requires greater spacing and edge distances to develop the full 

capacity strength for both shear and tensile forces. Based on the simpler design procedure and 

accuracy obtained by the CCD method, the CCD method was recommended over the procedure 

presented in ACI 349-85.  

It should be noted that the method presented in ACI 318-08 does not include provisions 

to design adhesive anchors embedded in concrete. ACI is currently working on developing a 

specification that incorporates a design procedure to account for the mechanics of adhesive 

bonded anchors. Until this study is complete, The International Code Council Evaluation 

Services Inc. (ICC-ES) publication AC308, Acceptance Criteria for Post-Installed Adhesive 

Anchors in Concrete Elements [5], is being used as an interim design and product approval 

standard [6]. The design procedure presented in ICC-ES AC308 provides additional and 

substitutive sections that allow the anchorage procedure in ACI 318-08 to be used in accordance 

with ICC-ES AC308 to meet the design requirements of adhesive anchors.  

In particular, ICC-ES AC308 utilizes a uniform bond stress theory to calculate the pullout 

strength of anchors in tension. The equation used in the uniform bond stress model to calculate 

the mean nominal tensile strength ( ௡ܰ) is shown in Equation (1) and is a function of the uniform 

bond stress (߬଴), anchor diameter (݀), and anchor embedment depth (݄௘௙). Due to the similar 
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behavior and capacity observed when comparing the shear loading of adhesive and cast-in-place 

or mechanical anchors, the shear design procedure in AC308 is nearly identical to the procedure 

in ACI 318-08. 

௡ܰ ൌ ߬଴݄݀ߨ௘௙ (1) 

Difficulty exists in developing a standard for estimating the capacities of adhesive 

anchors due to the wide variation of many different manufacturers. This is a result of varying 

material properties (i.e., bond stress) from product to product. For this reason, many designers 

have utilized manufacturers’ specifications based on proprietary shear and tensile test data to 

design adhesive anchors. Essentially, ICC-ES AC308 provides a more generalized procedure for 

designing adhesive anchors based on parameters obtained from test data. However, many of the 

design parameters require extensive testing for each particular product.  

2.3 Previous Research for Static Tensile Loads 

Previous research has been conducted on adhesive anchors embedded in concrete and 

subjected to static tensile loading conditions. Many of these research projects focused on 

developing a theoretical model for predicting the ultimate tensile strength of the adhesive anchor. 

Then, tests were conducted using a hydraulic ram test machine to validate the proposed theories. 

Still, much debate exists over how the loads are transferred across the adhesive interface. Two 

main theories have been proposed: (1) a uniform bond stress distribution over the entire 

embedment depth and (2) an elastic bond stress distribution.  

In 1984, Luke published a thesis that summarized the findings of 69 reinforcing bar 

pullout tests that utilized an epoxy adhesive as the bonding agent [7]. Four different failure 

mechanisms were identified and observed: (1) fracturing/yielding of the dowel bar; (2) 

pullout/excessive slip of the dowel bar; (3) cone failure of the concrete; and (4) splitting of the 
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concrete. In most cases, a combination of a concrete cone failure and dowel bar pullout slip was 

present. Both single and double concrete cone failures were observed as shown in Figure 1. The 

single concrete cone failures had uniform sloped edges at the concrete failure surface. Double 

concrete cone failures were similar to the single concrete cone failures except that a flexural 

concrete cone surface of lesser slope was located near the concrete surface. Although there was 

not a noticeable difference in the pullout strengths observed between the two concrete cone 

types, the double concrete cone failure generally occurred on bars with deeper embedment 

depths. 

 

Figure 1. Single versus Double Concrete Cone Failures 

Additionally, several methods for cleaning the anchor holes were investigated during the 

study. It was concluded that drilled holes should be thoroughly cleaned by repeated vacuuming 

and brushing with a stiff bottle brush or a wire brush. Failure typically occurred along the epoxy-

concrete interface for unclean holes and in some cases the concrete cone did not form. For very 

clean holes, the failure occurred along either the epoxy-steel or epoxy-concrete interfaces. The 

cleaner holes generally lead to a high pullout strength which suggested that adhesion played an 

important role in the load transfer at the adhesive interface. 
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In 1989, Doerr and Klingner suggested that an adhesive anchor loaded in tension has 

three failure modes: (i) fracture of the anchor steel, (ii) pullout of the adhesive core, and (iii) 

cone failure of the concrete (with some core pullout) [8]. A test procedure was conducted that 

consisted of 105 threaded rod specimens adhesively bonded to concrete with embedment depths 

between 4 and 8 in. (102 and 203 mm). A bond stress distribution model using an elastic solution 

accurately predicted the test results. The elastic model is based on Equation (2), which is a 

function of the maximum bond stress (߬௠௔௫), hole diameter (݀଴), anchor embedment depth (݄௘௙), 

and the adhesive stiffness parameter (ߣ′).  

௡ܰ ൌ ቆ
௠௔௫݀଴߬ߨ

ଵ.ହ

′ߣ
ቇ tanhቆ

ᇱሺ݄௘௙ߣ െ 2ሻ

ඥ݀଴
ቇ (2) 

A uniform stress distribution model was found to be reasonably consistent with the test 

results for short embedment depths (less than 8 in. (203 mm)), but grossly overestimated the 

capacity of longer embedment depths.  

The most common failure mode observed was the formation of a shallow concrete cone 

accompanied by the pullout of the adhesive core. However, concrete cone formation was not 

found to correlate to a significant increase in the anchor strength. It was concluded that for short 

embedment depths the capacity of a fully bonded anchor could be closely approximated by the 

capacity of a partially bonded anchor with the adhesive length equal to the embedment depth less 

the height of the concrete cone. The typical concrete cone documented in that study had an 

average height of 1 to 2 in. (25 to 51 mm). 

Also in 1989, Collins, Klingner, and Polyzois published a report on the study of several 

different types of cast-in-place concrete and post-installed adhesive concrete anchors [9]. The 

load transfer for post-installed adhesive anchors was found to be dependent on the mechanical 

interlock and chemical bond between both the adhesive and the concrete and the adhesive and 
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the anchor steel. The failure modes of tensile pullout tests included fracture of the anchor shank, 

cone failure of the concrete, pullout of the anchor, and pullout of the anchor accompanied by a 

concrete cone. The anchor pullout behavior occurred with the failure of the bond surfaces 

between both the adhesive-concrete and adhesive-steel interfaces. However, only a limited 

number of these failures occurred at the bond surface between the adhesive and the steel. 

Two different bond stress models were developed in this study to predict the pullout 

capacity of adhesive anchors and the concrete cone depth. The first assumed a uniform bond 

stress over the entire embedment depth while the second assumed a linear stress distribution. For 

the linear distribution, the bond stress was distributed such that if the stress equaled zero at the 

bottom of the embedded end of the anchor and had maximum stress at the concrete surface. The 

majority of the test specimens displayed a failure mode with the formation of a concrete cone 

that radiated outward from the anchor head and had a depth between 1 and 2 in. (25 and 51 mm). 

Based on the test data, the height of the concrete cone tended to decrease with increased 

embedment depth. This behavior would tend to indicate that a non-uniform stress distribution 

was present. Therefore, a non-uniform bond stress model was suggested. Analysis using finite 

element methods suggested that the bond stress distribution of adhesive anchors was not only 

non-uniform, but also non-linear. 

In 1993, Cook reviewed several models for predicting the strength of adhesive anchors 

and developed a new model based on three modes of failure which varied with anchor 

embedment depth [10]. The three modes were found to be: concrete cone failure, bond failure, 

and cone-bond failure. Two models of bond failure, a uniform and an elastic bond stress 

distribution, were analyzed with a database of test data to determine the proper use of each 

model. The elastic bond stress model matched well with the uniform bond stress model up to 

bonded lengths of 40 times the square root of the hole diameter in millimeters. A graph of 
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predicted capacity of the two stress distribution models verses embedment depth is shown in 

Figure 2. 

 

Figure 2. Comparison of Uniform and Elastic Bond Stress Models versus Embedment Depth [10] 

Cook developed an equation that estimated the height of the concrete cone (݄௖௢௡௘) that 

was a function of the uniform bond stress (߬଴), the diameter of the hole (݀଴), and the 

compressive strength of the concrete ( ௖݂ ′) as shown by Equation (3). It should be noted that this 

equation did not agree with the observations by Collins, Klingner, and Polyzois that the height of 

the concrete cone varied with the anchor embedment depth [9]. Cook suggested that for 

embedment depths less than the calculated cone height, the concrete cone model should be 

utilized. The primary variable in the equation to calculate the mean nominal tensile strength ( ௡ܰ) 

for the concrete cone model of adhesive anchors was the embedment depth (݄௘௙), as can be seen 

in Equation (4). 
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݄௖௢௡௘ ൌ

߬଴݀ߨ଴
1.84ඥ ௖݂′

 (3) 

 
௡ܰ ൌ 0.92݄௘௙

ଶ ඥ ௖݂′ (4) 

For embedment depths greater than the height of the concrete cone but less than 40 times 

the square root of the hole diameter plus the height of the concrete cone (in millimeters), a 

uniform stress distribution model with the concrete cone was suggested, as shown by Equation 

(5).  

 
௡ܰ ൌ ߬଴݀ߨ௢൫݄௘௙ െ ݄௖௢௡௘൯ ൅ 0.92݄௖௢௡௘ଶ ඥ ௖݂′ ൥

40ඥ݀௢ െ ሺ݄௘௙ െ ݄௖௢௡௘ሻ

40ඥ݀଴
൩ (5) 

For embedment depths over 40 times the square root of the hole diameter plus the height 

of the concrete cone (in millimeters), the elastic bond stress model with the concrete cone was 

recommended. Equation (6) was suggested to calculate the mean nominal tensile strength for the 

elastic model and utilizes the following additional adhesive properties: the maximum bond stress 

(߬௠௔௫) and the adhesive stiffness parameter (ߣ′). The cone breakout strength is not included in 

this equation because it has a negligible effect on the capacity of anchors with deep embedment 

depths. 

 
௡ܰ ൌ ߬௠௔௫݀ߨ଴ ቈ

ඥ݀଴
′ߣ

tanh
ᇱሺ݄௘௙ߣ െ ݄௖௢௡௘ሻ

ඥ݀଴
቉ (6) 

This method correlated well with the results from the test database and agreed with the 

conclusion made by Doerr and Klinger that the uniform bond stress model fit the test data for 

short embedment depths [8]. Both Equation (5) and Equation (6) are based on the geometric 

variables of the anchor and three basic bond properties: (1) the uniform bond stress (τ0), (2) the 

maximum bond stress (τmax), and (3) the adhesive stiffness parameter (λ′).  
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A report by Biller, Cook, Fagundo, and Richardson in 1991 detailed test procedures for 

determining the three adhesive bond properties [11]. The uniform bond stress was calculated as 

the failure load divided by the bonded area. The failure load was determined by a confined 

tensile test using a hydraulic ram. The confined tensile test consisted of placing a bearing surface 

closely around the anchor to prevent concrete cone breakout and isolate failure of the cohesive 

bond. During the test, applied loads and the displacements were measured in order to obtain a 

load-displacement graph. The failure load was determined as the max load prior to slip 

(nonlinear) was determined as a function of the ߣ′, d, l, and failure load P. It was determined that 

do was between approximately 0.80 to 0.99 of τmax. The stiffness parameter of the adhesive was a 

function of the slope of the linear portion of the load-displacement graph, hole diameter, and 

embedment length of a given adhesive anchor size. 

In 1993, Cook, Doerr, and Klinger published a journal article that verified the accuracy of 

the elastic model with experimental data [12]. A procedure for calculating the maximum bond 

stress was proposed that consisted of conducting a pullout test of a partially bonded anchor with 

the top two inches not bonded to the concrete. This lowered the point of load transfer so that a 

concrete cone did not form, and the capacities of the partially bonded anchors were only 

dependent on the adhesive bond. The maximum bond stress was calculated as the ultimate load 

divided by the bonded area. An alternate method for calculating the stiffness parameter of the 

adhesive was determined by a least-squares fit between the test data and Equation (6).  

A combined cone and bond failure model was derived based on the elastic model, as 

shown in Equation (7). This equation included the approximate angle of the concrete cone 

fracture line relative to the concrete surface (ߙ) and the effective concrete tensile stress over the 

projected area of the cone ( ௧݂). 
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௡ܰ ൌ ௧݂ߨ ൬
݄௖௢௡௘
tanhሺߙሻ

൰
ଶ sinh ቆ

ᇱ݄௘௙ߣ
ඥ݀଴

ቇ

sinh ቆ
ᇱ݄௘௙ߣ
ඥ݀଴

ቇ െ sinhቆ
ᇱሺ݄௘௙ߣ െ ݄௖௢௡௘ሻ

ඥ݀଴
ቇ

 (7) 

This model shown in Equation (7) overestimated the tensile capacities observed in the 

experimental data. Some possible reasons for the inaccuracy of this model were that the bond 

strength did not appear in the equation, and that the equation included the tensile strength of the 

concrete, which was highly variable. The elastic bond failure model, shown by Equation (6) 

proved to be more accurate based on the experimental data. That model assumed that the bond 

failure occurred after the concrete cone failure. Therefore, the capacity of the anchor was only 

dependent on the bond stress below the concrete cone. 

Further, strength reduction factors were suggested in this study based on the calculated 

capacity in relation to the horizontal asymptote of the elastic model, calculated by Equation (8). 

A higher strength reduction factor of 0.80 was utilized when the calculated capacity was greater 

than or equal to 95 percent of the horizontal asymptote, while a smaller reduction factor of 0.65 

was utilized when the calculated capacity was below 95 percent of the horizontal asymptote. The 

more conservative reduction factor was suggested to be used with shorter embedment depths 

because a greater drop in the capacity was observed on the elastic bond stress model with 

decreasing embedment depth.  

 
݈݁݀݋ܯ	ܿ݅ݐݏ݈ܽܧ ݈ܽݐ݊݋ݖ݅ݎ݋ܪ ݁ݐ݋ݐ݌݉ݕݏܣ ൌ

௠௔௫݀ଵ.ହ߬ߨ

ᇱߣ
 (8) 

Finally, the effect of anchor spacing was also investigated in the study. It was observed 

that closely spaced, fully bonded anchors had only small concrete cone overlaps that contributed 

to only a small reduction in the capacity of the adhesive anchors. Therefore, it was suggested that 

anchor spacing had a negligible effect on the capacity of a group of anchors. However, for 
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anchor groups with hole diameters between 0.5 and 1.0 in. (13 and 25 mm) and spacings less 

than 8 in. (203 mm), a capacity reduction of 15 percent was suggested to account for the 

uncertainty associated with the effects of the overlapping cones until more extensive testing 

confirmed the effects were negligible. No reduction in capacity was recommended for anchors 

with spacings greater than 8 in. (203 mm) hole diameters between 0.5 and 1.0 in. (13 and 25 

mm).  

In 1996, Cook, Krishnamurthy, and McVay reviewed previous empirical and theoretical 

methods for predicting the failure of chemically bonded anchors loaded in tension, developed an 

elasto-plactic finite element model of an adhesive anchor, and compared the numerical results to 

experimental data [13]. The results of the numerical analysis indicated bond stress distribution 

for relatively low loads corresponded closely with the elastic bond stress mold to adhesive 

anchors. While at higher loads the bond stress distribution displayed a generally uniform bond 

stress. The uniform bond stress was observed at high loads because the epoxy adhesive and the 

concrete began to yield, which redistributed the stress toward the bottom of the adhesive layer.  

A plot from this study representing the finite element model shear stress distribution 

along the epoxy-concrete interface of an adhesive anchor with an embedment depth of 5 in. (127 

mm) is shown in Figure 3. Five different solutions are shown with increasing applied loads. The 

left-most line illustrates the elastic bond stress solution that corresponds to a relatively low 

applied load while the right-most line illustrates the uniform bond stress solution that 

corresponds to a high applied load. A transition from an elastic bond stress distribution to a 

relatively uniform bond stress distribution is illustrated by the middle lines. This occurs as the 

materials begin to yield when the load is increased. Based on this research, a uniform average 

bond stress applied over the entire embedded anchor area did an excellent job of predicting the 

tensile failure capacity of the chemically bonded anchors investigated. 
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Figure 3. Shear Stress Distribution with Increasing Applied Load [13] 

In 1998, Cook, Fuchs, Konz, and Kunz published an article that reviewed several 

previously developed models for predicting the tensile capacities of adhesive anchors [14]. The 

models were statistically compared to a worldwide database of test data to determine the 

accuracy and precision of each method based on varying concrete strength. A new model was 

then developed that statistically fit the database of pullout tests that were analyzed. This model 

was based on the uniform bond stress model with an added coefficient to account for the effect 

of the concrete strength. Equation (9) shows the modified equation as a function of the uniform 

bond stress (߬଴), anchor diameter (݀), embedment depth (݄௘௙), and the modification factor for 

concrete strength (߰௖). The modification factor for concrete strength was based on a function of 

variables determined by tests of individual adhesive products in various concrete strengths. 

 ௡ܰ ൌ ߬଴݄݀ߨ௘௙߰௖ (9) 
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The concrete cone model, shown in Equation (4), provided the worst fit to the database of 

adhesive anchor test because of the inherent differences between the behavior of adhesive and 

mechanical anchors. A uniform bond stress model for use with or without the shallow concrete 

cone, as shown in Equation (10), provided a good fit to the test data. However, a bond stress 

model that neglected the stress at the top of the anchor was not considered viable as the stress 

distribution was not accurate when compared to finite element studies.  

 ௡ܰ ൌ ߬଴݀ߨሺ݄௘௙ െ 3݀ሻ (10) 

A concrete cone with an adhesive bond model was also investigated that consisted of 

using either Equation (1) or Equation (4) based on the expected failure mode of either concrete 

cone or adhesive bond failure. This methodology was ruled out as the uniform bond stress 

method in Equation (10) fit the data better than the cone failure method in Equation (4) even in 

the event that a cone failure occurred. A combined concrete cone and bond failure model, shown 

in Equation (11), was originally thought to provide the best theoretical analysis of adhesive 

anchors since it accounted for both failure modes present (e.g., partial concrete breakout and 

partial bond failure). However, in this study, this method did not provide as good of a fit to the 

database as the uniform bond stress model in Equation (9), which was also easier to implement. 

As such, the modified uniform bond stress model in Equation (9) was determined to be the best 

method for approximation of adhesive anchor tensile load.  

 
௡ܰ ൌ 0.92݄ଶඥ ௖݂

ᇱ ൅ ߬଴݀ߨሺ݄௘௙ െ ݄௖௢௡௘ሻ (11) 

Implementation of the coefficient for the concrete strength in the uniform bond stress 

model reduced the overall coefficient of variation from 0.218 to 0.203. This modified uniform 

bond stress model exhibited the best fit to the database of all the previously reviewed methods 
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and was suggested for implementation in future specifications. It also agreed with nonlinear 

analytical studies of the adhesive concrete anchors. 

In 2006, Appl, Cook, and Eligehausen published an article that proposed a behavioral 

model for predicting the average failure load of adhesive bonded single anchors and groups of 

anchors embedded in concrete when loaded in tension [15]. The method developed was similar 

to the method presented in Appendix D of ACI 318-08 and the CCD method based on the square 

concrete cone assumption. In order to evaluate the new method, several numerical analyses were 

conducted using a three-dimensional, nonlinear finite element code and was compared to the 

predicted loads of the model as well as a database of test results. 

The new method for predicting any failure load considered the design provisions in ACI 

318-08 for steel strength in tension to be applicable to adhesive anchors. A new equation was 

developed for the tensile pullout capacity of adhesive anchors based on a uniform bond stress 

model, as shown in Equation (12). This equation utilized the uniform bond stress at the adhesive-

steel interface (߬) instead of previous studies where the uniform bond stress was based on the 

adhesive-concrete interface. The ratio of the projected concrete failure area of a single or group 

of anchors (ܣே௖) to the area of the projected concrete failure area of a single anchor (ܣே௖௢) was 

used to account for the overlapping of the concrete cones. These projected areas are shown in 

Figure 4.  

 
௡ܰ ൌ

ே௖ܣ
ே௖௢ܣ

߰௘ௗ,ே߰௚,ே݄߬݀ߨ௘௙ (12) 
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Figure 4. Projected Concrete Failure Areas for Adhesive Anchors [15] 

A factor used to modify the tensile strength of anchors based on the proximity to the 

edges of the concrete member (߰௘ௗ,ே) and a factor used to modify the tensile strength of 

adhesive anchors based on the number and spacing of anchors in a group and the mean bond 

strength (߰௚,ே) were utilized in the developed model as well. This model agreed with the results 

obtained from the test database and closely resembles the design procedure that was adopted in 

ICC-ES AC308 and ACI 318. 

The critical anchor spacing (ݏ௖௥) was defined as the minimum spacing between anchors 

where the strength of the anchor group was not influenced by the close proximity of the anchors. 

Equations that calculated the critical anchor spacing were derived by a regression analysis of 

several anchor tests where the spacing varied. They are shown in Equation (13)(a) for English 

units and Equation (13)(b) for Metric units. 
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.௖௥,௜௡ݏ ൌ 20݀ ቀ

߬
1450

ቁ
଴.ହ

 (13)(a) 

 
௖௥,௠௠ݏ ൌ 20݀ ቀ

߬
10
ቁ
଴.ହ

 (13)(b) 

According to the results obtained from the test program in this study, it was observed that 

the failure load of adhesive anchors was limited to the concrete breakout failure load of post-

installed mechanical anchors. Thus, an equation for the maximum bond strength was derived by 

setting the equation for the capacity of post-installed mechanical anchors equal to the uniform 

bond stress equation and solving for the bond stress. The resulting equation for the maximum 

bond stress is shown in English units in Equation (14)(a) and shown in Metric units in Equation 

(14)(b). 

 
߬௠௔௫,௣௦௜ ൌ

11.1ඥ ௖݂
ᇱඥ݄௘௙

݀
 (14)(a) 

 
߬௠௔௫,ெ௉௔ ൌ

4.7ඥ ௖݂
ᇱඥ݄௘௙
݀

 (14)(b) 

2.4 Previous Research for Static Shear Loads 

In 2002, Bickel and Shaikh conducted a study to determine the differences in capacities 

of concrete headed stud anchors and adhesive concrete anchors loaded in shear [16]. Design 

methods based on the shear strength of headed studs were statistically analyzed to determine if 

the models could be used to predict the shear strength of adhesive anchors. One method was 

based on the Precast/Prestressed Concrete Institute (PCI) Handbook [17] and the other method 

was based on the CCD method discussed perviously. The CCD method consisted of calculating a 

failure surface area to determine the concrete shear strength while the PCI method was a function 

of the distance from a free concrete edge. 
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The failure behaviors of adhesive and headed stud anchors loaded in shear are similar 

because the capacity of both anchors is more dependent by the anchor bearing on the concrete 

than the adhesive anchors bear on the concrete. However, adhesive anchors investigated in the 

study of mechanical interlock generally had higher shear capacities compared to headed studs 

because the adhesive allowed for the stresses to distribute more uniformly over a larger portion 

of the embedment depth. Based on statistical analysis, the PCI and the CCD methods tended to 

be more accurate and more conservative in predicting the adhesive anchor capacities than the 

headed stud capacities. 

A regression analysis of the test data for adhesive concrete anchors was performed for 

both the PCI and CCD methods. The results from this analysis suggested a change to the 

calibration coefficient in the PCI method from 12.5 to 15 to better predict the capacity of 

adhesive anchors. The resulting shear strength is shown in Equation (15) where (݀௘) is the 

distance from the anchor to a free concrete edge.  

 
௡ܸ ൌ 15ඥ ௖݂′݀௘ଵ.ହ  (15) 

The CCD equation was also modified based on the regression analysis by changing the 

calibration coefficient and the exponents of the variables. It was suggested that the modified 

equation in the CCD method would more accurately and conservatively predict the strength of 

adhesive anchors loaded in shear. This study was limited to single anchors only, and it did not 

include an investigation of whether the modification factors which accounted for anchor 

locations near free edges could be used. 

2.5 Previous Research for Dynamic Tensile Loads 

Most manufacturers of adhesive anchors publish their rated capacities based on static 

testing or specifications developed to estimate the static load capacities. Further, the methods for 
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estimating the capacities presented by ICC-ES AC308 and ACI 318 were developed based on 

static loading. However, the load rate has an influence on the behavior of adhesive anchors 

bonded to concrete. Dynamic load capacities of adhesive anchors are generally higher than the 

rated static capacities. In previous research, many have attempted to correlate the static load 

capacities with dynamic capacities.  

In 2003, Fujikak, Ishibashi, Mindess, Nakayama, and Sato conducted a series of tests on 

chemically bonded anchors embedded in concrete an subjected to various dynamic, tensile 

loading rates [18]. A dynamic increase factor (DIF) was defined as the ratio of the average 

dynamic ultimate bond strength to the average static ultimate bond strength. It was observed that 

the dynamic increase factor increased as the loading rate increased. An empirical equation based 

on an exponential regression analysis of the test data was developed to estimate the dynamic 

increase factor as a function of loading rate. The dynamic increase factor was multiplied by 

Equation (1) for mean nominal tensile strength to calculate the mean dynamic nominal pullout 

capacity ( ௡ܰ,ௗሻ as seen in Equation (16). The last factor in this equation is the dynamic increase 

factor which is the ratio of the dynamic loading rate (݌ሶ) to the static reference loading rate (݌௦ሶ ) 

raised to the 0.013 power. 

 
௡ܰ,ௗ ൌ ߬଴݀ߨ଴݄௘௙ ൬

ሶ݌
௦ሶ݌
൰
଴.଴ଵଷ

 (16) 

The most common failure mode observed during testing was adhesive bond stress failure 

combined with the formation of a concrete cone. The test results indicated that the dynamic 

pullout strengths were closely related to the calculated values based on the ultimate uniform 

bond strength. It was observed that the cone failure was fully developed before the bond failure 

occurred; therefore, the capacity of the adhesive anchor was most commonly controlled by the 

bond strength of the adhesive anchor below the cone failure. This agrees with the theory 
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proposed by Cook, Doerr, and Klingner [12], but under dynamic conditions rather than static 

conditions. It was noted that the behavior of chemically bonded anchors under dynamic loading 

was strongly dependent on the particular bonding agent. 

In 2005, Solomos and Berra utilized a Hopkinson bar technique to determine the effect of 

dynamic loading rates on post-installed anchors [19]. The static and dynamic test results were 

compared to the values predicted by the design codes of ACI 349-97 and the CCD method. For 

static loading conditions, the experimental capacities were always higher than the predicted ones, 

especially compared to ACI 349-97. The capacities under dynamic loading conditions were 

substantially higher than the predicted values as the experimental capacities were between 1.59 

and 2.39 times as high as the predicted values for static conditions.  A dynamic increase factor of 

1.25 is permitted to increase the axial concrete strength for impact loads according to ACI 349-

97. The study concluded that this dynamic increase factor was reasonable for chemical adhesive 

anchors. However, the dynamic increase factor of concrete in tension could be as high as 3 or 4 

for very high strain rates. 

In 2009, Braimah, Constestabile, and Guilbeault conducted several “mass drop” tests on 

epoxy adhesive anchors. The experiment consisted of a mass falling down a steel guide rod while 

a PCB Piezotronics preloaded force ring (compression load cell) with a neoprene pad formed an 

anvil assembly for the falling mass. The dynamic capacities were compared to results obtained 

from a static test program [20]. It was concluded that the dynamic capacity of adhesive concrete 

anchors could be increased by minimum factors of 1.2 and 3.2 for normal loads and loads 

applied at a 45 degree angle, respectively, compared to static capacities.  

2.6 Material Properties of Structural Epoxy Adhesives 

In 1996, Kruger and Lin conducted several tests to determine the material properties of 

two different types of epoxy adhesives [21]. Both epoxy adhesive products used in the tests were 
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two-part cold cure epoxy adhesives. One epoxy adhesive consisted of an unfilled resin and the 

other epoxy adhesive was a heavily filled resin with a highly dispersed, amorphous,  pure silicon 

filler.  

For each material, the tensile strength, compressive strength, Young’s Modulus, shear 

strength, shear modulus, Poisson’s ratio, and percent elongation at break were determined. The 

material properties of the two adhesives are shown in Table 1. Several tests were conducted to 

determine the effects of curing time and temperature on the ultimate bond strength. It was 

observed that the bond strength of the adhesive was significantly reduced when subjected to 

moisture. For a hardened concrete to hardened concrete bond, the strength could be reduced by 

as much as 20 to 50 percent from the effects of moisture. From creep tests, it was concluded that 

cured epoxy adhesives have low creep strain values compared to other structural adhesives. 

However, the creep resistance is greatly reduced as the material approaches the heat deflection 

temperature. 

Table 1. Material Properties of Hardened Epoxies 

Material Property Unfilled Epoxy Resin 
Heavily Filled Resin with 

Reinforcing Filler 
Tensile Strength 4,950 psi (34.1 MPa) 3,090 psi (21.3 MPa) 
Percent Elongation at Break 4.82 % 4.69 % 
Compressive Strength 11,200 psi (77.3 MPa) 10,100 psi (69.8 MPa) 
Young’s Modulus 464 ksi (3.2 GPa) 609 ksi (4.2 GPa) 
Shear Strength > 5,800 psi ( > 40 MPa) 5,800 psi (40 MPa) 
Shear Modulus 174 ksi (1.2 GPa) 218 ksi (1.5 GPa) 
Poisson’s Ratio 0.39 0.37 
Heat Deflection Temperature 124 °F (51.0 °C) 127 °F (52.5 °C) 

 

The material properties for three different manufacturers, Hilti, Adhesives Technologies, 

and Simpson epoxy adhesive systems were obtained from a review of the manufacturers’ 

specifications [22-26]. The material properties for several epoxy adhesive products are shown in 
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Table 2. Summary tables of static tensile and shear capacities for various epoxy adhesive anchor 

products are shown in Appendix A [22-29]. 

Table 2. Material Properties Obtained from Epoxy Manufacturers 

Material 
Property 

Hilti HIT-RE 
500 

Adhesives 
Technology 

HS2000 

Adhesives 
Technology 
Ultrabond 1 

Adhesives 
Technology 
Ultrabond 3 

Simpson ET 

Bond Strength 1,800 psi 
(12.4 MPa) 

2,400 psi
(16.5 MPa)

1,640 psi
(11.3 MPa)

1,960 psi 
(13.5 MPa) 

2,030 psi
(14.0 MPa)

Compressive 
Strength 

12,000 psi 
(82.7 MPa) 

15,260 psi
(105 MPa)

10,990 psi
(75.8 MPa)

10,110 psi 
(69.7 MPa) 

13,390 psi
(92.3 MPa)

Compressive 
Modulus 

220 ksi 
(1.52 GPa) 

322 ksi
(2.22 GPa)

214 ksi
(1.48 GPa)

201 ksi 
(1.39 GPa) 

658 ksi
(4.54 GPa)

Tensile 
Strength 

6,310 psi 
(43.5 MPa) 

7,080 psi
(48.8 MPa)

6,790 psi
(46.8 MPa)

7,840 psi 
(54.1 MPa) - 

Elongation at 
Break 2.00% 1.50% 1.90% 1.60% - 

Heat 
Deflection 
Temperature 

146 °F 
(63.3 °C) 

152 °F 
(66.7 °C) 

134 °F 
(56.7 °C) 

138 °F 
(58.9 °C) 

168 °F 
(75.6 °C) 

 

2.7 Effects of Protective Coatings on Steel Anchors 

Galvanized or epoxy-coated steel reinforcement is commonly used on bridge projects to 

deter the effects of corrosion. In fact, many Midwest Pooled Fund States require bridge rail 

reinforcement to be epoxy-coated to prevent corrosion due to the use of salt and other chemicals 

to combat snow and ice. Unfortunately, very little information on the bond strength of epoxy-

coated anchors bonded to concrete by the use of an epoxy adhesive was available. However, 

several sources of epoxy-coated bars bonded to concrete were used to investigate the effects that 

epoxy coatings have on bond strength. 

In 1976, Clifton and Mathey conducted several pullout tests of coated deformed 

reinforcing bars embedded in concrete [31]. A universal electromechanical testing machine was 

used to apply a tensile load to the bars with a bearing surface closely surrounding the bars which 
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prevented a concrete cone failure. Failure was determined by one of the following: (1) a slip of 

0.01 in. (0.25 mm) at the loaded end, (2) a slip of 0.002 in. (0.05 mm) at the embedded end, or 

(3) yielding of the steel bar. The study involved testing several different types of epoxy and 

polyvinylchloride coatings. 

The polyvinylchloride coating bond strengths were considerably less than uncoated bars 

and were not recommended for structural use. However, epoxy-coated bars with the coating 

thickness less than 10 mils (0.25 mm) provided bond strengths of only six percent less than the 

bond strength for uncoated bars and were considered suitable to develop the yield strength of the 

reinforcement. 

In 1989, Jirsa and Treece conducted several tests to compare the development of epoxy-

coated reinforcing bars as compared to uncoated bars [32]. The tests consisted of using a four-

point beam bending setup with steel reinforcement placed in the tensile region of the beam and 

reinforcement splices in the middle of the beam. Load was applied to the beam until tensile 

cracks formed in the constant moment section of the beam. The bond strength was then 

calculated based on the stress developed in the steel at the time of failure. 

After each test, the concrete cover surrounding the reinforcing steel was removed to 

observe the bond at failure. The uncoated bars showed evidence of good adhesion as concrete 

particles were firmly attached to the bars. Concrete in contact with the bars had a dull, rough 

surface, and there was crushing of the concrete due to bearing against the bar lugs. Conversely, 

the epoxy-coated bars had a smooth glassy surface, and there were no signs that the concrete was 

crushed against the bar deformations. 

The bond strength between the reinforcing bars and the concrete was reduced by 35 

percent when the reinforcing bars were coated with epoxy. This reduction in bond strength did 

not vary with the concrete strength. Design recommendations were proposed which stated that 
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the required development length should be multiplied by 1.5 for epoxy-coated bars with concrete 

cover less than three times the bar diameter or clear spacing less than six times the bar diameter. 

For all other cases of epoxy-coated bars, the required development length should be multiplied 

by 1.15. However the product of the combining factor for top reinforcement and the epoxy-

coated reinforcement factor should never exceed 1.7. These coating factors were later adopted by 

ACI committee 318 in the Building Code Requirements for Structural Concrete. In the literature 

review, it was noted that the six percent decrease in bond strength from the testing program by 

Clifton and Mathey [31] did not represent the ultimate bond strength because of the criteria used 

to categorize failure.  

A failure hypothesis in the study explained that two forces, bearing and friction, act on 

the ribs of the bar. For epoxy-coated bars, the friction component was nearly lost resulting in a 

reduced bond strength. It was suggested that if the face of the rib formed a 90 degree angle with 

the axis of the bar, all the bond strength would be produced by direct bearing, and friction would 

be unnecessary. 

In 1991, Yeomans investigated the performance of galvanized and epoxy-coated 

reinforcing bars embedded in concrete cylinders and exposed to an accelerated corrosion test 

program [30]. This consisted of two different methods: (i) repetitive wetting and drying of the 

specimens in a salt bath, and (ii) exposing the specimens in a salt fog chamber. The results of the 

corrosion tests indicated that the galvanized finish significantly delayed the onset of corrosion as 

compared to uncoated black steel, and the epoxy coating effectively eliminated corrosion. 

However, for both the galvanized and epoxy-coated finishes, the coatings needed to be repaired 

at points where damage to the coatings occurred or else premature corrosion would occur.  

The results of the pullout tests conducted in this study indicated that there was not a 

significant difference in the bond strength between black, galvanized, and epoxy-coated 
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deformed reinforcing bars. However, for strait, non-deformed segments, there was a 17 percent 

decrease in the bond strength of epoxy-coated reinforcement and a 31 percent increase in the 

bond strength of galvanized reinforcement compared to plain black steel reinforcement. 

Also in 1991, Cleary and Ramirez conducted 4-point bending slab tests (similar to Jirsa 

and Treece) to study the effects epoxy coating had on the bond strength to concrete [33]. 

Independent tests were performed for 4 different splice lengths for both coated and uncoated 

reinforcement. The epoxy coating contributed to reductions of 15 and 5 percent for specimens 

where the steel did not yield. For the other two coated test pairs, the steel in the uncoated 

specimens yielded. The test data was considered not as useful as the other tests, but indicated a 

strength reduction of at least 15 percent. 

In 1992, Cusens and Yu published an article that summarized the findings of pullout tests 

for three different types of deformed steel reinforcing bars and studied how epoxy coatings 

affected the bond strength to concrete [34]. The critical bond stress was determined for each test, 

which corresponded to the lower bond stress value obtained from either the free or the loaded 

end of the reinforcing bar. The epoxy coating contributed to reductions of 56, 22, and 14 percent 

for the three different types and sizes of reinforcement. The 56 percent reduction corresponded to 

a reinforcing bar with significantly smaller deformation rib height and spacing compared to the 

other two samples. Therefore, a conclusion was made that larger and more closely spaced 

deformation patterns are required to provide satisfactory bond strengths with epoxy-coated 

reinforcing bars. 

2.8 Creep Effects of Epoxy Adhesive Anchors 

Tests to examine the effect of sustained long-term loads are contained in several 

documents. The ICC-ES report AC58 was published in 1995 and was superseded by AC308 in 

2007. These documents are used by manufacturers to qualify their adhesive anchor products. In 
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AC58, creep testing of adhesive anchors was optional while in AC308, creep testing is 

mandatory [6]. Creep tests are conducted in uncracked concrete at standard and maximum 

temperature conditions. The anchor is loaded to 55 percent of its mean ultimate load multiplied 

by a factor based on concrete strength and the load is sustained for 42 days. Then a confined 

tension test to failure is conducted on the anchor following the sustained load test. The anchor 

must achieve at least 90 percent of its tension capacity after the sustained load test to pass creep 

test criteria. 

The ACI 355.4-11 report [35] will replace the AC308 report and contains only minor 

changes to the creep testing criteria. However, all anchors must be approved for creep in ACI 

355.4-11. Therefore, all qualified products are required to pass creep test criteria. The strength of 

sustained tensile loaded adhesive anchors is also addressed in ACI 318-11 [36]. The nominal 

capacity of an adhesive anchor subject to sustained tensile loads can only be taken as 55 percent 

the nominal strength of the anchor. 

It is possible that long term tensile loads applied to adhesive anchors that exceed the 

creep load limit may reduce the capacity of the anchor. As such, it is critical for designers to 

keep long term loads on adhesive anchors at or below the allowable loads. In addition, users 

should closely follow manufacturer recommendations for torque requirements when installing 

threaded rod adhesive anchors such that the anchor preload does not cause anchor creep and a 

potential reduction in anchor capacity.  

2.9 Anchorage Used for Temporary Concrete Barriers 

2.9.1 F-Shape Steel-Strap Tie-Down with Drop-In Anchors 

MwRSF developed a steel strap tie-down system for the Iowa F-shape temporary 

concrete barrier in 2002 [37, 38]. The goal of the project was to develop a tie-down system that 

would constrain and limit barrier deflection and rotation during an impact event and did not 
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utilize epoxied anchor studs or anchor bolts that passed through the bridge deck. The design 

consisted of a steel strap that attached to the connecting pin of adjacent barriers and utilized two 

3/4 in. (19 mm) diameter by 3 3/8 in. (81 mm) long Red Head drop-in anchors [39]. The actual 

outside diameter of the sleeve of the drop in anchor was slightly larger than the nominal diameter 

of the 3/4 in. (19 mm) diameter by 1 3/4 in. (44 mm) long Grade 5 bolts. The results of the crash 

test demonstrated that a total of 4 anchor bolts (located near the impact location) were pulled 

completely out of the concrete or sheared off. However, all the remaining bolts were effectively 

anchored to the concrete decking and retained to PCB system on the simulated bridge deck. The 

addition of the tie-down strap limited the dynamic deflection to 37.80 in. (0.96 m) as compared 

to 45.28 in. (1.15 m) in previous testing of the F-shape portable concrete barrier in a free-

standing configuration [37, 38]. A picture of the steel strap tie-down design is shown in Figure 5. 

 

Figure 5. Temporary Concrete Barrier Steel Strap Tie-Down 
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2.9.2 F-Shape Steel-Strap Tie-Down with Mechanical Screw-In Anchors 

An alternative design for anchorage of the steel strap tie-down design was developed by 

MwRSF in 2007 [40]. Dynamic shear and tensile tests were conducted on the 3/4 in. (19 mm) 

diameter Red Head drop-in anchor with ¾ in. Grade 5 bolts used for the original steel strap 

development in 2002. The average peak tensile load for this anchor was found to be 18.7 kips 

(83.2 kN) and the average peak shear load was found to be 25.6 kips (113.9 kN). It was desired 

to replace the drop-in anchor with a screw-in anchor that would be easier to install and remove. 

Several screw-in anchors were tested and two observations were made: (1) the screw-in anchors 

generally had higher tensile strengths due to their slightly longer embedment depth and (2) the 

screw-in anchors did not perform as well with regards to their shear capacity because the smaller 

diameter anchors produced less earing area on the concrete and the steel used in the mechanical 

anchors was of lower grade than the Grade 5 bolts used in the drops. It was suggested that any 

alternative anchors needed to meet a peak tensile load of 18.7 kips (83.2 kN) and a peak shear 

load of 25.6 kips (113.9 kN) in order to be considered an acceptable retrofit for the 3/4 in. (19 

mm) Red Head drop-in anchor. Two alternatives were identified: (1) the Red Head Large 

Diameter Tapcon (LDT) 3/4 in. (19 mm) diameter by 4 1/2 in. (114 mm) long anchor which had 

ultimate tensile and shear capacity of 19.5 kips (86.7 kN) and 26.0 kips (115.7 kN), respectively, 

and (2) the Simpson Titen HD 3/4 in. (19 mm) diameter by 5 in. (127 mm) long anchor which 

had tensile and shear capacities of 19.0 kips (84.5 kN) and 34.3 kips (152.6 kN), respectively. 

2.9.3 F-Shape Tie-Down with Three A307 Steel Anchors 

In 2003, MwRSF developed a tie-down system for use on reinforced concrete bridge 

decks with a redesigned F-shape temporary concrete barrier [41]. This design consisted of 

bolting through the F-shape barrier at 3 locations along the impact side of the barrier. The 

threaded rods were made from ASTM A307 steel and had an anchor diameter of 1 1/8 in. (29 
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mm). The design was successfully crash tested with the anchors attached to a concrete slab by 

Power Fasteners Power-Fast Epoxy with an embedment depth of 12 in. (305 mm). An alternate 

anchorage procedure that was considered acceptable was to run the bolt entirely through a bridge 

deck and use a nut and washer (bearing plate) on the bottom of the bridge deck. The anchorage 

was intended to develop the ultimate capacity of the A307 threaded rod. A picture of the barrier 

and bolting pattern is shown in Figure 6. The Wisconsin Department of Transportation adopted 

this temporary concrete barrier anchorage design and required that epoxy adhesive could be used 

as long as the adhesure and embankment could develop the ultimate tensile and shear capacity of 

the A307 threaded rod [42]. 

 

Figure 6. F-Shape Tie-Downs with 1 1/8 in. (29 mm) A307 Steel Anchors 
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2.9.4 Steel H-Section Temporary Barrier 

In 2003, MwRSF developed tie down system for a steel H-section temporary barrier to 

limit the dynamic deflection. The H-section temporary barrier was originally developed in 1989 

by MwRSF [37, 43]. The original H-section barrier tie-down design consisted of anchoring the 

traffic side face of the H-section barrier with two 3/4 in. (19 mm) Red Head drop-in anchors with 

3/4 in. (19 mm) ASTM A325 bolts that were 1 3/4 in. (44 mm) long. Four anchors were used 

with two anchors at each end of the 20-ft (6.10-m) long barrier segments. The initial crash test 

conducted  with a 4,478-lb (2,031 kg) pickup truck failed due to vehicle rollover. Thus, anchor 

bolts were changed from ASTM A325 to ASTM A307 grade bolts to reduce the load capacity of 

the tie-down attachments and allow a slight increase in the deflection of the system. 

Modifications were also implemented to reduce vehicle snag on the face of the barrier. The 

modified system was successfully crash tested. Four of the anchor bolts failed by shear fracture 

while one anchor bolt failed by tensile pullout. A picture of the anchorage of the H-section 

temporary barrier is shown in Figure 7. 

 

Figure 7. Steel H-Section Temporary Barrier Anchors 
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2.10 Anchors Used in Bridge Rail Retrofit Applications 

2.10.1 California Type 25 Concrete Barrier with Adhesive Anchors 

In 1979, the California Department of Transportation (CALTRANS) conducted research 

on utilizing grouted deformed reinforcing bars to attach a new California Type 25 Concrete 

Barrier to an existing bridge deck [44]. A series of dynamic pullout tests and static barrier tests 

were performed to evaluate different types of cement and epoxy-mortar grouts. The preferred 

adhesive material was the Type II Portland Cement Grout because of its superior strength and 

low cost. However, the average dynamic pullout strength of specimens with an epoxy-mortar 

was found to be equivalent to the Type II Portland Cement Grout. The anchors were tested with 

no. 5 and 6 reinforcing bars with embedment depths of 5 and 6 in. (127 and 152 mm). 

The dynamic pullout test results of specimens with 5 in. (127 mm) embedment were 

inconsistent while specimens with 6 in. (152 mm) embedment produced results that were more 

consistent. The capacity of specimens with 6 in. (152 mm) embedment depths had capacities 

approximately 40 percent higher than specimens with 5 in. (127 mm) embedment depths.  

The conventional anchorage design for the California Type 25 concrete barrier examined 

utilized cast-in-place no. 5 reinforcing bars with hooks on the embedded ends. The bars were 

spaced 15 in. (381 mm) apart on the traffic side of the barrier. A no. 5 cast-in-place dowel bar 

spaced 30 in. (762 mm) apart was utilized on the back side of the railing. A 3-ft (0.91-m) section 

of the conventional design was constructed and tested by applying a static load to the top of the 

barrier. This section of the barrier was found capable of sustaining a load of 28.7 kips (128 kN) 

before failure. 

Two retrofit designs were tested using Type II Portland Cement grouted anchors with 

embedment depths of 5 and 6 in. (127 and 152 mm). The 5-in. (127-mm) embedment design 

utilized no. 6 (metric no. 19) dowels spaced at 11 in. (279 mm) on the traffic side and 30 in. (762 
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mm) on the back side of the bridge rail. The 6-in. (152-mm) embedment design utilized no. 6 

(metric no. 19) dowels spaced at 15 in. (381 mm) on the traffic side of the bridge rail and 30 in. 

(762 mm) on the back side of the railing. A 3-ft (0.91-m) section of each design was tested in a 

similar manner as the conventional design and the ultimate horizontal loads applied at the top of 

the barriers were 34.3 kips (153 kN) and 41.2 kips (183 kN) for the 5-in. (127-mm) and 6-in. 

(152-mm) embedment designs, respectively. Both of the retrofit designs demonstrated higher 

load capacity than the conventional design.  

The final retrofit design consisted of using no. 6 (metric no. 19) grouted dowels with 

embedment depths of 6 in. (152 mm) spaced at 15 in. (381 mm) on the traffic side. The back side 

of the railing called for no. 6 (metric no. 19) grouted dowels with embedment depths of 5 in. 

(127 mm) spaced at 30 in. (762 mm). It was suggested that whenever possible, the anchors along 

the traffic side of the barrier should always have a 6 in. (152 mm) embedment depth. However, 

in special cases where embedment depths of 6 in. (152 mm) is not possible, slightly less 

embedment depths should be allowed. Embedment depths less than 5 in. (127 mm) were not 

recommended or allowed. 

2.10.2 UT-Austin Impact Tests on New Jersey Bridge Rails 

In 1985, the Center for Transportation Research at the University of Texas at Austin 

conducted static and dynamic tests that used ASTM A36 anchor bolts to attach cast-in-place and 

precast New Jersey bridge rails to a standard Texas bridge deck [45]. The goal of the research 

was to develop an anchorage design that exhibited a ductile failure mode. The original anchorage 

design utilized 1-in. (25-mm) diameter, ASTM A193 Grade B7 anchor bolts spaced at 50 in. 

(1,270 mm). Each bolt was attached with washers and nuts on the underside of the slab. It was 

believed that a more ductile failure mode could be achieved by using 1-in. (25-mm) diameter, 

ASTM A36 anchor bolts spaced at 25 in. (635 mm) that were attached with nuts on the underside 
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of the slab. The lower strength ASTM A36 steel was chosen to lower the ultimate strength of the 

anchors and allow a much longer yield plateau to increase the amount of energy absorbed. 

Anchor spacings of 50 and 75 in. (1,270 and 1,905 mm) were also tested. 

The testing program consisted three static tests and one impact test. A hydraulic ram was 

used to apply a static force to the top of the 12-ft 6-in. (3.81-m) long barriers. The impact testing 

consisted of applying a set of three impulse loads which started at low magnitudes and gradually 

increased until failure.  

The barrier was heavily reinforced beyond the normal design to prevent a concrete failure 

and force anchor failure. However, failure of the concrete still occurred before rupture of the 

steel anchors. It was noted that the anchors resisted a portion of the shear force at the 

barrier/deck interface, but for design purposes most of the shear was assumed to be resisted by 

the frictional force between the barrier and the slab. This assumption was confirmed from the 

tests as there was no evidence of shear distress in any of the anchor bolts.  

For the impact tests, a series of three repeated loads were applied at each load magnitude. 

Damage and failure of the concrete barrier was observed prior to anchor failure. Thus, anchorage 

design was considered to lack the required ductility because the anchorage was too strong, which 

lead to brittle failures of the railing. 

2.10.3 MwRSF Crash Tests with Adhesive Anchors 

In 1991, MwRSF conducted three crash tests on a modified New Jersey bridge railing 

with a small car, a pickup truck, and a single unit truck [46]. The bridge railing was attached to a 

concrete slab-on-ground by two no. 5 reinforcing bars spaced at 12 in. (305 mm) that were 

embedded 8 in. (203 mm) into the concrete slab. An epoxy grout was used as the bonding agent. 

Reinforcing bars were placed near the traffic side and the back side of the barrier. The distance 

between the bars was approximately 10 1/2 in. (267 mm). Although the primary purpose of the 
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study was not to design the anchorage for the bridge rail, it was observed that the anchorage 

design was adequate to sustain the loads applied by a 1,759 lb (798 kg) car travelling at a speed 

of 62.5 mph (100.6 km/h) and at an impact angle of 20 degrees, a 5,460 lb (2,477 kg) pickup 

truck travelling at a speed of 63.5 mph (102.2 km/h) and at an impact angle of 20 degrees, and an 

18,111 lb (8,215 kg) single unit truck travelling at a speed of 52.5 mph (84.5 km/h) and at an 

impact angle of 16.1 degrees. No visible lateral movement of the bridge rail occurred in any of 

the crash three tests. 

2.10.4 MDOT Analysis of Railings with Adhesive Anchors 

In. 2001, the Michigan Department of Transportation investigated the effectiveness of 

using adhesive anchors to retrofit concrete bridge railing attachments to bridge decks [47]. The 

overall barrier redirective strength was calculated using the AASHTO LRFD Bridge Design 

Specifications, and the maximum tensile strength of the anchorage was also calculated. The 

original anchorage design consisted of no. 5 grade 60 steel reinforcement spaced at 12 in. (305 

mm) with an embedment depth equal to 7 1/2 in. (191 mm). It was suggested to revise the design 

to no. 4 grade 60 steel reinforcing bars spaced at 8 in. (203 mm) with a shorter embedment depth 

of 6 in. (152 mm) to decrease the chance of cracking concrete on the bottom of the bridge deck 

when drilling holes for the adhesive anchors. The literature review noted that the bond stress at 

the concrete-epoxy interface for impact loading was found to be 150 percent greater than that of 

static loading and that cold winter temperatures had no effect on the dynamic bond strength of 

the anchors tested. 

2.10.5 SUT (10000S) Vehicle Crash Test with New Jersey Barrier 

In 2006, MwRSF conducted a crash test with a 10000S Single Unit Truck (SUT) vehicle 

in order to assess the effects of the proposed update the NCHRP Report No. 350 [48]. The 

permanent reinforced concrete New Jersey safety shape barrier was 32 in. (813 mm) tall and was 
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attached to a concrete slab-on-ground by two no. 5 reinforcing bars spaced at 8 in. (203 mm) that 

were embedded 10 in. (254 mm) into the concrete slab. Fast Set Formula Power-Fast High 

Strength Adhesive Epoxy was used as the bonding agent. The reinforcing bars were placed near 

the traffic side and back side of the barrier, and the distance between the bars was approximately 

11 3/8 in. (289 mm). The 22,045 lb (9,999 kg) SUT impacted the barrier travelling at a speed of 

56.5 mph (90.9 km/h) and at an angle of 16.2 degrees. There was no visible lateral movement of 

the bridge or the bridge rail anchorage due to the impact. Therefore, the anchorage size and 

spacing was adequate to withstand the impact. However, the crash test was deemed a failure due 

to the vehicle rolling over the top of the barrier. A cross section of the barrier and reinforcement 

is shown in Figure 8. 

 

Figure 8. New Jersey Barrier Used in Crash Test with 10000S Single Unit Truck [48] 

2.10.6 Texas T501 and T203 Railings Modified for use with Epoxy Anchors 

The Texas Transportation Institute (TTI) conducted research on using epoxy adhesive 

anchors to attach two different types of bridge rails to a standard bridge deck in 2007 [49]. TTI 
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evaluated the Texas T501 New Jersey-shaped barrier and the Texas T203 open concrete railing 

with conventional cast-in-place anchoring. The New Jersey-shaped bridge rail design consisted 

of a 32-in. (813-mm) tall barrier that was continuously attached to the bridge deck with no. 5 U-

shaped reinforcing bars spaced at 8 in. (203 mm). The open concrete bridge rail was a 27-in. 

(686-mm) tall railing that was attached to the bridge deck by 5-ft (1.5 m) wide posts that were 

spaced between 5-ft (1.5 m) long openings. The conventional anchoring for the open concrete 

bridge rail consisted of no. 4 U-shaped reinforcing bars spaced at 5 in. (127 mm). 

Both static and dynamic tests were conducted for each bridge rail with strain gauges 

mounted on the reinforcing bars that experienced tensile forces. The static test utilized a 

hydraulic ram to apply a load to the top of the barriers over a bearing length of 3 ft – 6 in. (1.1 

m). A rigid frame bogie with a 3-ft 6-in. (1.1-m) wide crushable nose was used for the dynamic 

testing. 

After observing the tensile forces in the reinforcing bars with conventional cast-in-place 

anchoring, TTI developed a retrofit design for anchoring the bridge rails to the bridge deck using 

epoxy adhesive anchors. The bonding agent used for all designs in that report was the Hilti HIT-

RE 500 epoxy adhesive. For the continuous New Jersey bridge rail, a single no. 6 reinforcing 

bars with an embedment depth of 5 1/4 in. (133 mm) spaced at 16 in. (406 mm) in the mid-

section of the bridge rail and 8 in. (203 mm) near the ends of the bridge rail were used to develop 

anchorage to the bridge deck. The middle posts of the open concrete bridge rail utilized two rows 

of no. 5 reinforcing bars with embedment depths of 5 1/4 in. (133 mm) spaced at 8 in. (203 mm) 

on the traffic side of the bridge rail and 14 in. (356 mm) on the back side of the bridge rail. The 

end post section utilized two rows of no. 5 reinforcing bars with embedment depths of 5 1/4 in. 

(133 mm) spaced at 6 1/2 in. (165 mm) on the traffic side of the bridge rail and 13 in. (330 mm) 

on the back side of the bridge rail. Both the New Jersey and open concrete rail epoxy adhesive 
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anchorages were evaluated with bogie crash tests. The results from these tests showed both 

retrofit anchorage designs to be adequate. A detail of the modified Texas T501 bridge railing 

with epoxy adhesive anchors is shown in Figure 9. 

 

Figure 9. Epoxy Anchor Retrofit for the Texas T501 Barrier [49] 

2.11 Load Distributions for Vehicular Bridge Rails 

In 2006, the Center for Transportation Research at the University of Texas at Austin 

analyzed the static and dynamic load distributions that occurred when a lateral load was applied 

to an open concrete bridge railing and a continuous bridge railing with conventional cast-in-place 

anchoring [50]. The open concrete rail analyzed was the Texas T203 concrete barrier that 

consisted of a 14-in. by 13 1/2 -in. (356-mm by 343-mm) concrete railing that was supported by 

5-ft (1.52-m) wide by 7 1/2-in. (191-mm) thick posts spaced 10 ft (3.1 m) apart. The continuous 

railing analyzed was the Texas T501 concrete barrier, which was a 32-in. (813-mm) tall New 
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Jersey bridge rail. These railings have been crash tested to both TL-3 and TL-4 standards as 

defined by the National Highway Cooperative Research Program (NCHRP) Report No. 350 [51]. 

The peak dynamic, 50-ms average dynamic, and static capacities were obtained from 

testing done by TTI in 2002 [50]. The static and dynamic structural analysis program SAP was 

used to determine the amount of the barrier capacity that was carried by the overturning capacity 

of the barrier (e.g., loads that were transferred vertically to the bridge deck beneath the location 

of the applied load) and the continuity of the barrier (e.g., loads that were transferred 

longitudinally along the length of the barrier). The findings of the barrier capacities and the 

proportion of the capacities carried by the stand alone strength of the barrier and anchorage 

versus the continuity of the barrier are summarized in Table 3. 

Table 3. Load Distributions for the Texas T203 and T501 Concrete Railings 
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For the open concrete rail design under static loading, approximately half the capacity 

was carried by both the overturning capacity of the posts, while the continuity of the barrier 

accounted for the other half of the capacity. As the loading rate increased, approximately 10 

percent more of the capacity was carried by the continuity of the barrier rather than the 

overturning capacity and the anchorage beneath the applied load. It was suggested that this 

barrier needed to withstand a 50-ms average lateral dynamic load of 60 kips (267 kN) and a 

lateral static load of 54 kips (240 kN) to meet the design requirements of the crash tested barrier. 

Further, the anchorage capacity of the barrier needed to resist the overturning force. 

For the continuous New Jersey barrier, approximately 3 percent more of the capacity was 

carried by the overturning capacity than the continuity of the barrier under static loads relative to 

the 50-ms average dynamic load. Results from the dynamic analysis were conflicting as the stand 

alone capacity carried slightly more of the load when considering the 50-ms average, but slightly 

less of the capacity when considering the peak dynamic capacity as compared to the capacity of 

the barrier carried by the continuity of the barrier. 

Based on findings from the Center for Transportation Research, approximately 50 percent 

of the applied lateral loads to bridge barriers are transferred to the anchorage beneath the applied 

load while the other 50 percent is distributed throughout the longitudinal length of the barrier. 

Also based on the testing and analysis of the barrier sections, it was observed that the barriers 

and slab remained essentially elastic throughout the impact. The dynamic increase factor for 

bridge barriers was proposed to be between 1.2 and 1.6. 

2.12 Bridge Railing Design Load Background 

2.12.1 AASHTO Standard Specifications for Highway Bridges 

The AASHTO Standard Specifications for Highway Bridges [52] has provided guidance 

for the design loads that bridge railings need to resist. Before 1965, bridge railings were required 
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to resist a lateral horizontal force of 0.150 kips/ft (2.19 kN/m) and a vertical force of 0.100 

kips/ft (1.46 kN/m) applied to the top of the railing [82]. The railing was required to have a 

minimum height of 27 in. (686 mm) and a maximum height of 42 in. (1,067 mm). 

In 1962, because of poor accident history, the U.S. Department of Commerce, Bureau of 

Public Roads (BPR), which is now the Federal Highway Administration, proposed that bridge 

railings needed to resist a transverse load of 30 kips (133.4 kN) using plastic design procedures 

[82].  

Later and in 1965, AASHTO adopted the requirement that bridge railings needed to resist 

a transverse load of 10 kips (44.5 kN) using elastic, allowable stress design procedures. This load 

was to be applied as a concentrated load at the mid-span of railing panels and distributed over a 

longitudinal length of 5 ft (1.52 m) for parapet walls. The minimum height of the railing was 

required to be 27 in. (686 mm). It can be shown that the 10 kip (44.5 kN) load as determined by 

elastic analysis is approximately equal to a 30 kip (133.4 kN) load calculated by plastic analysis 

[82]. It is possible that the elastic design procedure was ultimately adopted because many of the 

AASHTO members were unfamiliar with plastic design procedures. This 10 kip (44.5 kN) load 

requirement essentially remained the same for the remaining releases of the AASHTO Standard 

Specifications for Highway Bridges. 

2.12.2 AASHTO LRFD Bridge Design Specifications 

In recent years, the AASHTO Load and Resistance Factor Design (LRFD) Bridge Design 

Specifications [54] has replaced the AASHTO Standard Specifications for Highway Bridges 

[52], and as of 2007, only the LRFD code has been allowed for new designs. Included in the 

AASHTO LRFD Bridge Design Specifications is an ultimate bridge rail design method based on 

yield line theory. Yield line design is an ultimate strength, plastic design procedure that is based 

on the principle that the internal energy absorbed by deformation equals the external work from 
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the applied forces and deflections [53]. The ultimate capacity calculated from the yield line 

analysis must be greater than the load imparted to the railing from the vehicle to ensure the 

adequacy of the bridge railing. 

One of the key steps in determining the ultimate capacity using yield line theory is 

correctly predicting the yield line pattern. Yield line patterns are estimated configurations of the 

plastic hinges that form in two dimensional members such as panels, walls, floors, and slabs. 

Often times in loaded concrete walls and slabs, yield lines are visible as crack patterns. 

Theoretically, several yield line patterns could occur in a structure. However, one configuration 

will provide the lowest failure load. This configuration is known as the yield line solution. An 

investigation of only a few simple and obvious patterns is needed because the solutions of these 

patterns are usually within a few percent of the correct solution [53]. 

In the AASHTO LRFD Bridge Design Specifications [54], the yield line patterns have 

already been derived as well as simple, user-friendly equations that coincide with the yield line 

pattern. The bridge railing needs to be analyzed at both the middle of the railing and at the ends 

to account for interior and end vehicular impacts, respectively. The yield line patterns for an 

interior and end region of a continuous parapet are shown in Figure 10. As can be seen, the 

interior regions consist of three cracks, or yield lines, while the end region only contains only 

one yield line. 

Based on the yield line patterns shown in Figure 10, the AASHTO LRFD Bridge Design 

Manual provides equations for the nominal railing resistance to transverse load applied at the top 

of the wall (ܴ௪). This is a function of the critical length of the yield line pattern failure (ܮ௖), the 

longitudinal length of distribution of impact forces (ܮ௧), the flexural resistance of the 

cantilevered walls about an axis parallel to the longitudinal axis of the bridge (ܯ௖), the flexural 

resistance of the wall about its vertical axis (ܯ௪), the additional flexural resistance of a beam in 
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addition to ܯ௪ (ܯ௕), and the height of the wall (ܪ). The equations for the nominal railing 

resistance to transverse load for the interior and end regions of a railing are shown in Equations 

(17) and (19), respectively. 

  

 Interior Region End Region 

Figure 10. Yield Line Patterns for Continuous Bridge Railing [54] 
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 For End Regions:  
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Table A13.2-1 in the 2007 AASHTO LRFD Bridge Design Manual also provides 

required design forces and geometric parameters for the yield line analysis procedure. These 

values are shown in Table 4. The parameters correspond to test level conditions consistent with 
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NCHRP Report No. 350 [51]. The load levels were determined from full-scale instrumented wall 

crash tests to measure the forces imparted to “rigid” barriers. These instrumented wall tests 

consisted of four relatively rigid concrete wall panels that were supported laterally by load cells 

to measure the impact force magnitude and location. The panels were instrumented with 

accelerometers to account for inertial effects. The force data was processed by averaging the data 

over 50 millisecond intervals [55]. Therefore, the transverse force (ܨ௧) is the ultimate lateral 50 

ms average dynamic load required to resist the impact. 

Table 4. AASHTO Design Forces and Geometric Properties [54] 

 

2.13 State Standard Bridge Rail Designs 

In order to develop an anchorage design procedure that would enable the new and retrofit 

barriers to behave similarly to the barriers with conventional cast-in reinforcing bars, the 

standard bridge rail plans for several Midwest Pooled Fund States were reviewed. Tables 5 and 6 

summarize the sizes, shapes, and anchor spacings for several state standard bridge railings [56-

76]. The anchorage designs were similar for all continuously attached barriers. Vertical, New 

 

Design Forces and Designations TL-1 TL-2 TL-3 TL-4 TL-5 TL-6

13.5 27 54 54 124 175
(60) (120) (240) (240) (552) (778)
4.5 9 18 18 41 58
(20) (40) (80) (80) (182) (258)
4.5 4.5 4.5 18 80 80
(20) (20) (20) (80) (356) (356)

4 4 4 3.5 8 8
(1.22) (1.22) (1.22) (1.07) (2.44) (2.44)

18 18 18 18 40 40
(5.49) (5.49) (5.49) (5.49) (12.19) (12.19)

18 20 24 32 42 56
(457) (508) (610) (813) (1,067) (1,422)

27 27 27 32 42 90
(686) (686) (686) (813) (1,067) (2,286)

Railing Test Levels

Min H , in. (mm)

F t  Transverse, kips (kN)

F L  Longitudinal, kips (kN)

F v  Vertical Down, kips (kN)

L t  and L L , ft (m)

L v ,  ft (m)

Min H e , in. (mm)
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Jersey, and F-shaped barriers utilized stirrups that consisted of either no. 4, 5, or 6 reinforcing 

bars spaced between 8 and 12 in. (203 and 305 mm) for barriers of heights between 20 and 51 in. 

(0.51 and 1.30 m). No. 5 bars were the most commonly used bar size, and the equivalent steel 

area for the barrier anchorages ranged from 0.62 to 0.93 square inches per foot of barrier (1,312 

to 1,969 square millimeters per meter of barrier). The open concrete rail designs consisted of 

posts with no. 7 bars on the traffic side face and no. 4 bars on the outside face of the barrier. 

There was no uniform spacing design for the open concrete rail due to the differing widths of the 

posts, but most posts had an equivalent steel area of approximately 2 square inches per foot of 

post (4,233 square millimeters per meter of post). Most reinforcing bars required some type of 

protective coating that consisted of either a galvanized finish or, most commonly, an epoxy 

coating. Bent hooks at the ends of the embedded bars were commonly used for anchorage. 
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Table 5. State Standard Bridge Rail Summary (English Units) 

State Bridge Rail Type 
Anchor Rebar 
Size/Spacing 

Steel 
Area Per 
Foot (in.2) 

Barrier 
Height 

Other Notes 

FL 

Traffic Railing 'F' Shape - 32" 2-#5 @ 8" O.C. 0.93 2'-8" See details for bar shapes, 6" min embedment depth 

Traffic Railing 'F' Shape - 42" 2-#5 @ 8" O.C. 0.93 3'-6" See details for bar shapes, 8" min embedment depth 

Traffic Railing 'F' Shape Median 2-#5 @ 12" O.C. 0.62 2'-8" See details for bar shapes, 6" min embedment depth 

Traffic Railing Vertical Shape - 32" 2-#5 @ 12" O.C. 0.62 2'-8" Upside down U-stirrups with tail, 6" min embedment depth 

Traffic Railing Vertical Shape - 42" 2-#5 @ 12" O.C. 0.62 3'-6" Upside down U-stirrups with tail, 6" min embedment depth 

Traffic Railing - Corral Shape 12-#4 @ Post, 
12-#7 @ Post, 

Posts @ 10' O.C. 

0.96 2'-8" #7 bar= upside down U-stirrups with hook, #4 bar= L-shaped, 5' wide posts, 6" min 
embedment depth, 1.92 in.2 per foot of steel at the post 

IA 
Barrier Rail 2'-10" 2-#5 @ 12" O.C. 0.62 2'-10" Epoxy-coated rebars, U-stirrups with hooks, 2" min clear cover, F-shaped 

Barrier Rail 3'-8" 2-#5 @ 12" O.C. 0.62 3'-8" Epoxy-coated rebars, U-stirrups with hooks, for the first 4' from abutments of bridge: 2-#5 
@6" O.C., required steel=1.24 in2/ft, 2" min clear cover, F-shaped 

IL F Shaped Parapet 2-#5 @ 11" O.C. 0.68 2'-10" or 3'-6" Epoxy-coated rebars, upside down V-stirrups with hooks 

KS 

F4 Barrier Curb 2-#5 @12" O.C. 0.62 2'-8" Epoxy-coated rebars, upside down V-stirrups with hooks, F-shaped 

Corral Rail 8-#7 @ Post,     
8-#4 @ Post, 

Posts @10'  O.C. 

0.64 2'-3" or 2'-8" Epoxy-coated rebars, L-shaped bars @ slab/rail interface, 3' wide posts, 2.13 in.2 per foot 
of steel at the post 

MO 
CIP Barrier Curb 2-#5 @ 12" O.C. 0.62 2'-8" Galvanized rebars, see details for bar shapes, NJ-shaped 

CIP Barrier Curb (Type D) 2-#5 @ 12" O.C. 0.62 3-'6" Galvanized rebars, see details for bar shapes 

OH Bridge Railing Deflector Parapet 2-#6 @ 12" O.C. 0.88 3'-0" or 3'-6" See details for bar shapes, NJ-shaped 

WI 

Sloped Face Parapet 'LF' 2-#5 @ 8" O.C. 0.93 2'-7 7/8" Epoxy-coated rebars, upside down V-stirrups with hook, preferred on state and interstate 
highway bridges, 2" min clear cover, F-shaped 

Sloped Face Parapet 'HF' 2-#5 @ 8" O.C. 0.93 3'-6 1/8" Epoxy-coated rebars, upside down V-stirrups with hook, used where there is a high truck 
traffic  and curved horizontal alignment, 2" min clear cover, F-shaped 

Sloped Face Parapet '51F' 2-#5 @ 8" O.C. 0.93 4'-3" Epoxy-coated rebars, upside down V-stirrups with hook, used in median area of adjacent 
structures, 2" min clear cover, F-shaped 

Sloped Face Parapet 'B' 2-#4 @ 9" O.C. 0.53 2'-8" Epoxy-coated rebars, upside down V-stirrups with hook, 2" min clear cover, NJ-shaped 

Vertical Face Parapet 'TX' 2-#5 @ 9" O.C. 0.83 3'-6" Epoxy-coated rebars, upside down U-stirrups with hook, decorative railing with windows, 
2" min clear cover 

Vertical Face Parapet 'A' 2-#5 @ 12" O.C. 0.62 1'-8" or 2'-8" Epoxy-coated rebars, upside down U-stirrups with hook, railing to be used alongside 
pedestrian walkway, 2" min clear cover 
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Table 6. State Standard Bridge Rail Summary (Metric Units) 

State Bridge Rail Type 
Anchor Rebar 
Size/Spacing 

Steel Area 
Per Meter 

(mm2) 

Barrier 
Height 

Other Notes 

FL 

Traffic Railing 'F' Shape - 32" 2-#16 @ 203 mm O.C. 1,969 0.81 m See details for bar shapes, 152 mm min embedment depth 

Traffic Railing 'F' Shape - 42" 2-#16 @ 203 mm O.C. 1,969 1.07 m See details for bar shapes, 203 mm min embedment depth 

Traffic Railing 'F' Shape Median 2-#16 @ 305 mm O.C. 1,312 0.81 m See details for bar shapes, 152 mm min embedment depth 

Traffic Railing Vertical Shape - 32" 2-#16 @ 305 mm O.C. 1,312 0.81 m Upside down U-stirrups with tail, 152 mm min embedment depth 

Traffic Railing Vertical Shape - 42" 2-#16 @ 305 mm O.C. 1,312 1.07 m Upside down U-stirrups with tail, 152 mm min embedment depth 

Traffic Railing - Open Concrete 
Rail 

12-#13 @ Post, 12-#22 
@ Post, Posts @3 m O.C. 

2,032 0.81 m #22 bar= upside down U-stirrups with hook, #13 bar= L-shaped, 1.52 m wide 
posts, 152 mm min embedment depth, 4,065 mm2 per foot of steel at the post 

IA 

Barrier Rail 2'-10" 2-#16 @ 305 mm O.C. 1,312 0.86 m Epoxy-coated rebars, U-stirrups with hooks, 51 mm min clear cover, F-shaped 

Barrier Rail 3'-8" 2-#16 @ 305 mm O.C. 1,312 1.12 m Epoxy-coated rebars, U-stirrups with hooks, for the first 1.22 m from abutments 
of bridge: 2-#16 @152 mm O.C., required steel=2,265 mm2/m, 51 mm min clear 
cover, F-shaped 

IL F Shaped Parapet 2-#16 @ 279 mm O.C. 1,440 0.86 or 1.07 m Epoxy-coated rebars, upside down V-stirrups with hooks 

KS 
F4 Barrier Curb 2-#16 @305 mm O.C. 1,312 0.81 m Epoxy-coated rebars, upside down V-stirrups with hooks, F-shaped 

Corral Rail 8-#22 @ Post, 8-#13 @ 
Post, Posts @3 m  O.C. 

1,355 0.69 or 0.81 m Epoxy-coated rebars, L-shaped bars @ slab/rail interface, 0.91 m wide posts, 
4,508 mm2 per foot of steel at the post 

MO 
CIP Barrier Curb 2-#16 @ 305 mm O.C. 1,312 0.81 m Galvanized rebars, see details for bar shapes, NJ-shaped 

CIP Barrier Curb (Type D) 2-#16 @ 305 mm O.C. 1,312 1.07 m Galvanized rebars, see details for bar shapes 

OH Bridge Railing Deflector Parapet 2-#19 @ 305 mm O.C. 1,863 0.91 or 1.07 m See details for bar shapes, NJ-shaped 

WI 

Sloped Face Parapet 'LF' 2-#16 @ 203 mm O.C. 1,969 0.81 m Epoxy-coated rebars, upside down V-stirrups with hook, preferred on state and 
interstate highway bridges, 51 mm min clear cover, F-shaped 

Sloped Face Parapet 'HF' 2-#16 @ 203 mm O.C. 1,969 1.07 m Epoxy-coated rebars, upside down V-stirrups with hook, used where there is a 
high truck traffic  and curved horizontal alignment, 51 mm min clear cover, F-
shaped 

Sloped Face Parapet '51F' 2-#16 @ 203 mm O.C. 1,969 1.30 m Epoxy-coated rebars, upside down V-stirrups with hook, used in median area of 
adjacent structures, 51 mm min clear cover, F-shaped 

Sloped Face Parapet 'B' 2-#13 @ 229 mm O.C. 1,122 0.81 m Epoxy-coated rebars, upside down V-stirrups with hook, 51 mm min clear 
cover, NJ-shaped 

Vertical Face Parapet 'TX' 2-#16 @ 229 mm O.C. 1,756 1.07 m Epoxy-coated rebars, upside down U-stirrups with hook, decorative railing with 
windows, 51 mm min clear cover 

Vertical Face Parapet 'A' 2-#16 @305 mm O.C. 1,312 0.51 or 0.81 m Epoxy-coated rebars, upside down U-stirrups with hook, railing to be used 
alongside pedestrian walkway, 51 mm min clear cover 
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 INITIAL MODEL DEVELOPMENT 3

3.1 Overview 

Design procedures for cast-in-place and post-installed mechanical anchors have been 

established and accepted by various organizations. The mechanics involved with these types of 

anchors can be explained with relatively simple equations. However, the strength and mechanics 

involved with adhesive anchors is highly dependent on the particular adhesive product. This 

makes it difficult to develop a general design procedure that is applicable for all adhesive 

anchors. As a result, the design of adhesive anchors is highly dependent on test data obtained 

from the manufacturer or an independent testing organization. This test data is usually very 

discrete and does not provide for much flexibility for scenarios not explicitly tested.  

Several manufacturers have adopted the design procedure contained in ICC-ES AC308 

which allows for much more flexibility of the physical aspects of the anchorage design (i.e. 

anchor size, embedment depth, spacing, etc). However, due to the complicated mechanics 

involved with adhesive anchors, extensive testing is required to determine the large amount of 

input parameters necessary for the design equations. In addition, the parameters developed for 

this procedure are based on static load conditions and does not take into consideration the 

dynamic effects of impact loading conditions. 

3.2 Conventional Anchorage Design Strength 

Concrete barriers that utilize epoxy adhesive anchorages need to develop either the 

strength of the conventional cast-in-place anchorage design or that required by the American 

Association of State Highway and Transportation Officials (AASHTO) LRFD Bridge Design 

Specification [77]. Section 13 of the AASHTO LRFD Bridge Design Specification states that 

minor details in approved crash tested designs for bridge rails can be changed provided that the 

proposed installation does not detract from the performance of the crash tested rail system [77]. 
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Therefore, in order to retrofit epoxy adhesive anchors into an existing cast-in-place barrier, 

analytical calculations are needed first to determine the strength of the conventional design.  

As illustrated in Chapter 2, the standard anchorage design with the most strength for the 

State of Wisconsin and the other Pooled Fund States utilized two no. 5 epoxy-coated reinforcing 

bars spaced 8 in. apart on center. Both shear and moment strengths are necessary to redirect a 

vehicle. Subsequently, both the shear and the overturning moment capacities of the original 

barrier must be achieved in an epoxy adhesive anchorage design. The Wisconsin Standard 

Sloped Face Parapet ‘LF’ bridge rail was selected as the baseline design because it is preferred 

on most state and interstate highway bridges [76] and it consisted of upside down U-shaped, 

epoxy coated no. 5 stirrups with a hooked end spaced at 8 in. (203 mm) on center. Figure 11 

shows a cross-section of the barrier while detailed drawings and static calculations of the 

strength of this bridge rail are shown in Appendix B.  

 

Figure 11. Wisconsin Sloped Face Parapet ‘LF’ Cross-Sectional Drawing [70] 
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The overturning moment capacity of the Wisconsin Sloped Face Parapet ‘LF’ bridge rail 

is determined by the tensile force in the hooked end of the stirrup and the bearing force of the 

barrier on the edge of the concrete slab as well as the torsional resistance of the bridge rail 

section. Calculation of the bridge railing torsional resistance contribution to the overturning 

moment is difficult to resolve. As such, it is viable to conservatively assume that the entire 

overturning moment must be resisted by the barrier anchorage. Therefore, the tensile force of the 

hooked end of the anchor essentially determines the full moment capacity. The shear capacity of 

the anchorage is distributed to the hooked end and the straight embedded end. The shear capacity 

of the straight embedded end is limited close to the edge of the concrete and the potential for the 

concrete breakout in shear. The shear and moment capacities of a single no. 5 stirrup were 

calculated and then normalized by dividing by the anchor spacing to determine the capacities as 

forces per length of barrier. Utilizing the calculations shown in Appendix B, the shear and 

moment strengths of the barrier were found to be 19.13 k/ft and 13.85 k-ft/ft (279.2 kN/m and 

61.6 kN-m/m) respectively. Alternatively, a yield line analysis could be completed to verify the 

strength of a barrier. 

3.3 Tensile Failure Modes 

Epoxy bonded anchors have three main modes of failure in tension. They are: steel 

rupture, full concrete cone breakout, and pullout of the adhesive core accompanied by a partial 

cone breakout. Within the pullout of the adhesive core failure mode, bond failure can occur at the 

epoxy-concrete interface, the epoxy-anchor interface, or both the epoxy-concrete and the epoxy-

anchor interfaces. Since most state’s DOTs prefer to have a protective epoxy coating on the 

reinforcing bars, the epoxy-anchor interface failure is actually a failure between the protective 

epoxy coating and the epoxy adhesive. A summary of the failure modes is shown in Figure 12.  
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Figure 12. Failure Modes for Epoxy Anchors Loaded in Tension 

3.4 Tensile Design Models 

Three common models that can be used to predict the tensile capacity of adhesive 

anchors are a uniform bond stress distribution, an elastic bond stress distribution, and a concrete 

cone failure. Many of the proposed procedures (as outlined in Chapter 2) use a combination of 

these failure models to better describe the failure mechanisms present and attempt to improve the 

accuracy of the solution. Several of the models discussed in the literature review, as well as 

additional procedures were proposed and compared to test data obtained from the epoxy 

manufacturer, Hilti.  

3.4.1 Steel Rupture Model 

The steel rupture model is a function of the cross-sectional area of the anchor (ܣ௦) and 

the ultimate strength of the anchor steel ( ௨݂), shown in Equation (21). This is the commonly used 

equation to calculate the tensile rupture strength of steel materials. This failure mode is expected 

when there is sufficient embedment depth to preclude concrete breakout or bond failure. 
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 ௡ܰ ൌ ௦ܣ ௨݂ (21) 

3.4.2 Concrete Cone Model 

The concrete cone model is generally only valid for adhesive anchors with shallow 

embedment depths because the concrete breakout capacity is lower than the bond pullout 

capacity only at short embedment depths. However, most of the failure modes observed in 

previous testing had a shallow concrete cone that formed near the surface of the concrete. For 

deeper embedment depths, the fracture area of the concrete cone increases significantly, 

eventually reaching a transition from a cone failure to a simultaneous cone and bond failure. 

The concrete cone model for cast-in-place and post-installed mechanical anchors vary 

significantly from the concrete cone model for adhesive anchors. This is because of the inherent 

differences between the load transfers for the different systems. A cast-in-place anchor generally 

has a stud or a bend at the embedded end of the anchor which causes most of the load to be 

transferred at the bottom of the anchor. The end of the anchor cannot slip so a full concrete cone 

is pulled out with a height equal to the embedment depth of the anchor. Similarly, a post-

installed mechanical anchor transfers the load by a bearing force near the bottom of the anchor 

that is obtained by the expansion of the anchor. 

Conversely, with adhesive anchors, the load is distributed along the bonded area and 

there is little stress concentration at the bottom of the anchor. Because the diameter of the anchor 

is relatively uniform along the entire embedment depth, there is a relatively low mechanical 

interlock between the anchor and the concrete compared to that of cast-in-place or post-installed 

mechanical anchors. This allows adhesive anchors to slip out of the hole before a full concrete 

cone can develop and usually only a shallow concrete cone forms near the top.  
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The concrete model assumed that the strength of the pullout capacity of all tests would be 

controlled by the formation of a concrete cone and that the concrete cone was the only 

component of the system that contributed to the pullout capacity. The calibration coefficient in 

Equation (4) was modified so that English units could be utilized which resulted in Equation (22) 

shown below.  

 
௡ܰ ൌ 11.08݄௘௙

ଶ ඥ ௖݂′ (22) 

The procedure used to convert Equation (4) to English units is shown in Appendix C. 

Note that in Equation (22), ݄௘௙ should use units of inches and ௖݂
ᇱ should use units of pounds per 

square inch. 

3.4.3 Full Uniform Bond Stress Model 

The uniform bond stress model assumes that the stress is transferred evenly across the 

entire bonded area by an average uniform bond stress. The average uniform bond stress value is 

calculated based on previous test data for the particular adhesive and anchor size, and can be 

calculated as the failure load divided by the bonded area. The mechanics of this model are very 

basic as the only required parameters are the average uniform bond stress and the bonded area. 

This model has been used as the basis for many adhesive anchor design procedures including 

ICC-ES AC308 and ACI 318-11. Studies have shown that this model accurately predicts the 

tensile capacities of adhesive anchors for short to medium embedment depths. This model 

generally over predicts strength values for anchors with deep embedment depths. Short depths 

include anchors with less than 4 in. (102 mm) of embedment, medium depths are between 4 and 

8 in. (102 and 203 mm), and deep embedment depths are considered greater than 8 in. (203 mm).  

This model calculated the pullout strength by multiplying the average uniform bond 

stress by the bond area obtained from the full embedment depth of the anchor. The equation used 
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to calculate the pullout capacity for the full uniform bond model is shown in Equation (23) 

below. This model did not take into account the effect of a concrete cone formation. Equation 

(23) was used to predict the pullout strength for every test in the database herein. 

 ௡ܰ ൌ ߬଴݀ߨ଴݄௘௙ (23) 

3.4.4 Cone or Full Uniform Bond Model 

The height of the concrete cone was first estimated by a modified version of Equation (3), 

where English units of inches and pounds were utilized. The resulting equation is shown below. 

 
݄௖௢௡௘ ൌ

߬଴݀ߨ଴
22.16ඥ ௖݂

ᇱ
 (24) 

Two limit states of either a concrete cone failure or a full uniform bond failure were 

implemented based on which failure mode was likely to govern. If the estimated height of the 

concrete cone calculated by Equation (24) was greater than or equal to the total embedment 

depth, Equation (22) was utilized. Otherwise, the uniform bond stress Equation (23) was used to 

calculate the pullout capacity. 

3.4.5 Cone or Partial Uniform Bond with Calculated Cone Height 

It was suggested that the pullout capacity of an adhesive bonded anchor could be 

accurately predicted by the calculated strength of a partially bonded anchor neglecting the 

concrete cone [8, 17]. This model utilized Equation (22) when the cone height predicted by 

Equation (24) was greater than the embedment depth. Otherwise a partial uniform bond stress 

model was used. Recall that the capacity of a partially bonded anchor is given by the following 

equation. 

 ௡ܰ ൌ ߬଴݀ߨ଴൫݄௘௙ െ ݄௖௢௡௘൯ (25) 
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3.4.6 Cone or Partial Uniform Bond with Assumed Cone Height 

Equation (24) did not agree with the observations made by Collins, Klingner, and 

Polyzois [9] that the height of the concrete cone decreased with an increase in embedment depth, 

and the calculated heights of the cone were greater than the observed heights noted in previous 

studies [8, 9]. Therefore, the accuracy of Equations (3) and (24) were questioned. In lieu of a 

better equation to predict the height of the concrete cone, the cone height was assumed to be 

equal to 2 in. (51 mm) in all cases as recommended by Doerr and Klingner [8]. The procedure in 

Section 3.4.5 was modified with ݄௖௢௡௘ equal to 2 in. (51 mm) for all cases. 

3.4.7 Cone or Cone Plus Partial Uniform Bond Model with Calculated Cone Height 

This model was similar to the one proposed by Cook [10] except that the equations were 

converted to English units and the elastic bond stress equation was not utilized because of the 

lack of available data for the maximum bond stress and the adhesive stiffness parameter. When 

the height of the concrete cone predicted by Equation (24) was greater than or equal to the 

embedment depth of the anchor, the concrete cone Equation (22) was used. Otherwise, a 

modified version of Equation (5), which allows the input of English units of inches and pounds, 

was used. This equation is shown below. 

 
௡ܰ ൌ ߬଴݀ߨ଴൫݄௘௙ െ ݄௖௢௡௘൯ ൅ 11.08݄௖௢௡௘ଶ ඥ ௖݂

ᇱ ൥
7.94ඥ݀଴ െ ሺ݄௘௙ െ ݄௖௢௡௘ሻ

7.94ඥ݀଴
൩ (26) 

3.4.8 Cone or Cone Plus Partial Uniform Bond Model with Assumed Cone Height 

Again, due to the questionable accuracy of Equations (3) and (24), the height of the 

concrete cone was assumed to be 2 in. (51 mm) to test this model with a potentially more 

accurate concrete cone height. The procedure presented in section 3.4.7 was repeated with ݄௖௢௡௘ 

taken to be 2 in (51 mm). 
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3.4.9 Modified Cone or Cone Plus Partial Uniform Bond Model with Assumed Cone 

Height 

The procedure presented in section 3.4.8 was repeated with the last bracketed term in 

Equation (26) dropped out of the equation. Occasionally, the elastic bond stress model is not 

considered due to the lack of the required parameters. Therefore, this term is not needed. The 

resulting equation is shown below in Equation (27). 

 
௡ܰ ൌ ߬଴݀ߨ଴൫݄௘௙ െ ݄௖௢௡௘൯ ൅ 11.08݄௖௢௡௘ଶ ඥ ௖݂

ᇱ (27) 

3.4.10 Elastic Bond Stress Model 

The elastic bond stress model theoretically better describes the mechanics of an adhesive 

anchor than the uniform bond stress model. It also satisfies both the compatibility of equilibrium 

and displacements at the anchor-adhesive interface while the uniform bond stress model only 

satisfies equilibrium [11]. The derivation of this model is obtained by setting the net energy of 

the adhesive anchor system equal to the total internal strain energy minus the external energy. A 

drawing of the adhesive anchor with the geometric variables is shown in Figure 13. 

The internal energy in the steel ( ௦ܷ) is given by Equation (28) where ߪ is the axial stress 

in the steel, ߝ is the axial strain in the steel, and ݄௘௙ is the embedment depth of the anchor. 

 
௦ܷ ൌ

1
2
න නߝߪdܣdݕ

஺

௛೐೑

଴
 (28) 

If the axial displacement of the anchor is given by the function	ݑሺݕሻ, then the strain is 

calculated as the first derivative of the displacement function. 

 
ߝ ൌ

dݑሺݕሻ
dݕ

ൌ  (29) ′ݑ



November 26, 2012  
MwRSF Report No. TRP-03-264-12 

58 

 

Figure 13. Adhesive Anchor Used to Develop the Elastic Model 

By assuming a linear relationship between the stress and strain, the axial stress can be 

determined by Hook’s law as the modulus of elasticity of the steel (ܧ௦) times the strain. 

ߪ  ൌ  (30) ߝ௦ܧ

By combining Equations (29) and (30), the stress can be expressed by Equation (31). 

ߪ  ൌ  (31) ′ݑ௦ܧ

The area of the anchor can be assumed to be constant throughout the embedment depth, 

so the integral over the area can be reduced to the cross-sectional area of the anchor steel (ܣ௦). 

 නdܣ ൌ ௦ܣ
஺

 (32) 

 By substituting Equations (29) , (31), and (32) into Equation (28), the internal energy of 

the steel is given by Equation (33). 
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௦ܷ ൌ

1
2
න ݕᇱሻଶdݑ௦ሺܣ௦ܧ
௛೐೑

଴
 (33) 

The internal energy of the adhesive (ܷ௔) is given by Equation (34) where ߬ is the shear 

stress in the adhesive and ߛ is the shear strain in the adhesive. 

 
ܷ௔ ൌ

1
2
න න߬ߛdܣdݕ

஺

௛೐೑

଴
 (34) 

By assuming an elastic response by the adhesive, the shear stress can be determined by 

Hook’s law in shear as the shear modulus of elasticity of the adhesive (ܩ௔) times the shear strain. 

 ߬ ൌ  (35) ߛ௔ܩ

The shear strain is defined as the axial displacement divided by the thickness of the 

adhesive layer (ݐ). 

ߛ  ൌ
ݑ
ݐ

 (36) 

By combining Equations (35) and (36), the shear stress can be calculated by Equation 

(37). 

 
߬ ൌ

ݑ௔ܩ
ݐ

 (37) 

The integral over the area in Equation (34) can be approximated by Equation (38) where 

݀଴ is the diameter of the hole.  

 නdܣ
஺

≅  (38) ݐ଴݀ߨ

By substituting Equations (36), (37), and (38) into Equation (34), the internal energy due 

to the adhesive is given by Equation (39). 

 
ܷ௔ ൌ

1
2
න

ଶݑߨ௔݀଴ܩ

ݐ
dݕ

௛೐೑

଴
 (39) 
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The external energy applied to the system ( ௘ܷ) is simply the work applied by the load at 

the top of the anchor. This is given by Equation (40) where ܰ is the applied tensile load at the 

top of the anchor, and ݑ൫݄௘௙൯ is the deflection of the anchor at the concrete surface (the function 

 .(equal to ݄௘௙ ݕ evaluated at ݑ

 ௘ܷ ൌ  ሺ݄௘௙ሻ (40)ݑܰ

By combining Equations (33), (39), and (40), the net energy of the system (ܷ௡௘௧) is 

shown below. 

 ܷ௡௘௧ ൌ ௦ܷ ൅ ܷ௔ െ ௘ܷ  

ܷ௡௘௧ ൌ
1
2
න ݕᇱሻଶdݑ௦ሺܣ௦ܧ
௛೐೑

଴
൅
1
2
න

ଶݑߨ௔݀଴ܩ

ݐ
dݕ െ ሺ݄௘௙ሻݑܰ

௛೐೑

଴
 

(41) 

Based on the principle of minimum total potential energy, the internal energy will 

approach a minimum value at equilibrium [78]. The resulting second order homogeneous 

differential equation obtained by minimizing the net energy of the system with respect to the 

displacement is shown in Equation (42).  

ᇱᇱݑ  െ ݑଶߣ ൌ 0 (42) 

The ߣଶ variable is an elastic property of the anchor system and is given in terms of the 

dimensions and material properties of the components, as shown in Equation (43). 

 
ଶߣ ൌ

ߨ௔݀଴ܩ
௦ܣ௦ܧݐ

 (43) 

The second order homogeneous differential equation can be put into a more general form 

as shown in Equation (44) where ܽ ൌ 1, ܾ ൌ 0, and ܿ ൌ െߣଶ. 

ᇱᇱݑܽ  ൅ ᇱݑܾ ൅ ݑܿ ൌ 0 (44) 

Equation (44) can be solved by finding the roots of the following equation. 
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ଶݎܽ  ൅ ݎܾ ൅ ܿ ൌ 0 

ൌ ଶݎ1 ൅ ݎ0 ൅ ሺെߣଶሻ ൌ 0 

ൌ ሺݎ െ ݎሻሺߣ ൅ ሻߣ ൌ 0 

∴ ݎ ൌ േ  ߣ

(45) 

Therefore, the general solution to Equation (44) is shown below. 

ݑ  ൌ ܿଵ݁ఒ௬ ൅ ܿଶ݁ିఒ௬ (46) 

The initial conditions of ݑሺ0ሻ ൌ 1 and ݑᇱሺ0ሻ ൌ 0 are satisfied if ܿଵ ൌ ܿଶ ൌ 1/2. 

Therefore, Equation (46) can be expressed as the following equation. 

 
ଵݑ ൌ

1
2
݁ఒ௬ ൅

1
2
݁ିఒ௬ ൌ coshሺݕߣሻ (47) 

Similarly, the initial conditions of ݑሺ0ሻ ൌ 0 and ݑᇱሺ0ሻ ൌ 1 are satisfied if ܿଵ ൌ 1/2 and 

ܿଶ ൌ െ1/2. Therefore, Equation (46) can be expressed as the following equation. 

 
ଶݑ ൌ

1
2
݁ఒ௬ െ

1
2
݁ିఒ௬ ൌ sinhሺݕߣሻ (48) 

Equations (47) and (48) form a fundamental set of solutions, and the general solution to 

Equation (42) is shown below [79]. 

ሻݕሺݑ  ൌ ݇ଵ coshሺݕߣሻ ൅ ݇ଶ sinhሺݕߣሻ (49) 

The first derivative of Equation (49) with respect to ݕ is shown below. 

ሻݕሺ′ݑ  ൌ ݇ଵߣ sinhሺݕߣሻ ൅ ݇ଶߣ coshሺݕߣሻ (50) 

By assuming that the epoxy below the bottom of the anchor carries no load, the strain at 

the bottom of the anchor is equal to zero. 

ሺ0ሻߝ  ൌ ሺ0ሻ′ݑ ൌ 0 (51) 
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By applying the above boundary condition to Equation (50), the constant ݇ଶ must be 

equation to zero. 

 ݇ଶ ൌ 0 (52) 

The second boundary condition is derived from the strain in the anchor steel at the 

concrete surface. The value of the strain in the anchor at the concrete surface is shown in 

Equation (53). 

 
൫݄௘௙൯ߝ ൌ ൫݄௘௙൯′ݑ ൌ

ܰ
௦ܧ௦ܣ

 (53) 

By applying Equations (52) and (53) to Equation (50), the constant ݇ଵ can be solved for 

and is given by Equation (54). 

 
݇ଵ ൌ

ܰ

ߣ௦ܧ௦ܣ sinh൫݄ߣ௘௙൯
 (54) 

By substituting the constants ݇ଵ and ݇ଶ into Equation (49), the displacement function is 

given by Equation (55). 

 
ሻݕሺݑ ൌ

ܰ coshሺݕߣሻ
ߣ௦ܣ௦ܧ sinhሺ݄ߣ௘௙ሻ

 (55) 

Rearranging the above equation yields the following equation for the applied tensile load. 

 
ܰ ൌ ߣ௦ܣ௦ܧሻݕሺݑ

sinhሺ݄ߣ௘௙ሻ
coshሺݕߣሻ

 (56) 

Since the maximum shear stress (߬௠௔௫) will occur at the top of the anchor, the shear 

strain at the top of the anchor can be determined based on the maximum shear stress. 

 
൫݄௘௙൯ߛ ൌ

߬௠௔௫

௔ܩ
ൌ
ሺ݄௘௙ሻݑ
ݐ

 (57) 

Rearranging these terms to solve for the axial displacement at the top of the anchor yields 

the following equation. 
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൫݄௘௙൯ݑ  ൌ
௠௔௫߬ݐ

௔ܩ
 (58) 

Combining Equations (56) and (58), the maximum force at the top of the anchor (ݕ ൌ

݄௘௙) can be calculated by Equation (59). 

 ܰ௠௔௫ ൌ
௠௔௫߬ݐ

௔ܩ
ߣ௦ܣ௦ܧ tanhሺ݄ߣ௘௙ሻ (59) 

Equation (43) can be rearranged to the following equation.  

௦ܣ௦ܧݐ 
௔ܩ

ൌ
݀଴ߨ
ଶߣ

 (60) 

By substituting Equation (60) in Equation (59), the maximum tensile load of an adhesive 

anchor can be expressed as follows. 

 
ܰ௠௔௫ ൌ

߬௠௔௫݀଴ߨ
ߣ

tanhሺ݄ߣ௘௙ሻ (61) 

However, the ߣ term is dependent on the diameter of the hole. If the area of the steel is 

approximated by the area of the hole, then the adhesive stiffness parameter (ߣ′) can be derived by 

the following procedure. 

 
௦ܣ ≅

଴݀ߨ
ଶ

4
 (62) 

 
ଶߣ ൌ

ߨ௔݀଴ܩ

௦ܧݐ
଴݀ߨ

ଶ

4

ൌ
௔ܩ4
௦݀଴ܧݐ

 
(63) 

 
ߣ ൌ ඨ

௔ܩ4
௦݀଴ܧݐ

ൌ
1

ඥ݀଴
ඨ
௔ܩ4
௦ܧݐ

ൌ
1

ඥ݀଴
 (64) ′ߣ

 
∴ ′ߣ ൌ ඨ

௔ܩ4
௦ܧݐ

 (65) 

Finally, substituting Equation (64) into Equation (61) yields the equation for the elastic 

bond stress model that is shown below [8]. 
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ܰ௠௔௫ ൌ

௠௔௫݀଴߬ߨ
ଵ.ହ

′ߣ
tanhቆ

ᇱ݄௘௙ߣ

ඥ݀଴
ቇ (66) 

This equation is limited by that fact that it only accounts for load transfer through the 

bonded interface. As explained in the literature review, many of the failures observed from prior 

testing had a concrete cone failure near the concrete surface. The maximum shear stress in 

Equation (66) will not necessarily be controlled by the maximum shear stress that the adhesive 

can hold before failure in shear, but could be controlled by the shearing stress at the adhesive-

concrete or adhesive-anchor interfaces. This is difficult to determine and could be highly 

sensitive to installation conditions and the particular adhesive used. 

3.5 Shear Design Models 

Due to the similar behavior between adhesive, cast-in-place, and post-installed 

mechanical anchors in shear, the provisions presented in Appendix D of ACI 318-08 appear to be 

applicable to adhesive anchors. The only significant addition that ICC-ES AC308 provides to 

ACI 318-08 as a specification for the design of adhesive anchors in shear is a section that 

computes the nominal pryout strength in shear. This capacity is based on the pryout and breakout 

strengths of the anchor in tension. The results of Bickel and Shaikh’s study indicated that the 

CCD method was adequate to predict the capacities of adhesive anchors loaded in shear [16].  

3.6 Pullout Model Comparisons to Manufacturer Test Data 

In order to evaluate the various models to predict the dynamic pullout capacities of 

epoxy-bonded anchors, several models were compared to test capacities from single anchor 

pullout tests. The products chosen to use in this study were the Hilti HIT-RE 500 and the Hilti 

HIT-RE 500-SD adhesive epoxies. The “SD” indicates the epoxy can be used for strength 

design. The Hilti products showed high anchorage capacities and are available from many 

suppliers around the country as well as direct sales from Hilti. Comparison of various epoxy 
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adhesive manufacturers’ specified ultimate shear and tensile loads is shown in Appendix A. 

Further, extensive testing was conducted by ICC-ES to determine the bond stress properties of 

the Hilti HIT-RE 500-SD epoxy that are needed to implement into the uniform bond stress model 

contained in ICC-ES AC308. The results from this testing program are contained in the ICC-ES 

report ESR-2322 [80]. 

The models described in sections 3.4.2 through 3.4.9 were evaluated and compared to a 

database of test data from Hilti. For each model investigated, the pullout capacity was calculated 

based on the adhesive parameters and the physical dimensions of the test specimen. A test-to-

predicted capacity ratio was calculated for each data point by dividing the actual capacity 

obtained from the test data by the calculated capacity determined by the model. For each model, 

the mean of the test-to-predicted ratios for all data points was used to examine the accuracy. The 

standard deviation and coefficient of variation (COV) of the mean test-to-predicted ratios were 

calculated for each model to analyze the precision. Due to the complexities involved with 

determining the parameters for the elastic bond stress model, only variations of the concrete cone 

and/or uniform bond stress models were analyzed during this part of the research. 

The 2008 Hilti North American Product Technical Guide specifies a single bond stress 

value according to ASTM C882-91 for the Hilti HIT-RE 500 epoxy [22]. However, ICC-ES 

ESR-2322 and the Hilti Technical Guide specify bond strengths that decrease with an increase in 

anchor diameter for the Hilti HIT-RE 500-SD epoxy [80]. The bond strength value stated in the 

Hilti Technical Guide for the HIT-RE 500 epoxy was lower than the lowest value for the HIT-

RE 500-SD listed in ICC-ES ESR-2322 and the Hilti Technical Guide. All of the models were 

calculated with both bond stresses, the one specified by the Hilti Technical Guide as well as 

values from ICC-ES ESR-2322. 
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3.6.1 Comparison of Proposed Models with Test Data 

The calculated pullout capacities and the corresponding mean test-to-predicted pullout 

capacities ratios for the various models are shown in Appendix D. For each model, a mean test-

to-predicted ratio was calculated as well as the standard deviation and coefficient of variation of 

the mean values. A summary of the mean test-to-predicted pullout capacity ratios and 

coefficients of the variations for all models are shown in Table 7. Due to the lack of detailed test 

data, these values are based solely on the ultimate strengths and do not consider whether the 

proper failure mechanism that was predicted matched that observed from testing. 

Most of the models had a slightly better relation to the actual test capacities with the bond 

stress values contained in ICC-ES ESR-2322. This suggested that the average uniform bond 

stress is not constant for all anchor sizes and embedment depths. However, the specified bond 

stress from the Hilti product documentation provided good results that were slightly more 

conservative than the more detailed bond stress values obtained from ICC-ES ESR-2322. 

The full uniform bond model tended to predict strengths much higher than the other 

models and the testing results. In fact, for the shortest embedment depths, the calculated capacity 

was usually close to twice the test capacity. This was expected since for short embedment 

depths, a small cone failure with little or no bond failure is likely to occur. Therefore, the full 

bond strength is not developed because the concrete fails before the adhesive reaches its 

maximum limit. For longer embedment depths, this model showed good results. 

The concrete cone model was very accurate in estimating the capacities for all anchors as 

its mean test-to-predicted value was equal to 1.0 with a relatively small coefficient of variation. 

This model, however, does a poor job of describing the mechanics of the actual failure modes 

that would be expected to occur. 
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Table 7. Summary of Model Comparison with Hilti Test Data 

 

The cone or full uniform bond model also did an excellent job of predicting the pullout 

capacities for all anchors. The mean test-to-predicted values were 1.04 and 0.98 for bond stress 

values specified by the Hilti product documentation and ICC-ES ESR-2322, respectively. This 

model also had the smallest coefficient of variation and standard deviation of all the models 

compared.  

The cone or cone plus partial uniform bond with the calculated cone height was 

conservative for every data point. For shorter embedment depths, the calculated values 

corresponded to the concrete cone model values which were only slightly below the actual test 

capacities. For medium to deep embedment depths this model was very conservative. 



November 26, 2012  
MwRSF Report No. TRP-03-264-12 

68 

Theoretically, this model does an adequate job of explaining the failure mechanisms that are 

expected to be present. However, it does not work with the particular equation used to estimate 

the concrete breakout strength when combined with the bond stress values input into this model. 

The error in this model is believed to be attributed to the inaccuracy of Equation (24). As noted 

previously, this equation was believed to overestimate the height of the concrete cone as 

compared to previous testing observed from the literature review. 

When the cone or cone plus partial uniform bond model was used with an assumed cone 

height of 2 in. (51 mm), slightly more accurate results were obtained. Perhaps this is because the 

cone height equation predicts the cone height to be too large, resulting in an overestimation of 

the strength contributed by the concrete breakout. With a smaller cone height the influence of the 

bond stress has a greater contribution to the overall capacity, especially for deeper embedment 

depths.  

The modified cone or cone plus partial uniform bond model showed good results that 

were slightly conservative. The average test-to-predicted ratio was 1.05 when the bond stress 

values from ICC-ES ESR-2322 were used. The results were slightly less accurate than the cone 

or full uniform bond model, but the modified cone or cone plus partial uniform bond model 

better describes the actual failure modes that would be expected to be present. 

Both the cone or partial bond models calculated capacities that were quite conservative. 

These models also became very unstable if the calculated or assumed height of the concrete cone 

was slightly less than the embedment depth. This is because when the embedment depth was 

slightly more that the cone height, only a very small bond area was considered to develop the 

capacity of the anchor. 
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3.7 Creep Consideration 

As discussed in the literature review, all qualified products approved by ICC-ES AC308 

or ACI 355.4-11 are required to be tested and meet creep criteria. Since epoxy is a visco-plastic 

material, creep of the anchors would only occur due to long-term sustained tensile loading. 

Bridge railings and barriers are supported vertically by the bridge deck so there is not any long-

term sustained tensile loading in the anchors. An impact of a crash on the barrier would not allow 

a long enough duration load to induce creep behavior of the anchors. Therefore, creep of the 

anchors does not need to be a design consideration when using epoxy adhesive anchors in bridge 

rail and temporary barrier anchorages. 

3.8 Discussion 

The cone or full uniform bond model showed a high correlation to test data obtained from 

the manufacturer for static loading conditions. This model proved to be the most accurate and 

stable for all embedment depths while providing a reasonable prediction of the expected failure 

mode. Therefore, a limit state design of either a concrete cone breakout or a full uniform bond 

failure was selected for further development. For this method, two failure strengths would be 

calculated and the lower of the two failure modes would be the governing strength. However, in 

bridge rail applications, the cone model is not likely to be the governing design consideration due 

the fact that very short embedment depths will not be utilized and a bond failure mode will most 

likely govern in most cases. Further, the manufacturers’ specifications provide the bond stress 

values for the epoxies that can be easily and quickly implemented into the full uniform bond 

model. The elastic model solution appeared to show validity based on the energy method of 

analysis. However, the complex parameters required would not be readily available without 

additional testing for each product. 
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 EPOXY ANCHOR DYNAMIC TESTING 4

4.1 Purpose 

Dynamic bogie tests were conducted on epoxy adhesive anchors to determine their 

capacities under dynamic loads in both shear and tension. Both ASTM A775 epoxy-coated and 

plain black ASTM A615 Grade 60 steel reinforcing bars were tested to investigate how 

protective coatings affect the strength of the anchor. Dual anchor tensile tests were also 

conducted to determine if closely spaced anchors experienced a reduction in tensile capacity. 

Finally, ASTM A307 threaded rods were tested to evaluate the potential for epoxy adhesive 

anchors for use with current portable concrete barrier tie-down designs. 

4.2 Scope 

The test setup drawings for test nos. WEAB-1 through WEAB-16 are shown in Figures 14 and 

15. Detailed test setup drawings for all tests are shown in Appendix F. The test matrix is shown 

in or blow through the bottom of the deck. Material specifications sheets are shown in Appendix 

G. Material specifications were not available for the ASTM A307 threaded rods.  

Table 8. Custom designed test jigs, as explained in section 4.4.2, were used to transfer the 

momentum of the bogie vehicle into dynamic forces on the anchors. The target impact conditions 

were 10 mph (16.09 km/h) for single anchor tests and 15 mph (24.14 km/h) for double anchor 

tests. All tests were conducted in an unreinforced concrete slab with an unconfined compressive 

strength of 6,454 psi (44.50 MPa) according to concrete cylinder testing. The anchor holes were 

constructed using a carbide-tipped concrete bit and a rotary hammer drill. The holes were clean 

by repeated brushing and blowing compressed air into the hole according to the manufacturer’s 

specifications. The test specimens were embedded to a depth of 5-¼ in. (133 mm) for all of the 

component tests. This depth was chosen as it was the maximum depth allowable for an 8-in. 

(203-mm) thick bridge deck that would ensure that the installation drill hole would not damage 
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Figure 14. Tension Test Setup, Test Nos. WEAB-1 Through WEAB-4, WEAB-7 and WEAB-8 
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Figure 15. Shear Test Setup, Test Nos. WEAB-5 and WEAB-6 
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or blow through the bottom of the deck. Material specifications sheets are shown in Appendix G. 

Material specifications were not available for the ASTM A307 threaded rods.  

Table 8. Dynamic Bogie Test Matrix 

 

4.3 Test Facility 

The testing facility is located at the Lincoln Air Park on the northwest side of the Lincoln 

Municipal Airport and is approximately 5 miles (8.0 km) northwest of the University of 

Nebraska-Lincoln. 

Test No.
Test 
Type

Bar Size, 
US 

(Metric)

Bar 
Coating

Epoxy Type Spacing
Target Bogie 
Speed, mph 

(km/h)

Bogie 
Weight, lb 

(kg)
Steel Type

Ultimate Steel 
Strength, ksi 

(Mpa)

#5 10.00 1,485 103,937
(#16) (16.09) (674) (717)

#5 10.00 1,485 103,937
(#16) (16.09) (674) (717)

#5 10.00 1,485 103,937
(#16) (16.09) (674) (717)

#5 10.00 1,485 103,937
(#16) (16.09) (674) (717)

#5 10.00 1,735 103,937
(#16) (16.09) (787) (717)

#5 10.00 1,735 103,937
(#16) (16.09) (787) (717)

#5 2 @ 8 in. 15.00 1,485 103,937
(#16) (2 @ 203 mm) (24.14) (674) (717)

#5 2 @ 8 in. 15.00 1,485 103,937
(#16) (2 @ 203 mm) (24.14) (674) (717)

#6 15.00 1,727 100,400
(#19) (24.14) (783) (692)

#6 15.00 1,727 100,400
(#19) (24.14) (783) (692)

#6 2 @ 8 in. 15.00 1,727 100,400
(#19) (2 @ 203 mm) (24.14) (783) (692)

#6 2 @ 8 in. 15.00 1,727 100,400
(#19) (2 @ 203 mm) (24.14) (783) (692)

#6 10.00 1,736 100,400
(#19) (16.09) (787) (692)

1 1/8 in. 15.00 1,505 60,000*
(29 mm) (24.14) (682) (414)*
1 1/8 in. 10.00 1,741 60,000*
(29 mm) (16.09) (790) (414)*

#6 15.00 1,723 100,400
(#19) (24.14) (782) (692)

*Based on rated material capacities, not actual capacities

Single

SingleNoneTensileWEAB-1

Hilit HIT-RE 500

Hilit HIT-RE 500

WEAB-2 Tensile None

WEAB-4

SingleEpoxyTensileWEAB-3

Hilit HIT-RE 500

Hilit HIT-RE 500

SingleEpoxyTensile

WEAB-6

SingleShear EpoxyWEAB-5

Hilit HIT-RE 500

Hilit HIT-RE 500

SingleEpoxyShear

WEAB-8 EpoxyTensile

EpoxyTensileWEAB-7

WEAB-13 Shear Epoxy Single

WEAB-11 Tensile

Single

WEAB-9 Tensile Epoxy Single

Epoxy

WEAB-12 Tensile Epoxy

WEAB-10 Tensile Epoxy

WEAB -14 Tensile None Single

WEAB-15 Shear None Single

Hilit HIT-RE 500-SD

WEAB-16 Tensile None Single

Hilit HIT-RE 500-SD

Hilit HIT-RE 500-SD

Hilit HIT-RE 500-SD

Hilit HIT-RE 500-SD

Hilit HIT-RE 500-SD

Hilit HIT-RE 500

Hilit HIT-RE 500

Hilit HIT-RE 500-SD

Hilit HIT-RE 500-SD

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A615, 
Grade 60

ASTM A307

ASTM A307
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4.4 Equipment and Instrumentation 

4.4.1 Accelerometers 

Two environmental shock and vibration sensor/recorder systems were used to measure 

the accelerations in the longitudinal direction for test nos. WEAB-1 through WEAB-16. All of 

the accelerometers were mounted near the center of gravity of the bogie. 

The first accelerometer system was a two-arm piezoresistive accelerometer system 

manufactured by Endevco of San Jaun Capistrano, California. The accelerometer was used to 

measure the longitudinal accelerations at a sample rate of 10,000 Hz. The accelerometer was 

configured and controlled using a system developed and manufactured by Diversified Technical 

Systems, Inc. (DTS) of Seal Beach, California. More specifically, data was collected using a 

DTS Sensor Input Module (SIM), Model TDAS3-SIM-16M. The SIM was configured with 16 

MB SRAM and 8 sensor input channels to 250 kB SRAM/channel. The SIM was mounted on a 

TDAS3-R4 module rack. The module rack was configured with isolated 

power/event/communications, 10BaseT Ethernet and RS232 communication, and an internal 

backup battery. Both the SIM and module rack were crashworthy. The “DTS TDAS Control” 

computer software program and a customized Microsoft Excel worksheet were used to analyze 

and plot the accelerometer data. For test nos. WEAB-10 through WEAB-15, two longitudinal 

accelerometers were utilized with the DTS unit. 

The second system, Model EDR-3, was a triaxial piezoresistive accelerometer system 

manufactured by IST of Okemos, Michigan. The EDR-3 was configured with 256 kB of RAM, a 

range of ±200 g’s, a sample rate of 3,200 Hz, and a 1,120 Hz low-pass filter. The “DynaMax 1 

(DM-1)” computer software program and a customized Microsoft Excel worksheet were used to 

analyze and plot the accelerometer data. 
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4.4.2 Test Jigs 

Two test jigs were utilized in the bogie tests to apply either shear or tensile loads to the 

anchors. The tensile jig design consisted of a 28-in. (711-mm) long W6x25 (W152x37.2) I-beam 

welded to a 1-in. (25-mm) thick base plate. The reinforcing bar anchors were held by Erico 

Lenton LOCK or Dayton Bar Lock mechanical reinforcing bar splices that were installed on the 

reinforcing bars above the base plate. The center connecting pin was removed to allow the use of 

more bolts to grip the reinforcing bar. Hex nuts were used for tests that involved threaded rod. A 

kick plate was attached to the concrete slab on the non-impact side of the test jig to provide shear 

resistance and allow the jig to rotate, thus, putting a tensile load on the anchors. A schematic 

drawing of the tensile jig is shown in Figure 16. 

 

Figure 16. Tensile Jig 

The shear jig consisted of two 3-ft (0.91-m) long, C6x8.2 (C152x12.2) channels welded 

to a metal sled plate on the front end and an impact plate on the rear end. The anchors were held 

by Erico Lenton LOCK or Dayton Bar Lock mechanical reinforcing bar splices that were 

installed on top of the sled plate on the front end of the test jig. A metal strap was wrapped 
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around the reinforcing bar splices to attach the anchors to the jig and prevent rotation of the 

anchors upon impact. The center connection pin was removed to allow the use of more bolts to 

grip the reinforcing bar. Hex nuts were used for tests that involved threaded rod. The impact 

plate was welded to the channels with ½-in. (12.7-mm) stiffener plates and a long metal guidance 

plate was welded to the rear end of the channels. A metal plate was screwed to the concrete 

above the guidance plate to prevent the jig from yawing or lifting off the concrete surface. 

Calculations that estimated the maximum loads that would be applied to the test jigs are shown 

in Appendix E. Analytical design calculations and detailed drawings of the test jigs are shown in 

Appendix E. The test jigs were modified accordingly to accommodate larger anchors for test nos. 

WEAB-9 through WEAB-16. A schematic drawing of the shear jig is shown in Figure 17. 

 

Figure 17. Shear Jig 

4.4.3 Bogie 

The dynamic bogie tests were conducted using a corrugated beam guardrail to guide the 

tires of the bogie vehicle. A pickup was used to push the bogie vehicle to the required impact 

velocity. After reaching the target velocity, the push vehicle braked allowing the bogie to be free 

rolling as it came off the track. For the tension tests, the bogie head impacted the test jig at an 
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impact height of approximately 21 5/8 in. (549 mm). This caused the tension jig to rotate 

applying a vertical pullout force to the anchors. For the shear tests, the bogie head impacted the 

test jig at an impact height of approximately 7 3/8 in. (187 mm). The bogie impact load was 

transferred to the anchor as the shear jig translated along the concrete surface.  

A rigid frame bogie was used to impact the test jigs. For the tensile tests, the bogie head 

was constructed of an 8-in. (203-mm) diameter, 1/2-in. (13-mm) thick standard steel pipe, with 

3/4-in. (19-mm) neoprene belting wrapped around the pipe to prevent local damage to the post 

from the impact. The height of impact for the tensile test was 21.66 in. (550 mm). A variable 

height, detachable steel impact head was used in the shear tests. The shear impact head had an 

impact height of approximately 7 5/16 in. (186 mm) from the ground surface. A ¾ in. (19-mm) 

neoprene pad was attached to the impact plate of the shear jig. Pictures of the tensile and shear 

bogie test setups are shown in Figures 18 and 19. 

 

Figure 18. Tensile Test Setup 
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Figure 19. Shear Test Setup 

4.4.4 Pressure Tape Switches 

Three pressure tape switches were placed near the end of the bogie track and were used to 

determine the speed of the bogie before impact. The switches were spaced at approximately 18 

in. (457 mm) for test nos. WEAB-1 through WEAB-8 and 39.37 in. (1 m) for test nos. WEAB-9 

through WEAB-16. As the right-front tire of the bogie passed over each tape switch, a strobe 

light was fired sending an electronic timing signal to the data acquisition system. The system 

recorded the signals and the time each occurred. The speed was then calculated using the spacing 

between the sensors and the time between the signals. Strobe lights and high-speed video 

analysis are used only as a backup in the event that vehicle speeds cannot be determined from the 

electronic data. 

4.4.5 Digital Cameras 

Two AOS VITcam high-speed digital video cameras and one JVC digital video camera 

were used to document each test. The AOS high-speed camera had a frame rate of 500 frames 

per second and the JVC digital video camera had a frame rate of 29.97 frames per second. All the 
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cameras were placed laterally from the test jig, with a view perpendicular to the bogie’s direction 

of travel. A Nikon D50 digital still camera was also used to document pre- and post-test 

conditions for all tests. 

4.4.6 Data Processing 

The electronic accelerometer data obtained in dynamic testing was filtered using the SAE 

Class 60 Butterworth filter conforming to the SAE J211/1 specifications [81]. The pertinent 

acceleration signal was extracted from the bulk of the data signals. The processed acceleration 

data was then multiplied by the mass of the bogie to get the impact force using Newton’s Second 

Law. Next, the acceleration trace was integrated to find the change in velocity versus time. Initial 

velocity of the bogie, calculated from the pressure tape switch data, was then used to determine 

the bogie velocity, and the calculated velocity trace was integrated to find the bogie’s 

displacement. This displacement is also the displacement of the test jig at the impact location. 

Combining the previous results, a force vs. deflection curve was plotted for each test. Finally, 

integration of the force vs. deflection curve provided the energy vs. deflection curve for each 

test. 

The anchor force for the tensile tests was determined by summing the moments about the 

reaction point of the test jig and solving for the anchor force. The reaction point was estimated to 

be the end of the base plate on the non-impact side. This was selected because after a slight 

rotation of the test jig, only that point would be in contact with the concrete and only a point 

force would be applied to the jig at this point. Therefore, the anchor force was calculated as the 

bogie force multiplied by the ratio of the vertical distance to the horizontal distance from the 

reaction point to the bogie force. A free body diagram of the forces associated with the tension 

test jig is shown in Figure 20. 
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The anchor force for the shear jig was calculated as a sum of the forces in the horizontal 

direction. The frictional forces of the jig sliding on the concrete were neglected so the anchor 

force was assumed equivalent to the bogie force from the accelerometer data. 

 

Figure 20. Free Body Diagram of the Tension Test Jig
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 DYNAMIC TESTING RESULTS AND DISCUSSION 5

5.1 Dynamic Testing Results 

A series of 16 dynamic bogie tests were conducted on various epoxy adhesive anchors to 

determine the shear and tensile capacities. Test nos. WEAB-1 through WEAB-8 utilized no. 5 

ASTM A615 Grade 60 deformed reinforcing bars and test nos. WEAB-9 through WEAB-13 and 

WEAB-16 utilized no. 6 ASTM A615 Grade 60 deformed reinforcing bars. Test nos. WEAB-14 

and WEAB-15 utilized 1 1/8 in. (29 mm) diameter ASTM A307 threaded rod. Both tension and 

shear tests were conducted for each type of anchor. Duel anchor tension tests were also 

conducted for the reinforcing bar anchors to determine the effects of closely spaced anchors. The 

test specimens were embedded to a depth of 5-¼ in. (133 mm) for all of the component tests. The 

results for test nos. WEAB-1 through WEAB-16 are described in the following sections. 
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5.1.1 Test No. WEAB-1 

For test no. WEAB-1, a single, uncoated no. 5 ASTM A615 Grade 60 deformed 

reinforcing bar was loaded in tension. The bogie impacted the test jig at a speed of 9.78 mph 

(15.74 km/h). The anchor experienced necking and fractured approximately 1 ¼ in. (32 mm) 

above the concrete surface. A concrete cone of approximately 4 to 5 in. (102 to 127 mm) in 

diameter by 1 in. (25 mm) deep spalled off from the concrete surface. The concrete cone was 

split into several small pieces that were disengaged from the anchor. The maximum tensile load 

observed was 38.8 kips (172.6 kN) according to the EDR-3 data and 37.9 kips (168.6 kN) 

according to the DTS data. Pre- and post-test photographs are shown in Figure 21. A plot of the 

force versus time history is shown in Figure 22. Sequential photographs are shown in Figure 23. 

   
 Pre-Test Post-Test 

Figure 21. Pre- and Post-Test Photographs, Test No. WEAB-1 
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Figure 22. Force vs. Time, Test No. WEAB-1 

   
 0 ms 8 ms 

   
 16 ms 24 ms 

Figure 23. Sequential Photographs, Test No. WEAB-1 



November 26, 2012  
MwRSF Report No. TRP-03-264-12 

84 

5.1.2 Test No. WEAB-2 

For test no. WEAB-2, a single, uncoated no. 5 ASTM A615 Grade 60 deformed 

reinforcing bar was loaded in tension. The bogie impacted the test jig at a speed of 10.40 mph 

(16.74 km/h). The anchor experienced necking and fractured approximately 1 ¼ in. (32 mm) 

above the concrete surface. A concrete cone of approximately 3 in. (76 mm) in diameter by ¾ in. 

(19 mm) deep spalled off from the concrete surface. The concrete cone was split into several 

small pieces that were disengaged from the anchor. The maximum tensile load observed was 

39.8 kips (177.2 kN) according to the EDR-3 data and 38.9 kips (173.2 kN) according to the 

DTS data. Pre- and post-test photographs are shown in Figure 24. A plot of the force versus time 

history is shown in Figure 25. Sequential photographs are shown in Figure 26. 

   
 Pre-Test Post-Test 

Figure 24. Pre- and Post-Test Photographs, Test No. WEAB-2 
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Figure 25. Force vs. Time, Test No. WEAB-2 

   
 0 ms 8 ms 
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Figure 26. Sequential Photographs, Test No. WEAB-2 
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5.1.3 Test No. WEAB-3 

For test no. WEAB-3, a single, epoxy-coated no. 5 ASTM A615 Grade 60 deformed 

reinforcing bar was loaded in tension. The bogie impacted the test jig at a speed of 9.47 mph 

(15.24 km/h). The anchor experienced necking and fractured approximately 3 in. (76 mm) above 

the concrete surface. A concrete cone of approximately 3 ½ in. (89 mm) in diameter by ½ in. (13 

mm) deep spalled off from the concrete surface. The concrete cone was split into several small 

pieces that were bonded to the anchor. The maximum tensile load observed was 35.1 kips (156.2 

kN) according to the EDR-3 data and 34.9 kips (155.1 kN) according to the DTS data. The 

fracture occurred at a localized minimum cross-sectional area that was created from one of the 

coupler screws. Therefore, the maximum force was governed by an area less than that of a no. 5 

(metric no. 16) reinforcing bar. Pre- and post-test photographs are shown in Figure 27. A plot of 

the force versus time history is shown in Figure 28. Sequential photographs are shown in Figure 

29. 

   
 Pre-Test Post-Test 

Figure 27. Pre- and Post-Test Photographs, Test No. WEAB-3 
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Figure 28. Force vs. Time, Test No. WEAB-3 
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Figure 29. Sequential Photographs, Test No. WEAB-3 
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5.1.4 Test No. WEAB-4 

For test no. WEAB-4, a single, epoxy-coated no. 5 ASTM A615 Grade 60 deformed 

reinforcing bar was loaded in tension. The bogie impacted the test jig at a speed of 8.86 mph 

(14.26 km/h). The anchor experienced necking and fractured approximately 2 in. (51 mm) below 

the concrete surface. A concrete cone of approximately 3 ¾ in. (95 mm) in diameter by 7/8 in. 

(22 mm) deep spalled off from the concrete surface. The concrete cone was split into several 

small pieces that were disengaged from the anchor. The maximum tensile load observed was 

36.8 kips (163.8 kN) according to the EDR-3 data and 35.1 kips (156.0 kN) according to the 

DTS data. Pre- and post-test photographs are shown in Figure 30. A plot of the force versus time 

history is shown in Figure 31. Sequential photographs are shown in Figure 32. 

   
 Pre-Test Post-Test 

Figure 30. Pre- and Post-Test Photographs, Test No. WEAB-4 
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Figure 31. Force vs. Time, Test No. WEAB-4 
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Figure 32. Sequential Photographs, Test No. WEAB-4 
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5.1.5 Test No. WEAB-5 

For test no. WEAB-5, a single, epoxy-coated no. 5 ASTM A615 Grade 60 deformed 

reinforcing bar was loaded in shear. The bogie impacted the test jig at a speed of 9.64 mph 

(15.51 km/h). The anchor sheared off at the concrete surface. The maximum shear load observed 

was 25.7 kips (114.4 kN) according to the EDR-3 data and 32.4 kips (144.0 kN) according to the 

DTS data. Pre- and post-test photographs are shown in Figure 33. A plot of the force versus time 

history is shown in Figure 34. Sequential photographs are shown in Figure 35. 

   
 Pre-Test Post-Test 

Figure 33. Pre- and Post-Test Photographs, Test No. WEAB-5 
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Figure 34. Force vs. Time, Test No. WEAB-5 
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Figure 35. Sequential Photographs, Test No. WEAB-5 
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5.1.6 Test No. WEAB-6 

For test no. WEAB-6, a single, epoxy-coated no. 5 ASTM A615 Grade 60 deformed 

reinforcing bar was loaded in shear. The bogie impacted the test jig at a speed of 9.71 mph 

(15.62 km/h). The anchor sheared off at the concrete surface. There was a 1/8 in. (3 mm) gap 

between the epoxy-coated anchor and the edge of the concrete hole on the impact side. The 

maximum shear load observed was 23.7 kips (105.6 kN) according to the EDR-3 data and 28.4 

kips (126.4 kN) according to the DTS data. Pre- and post-test photographs are shown in Figure 

36. A plot of the force versus time history is shown in Figure 37. Sequential photographs are 

shown in Figure 38. 

   
 Pre-Test Post-Test 

Figure 36. Pre- and Post-Test Photographs, Test No. WEAB-6 
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Figure 37. Force vs. Time, Test No. WEAB-6 
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Figure 38. Sequential Photographs, Test No. WEAB-6 
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5.1.7 Test No. WEAB-7 

For test no. WEAB-7, two, epoxy-coated no. 5 ASTM A615 Grade 60 deformed 

reinforcing bars spaced 8 in. (203 mm) apart were loaded in tension. The bogie impacted the test 

jig at a speed of 16.64 mph (26.78 km/h). One of the anchors fractured 2 1/8 in. (54 mm) below 

the concrete surface and was accompanied by a concrete cone breakout of 5 in. (127 mm) in 

diameter by 1 ¼ in. (32 mm) deep. Detachment of the epoxy coating on this anchor was observed 

at locations that were bonded to the concrete. The other anchor pulled out of the concrete and 

was accompanied by a concrete cone breakout of 6 in. (152 mm) diameter by 1 ¼ in. (32 mm) 

deep. Slight flaking of the epoxy coating was observed on the anchor that pulled out. It appeared 

that the pullout occurred due to disengagement of the adhesive from the epoxy coating of the 

rebar. Both reinforcing bars were slightly bent. The maximum tensile load observed was 73.8 

kips (328.3 kN) according to the EDR-3 data and 73.8 kips (328.3 kN) according to the DTS 

data. Pre- and post-test photographs are shown in Figure 39. Pictures of the anchors are shown in 

Figure 40. A plot of the force versus time history is shown in Figure 41. Sequential photographs 

are shown in Figure 42. 

   
 Pre-Test Post-Test 
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Figure 39. Pre- and Post-Test Photographs, Test No. WEAB-7 

 

 

Figure 40. Post-Test Anchor Photographs, Test No. WEAB-7 
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Figure 41. Force vs. Time, Test No. WEAB-7 
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Figure 42. Sequential Photographs, Test No. WEAB-7 
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5.1.8 Test No. WEAB-8 

For test no. WEAB-8, two, epoxy-coated no. 5 ASTM A615 Grade 60 deformed 

reinforcing bars spaced 8 in. (203 mm) apart were loaded in tension. The bogie impacted the test 

jig at a speed of 14.05 mph (22.61 km/h). Both anchors pulled out of the concrete. The concrete 

breakout area was approximately 29 in. (737 mm) long by 24 in. (610 mm) wide by 4 in. (102 

mm) deep at the anchor hole locations. It was suspected that the failure area was larger than 

observed in previous testing due to potential existing damage to the aged concrete. Bond failures 

were present on both the epoxy-anchor and the epoxy-concrete interfaces. The epoxy adhesive 

was attached to the anchor for the bottom 4 in. (102 mm) of both reinforcing bars. Both 

reinforcing bars were slightly bent. The maximum tensile load observed was 72.6 kips (323.1 

kN) according to the EDR-3 data and 72.4 kips (322.1 kN) according to the DTS data. Pre- and 

post-test photographs are shown in Figure 43. Pictures of the pulled-out anchors are shown in 

Figure 44. A plot of the force versus time history is shown in Figure 45. Sequential photographs 

are shown in Figure 46. 

   
 Pre-Test Post-Test 

Figure 43. Pre- and Post-Test Photographs, Test No. WEAB-8 
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Figure 44. Post-Test Anchor Photographs, Test No. WEAB-8 
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Figure 45. Force vs. Time, Test No. WEAB-8 
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Figure 46. Sequential Photographs, Test No. WEAB-8 
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5.1.9 Test No. WEAB-9 

For test no. WEAB-9, a single, epoxy-coated no. 6 ASTM A615 Grade 60 deformed 

reinforcing bar was loaded in tension. The bogie impacted the test jig at a speed of 14.23 mph 

(22.90 km/h). The anchor pulled out of the concrete hole and still had some epoxy adhesive 

attached on the bottom half of the embedded anchor length. There was not any flaking of the 

protective epoxy coating of the anchor. A concrete cone of approximately 3 ½ in. (89 mm) in 

diameter by ½ in. (13 mm) deep broke out and small concrete chucks were scattered around the 

anchor area. The maximum tensile load observed was 41.0 kips (182.3 kN) according to the 

EDR-3 data and 41.6 kips (185.2 kN) according to the DTS data. Pre- and post-test photographs 

are shown in Figure 47. A picture of the pulled out anchor is shown in Figure 48. A plot of the 

force versus time history is shown in Figure 49. Sequential photographs are shown in Figure 50. 

   
 Pre-Test Post-Test 

Figure 47. Pre- and Post-Test Photographs, Test No. WEAB-9 
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Figure 48. Post-Test Anchor Photograph, Test No. WEAB-9 
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Figure 49. Force vs. Time, Test No. WEAB-9 
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Figure 50. Sequential Photographs, Test No. WEAB-9 
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5.1.10 Test No. WEAB-10 

For test no. WEAB-10, a single, epoxy-coated no. 6 ASTM A615 Grade 60 deformed 

reinforcing bar was loaded in tension. The bogie impacted the test jig at a speed of 15.73 mph 

(25.31 km/h). The anchor pulled out of the concrete hole and very little epoxy adhesive was still 

bonded to the anchor. There was a significant amount of the protective epoxy coating removed 

from the anchor at the middle 1/3 of the embedded portion. A concrete cone of approximately 4 

½ in. (114 mm) diameter by 1 in. (25 mm) deep broke out and small concrete chunks were 

scattered around the anchor area. The maximum tensile load observed was 42.7 kips (189.9 kN) 

according to the EDR-3 data, 44.2 kips (196.5 kN) according to the DTS no. 1 data, and 44.4 

kips (197.3 kN) according to the DTS no. 2 data. Pre- and post-test photographs are shown in 

Figure 51. A picture of the pulled out anchor is shown in Figure 52. A plot of the force versus 

time history is shown in Figure 53. Sequential photographs are shown in Figure 54. 

   
 Pre-Test Post-Test 

Figure 51. Pre- and Post-Test Photographs, Test No. WEAB-10 
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Figure 52. Post-Test Anchor Photograph, Test No. WEAB-10 
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Figure 53. Force vs. Time, Test No. WEAB-10 
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Figure 54. Sequential Photographs, Test No. WEAB-10 
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5.1.11 Test No. WEAB-11 

For test no. WEAB-11, two epoxy-coated no. 6 ASTM A615 Grade 60 deformed 

reinforcing bars spaced 8 in. (203 mm) apart were loaded in tension. The bogie impacted the test 

jig at a speed of 15.11 mph (24.32 km/h). The anchors pulled out of the concrete holes and still 

had most of the epoxy adhesive still bonded to the anchors. The concrete breakout surface was 

approximately 14 in. (356 mm) by long by 16 in. (406 mm) wide. The maximum depths of the 

concrete breakout surface were 2 3/4 in. (70 mm) and 3 in. (76 mm), respectively, at the 

locations of the two anchor holes. The maximum tensile load observed was 60.9 kips (270.8 kN) 

according to the EDR-3 data, 60.5 kips (269.1 kN) according to the DTS no. 1 data, and 60.6 

kips (269.5 kN) according to the DTS no. 2 data. Pre- and post-test photographs are shown in 

Figure 55. Pictures of the pulled out anchors are shown in Figure 56. A plot of the force versus 

time history is shown in Figure 57. Sequential photographs are shown in Figure 58. 

   
 Pre-Test Post-Test 

Figure 55. Pre- and Post-Test Photographs, Test No. WEAB-11 
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Figure 56. Post-Test Anchor Photograph, Test No. WEAB-11 
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Figure 57. Force vs. Time, Test No. WEAB-11 
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Figure 58. Sequential Photographs, Test No. WEAB-11 
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5.1.12 Test No. WEAB-12 

For test no. WEAB-12, two epoxy-coated no. 6 ASTM A615 Grade 60 deformed 

reinforcing bars spaced 8 in. (203 mm) apart were loaded in tension. The bogie impacted the test 

jig at a speed of 15.08 mph (24.27 km/h). The anchors pulled out of the concrete. Anchor no. 1 

had some epoxy adhesive still attached to the middle 1/3 of the embedment length and a 

significant amount of the epoxy coating had flaked off the bottom 1/3 of the embedded length. 

Anchor no. 2 had some epoxy adhesive still attached on the top 1/3 of the embedded length and 

most of the protective epoxy coating was flaked away for the bottom ½ of the embedded length. 

Two separate concrete cone breakouts occurred. The cone size for anchor no. 1 was 

approximately 6 ½ in. (165 mm) in diameter by 2 in. (51 mm) deep while the cone size for 

anchor no. 2 was approximately 4 in. (102) in diameter by 1 ½ in. (38 mm) deep. The maximum 

tensile load observed was 75.7 kips (336.6 kN) according to the EDR-3 data, 75.7 kips (336.0 

kN) according to the DTS no. 1 data, and 75.5 kips (335.7 kN) according to the DTS no. 2 data. 

Pre- and post-test photographs are shown in Figure 59. Pictures of the pulled out anchors are 

shown in Figure 60. A plot of the force versus time history is shown in Figure 61. Sequential 

photographs are shown in Figure 62. 

   
 Pre-Test Post-Test 

Figure 59. Pre- and Post-Test Photographs, Test No. WEAB-12 
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Figure 60. Post-Test Anchor Photograph, Test No. WEAB-12 
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Figure 61. Force vs. Time, Test No. WEAB-12 
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Figure 62. Sequential Photographs, Test No. WEAB-12 
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5.1.13 Test No. WEAB-13 

For test no. WEAB-13, a single, epoxy-coated no. 6 ASTM A615 Grade 60 deformed 

reinforcing bar was loaded in shear. The bogie impacted the test jig at a speed of 9.98 mph 

(16.06 km/h). The anchor sheared off at the concrete surface. There was a 3/8 in. (10 mm) gap 

between the epoxy-coated anchor and the edge of the concrete hole on the impact side. A small 

amount of concrete dust and particles were loose on the non-impact side of the anchor. The 

maximum shear load observed was 32.1 kips (142.9 kN) according to the EDR-3 data, 29.6 kips 

(131.9 kN) according to the DTS no.1 data, and 28.4 kips (126.4 kN) according to the DTS no. 2 

data. Pre- and post-test photographs are shown in Figure 63. A plot of the force versus time 

history is shown in Figure 64. Sequential photographs are shown in Figure 65. 

   
 Pre-Test Post-Test 

Figure 63. Pre- and Post-Test Photographs, Test No. WEAB-13 
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Figure 64. Force vs. Time, Test No. WEAB-13 
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Figure 65. Sequential Photographs, Test No. WEAB-13 
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5.1.14 Test No. WEAB-14 

For test no. WEAB-14, a single, 1 1/8 in. (29 mm) diameter ASTM A307 threaded rod 

was loaded in tension. The bogie impacted the test jig at a speed of 15.19 mph (24.45 km/h). The 

anchor pulled out of the concrete hole and had most of the epoxy adhesive still attached on the 

bottom 2/3 of the embedded length. A concrete cone of approximately 15 in. (381 mm) in 

diameter by 2 3/4 in. (70 mm) deep broke out and concrete chucks were scattered around the 

anchor area. The maximum tensile load observed was 43.7 kips (194.5 kN) according to the 

EDR-3 data, 46.7 kips (207.8 kN) according to the DTS no. 1 data, and 45.5 kips (202.3 kN) 

according to the DTS no. 2 data. Pre- and post-test photographs are shown in Figure 66. A 

picture of the pulled out anchor is shown in Figure 67. A plot of the force versus time history is 

shown in Figure 68. Sequential photographs are shown in Figure 69. 

   
 Pre-Test Post-Test 

Figure 66. Pre- and Post-Test Photographs, Test No. WEAB-14 
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Figure 67. Post-Test Anchor Photograph, Test No. WEAB-14 
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Figure 68. Force vs. Time, Test No. WEAB-14 
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Figure 69. Sequential Photographs, Test No. WEAB-14 
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5.1.15 Test No. WEAB-15 

For test no. WEAB-15, a single, 1 1/8 in. (29 mm) diameter ASTM A307 threaded rod 

was loaded in shear. The bogie impacted the test jig at a speed of 9.28 mph (14.93 km/h). The 

welds on the bogie head fractured before the anchor failed. The anchor experienced plastic 

deformation and bent to an angle of 6 degrees from the vertical direction. A slight shear fracture 

surface started to form on the impact side of the anchor. The maximum shear load observed was 

43.7 kips (194.2 kN) according to the EDR-3 data, 39.1 kips (173.8 kN) according to the DTS 

no. 1 data, and 39.2 kips (174.3 kN) according to the DTS no. 2 data. Pre- and post-test 

photographs are shown in Figure 70. A plot of the force versus time history is shown in Figure 

71. Sequential photographs are shown in Figure 72. 

   
 Pre-Test Post-Test 

Figure 70. Pre- and Post-Test Photographs, Test No. WEAB-15 
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Figure 71. Force vs. Time, Test No. WEAB-15 
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Figure 72. Sequential Photographs, Test No. WEAB-15 
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5.1.16 Test No. WEAB-16 

For test no. WEAB-16, a single, uncoated no. 6 ASTM A615 Grade 60 deformed 

reinforcing bar was loaded in tension. The bogie impacted the test jig at a speed of 15.90 mph 

(25.58 km/h). The anchor pulled out of the concrete hole and had a small amount of epoxy still 

attached on the bottom 3 in. (76 mm) of the embedded length. A concrete cone of approximately 

6 in. (152 mm) in diameter by 1 ¼ in. (32 mm) deep broke out and small concrete chucks were 

scattered around the anchor area. The maximum tensile load observed was 49.6 kips (220.4 kN) 

according to EDR-3 data, 47.0 kips (209.2 kN) according to DTS no. 1 data, and 45.2 kips (200.9 

kN) according to DTS no. 2 data. Pre- and post-test photographs are shown in Figure 73. A 

picture of the pulled out anchor is shown in Figure 74. A plot of the force versus time history is 

shown in Figure 75. Sequential photographs are shown in Figure 76.  

   
 Pre-Test Post-Test 

Figure 73. Pre- and Post-Test Photographs, Test No. WEAB-16 
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Figure 74. Post-Test Anchor Photograph, Test No. WEAB-16 
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Figure 75. Force vs. Time, Test No. WEAB-16 
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Figure 76. Sequential Photographs, Test No. WEAB-16 
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5.2 Discussion of Results 

The dynamic bogie tests were used to establish criteria for the increase in load capacity 

based on dynamic loading, the effects of using epoxy-coated reinforcing bars, and the effects of 

groups of anchors located in close proximity to each other. The anchors were embedded 5 ¼ in. 

(133 mm) for all tests to allow for use in an 8-in. (203-mm) thick bridge deck without potentially 

damaging the underside during installation. Most of the tests were conducted with either no. 5 or 

6 ASTM A615 Grade 60 reinforcing bars because those were the most commonly used anchor 

bar detailed in the state standard bridge railings (see Tables 5 and 6). Tension and shear tests 

were also conducted on 1 1/8 in. (29 mm) ASTM A307 threaded rods, the anchorage used in the 

bolt-through tie-down system for the F-shape temporary concrete barrier developed by MwRSF 

[41]. The results for test nos. WEAB-1 through WEAB-16 are shown in Table 9. Note that the 

failure modes listed in Table 9 were listed as steel fracture, concrete breakout, or adhesive bond 

failure depending on the mode of failure observed in the testing. Concrete fracture was noted if 

the concrete cone depth observed in the testing was greater than or equal to 2 in (51 mm). This 

concrete cone depth was consistent with concrete failure modes discussed in Chapters 2 and 3.  

For the no. 5 epoxy-coated reinforcing bar tension tests, the average maximum loads 

were 35.60 kips (159.9 kN) and 73.2 kips (325.5 kN), respectively, for single and double anchors 

spaced 8 in. (203 mm) apart. Test no. WEAB-3 was not considered since the anchor failed at a 

localized minimum area of the coupler screw. Therefore, the failure load was representative of 

the reduced cross-sectional area of a no. 5 reinforcing bar rather than the full cross-sectional 

area. For the single anchor tensile tests of no. 5 rebar, the primary failure mode was steel rupture. 

The true strength of the bond failure mode would have been higher than the failure load 

observed. There was not a reduction in the average force per anchor when comparing single no. 5 

and double no. 5 reinforcing bars spaced 8 in. (203 mm) apart, but the failure modes 
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Table 9. Dynamic Bogie Testing Summary 
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demonstrated in the dual anchor tests were different than the single anchor tests. This would 

indicate that the spacing was affecting the anchor performance. 

For the no. 6 epoxy-coated reinforcing bar tension tests, the average pullout loads were 

42.8 kips (190.2 kN) and 68.1 kips (303.1 kN), respectively, for single and dual anchors spaced 8 

in. (203 mm) apart. This suggested that there is a 20 percent decrease in capacity for groups of 

anchors spaced 8 in. (203 mm) apart. Unlike the test with the no. 5 reinforcing bars, the failure 

mode for no. 6 reinforcing bars consisted of the pullout of the adhesive core accompanied by a 

small concrete cone breakout. The steel failure mode is more desirable than the bond failure 

mode in bridge rail applications because it will limit the damage to the bridge deck. Also, 

fracturing of the steel is more ductile and will allow for increased energy absorption of the 

barrier upon impact. It should also be noted that the test configuration used in these component 

tests only evaluated the effect of two adjacent anchors loaded simultaneously. The reduction of 

capacity for closely spaced anchors is related to the area of concrete resisting the applied load 

surrounding each anchor. For the testing conducted herein, the overlapping areas of concrete 

loading were only present on the concrete region between the two anchors. Actual bridge rail 

anchors would likely have more than two adjacent anchors loaded simultaneously. The loading 

of several adjacent anchors would be expected to increase the influence of the reduced anchor 

spacing on adjacent anchors and further reduce anchor capacity as compared to the reductions 

observed in this component testing.  

The shear reinforcing bar tests confirmed that the steel failure mode would control with 

no. 5 and 6 bars with at least 5 ¼ in. (133 mm) embedment and located sufficiently far away 

from the deck edge to prevent concrete breakout. The effect of edge distance on anchor capacity 

is affected by adhesive strength, anchor size, concrete strength, and embedment depth. Further 

discussion of edge effects and methods for calculating them are discussed in Chapter 8.  
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It was also evident that the protective epoxy coating of the anchors affected the ultimate 

bond strength. The average dynamic pullout load from uncoated no. 6 reinforcing bars was 47.2 

kips (210.1 kN) while the average dynamic pullout load from ASTM A615 Grade 60 epoxy 

coated no. 6 reinforcing bars was 42.8 kips (190.2). Therefore, approximately a 9 percent 

decrease in bond strength was observed when the reinforcing bars had a protective epoxy coating 

according to ASTM A775 standards. 

In order to allow for an alternative anchorage design for the tie-down F-shape temporary 

concrete barrier developed by MwRSF, the epoxy adhesive anchorage needed to be able to 

develop the nominal ultimate strength of the 1 1/8 in. (29 mm) diameter ASTM A307 threaded 

rod anchors. The ultimate strengths of the A307 rods were determined from simple principles of 

mechanics of materials. The ultimate stress (ߪ௨) of the A307 rods was specified to be 60 ksi (414 

MPa) and the cross-sectional area (ܣ) for a 1 1/8 in. (29 mm) diameter threaded rod is 0.763 in.2 

(492 mm2). The equations used to calculate the ultimate tension ( ௨ܲ) and shear capacities ( ௨ܸ) are 

shown in Equations (67) and (68), respectively. Note that the shear capacity was calculated using 

Von Mises criteria. 

 ௨ܲ ൌ  (67) ܣ௨ߪ

 
௨ܸ ൌ

ܣ௨ߪ

√3
 (68) 

The ultimate tension and shear capacities were calculated to be 45.9 kips (203.6 kN) and 

26.4 kips (117.6 kN), respectively. The average ultimate tension and shear loads observed from 

the dynamic testing program of the 1 1/8 in. (29 mm) diameter A307 rods were 45.3 kips (201.5 

kN) and 40.6 kips (180.8 kN), respectively. The failure mode in tension consisted of a pullout of 

the adhesive core accompanied by a 2 ¾ in. (70 mm) deep concrete cone breakout. The ultimate 

shear value obtained during the component test is an estimated minimum value because the 
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anchor did not fail in the test and the load was governed by the equipment. Nonetheless, the 

ultimate shear capacity was determined to be far greater that the nominal shear capacity of the 

anchor and the ultimate tension capacity was within one percent of the nominal tension capacity 

for the concrete strength in the component tests. Therefore, the anchorage design with 5 ¼ in. 

(133 mm) embedment depth utilizing the Hilti HIT-RE 500-SD epoxy adhesive was considered 

an adequate alternative anchorage design for the 1 1/8 in. (29 mm) diameter A307 rods used in 

the tie-down temporary concrete barrier developed by MwRSF because the tested capacities met 

the nominal capacities of the anchorages used in the full-scale crash test. However, the failure in 

the tension test created significant concrete damage. This concrete damage would be expected to 

occur to the bridge decks of real-world installations during severe, high-energy impacts. In 

addition, the compressive strength of the concrete used in these component tests may be higher 

than the typical strength of concrete bridge decks. Thus, some decrease in the capacity of the 

anchors would be expected for lower strength concrete. This decrease in strength would likely be 

offset to some extent by the presence of reinforcing steel in the bridge deck. Thus, it is believed 

that using the A307 rod with Hilti HIT-RE 500 or Hilti HIT-RE 500 SD epoxy adhesive with a 5 

¼-in. embedment depth should provide similar anchorage to the tested system, but some 

increased deflection and increased deck damage may result. It should also be noted that epoxy 

adhesive manufacturer recommendations for torque requirements on threaded anchors should be 

closely followed for these types of anchors to prevent concerns for anchor creep and associated 

reductions in anchor capacity. 

The testing described herein was conducted using a single type of adhesive manufactured 

by Hilti. This was done to provide consistent and comparable test results for use in the research 

effort. Chapters 8 and 9 will apply the results from this testing to calculation methods for epoxy 
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adhesive anchors. The resulting calculation methods should be applicable to other epoxy 

adhesives with different bond strengths.  
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 EPOXY ANCHOR STATIC TESTING 6

6.1 Purpose 

Static tension testing of an epoxy adhesive anchor was also conducted as part of the 

research effort. The purpose of the static tension test was to determine the relationship of the 

static pullout capacity to the dynamic pullout capacity. Static bond strength data was available 

from the manufacturer’s published specifications. However, by conducting a static test in the 

same concrete slab and utilizing similar testing methods, a more accurate comparison could be 

obtained. Also, data from the manufacturer’s published specifications was not the average true 

ultimate strength values, but were based on the 5 percent fractile strengths as required by ICC-ES 

AC308 [5]. Further, the epoxy manufacturer could also impose safety factors to ensure an 

increase in reliability. 

6.2 Scope 

The conditions for the static testing (i.e. concrete slab, epoxy adhesive, bar size, test jig) 

were identical to the dynamic bogie test no. WEAB-16. This was done to minimize the effects of 

other variables affecting the test results and to get an accurate comparison of load capacity based 

on loading rate. 

6.3 Test Setup 

The static test utilized an uncoated, deformed no. 6, ASTM A615 grade 60 steel 

reinforcing bar that was embedded 5 ¼ in. (133 mm) into an unreinforced concrete slab and 

bonded by the Hilti HIT-RE 500-SD epoxy adhesive. The anchor hole was constructed using a 

carbide-tipped concrete bit and a rotary hammer drill. The concrete slab had an average 

unconfined compressive strength of 6,454 psi (44.50 MPa), as determined from concrete cylinder 

testing. Material strength specification sheets are shown in Appendix G. 
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The tensile jig used in the dynamic bogie testing was modified by cutting a hole in the 

web of the W-beam, which allowed a chain to be attached to the jig at the same height used in 

the dynamic testing. Two load cells assembled in series were then connected to the chain that 

was attached to the test jig on one end and a hydraulic ram on the other. The hydraulic ram was 

supported by wood blocking at approximately the chain mounting height to ensure a 

perpendicular connection to the test jig. The rear end of the hydraulic ram was then secured to a 

rigid anchor which was bolted to the concrete slab. The test setup drawing for the static tensile 

test is shown in Figure 77. Detailed drawings are shown in Appendix F. 

6.4 Test Facility 

The testing facility is located at the Lincoln Air Park on the northwest side of the Lincoln 

Municipal Airport and is approximately 5 miles (8.0 km) northwest of the University of 

Nebraska-Lincoln. 

6.5 Equipment and Instrumentation 

6.5.1 Load Cells 

Two load cells were placed in series with the test apparatus to measure the force exerted 

on the test jig until failure of the anchor. The load cells were placed in tension between the test 

jig and the hydraulic ram. The load cells were manufactured by Transducer Techniques and 

conformed to model no. TLL-50K with a load range up to 50,000 lb (222.4 kN). During testing, 

output voltage signals were sent from the load cells to a Keithly Metrabyte DAS-1802HC data 

acquisition board, acquired with Test Point software, and stored permanently on a personal 

computer. The data collection rate for the load cells was 10,000 samples per second (10,000 Hz). 

6.5.2 Hydraulic Ram 

The hydraulic ram model used was the SAE-9436 manufactured by Prince Manufacturing 

Corporation of North Sioux City, South Dakota. It had a 36 in. (914 mm) stroke and a 4 in. (102  
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Figure 77. Tension Test Setup, Test No. WEAB-17 
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mm) diameter bore. An external pump was used to push hydraulic fluid into the hydraulic 

cylinder. 

6.5.3 Test Jig 

The tensile test jig used in the dynamic bogie testing was modified by cutting a hole in 

the web of the W-section post to allow a chain to be attached. The center of the hole had a 

mounting height of approximately 24 ½ in. (622 mm) from the concrete slab surface. For more 

details on the design of the tensile test jig refer to Section 4.4.2 or Appendix E. A picture of the 

test setup is shown in Figure 78. 

 

Figure 78. Static Test Setup  

6.5.4 Digital Cameras 

Two AOS VITcam high-speed digital video cameras and one JVC digital video camera 

were used to document the test. The AOS high-speed camera had a frame rate of 120 frames per 

second and the JVC digital video camera had a frame rate of 29.97 frames per second. All the 

cameras were placed laterally from the test jig, with a view perpendicular to the hydraulic ram’s 

direction of travel. A Nikon D50 digital still camera was also used to document pre- and post-test 

conditions for all tests. 
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6.5.5 Data Processing 

The anchor force for the tensile test was determined by summing the moments about the 

reaction point of the test jig and solving for the anchor force. However, the applied load height 

for the static testing was 24 ½ in. (622 mm). For details about the calculation of the anchor force 

from the applied force to the test jig, refer to Section 4.4.6. 

 



November 26, 2012  
MwRSF Report No. TRP-03-264-12 

133 

 STATIC TESTING RESULTS AND DISCUSSION 7

7.1 Results 

7.1.1 Test No. WEAB-17 

For test no. WEAB-17, the hydraulic ram applied an increasing load for approximately 

18 seconds until failure of the anchor. The anchor pulled out of the concrete hole and most of the 

epoxy adhesive was still attached to the reinforcing bar. A concrete cone of approximately 10 to 

12 in. (254 to 305 mm) in diameter by 2 in. (51 mm) deep broke out and was still attached to the 

reinforcing bar. The maximum tensile load observed was 45.2 kips (201.1 kN) according to load 

cell no. 1 data and 43.7 kips (194.3 kN) according to load cell no. 2. Pre- and post-test 

photographs are shown in Figure 79. A plot of the force versus time history is shown in Figure 

80. Sequential photographs are shown in Figure 81. A picture of the pulled out anchor is shown 

in Figure 82. 

   
 Pre-Test Post-Test 

Figure 79. Pre- and Post-Test Photographs, Test No. WEAB-17 
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Figure 80. Force vs. Time, Test No. WEAB-17 

   
 0.000 sec 17.950 sec 

   
 17.983 sec 18.100 sec 

Figure 81. Sequential Photographs, Test No. WEAB-17 
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Figure 82. Post-Test Anchor Photograph, Test No. WEAB-17 
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7.2 Discussion 

The average static pullout strength from the two load cell recordings from test no. 

WEAB-17 was 44.5 kips (198 kN). The failure mode observed in test no. WEAB-17 was a 

combination of concrete breakout and adhesive bond failure. Recall, the average dynamic pullout 

strength from processed accelerometer data from test no. WEAB-16 was 47.2 kips (210 kN).  

The dynamic increase factor for the bond strength failure mode was not able to be 

determined based on the available data due to several reasons. First, the static and dynamic 

testing of the no. 6 rebar in test nos. WEAB-16 and WEAB17 demonstrated different failure 

modes, as noted previously. Test no. WEAB-16 displayed an adhesive bond failure when loading 

the rebar under a dynamic tensile load, while test no. WEAB-17 displayed a combined failure 

mode of both the adhesive bond and concrete breakout. The disparity in the failure modes of the 

two tests makes it impossible to accurately compare the bond strengths. A second factor that 

prevented the determination of a dynamic increase factor was the relative load rates of the tests. 

While the dynamic load rate used in test no. WEAB-16 was acceptable, the static load rate 

chosen was not sufficiently slow to allow for determination of an increase factors. ACI 355.4-11, 

Qualification of Post-Installed Adhesive Anchors in Concrete, which became available following 

the testing described herein, recommends following ASTM E488, Standard Test Methods for 

Strength of Anchors in Concrete Elements [83], procedures for evaluation of adhesive anchor 

capacities. The load rate for static testing is defined by these documents as application of an 

initial load up to 5 percent of the estimated maximum load capacity of the anchorage system to 

be tested in order to bring all members into full bearing, and subsequent increase of the load or 

displacement so that peak load occurs after 1 to 3 minutes from the start of testing. The 

equipment used to load the adhesive anchor in test no. WEAB-17 was not capable of delivering 

the very slow load rates recommended in the ACI and ASTM specifications. Thus, test no. 
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WEAB-17 represents a quasi-static load rate which is much lower than the dynamic test 

conducted in test no. WEAB-16, but the load rate is not sufficiently low to use for determination 

of the dynamic increase factor.  

Hilti does provide a recommended 40 percent increase in the listed bond strength for the 

HIT RE-500 SD adhesive for short duration or dynamic loading. It should be noted that this 

dynamic increase factor was lower than values recommended by existing literature. Berra and 

Solomos reported that the dynamic capacity of post-installed anchors to range from 1.59 to 2.39 

times as high as those predicted from static loading conditions and that a dynamic increase factor 

of 1.25, as permitted in ACI 349-97, was reasonable for chemical adhesive anchors [19]. 

However, the static values used in that study were based on predictive equations from ACI and 

the CCD method and not true analysis or actual test data. A dynamic increase factor of 1.2 was 

suggested by Braimah, Constestabile and Guilbeault [20]. 
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 EVALUATION OF ADHESIVE ANCHOR MODELS 8

8.1 Adhesive Anchor Models 

In order to evaluate potential models for determining the capacity of epoxy adhesive 

anchors for attachment of concrete barriers to bridge decks, comparisons were made between the 

data produced in the component testing conducted in this study and the most promising models 

for estimation of the anchor capacities. In Chapter 3, the researchers reviewed and compared 

analytical models for determination of the shear and tensile capacities for epoxy adhesive 

anchors. The analysis in Chapter 3 concluded that the shear capacities for epoxy adhesive 

anchors were best determined based on the models presented in Appendix D of ACI 318-08 due 

to the similar behavior between adhesive, cast-in-place, and post-installed mechanical anchors in 

shear. For estimation of tensile capacities of epoxy adhesive anchors, it was recommended that 

the cone or full uniform bond model be used for estimation of anchor tensile capacity due to its 

high correlation to test data obtained from the manufacturer for static loading conditions. This 

model also proved to be the most accurate and stable for all embedment depths while providing a 

reasonable prediction of the expected failure mode. 

Following the analysis done in Chapter 3, a more recent revision of the ACI code, ACI 

318-11 [84], was released. ACI 318-11 included guidance for the design of post-installed 

adhesive anchors that was not available in the ACI 318-08. It was believed that the ACI 318-11 

guidance should be included as part of this research as well due to the widespread use and 

accessibility of the ACI code.  

Several differences exist between the adhesive anchor procedures in ACI 318-11 and the 

procedures detailed in Chapter 3. With respect to calculation of the tensile capacity of post-

installed adhesive anchors, ACI 318-11 and the cone or full uniform bond model differ in both 

the methodology for the determination of the failure modes as well as the methods for 
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calculating anchor capacity. ACI 318-11 proposes five failure modes for post-installed anchors 

in tension. These failure modes include, steel fracture, adhesive bond failure, concrete breakout, 

pullout of post-installed expansion and undercut anchors, and concrete side-face blowout of 

headed anchors in tension. The latter two failure modes clearly don’t apply for epoxy adhesive 

anchors and can be neglected. ACI 318-11 selects the failure mode for the post-installed anchor 

by calculating the tensile load capacity for all of the possible failure modes and selecting the 

lowest magnitude failure load as the primary failure mode. The selection of the failure mode for 

the cone or full uniform bond model differs in that equations are used to estimate the depth of the 

concrete cone based on anchor size and embedment and the estimated cone height then 

determines if the failure mode is an adhesive bond or concrete breakout failure mode. After the 

failure mode is selected, the appropriate equation is applied to determine the estimated load. 

Steel capacity is calculated separately for the cone or full uniform bond model and compared 

with the concrete or bond failure to determine the limiting failure mode. Thus, ACI-318-11 and 

cone or full uniform bond model may potentially indicate different tensile failure modes when 

used to evaluate post-installed adhesive anchors.  

In addition to the differences in the determination of tensile failure mode, the cone or full 

uniform bond model and ACI 318-11 use slightly different equations to calculate the tensile 

capacity for the concrete and bond failure modes. A comparison of the ACI 318-11 and the cone 

or full uniform bond model equations for calculating the anchor capacity for each failure mode 

are shown in Table 10. Note that the equations shown in Table 10 do not include any additional 

modification factors such as dynamic increase factors, reduction factors, or epoxy coating 

factors. The calculation of the steel capacity is identical for the cone or full uniform bond model 

and ACI 318-11. Calculation of concrete breakout capacity differs slightly in both the constant 

coefficients used in the equations and the exponent power of the hef term. The adhesive bond 
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capacity calculation of the two methods varies only by the use of the hole diameter, do, for the 

cone or full uniform bond model versus the use of the anchor diameter, da, in ACI 318-11. ߣ௔ is 

a modification factor for lightweight concrete that is equal to 1 for normal weight concrete and 

does not affect the equations. ߬଴ and ߬௖௥ are both represent the nominal bond stress for the 

adhesive based on the published data. Based on these comparisons, one would expect that the 

two methods would produce similar steel and adhesive bond capacities, but may predict 

significantly different concrete breakout capacity.  

Table 10. Comparison of Tensile Capacity Calculations for ACI 318-11 and the Cone or Full 

Uniform Bond Model 

Failure Mode 
Cone or Full 

Uniform Bond 
Model 

ACI 318-11 Comments 

Steel Fracture ௡ܰ ൌ ௦ܣ ௨݂ ௦ܰ௔ ൌ ௦௘,ேܣ ௨݂௧௔ Identical 

Concrete Breakout ௡ܰ ൌ 11.08݄௘௙
ଶ ඥ ௖݂′ ௕ܰ ൌ ݇௖ߣ௔ඥ ௖݂

ᇱ݄௘௙
ଵ.ହ 

The methods use 
different exponent 
power for the hef term 
and the constant 
coefficients vary. 

Adhesive Bond 
Failure ௡ܰ ൌ ߬଴݀ߨ଴݄௘௙ ௕ܰ௔ ൌ  ௔݄௘௙݀ߨ௔߬௖௥ߣ

ACI 318-11 uses the 
anchor diameter, da, 
rather than the hole 
diameter, do. 

 

As noted in Chapter 3, the provisions presented in Appendix D of ACI 318-08 for 

calculation of shear capacity of concrete anchors appeared to be applicable to adhesive anchors, 

due to the similar behavior between adhesive, cast-in-place, and post-installed mechanical 
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anchors in shear. These provisions have remained the same in ACI 318-11 and are currently the 

best methods for evaluation of post-installed adhesive anchors loaded in shear. 

In subsequent sections, the above tensile and shear procedures for post-installed adhesive 

anchors will be applied to the component testing conducted as part of this research to help 

determine the best models for design.  

8.2 Comparison of Tension Calculation Procedures for Post-Installed Adhesive Anchors 

Comparison of the ACI 318-11 and the cone or full uniform bond model calculation 

procedures for post-installed adhesive anchors was performed in three variations. First, the 

methods were used to calculate the anchor capacities and failure modes for the tension 

component tests conducted in the study without any modification or strength reduction factors, 

using listed bond strengths from the manufacturer, and using actual as-tested material properties 

for the concrete and steel anchors. A second analysis was performed with both methods where 

modification factors were applied for dynamic strength increases, epoxy coating effects were 

added, and as-tested material properties for concrete and steel were applied. A third comparison 

was then performed using appropriate modification and strength reduction factors as well as 

nominal published material strengths to represent the methods used for design of a post-installed 

anchorage. Details of these comparisons and the results are discussed in subsequent sections. The 

comparisons were conducted by using both methods to calculate the failure mode and capacity of 

the post-installed adhesive anchors for all of the tension tests in the WEAB series of component 

testing detailed previously. Test nos. WEAB-3 and WEAB-17 were omitted from the 

comparisons because test no. WEAB-3 failed due to the effect of the coupler on the rebar and 

test no. WEAB-17 was a quasi-static test used only for help in determining a dynamic increase 

factor for bond strength.   
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8.2.1 Non-Factored, As-Tested Materials Comparison 

The first comparison of the ACI 318-11 and the cone or full uniform bond model 

procedures for post-installed adhesive anchors was limited to determination of the failure modes 

and anchor capacities for both methods without using any modification or reduction factors, 

applying as-tested material properties for the steel and concrete, and using the bond strength for 

Hilti HIT-RE 500 SD listed in the Hilti technical guide. This comparison was intended to 

compare both methods using the best material data available without incorporating dynamic 

increase factors for the steel, epoxy adhesive, and concrete or using reduction factors. 

Modification factors for anchor spacing and edge distance found in ACI 318-11 were applied to 

the cone or full uniform bond model in order to provide a consistent comparison, as these factors 

were not part of the development of that model. Note that all of the equations shown below are in 

US Custom units. 

For the cone or full uniform bond model, equation (69) was used to determine the height 

of the concrete cone and the failure mode. If the estimated height of the concrete cone calculated 

by Equation (69) was greater than or equal to the embedment depth, concrete cone and breakout 

was predicted and Equation (71) was utilized. Otherwise adhesive failure is predicted, and the 

uniform bond stress Equation (72) was used to calculate the pullout capacity. The predicted 

capacity for concrete breakout or adhesive bond failure was then compared to the steel fracture 

capacity of the anchor in equation (70) to determine the limiting failure mode. In equation (70), 

 ௦ is the effective cross-sectional area of the anchor in tension and ௨݂ is the ultimate tensileܣ

stress of the anchor. In equation (71), ௖݂ ′ is the unconfined compressive strength of the concrete, 

݄௘௙ is the embedment depth of the anchor, ߰௘ௗ,ே is a reduction factor for anchor edge distance, 

߰௖௣,ே is a factor for cracked concrete, and 
஺ಿ೎
஺ಿ೎೚

 is the reduction factor for anchor spacing, as 
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detailed in ACI 381-11. In equation (72), ߬௢ is the static bond stress, ݀଴ is the diameter of the 

hole, ݄௘௙ is the embedment depth of the anchor, ߰௘ௗ,ே௔ is a reduction factor for anchor edge 

distance, ߰௖௣,ே௔ is a factor for cracked concrete, and 
஺ಿೌ
஺ಿೌ೚

 is the spacing factor, as detailed in 

ACI 381-11. 

݄௖௢௡௘ ൌ
߬଴݀ߨ଴

22.16ඥ ௖݂
ᇱ
 (69) 

௡ܰ ൌ ௦ܣ ௨݂ (70) 

௡ܰ ൌ 11.08݄௘௙
ଶ ඥ ௖݂′߰௘ௗ,ே߰௖௣,ே

ே௖ܣ
ே௖௢ܣ

 (71) 

Where: 

߰௘ௗ,ே ൌ ቐ
1.00	݂݅	ܿ௔ ൒ 1.5݄௘௙																							

0.7 ൅ 0.3
ܿ௔,௠௜௡

1.5݄௘௙
	݂݅	ܿ௔ ൏ 1.5݄௘௙

 

߰௖௣,ே ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ ܿ௔௖					

 

௡ܰ ൌ ߬଴݀ߨ଴݄௘௙߰௘ௗ,ே௔߰௖௣,ே௔
ே௔ܣ
ே௔௢ܣ

 
(72) 

Where: 

߰௘ௗ,ே௔ ൌ ൝
1.00	݂݅	ܿ௔ ൒ ܿே௔																					

0.7 ൅ 0.3
ܿ௔,௠௜௡

ܿே௔
	݂݅	ܿ௔ ൏ ܿே௔

 

߰௖௣,ே௔ ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
݀݁݇ܿܽݎܿ	ݎ݋݂	 ݁ݐ݁ݎܿ݊݋ܿ ݁ݎ݄݁ݓ ܿ௔,௠௜௡ ൏ ܿ௔௖

			 
 

For the ACI 318-11 method, three equations were used to determine the capacity of the 

post-installed adhesive anchors for three separate failure modes: steel fracture, concrete 

breakout, and adhesive bond failure. The lowest calculated capacity of the three failure modes 
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was then selected as the anchor capacity. The ACI 318-11 equations used in this comparison for 

steel fracture, concrete breakout, and adhesive bond failure are shown in equations (73), (74), 

and (75), respectively. In equation (73), ܣ௦௘,ே is the effective cross-sectional area of the anchor 

in tension and ௨݂௧௔ is the ultimate tensile stress of the anchor. In equation (74), ݇௖ is a coefficient 

that is equal to 24 based on the ACI 355.4 evaluation of Hilti HIT-RE 500 SD post-installed 

adhesive anchors, ߣ௔ is a modification factor for lightweight concrete, ௖݂ ′ is the unconfined 

compressive strength of the concrete, ݄௘௙ is the embedment depth of the anchor, ߰௘ௗ,ே is a 

reduction factor for anchor edge distance, ߰௖,ே is a factor for concrete cracking under service 

loads, ߰௖௣,ே is a factor for cracked concrete, and 
஺ಿ೎
஺ಿ೎೚

 is the reduction factor for anchor spacing, 

as detailed in ACI 381-11. In equation (75),	ߣ௔ is a modification factor for lightweight concrete, 

߬௖௥ is the static bond stress, ݀௔ is the diameter of the anchor, ݄௘௙ is the embedment depth of the 

anchor, ߰௘ௗ,ே௔ is a reduction factor for anchor edge distance, ߰௖௣,ே௔ is a factor for cracked 

concrete, and 
஺ಿೌ
஺ಿೌ೚

 is the spacing factor, as detailed in ACI 381-11. 

௦ܰ௔ ൌ ௦௘,ேܣ ௨݂௧௔ (73) 

௕ܰ ൌ ݇௖ߣ௔ඥ ௖݂
ᇱ݄௘௙
ଵ.ହ߰௘ௗ,ே߰௖,ே߰௖௣,ே

ே௖ܣ
ே௖௢ܣ

 (74) 
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Where: 

߰௘ௗ,ே ൌ ቐ
1.00	݂݅	ܿ௔ ൒ 1.5݄௘௙																						

0.7 ൅ 0.3
ܿ௔,௠௜௡

1.5݄௘௙
	݂݅	ܿ௔ ൏ 1.5݄௘௙

 

߰௖,ே ൌ ቐ
	݊݋݅ݐܽݑ݈ܽݒ݁	355.4	ܫܥܣ	݉݋ݎ݂	݀݁݊݅݉ݎ݁ݐ݁݀	௖݇	ݎ݋݂	1.00
																																																							ݏݎ݋݄ܿ݊ܽ	݊݅	ݐݏܽܿ	ݎ݋݂	1.25
ݐݏ݋݌	ݎ݋݂	1.40 െ ௖݇	݁ݎ݄݁ݓ	ݏݎ݋݄ܿ݊ܽ	݈݈݀݁ܽݐݏ݊݅ ൌ 17					

 

߰௖௣,ே ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ ܿ௔௖						

	 

௕ܰ௔ ൌ ௔݄௘௙߰௘ௗ,ே௔߰௖௣,ே௔݀ߨ௔߬௖௥ߣ
ே௔ܣ
ே௔௢ܣ

 
(75) 

Where: 

߰௘ௗ,ே௔ ൌ ൝
1.00	݂݅	ܿ௔ ൒ ܿே௔																						

0.7 ൅ 0.3
ܿ௔,௠௜௡

ܿே௔
	݂݅	ܿ௔ ൏ ܿே௔

 

߰௖௣,ே௔ ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ ܿ௔௖							

 

The comparison of the ACI 318-11 and the cone or full uniform bond models is shown in 

Table 11. Results from the comparison demonstrate that both methods struggled to predict the 

correct failure mode and significantly under predicted the capacities of the post-installed 

adhesive anchors in the WEAB test series. However, it should be noted that this comparison did 

not include dynamic increase factors for the steel, concrete, or epoxy adhesive. The addition of 

these modification factors was expected to provide an improved prediction of both failure mode 

and capacity. 



 
 
 

 

146

N
ovem

ber 26, 2012  
M

w
R

S
F

 R
eport N

o. T
R

P
-03-264-12

Table 11. Comparison of ACI 318-11, Cone or Full Uniform Bond Model, and WEAB Testing - Non-Factored and As-Tested 

Materials 
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8.2.2 Factored, As-Tested Comparison 

The second comparison between the ACI 318-11 and the cone or full uniform bond 

model procedures for post-installed adhesive anchors applied dynamic increase factors for the 

steel, concrete, and epoxy adhesive in order to evaluate if the increase factors would improve the 

model predictions for failure mode and capacity. Both models were still applied using as-tested 

material properties for the steel and concrete. Modification factors for dynamic loading and 

concrete strength were also applied to the bond strength for Hilti HIT-RE 500 SD. The 

determination of the modification factors for each material is detailed below. Modification 

factors for anchor spacing and edge distance found in ACI 318-11 were applied to the cone or 

full uniform bond model in order to provide a consistent comparison, as these factors were not 

part of the development of that model. Note that all of the equations shown below are in US 

Custom units. 

The dynamic magnification factor for the steel rebar was determined by comparison of 

the calculated ultimate strength of the rebar based on the as-tested ultimate strength and cross-

sectional area of the no. 5 rebar and the dynamic fracture loads obtained from component test 

nos. WEAB -1, WEAB-2, and WEAB-4, as shown in Table 12. The ratio of the tested to 

calculated fracture loads was determined and the average increase was chosen as the dynamic 

increase factor (DIF). The resulting DIF for steel was found to be 1.18.  
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Table 12. Determination of Dynamic Increase Factor for ASTM A615 Grade 60 Steel Rebar 

 

Determination of the DIF for the concrete was done using a similar methodology to the 

increase factor for the steel rebar. Concrete breakout strengths were calculated for test nos. 

WEAB-8, WEAB-11, WEAB-12, and WEAB-14 with both the ACI 318-11 and the cone and 

full uniform bond models. The calculated concrete breakout strengths were then compared with 

the measured dynamic concrete breakout loads for those tests, as shown in Table 13. The average 

test to predicted ratio was found to be 1.88 when using the cone or uniform bond method and 

1.99 when using the ACI 318-11 method.  

Table 13. Determination of Dynamic Increase Factor for Concrete Fracture 

 

In order to check the validity of the ratios determined in Table 13, the DIF for concrete 

fracture was also estimated through calculation of the strain rate applied during the WEAB 

testing and using the strain rate to determine the DIF through previously published analytical 
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methods. Determination of strain rates from the dynamic testing proved difficult to ascertain. 

Thus, upper and lower bounds for the estimated strain rates were determined in order to bracket 

the calculated DIF for concrete fracture using the CEB model code [85]. The DIF calculated 

from the CEB model code using the estimated upper and lower strain rates showed that the 1.88 

and 1.99 DIFs determined above fell in the mid-range of the DIFs determined from the upper and 

lower bounds of the estimated strain rate. Thus, the DIFs for concrete fracture shown in Table 13 

seemed reasonable.  

In summary, two methods were used to evaluate the concrete DIF in order to build 

confidence. As the DIF values from the two methods were relatively close, the researchers chose 

the more conservative of the two values due to the limited amount of data in this project. In 

addition, while the DIF’s were calculated using both the ACI 318-11 and the cone and full 

uniform bond models, there was no reason that the lower, more conservative DIF value cannot 

be used with the ACI calculation methods. For the purposes of calculating the concrete breakout 

strength in the ACI 318-11 and the cone or full uniform bond model, the lower DIF value of 1.88 

was chosen for the analysis as it was the more conservative of the two estimates.  

Determination of a DIF for the adhesive bond from the component testing conducted in 

this research proved difficult, as noted in Chapter 7. The researchers were unable to calculate a 

DIF due to issues with varying failure modes in the static and dynamic tests and the inability to 

test at the recommended static strain rate. The Hilti technical guide recommends 40 percent 

increase in the listed bond strength for the HIT-RE 500 SD adhesive for short duration or 

dynamic loading. In addition, Hilti also recommends a 6 percent increase in the bond strength for 

concrete strengths between 4,500 psi and 6,500 psi. Thus, modification factors of 1.06 and 1.40 

were applied to the adhesive bond strength to account for dynamic loading and increased 

concrete strength, respectively. The adhesive bond strength was also modified based on the 
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presence of epoxy coated rebar. As noted in Chapter 5, the effect of epoxy coating on an anchor 

relative to plain black steel anchors was found to result in a reduction of 9 percent. To be 

conservative, a 10 percent reduction was used in the suggested models.  

For the cone or full uniform bond model, equation (69) was used again to determine the 

height of the concrete cone and the failure mode. If the estimated height of the concrete cone 

calculated by Equation (69) was greater than or equal to the embedment depth, concrete cone and 

breakout was predicted and Equation (77) was utilized. Otherwise adhesive failure is predicted, 

and the uniform bond stress Equation (78) was used to calculate the pullout capacity. The 

predicted capacity for concrete breakout or adhesive bond failure was then compared to the steel 

fracture capacity of the anchor in equation (76) to determine the limiting failure mode. In 

equation (76), ܣ௦ is the effective cross-sectional area of the anchor in tension, ௨݂ is the ultimate 

tensile stress of the anchor, and ߰௦ௗ,ே is the DIF for steel. In equation (77), ௖݂ ′ is the unconfined 

compressive strength of the concrete, ݄௘௙ is the embedment depth of the anchor, ߰௖ௗ,ே is the DIF 

for the concrete breakout, ߰௘ௗ,ே is a reduction factor for anchor edge distance, ߰௖௣,ே is a factor 

for cracked concrete, and 
஺ಿ೎
஺ಿ೎೚

 is the reduction factor for anchor spacing, as detailed in ACI 381-

11. In equation (78), ߬௢ is the static bond stress, ݀଴ is the diameter of the hole, ݄௘௙ is the 

embedment depth of the anchor, ߰௕ௗ,ே is the DIF for the adhesive bond, ߰௕௖,ே is the concrete 

strength increase factor, ߰௘௣,ே is the anchor coating factor, ߰௘ௗ,ே௔ is a reduction factor for 

anchor edge distance, ߰௖௣,ே௔ is a factor for cracked concrete, and 
஺ಿೌ
஺ಿೌ೚

 is the spacing factor, as 

detailed in ACI 381-11. 

 ௡ܰ ൌ ௦ܣ ௨݂߰௦ௗ,ே (76) 
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Where: 

߰௦ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.18

 
௡ܰ ൌ 11.08݄௘௙

ଶ ඥ ௖݂′߰௖ௗ,ே߰௘ௗ,ே߰௖௣,ே
ே௖ܣ
ே௖௢ܣ

 (77) 

Where: 

߰௖ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.88

߰௘ௗ,ே ൌ ቐ
1.00	݂݅	ܿ௔ ൒ 1.5݄௘௙																							

0.7 ൅ 0.3
ܿ௔,௠௜௡

1.5݄௘௙
	݂݅	ܿ௔ ൏ 1.5݄௘௙

 

߰௖௣,ே ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ ܿ௔௖									

 

 
௡ܰ ൌ ߬଴݀ߨ଴݄௘௙߰௕ௗ,ே߰௕௖,ே߰௘௣,ே߰௘ௗ,ே௔߰௖௣,ே௔

ே௔ܣ
ே௔௢ܣ

 (78) 

Where: 

߰௕ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.40

߰௕௖,ே ൌ ቐ
݅ݏ݌	2,500	ݎ݋݂	1.00 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	4,500
݅ݏ݌	4,500	ݎ݋݂	1.06 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	6,500
݅ݏ݌	6,500	ݎ݋݂	1.08 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	8,500

  

߰௘௣,ே ൌ ൜
					ݏ݀݋ݎ	݈݁݁ݐݏ	݈ܾ݇ܿܽ	ݎ݋݂	1.00
  ݏ݀݋ݎ	݀݁ݐܽ݋ܿ	ݕݔ݋݌݁	ݎ݋݂	0.90

߰௘ௗ,ே௔ ൌ ൝
1.00	݂݅	ܿ௔ ൒ ܿே௔																					

0.7 ൅ 0.3
ܿ௔,௠௜௡

ܿே௔
	݂݅	ܿ௔ ൏ ܿே௔

 

߰௖௣,ே௔ ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ ܿ௔௖							
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For the ACI 318-11 method, three equations were used to determine the capacity of the 

post-installed adhesive anchors for three separate failure modes: steel fracture, concrete 

breakout, and adhesive bond failure. The lowest calculated capacity of the three failure modes 

was then selected as the anchor capacity. The ACI 318-11 equations used in this comparison for 

steel fracture, concrete breakout, and adhesive bond failure are shown in equations (79), (80), 

and (81), respectively. In equation (79), ܣ௦௘,ே is the effective cross-sectional area of the anchor 

in tension, ௨݂௧௔ is the ultimate tensile stress of the anchor, and ߰௦ௗ,ே is the DIF for the steel. In 

equation (80), ݇௖ is a coefficient that is equal to 24 based on the ACI 355.4 evaluation of Hilti 

HIT-RE 500 SD post-installed adhesive anchors, ߣ௔ is a modification factor for lightweight 

concrete, ௖݂ ′ is the unconfined compressive strength of the concrete, ݄௘௙ is the embedment depth 

of the anchor, ߰௖ௗ,ே is the DIF for the concrete breakout, ߰௘ௗ,ே is a reduction factor for anchor 

edge distance, ߰௖,ே is a factor for concrete cracking under service loads, ߰௖௣,ே is a factor for 

cracked concrete, and 
஺ಿ೎
஺ಿ೎೚

 is the reduction factor for anchor spacing, as detailed in ACI 381-11. 

In equation (81),	ߣ௔ is a modification factor for lightweight concrete, ߬௖௥ is the static bond stress, 

݀௔ is the diameter of the anchor, ݄௘௙ is the embedment depth of the anchor, ߰௕ௗ,ே is the DIF for 

the adhesive bond, ߰௕௖,ே is the concrete strength increase factor, ߰௘௣,ே is the anchor coating 

factor, ߰௘ௗ,ே௔ is a reduction factor for anchor edge distance, ߰௖௣,ே௔ is a factor for cracked 

concrete, and 
஺ಿೌ
஺ಿೌ೚

 is the spacing factor, as detailed in ACI 381-11. 

 ௦ܰ௔ ൌ ௦௘,ேܣ ௨݂௧௔߰௦ௗ,ே (79) 

Where: 

߰௦ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.18
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௕ܰ ൌ ݇௖ߣ௔ඥ ௖݂

ᇱ݄௘௙
ଵ.ହ߰௖ௗ,ே߰௘ௗ,ே߰௖,ே߰௖௣,ே

ே௖ܣ
ே௖௢ܣ

 (80) 

Where: 

߰௖ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.88

߰௘ௗ,ே ൌ ቐ
1.00	݂݅	ܿ௔ ൒ 1.5݄௘௙																							

0.7 ൅ 0.3
ܿ௔,௠௜௡

1.5݄௘௙
	݂݅	ܿ௔ ൏ 1.5݄௘௙

 

߰௖,ே ൌ ቐ
	݊݋݅ݐܽݑ݈ܽݒ݁	355.4	ܫܥܣ	݉݋ݎ݂	݀݁݊݅݉ݎ݁ݐ݁݀	௖݇	ݎ݋݂	1.00
																																																							ݏݎ݋݄ܿ݊ܽ	݊݅	ݐݏܽܿ	ݎ݋݂	1.25
ݐݏ݋݌	ݎ݋݂	1.40 െ ௖݇	݁ݎ݄݁ݓ	ݏݎ݋݄ܿ݊ܽ	݈݈݀݁ܽݐݏ݊݅ ൌ 17						

 

߰௖௣,ே ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ ܿ௔௖						

 

 
௕ܰ௔ ൌ ௔݄௘௙߰௕ௗ,ே߰௕௖,ே߰௘௣,ே߰௘ௗ,ே௔߰௖௣,ே௔݀ߨ௔߬௖௥ߣ

ே௔ܣ
ே௔௢ܣ

 (81) 

Where: 

߰௕ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.40

߰௕௖,ே ൌ ቐ
݅ݏ݌	2,500	ݎ݋݂	1.00 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	4,500
݅ݏ݌	4,500	ݎ݋݂	1.06 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	6,500
݅ݏ݌	6,500	ݎ݋݂	1.08 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	8,500

  

߰௘௣,ே ൌ ൜
					ݏ݀݋ݎ	݈݁݁ݐݏ	݈ܾ݇ܿܽ	ݎ݋݂	1.00
 ݏ݀݋ݎ	݀݁ݐܽ݋ܿ	ݕݔ݋݌݁	ݎ݋݂	0.90

߰௘ௗ,ே௔ ൌ ൝
1.00	݂݅	ܿ௔ ൒ ܿே௔																					

0.7 ൅ 0.3
ܿ௔,௠௜௡

ܿே௔
	݂݅	ܿ௔ ൏ ܿே௔

 

߰௖௣,ே௔ ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ ܿ௔௖							
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Analysis of the ACI 318-11 and the cone or full uniform bond models with modification 

factors for the steel, concrete, and adhesive demonstrated a much improved performance over the 

models without modification factors, as shown in Table 14. Results from the comparison found 

that both methods were capable of identifying the correct failure modes for most of the WEAB 

tests. The cone or uniform bond model identified the correct failure mode or one of the two 

combined failure modes for every test except for test no. WEAB-4. The ACI 318-11 procedures 

also identified the appropriate failure mode for the majority of the testing, but the method proved 

to be conservative when predicting steel failure as seen in the calculations for test nos. WEAB-1, 

WEAB-2, and WEAB-4.  
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Table 14. Comparison of ACI 318-11, Cone or Full Uniform Bond Model, and WEAB Testing - Factored and As-Tested Materials 
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Both models also proved reasonably accurate for prediction of anchor capacity. The cone 

or uniform bond model was the more accurate of the two models, and the anchor capacities 

predicted with this model correlated well with the majority of the testing except for test nos. 

WEAB-7, WEAB-8, and WEAB-12. These tests involved dual anchors and suggest that the 

reduction factors for anchor spacing on concrete breakaway and adhesive bond capacity are quite 

conservative. The ACI 318-11 procedures predicted values that were slightly more conservative 

across the board, but the predicted loads were still within 33 percent of the tested loads on 

average. ACI 318-11 procedures also demonstrated significant under prediction of the capacity 

of the dual anchor tests. Thus, it was found that both the ACI 318-11 and the cone or full 

uniform bond models were capable of correctly predicting the majority of the failure modes and 

anchor capacities when compared with the WEAB test series when proper modification factors 

for the steel, concrete, and adhesive models were applied. Overall, the ACI 318-11 procedure 

was the more conservative of the two approaches. 

8.2.3 Design Comparison 

The final comparison between the ACI 318-11 and the cone or full uniform bond model 

procedures for post-installed adhesive anchors was conducted using published, nominal values 

for steel and concrete material properties, the dynamic modification factors for steel, concrete, 

and adhesive noted in Section 8.2.2, and appropriate strength reduction factors. This comparison 

was conducted in order to evaluate both models’ predictions for failure mode and capacity when 

using a standard design approach. Strength reduction factors (߶) for both models were 

determined based on the recommended reduction factors in Appendix D of ACI 318-11 for 

consistency. The strength reduction factors for steel, concrete, and adhesive bond capacities were 

set to 0.75, 0.65, and 0.65 respectively. Modification factors for anchor spacing and edge 

distance found in ACI 318-11 were applied to the cone or full uniform bond model in order to 
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provide a consistent comparison, as these factors were not part of the development of that model. 

Note that all of the equations shown below are in US Custom units. 

For the cone or full uniform bond model, equation (69) was again used to determine the 

height of the concrete cone and the failure mode. If the estimated height of the concrete cone 

calculated by Equation (69) was greater than or equal to the embedment depth, concrete cone and 

breakout was predicted and Equation (83) was utilized. Otherwise adhesive failure is predicted, 

and the uniform bond stress Equation (84) was used to calculate the pullout capacity. The 

predicted capacity for concrete breakout or adhesive bond failure was then compared to the steel 

fracture capacity of the anchor in equation (82) to determine the limiting failure mode. In 

equation (82), ߶ is the strength reduction factor, ܣ௦ is the effective cross-sectional area of the 

anchor in tension, ௨݂ is the ultimate tensile stress of the anchor, and ߰௦ௗ,ே is the DIF for the steel 

failure. In equation (83), ߶ is the strength reduction factor, ݄௘௙ is the embedment depth of the 

anchor, ߰௖ௗ,ே is the DIF for concrete breakout, ߰௘ௗ,ே is a reduction factor for anchor edge 

distance, ߰௖௣,ே is a factor for cracked concrete, and 
஺ಿ೎
஺ಿ೎೚

 is the reduction factor for anchor 

spacing, as detailed in ACI 381-11. In equation (84), ߶ is the strength reduction factor, ߬௢ is the 

static bond stress, ݀଴ is the diameter of the hole, ݄௘௙ is the embedment depth of the anchor, 

߰௕ௗ,ே is the DIF for the adhesive bond, ߰௕௖,ே is the concrete strength increase factor, ߰௘௣,ே is the 

anchor coating factor, ߰௘ௗ,ே௔ is a reduction factor for anchor edge distance, ߰௖௣,ே௔ is a factor for 

cracked concrete, and 
஺ಿೌ
஺ಿೌ೚

 is the spacing factor, as detailed in ACI 381-11. 

 ௡ܰ ൌ ௦ܣ߶ ௨݂߰௦ௗ,ே (82) 

Where: 

߰௦ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.18
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௡ܰ ൌ ߶11.08݄௘௙

ଶ ඥ ௖݂′߰௖ௗ,ே߰௘ௗ,ே߰௖௣,ே
ே௖ܣ
ே௖௢ܣ

 (83) 

Where: 

߰௖ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.88

߰௘ௗ,ே ൌ ቐ
1.00	݂݅	ܿ௔ ൒ 1.5݄௘௙																							

0.7 ൅ 0.3
ܿ௔,௠௜௡

1.5݄௘௙
	݂݅	ܿ௔ ൏ 1.5݄௘௙

 

߰௖௣,ே ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ ܿ௔௖						

 

 
௡ܰ ൌ ߶߬଴݀ߨ଴݄௘௙߰௕ௗ,ே߰௕௖,ே߰௘௣,ே߰௘ௗ,ே௔߰௖௣,ே௔

ே௔ܣ
ே௔௢ܣ

 (84) 

Where: 

߰௕ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.40

߰௕௖,ே ൌ ቐ
݅ݏ݌	2,500	ݎ݋݂	1.00 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	4,500
݅ݏ݌	4,500	ݎ݋݂	1.06 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	6,500
݅ݏ݌	6,500	ݎ݋݂	1.08 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	8,500

  

߰௘௣,ே ൌ ൜
					ݏ݀݋ݎ	݈݁݁ݐݏ	݈ܾ݇ܿܽ	ݎ݋݂	1.00
  ݏ݀݋ݎ	݀݁ݐܽ݋ܿ	ݕݔ݋݌݁	ݎ݋݂	0.90

߰௘ௗ,ே௔ ൌ ൝
1.00	݂݅	ܿ௔ ൒ ܿே௔																					

0.7 ൅ 0.3
ܿ௔,௠௜௡

ܿே௔
	݂݅	ܿ௔ ൏ ܿே௔

 

߰௖௣,ே௔ ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ ܿ௔௖							

 

For the ACI 318-11 method, three equations were used to determine the capacity of the 

post-installed adhesive anchors for three separate failure modes: steel fracture, concrete 

breakout, and adhesive bond failure. The lowest calculated capacity of the three failure modes 
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was then selected as the anchor capacity. The ACI 318-11 equations used in this comparison for 

steel fracture, concrete breakout, and adhesive bond failure are shown in equations (85), (86), 

and (87), respectively. In equation (85), ߶ is the strength reduction factor, ܣ௦௘,ே is the effective 

cross-sectional area of the anchor in tension, ௨݂௧௔ is the ultimate tensile stress of the anchor, and 

߰௦ௗ,ே is the DIF for the steel failure mode. In equation (86), ߶ is the strength reduction factor, ݇௖ 

is a coefficient that is equal to 24 based on the ACI 355.4 evaluation of Hilti HIT-RE 500 SD 

post-installed adhesive anchors, ߣ௔ is a modification factor for lightweight concrete, ௖݂ ′ is the 

unconfined compressive strength of the concrete, ݄௘௙ is the embedment depth of the anchor, 

߰௖ௗ,ே is the DIF for concrete breakout, ߰௘ௗ,ே is a reduction factor for anchor edge distance, ߰௖,ே 

is a factor for concrete cracking under service loads, ߰௖௣,ே is a factor for cracked concrete, and 

஺ಿ೎
஺ಿ೎೚

 is the reduction factor for anchor spacing, as detailed in ACI 381-11. In equation (85), ߶ is 

the strength reduction factor, ߣ௔ is a modification factor for lightweight concrete, ߬௖௥ is the static 

bond stress, ݀௔ is the diameter of the anchor, ݄௘௙ is the embedment depth of the anchor, ߰௕ௗ,ே is 

the DIF for the adhesive bond, ߰௕௖,ே is the concrete strength increase factor, ߰௘௣,ே is the anchor 

coating factor, ߰௘ௗ,ே௔ is a reduction factor for anchor edge distance, ߰௖௣,ே௔ is a factor for 

cracked concrete, and 
஺ಿೌ
஺ಿೌ೚

 is the spacing factor, as detailed in ACI 381-11. 

 ௦ܰ௔ ൌ ௦௘,ேܣ߶ ௨݂௧௔߰௦ௗ,ே (85) 

Where: 

߰௦ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.18

 
௖ܰ௕ ൌ ߶݇௖ߣ௔ඥ ௖݂

ᇱ݄௘௙
ଵ.ହ߰௖ௗ,ே߰௘ௗ,ே߰௖,ே߰௖௣,ே

ே௖ܣ
ே௖௢ܣ

 (86) 
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Where: 

߰௖ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.88

߰௘ௗ,ே ൌ ቐ
1.00	݂݅	ܿ௔ ൒ 1.5݄௘௙																							

0.7 ൅ 0.3
ܿ௔,௠௜௡

1.5݄௘௙
	݂݅	ܿ௔ ൏ 1.5݄௘௙

 

߰௖,ே ൌ ቐ
	݊݋݅ݐܽݑ݈ܽݒ݁	355.4	ܫܥܣ	݉݋ݎ݂	݀݁݊݅݉ݎ݁ݐ݁݀	௖݇	ݎ݋݂	1.00
																																																							ݏݎ݋݄ܿ݊ܽ	݊݅	ݐݏܽܿ	ݎ݋݂	1.25
ݐݏ݋݌	ݎ݋݂	1.40 െ ௖݇	݁ݎ݄݁ݓ	ݏݎ݋݄ܿ݊ܽ	݈݈݀݁ܽݐݏ݊݅ ൌ 17						

 

߰௖௣,ே ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ ܿ௔௖						

 

 
௕ܰ௔ ൌ ௔݄௘௙߰௕ௗ,ே߰௕௖,ே߰௘௣,ே߰௘ௗ,ே௔߰௖௣,ே௔݀ߨ௔߬௖௥ߣ߶

ே௔ܣ
ே௔௢ܣ

 (87) 

Where: 

߰௕ௗ,ே ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.40

߰௕௖,ே ൌ ቐ
݅ݏ݌	2,500	ݎ݋݂	1.00 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	4,500
݅ݏ݌	4,500	ݎ݋݂	1.06 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	6,500
݅ݏ݌	6,500	ݎ݋݂	1.08 ൏ ݂ᇱܿ ൏ 			݅ݏ݌	8,500

  

߰௘௣,ே ൌ ൜
					ݏ݀݋ݎ	݈݁݁ݐݏ	݈ܾ݇ܿܽ	ݎ݋݂	1.00
 ݏ݀݋ݎ	݀݁ݐܽ݋ܿ	ݕݔ݋݌݁	ݎ݋݂	0.90

߰௘ௗ,ே௔ ൌ ൝
1.00	݂݅	ܿ௔ ൒ ܿே௔																						

0.7 ൅ 0.3
ܿ௔,௠௜௡

ܿே௔
	݂݅	ܿ௔ ൏ ܿே௔

 

߰௖௣,ே௔ ൌ ቐ
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ݊ݑ	ݎ݋݂	1.00 ൒ ܿ௔௖					
ܿ௔,௠௜௡

ܿ௔௖
௔,௠௜௡ܿ		݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ ܿ௔௖						

 

Analysis of the ACI 318-11 and the cone or full uniform bond models using standard 

design input is shown in Table 15. Results from this comparison found that both methods were 

capable of identifying the correct failure modes for most of the WEAB test series when using 
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available design data and appropriate strength reduction factors. The cone or uniform bond 

model identified the correct failure mode or one of the two combined failure modes for every test 

except for test no. WEAB-4. The ACI 318-11 procedures also identified the appropriate failure 

mode for the majority of the testing, but the method proved to be conservative when predicting 

steel failure as seen in the calculations for test nos. WEAB-1, WEAB-2, and WEAB-4. 

Comparison of the ACI 318-11 and the cone or full uniform bond predicted load values found 

that both models were very conservative for predicted load when using design data. The results 

of this comparison were somewhat expected as the use of strength reduction factors and 

published material strength data would tend to reduce the predicted load while having little effect 

on the failure modes. These results indicated that either model could be applied for the design of 

post-installed adhesive anchors, but they would tend to be very conservative.  
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Table 15. Comparison of ACI 318-11, Cone or Full Uniform Bond Model, and WEAB Testing – Design Data 
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8.3 Shear Model 

As noted previously in Chapter 3, shear capacities for post-installed adhesive anchors 

have very similar failure modes and behavior to cast-in-place and post-installed mechanical 

anchors. The common shear failure modes for these anchors are limited to steel failure, concrete 

pryout, and concrete breakout of the anchor. Adhesive bond failure is not directly considered, but 

it is a component of the pryout failure model. ACI 318-11 provides calculation procedures for 

the determination of the shear capacity of post-installed adhesive anchors. In order to evaluate 

the performance of these procedures, ACI-318-11 was used to predict the failure mode and 

capacity of the adhesive anchors in test nos. WEAB-5, WEAB-6, and WEAB-13.  

Comparison of the ACI 318-11 shear calculation procedures for post-installed adhesive 

anchors was performed in three variations. First, the ACI 318-11 was used to calculate the 

anchor capacities and failure modes for the shear component tests without any modification or 

reduction factors and using actual, as-tested material properties for concrete and steel. A second 

analysis was performed where modification factors were applied for dynamic strength increases 

and as-tested material properties for concrete and steel were applied. A third comparison was 

then performed using appropriate modification and strength reduction factors as well as nominal 

published material strengths to represent the methods when used for design of a post-installed 

anchorage. Details of these comparisons and the results are discussed in subsequent sections.  

8.3.1 Non-Factored, As-Tested Materials Comparison 

The first comparison of the ACI 318-11 model procedures for post-installed adhesive 

anchors was limited to determination of the failure modes and anchor capacities without using 

any modification or reduction factors and applying as-tested material properties for the steel and 

concrete. This comparison was intended to compare the procedure to the WEAB tests using the 
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best material data available but without incorporating DIFs for the steel and concrete or strength 

reduction factors.  

In the ACI 318-11 method, three equations were used to determine the capacity of the 

post-installed adhesive anchors for three separate failure modes: steel fracture, concrete 

breakout, and concrete pryout. The lowest calculated capacity of the three failure modes was 

then selected as the anchor capacity. The ACI 318-11 equations used in this comparison for steel 

fracture, concrete breakout, and concrete pryout are shown in equations (88), (89), and (90), 

respectively. In equation (88), ܣ௦௘,ே is the effective cross-sectional area of the anchor and ௨݂௧௔ is 

the ultimate tensile stress of the anchor. In equation (89), ݈௘ is the load bearing length of the 

anchor in shear, ߣ௔ is a modification factor for lightweight concrete, ݀௔ is the anchor diameter, 

ܿ௔ଵ is the edge distance along the direction of applied load, ܿ௔ଶ is the edge distance 

perpendicular to the direction of applied load, ݄௔ is the concrete thickness, ௖݂ ′ is the unconfined 

compressive strength of the concrete, ݄௘௙ is the embedment depth of the anchor, ߰௘ௗ,௏ is a 

reduction factor for anchor edge distance, ߰௖,௏ is a factor for concrete cracking under service 

loads, ߰௛,௏ is a factor for cracked concrete, and 
஺ೇ೎
஺ೇ೎೚

 is the reduction factor for anchor spacing, as 

detailed in ACI 381-11. In equation (90),	݇௖௣ is a modification factor for embedment depth and 

௖ܰ௣ is the minimum of the tensile bond and concrete breakout capacity. 

 ௦ܸ௔ ൌ ௦௘,ேܣ0.6 ௨݂௧௔ (88) 

 
௖ܸ௕ ൌ ௕ܸ߰௘ௗ,௏߰௖,௏߰௛,௏

௏௖ܣ
௏௖௢ܣ

 (89) 

 

  



November 26, 2012  
MwRSF Report No. TRP-03-264-12 

 

165 

Where: 

௕ܸ ൌ ݂݋	݉ݑ݉݅݊݅݉

ە
ۖ
۔

ۖ
ቆ7ۓ ൬

݈௘
݀௔
൰
ଶ

ඥ݀௔ቇ ௔ඥߣ ௖݂
ᇱሺܿ௔ଵሻଵ.ହ						

௘݈	݁ݎ݄݁ݓ ൌ 	݄௘௙	ܽ݊݀	݈௘ ൑ 	8݀௔	
	ݎ݋

௔ඥߣ9 ௖݂
ᇱሺܿ௔ଵሻଵ.ହ																																

 

߰௘ௗ,௏ ൌ ൝
1.00	݂݅	ܿ௔ ൒ 1.5ܿ௔ଵ																						

0.7 ൅ 0.3
ܿ௔ଶ

1.5ܿ௔ଵ
	݂݅	ܿ௔ ൏ 1.5ܿ௔ଵ

 

߰௖,௏ ൌ

ە
ۖ
۔

ۖ
ۓ
																										ݏ݀ܽ݋݈	݁ܿ݅ݒݎ݁ݏ	ݐܽ	݃݊݅݇ܿܽݎܿ	݋݊	ݏ݁ݐܽܿ݅݀݊݅	ݏ݅ݏݕ݈ܽ݊ܽ	݄݊݁ݓ	1.40
	ݐ݊݁݉݁ܿݎ݋݂݊݅݁ݎ	݈ܽݐ݈݊݁݉݌݌ݑݏ	݋/ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	݊݅	ݏݎ݋݄ܿ݊ܽ	ݎ݋݂	1.00
ݐ݊݁݉݁ܿݎ݋݂݊݅݁ݎ	݄ݐ݅ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	݊݅	ݏݎ݋݄ܿ݊ܽ	ݎ݋݂	1.20 ൐ .݋݊ 			ݎܾܽ	4
ݐ݊݁݉݁ܿݎ݋݂݊݅݁ݎ	݄ݐ݅ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	݊݅	ݏݎ݋݄ܿ݊ܽ	ݎ݋݂	1.40 ൐ .݋݊ 			ݎܾܽ	4
																						.݊݅	4	݄݊ܽݐ	݁ݎ݋݉	ݐ݋݊	݁ܿܽ݌ݏ	ݏ݌ݑݎݎ݅ݐݏ	݄݊݅ݐ݅ݓ	݀݁ݏ݋݈ܿ݊݁	݀݊ܽ								

 

߰௛,௏ ൌ ൞

௔݄		݁ݎ݄݁ݓ	ݎ݋݂	1.00 ൒ 1.5ܿ௔ଵ																																									

ඨ
1.5ܿ௔ଵ
݄௔

௔݄	݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ 1.5ܿ௔ଵ	
 

 ௖ܸ௣ ൌ ݇௖௣ ௖ܰ௣ (90) 

Where: 

݇௖௣ ൌ ൜
௘௙݄	ݎ݋݂	1.00 ൏ 2.5݅݊.
௘௙݄	ݎ݋݂	2.00 ൒ 2.5݅݊. 

௖ܰ௣ ൌ ݂݋	݉ݑ݉݅݊݅݉ ൜ ௔ܰ	݅݊	݈݁݅ݏ݊݁ݐ	݊݋݅ݐܽݑݍ݁	ܦ െ 318	ܫܥܣ	݂݋	3 െ 11				
௖ܰ௕	݅݊	݈݁݅ݏ݊݁ݐ	݊݋݅ݐܽݑݍ݁	ܦ െ 318	ܫܥܣ	݂݋	18 െ 11  

The comparison of the ACI 318-11 shear procedures and the applicable WEAB tests is 

shown in Table 16. Results from the comparison demonstrated that ACI 318-11 predicted the 

correct failure mode for all the shear tests in the WEAB test series. Because the WEAB testing 

was conducted in a very large concrete slab, edge distances and slab thickness were very large 

and essentially prevented concrete breakout from occurring. Similarly, the embedment depth of 

the tested rebar made pryout highly unlikely as well. Thus, while the correct failure mode was 
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identified, the ability of ACI 318-11 to correctly predict concrete breakout or pryout failure 

modes could not be evaluated using the testing in this research. Further testing of shallower 

anchor embedment and edge effects would be required to evaluate these failure modes.  

The predicted load capacity from the analysis found that the ACI-318-11 procedures were 

fairly conservative and under predicted the strength of the anchor in shear. However, it should be 

noted that this comparison did not include DIFs for the steel, concrete, or epoxy adhesive. The 

addition of these modification factors would be expected to provide an improved prediction of 

anchor capacity. 
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Table 16. Comparison of ACI 318-11 Shear Procedures and WEAB Testing - Non-Factored and As-Tested Materials 
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8.3.2 Factored, As-Tested Comparison 

The second comparison between the ACI 318-11 procedures for post-installed adhesive 

anchors loaded in shear and the WEAB series shear tests applied DIFs for the steel, concrete, and 

epoxy adhesive in order to evaluate if the increase factors would improve the model predictions. 

The DIFs applied to the materials were the same factors outline in Section 8.2.2. As-tested 

material properties for the steel and concrete were utilized again as well.  

In the ACI 318-11 method, three equations were used to determine the capacity of the 

post-installed adhesive anchors for three separate failure modes: steel fracture, concrete 

breakout, and concrete pryout. The lowest calculated capacity of the three failure modes was 

then selected as the anchor capacity. The ACI 318-11 equations used in this comparison for steel 

fracture, concrete breakout, and concrete pryout are shown in equations (91), (92), and (93), 

respectively. In equation (91), ܣ௦௘,ே is the effective cross-sectional area of the anchor, ௨݂௧௔ is the 

ultimate tensile stress of the anchor, and ߰௦ௗ,௏ is the DIF for steel. In equation (92), ݈௘ is the load 

bearing length of the anchor in shear, ߣ௔ is a modification factor for lightweight concrete, ݀௔ is 

the anchor diameter, ܿ௔ଵ is the edge distance along the direction of applied load, ܿ௔ଶ is the edge 

distance perpendicular to the direction of applied load, ݄௔ is the concrete thickness, ௖݂′ is the 

unconfined compressive strength of the concrete, ݄௘௙ is the embedment depth of the anchor,  

߰௖ௗ,௏ is the DIF for concrete breakout, ߰௘ௗ,௏ is a reduction factor for anchor edge distance, ߰௖,௏ 

is a factor for concrete cracking under service loads, ߰௛,௏ is a factor for cracked concrete, and 

஺ೇ೎
஺ೇ೎೚

 is the reduction factor for anchor spacing, as detailed in ACI 381-11. In equation (93),	݇௖௣ is 

a modification factor for embedment depth and ௖ܰ௣ is the minimum of the tensile bond and 

concrete breakout capacity. 
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 ௦ܸ௔ ൌ ௦௘,ேܣ0.6 ௨݂௧௔߰௦ௗ,௏ (91) 

Where: 

߰௦ௗ,௏ ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.18

 
௖ܸ௕ ൌ ௕ܸ߰௖ௗ,௏߰௘ௗ,௏߰௖,௏߰௛,௏

௏௖ܣ
௏௖௢ܣ

 (92) 

Where: 

௕ܸ ൌ ݂݋	݉ݑ݉݅݊݅݉

ە
ۖ
۔

ۖ
ቆ7ۓ ൬

݈௘
݀௔
൰
ଶ

ඥ݀௔ቇ ௔ඥߣ ௖݂
ᇱሺܿ௔ଵሻଵ.ହ						

௘݈	݁ݎ݄݁ݓ ൌ 	݄௘௙	ܽ݊݀	݈௘ ൑ 	8݀௔	
	ݎ݋

௔ඥߣ9 ௖݂
ᇱሺܿ௔ଵሻଵ.ହ																																

 

߰௖ௗ,௏ ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.88

߰௘ௗ,௏ ൌ ൝
1.00	݂݅	ܿ௔ ൒ 1.5ܿ௔ଵ																						

0.7 ൅ 0.3
ܿ௔ଶ

1.5ܿ௔ଵ
	݂݅	ܿ௔ ൏ 1.5ܿ௔ଵ

 

߰௖,௏ ൌ

ە
ۖ
۔

ۖ
ۓ
																										ݏ݀ܽ݋݈	݁ܿ݅ݒݎ݁ݏ	ݐܽ	݃݊݅݇ܿܽݎܿ	݋݊	ݏ݁ݐܽܿ݅݀݊݅	ݏ݅ݏݕ݈ܽ݊ܽ	݄݊݁ݓ	1.40
	ݐ݊݁݉݁ܿݎ݋݂݊݅݁ݎ	݈ܽݐ݈݊݁݉݌݌ݑݏ	݋/ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	݊݅	ݏݎ݋݄ܿ݊ܽ	ݎ݋݂	1.00
ݐ݊݁݉݁ܿݎ݋݂݊݅݁ݎ	݄ݐ݅ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	݊݅	ݏݎ݋݄ܿ݊ܽ	ݎ݋݂	1.20 ൐ .݋݊ 			ݎܾܽ	4
ݐ݊݁݉݁ܿݎ݋݂݊݅݁ݎ	݄ݐ݅ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	݊݅	ݏݎ݋݄ܿ݊ܽ	ݎ݋݂	1.40 ൐ .݋݊ 			ݎܾܽ	4
																						.݊݅	4	݄݊ܽݐ	݁ݎ݋݉	ݐ݋݊	݁ܿܽ݌ݏ	ݏ݌ݑݎݎ݅ݐݏ	݄݊݅ݐ݅ݓ	݀݁ݏ݋݈ܿ݊݁	݀݊ܽ								

 

߰௛,௏ ൌ ൞

௔݄		݁ݎ݄݁ݓ	ݎ݋݂	1.00 ൒ 1.5ܿ௔ଵ																																									

ඨ
1.5ܿ௔ଵ
݄௔

௔݄	݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ 1.5ܿ௔ଵ	
 

 ௖ܸ௣ ൌ ݇௖௣ ௖ܰ௣ (93) 

Where: 

݇௖௣ ൌ ൜
௘௙݄	ݎ݋݂	1.00 ൏ 2.5݅݊.
௘௙݄	ݎ݋݂	2.00 ൒ 2.5݅݊. 
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௖ܰ௣ ൌ ݂݋	݉ݑ݉݅݊݅݉ ൜ ௔ܰ	݅݊	݈݁݅ݏ݊݁ݐ	݊݋݅ݐܽݑݍ݁	ܦ െ 318	ܫܥܣ	݂݋	3 െ 11				
௖ܰ௕	݅݊	݈݁݅ݏ݊݁ݐ	݊݋݅ݐܽݑݍ݁	ܦ െ 318	ܫܥܣ	݂݋	18 െ 11  

The comparison of the ACI 318-11 procedures for post-installed adhesive anchors with 

DIFs to the applicable WEAB series shear tests is shown in Table 17. Results from the 

comparison demonstrated that ACI 318-11 predicted the correct failure mode for all the shear 

tests in the WEAB test series. However, as noted in the previous section, the ability of ACI 318-

11 to correctly predict concrete breakout or pryout failure modes could not be evaluated using 

the testing in this research. The predicted load capacity from the analysis found that the ACI-

318-11 procedures produced more accurate and less conservative values when using the DIFs as 

the average tested-to-predicted ratio dropped from 1.33 to 1.13.  
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Table 17. Comparison of ACI 318-11 Shear Procedures and WEAB Testing - Factored and As-Tested Materials 
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8.3.3 Design Comparison 

The final comparison between the ACI 318-11 a procedures for post-installed adhesive 

anchors loaded in shear and the WEAB test series was conducted using published, nominal 

values for the steel and concrete material properties, the dynamic modification factors for steel, 

concrete, and adhesive bond noted in Section 8.2.2, and appropriate strength reduction factors. 

This comparison was conducted in order to evaluate the model’s accuracy for predicting failure 

mode and capacity when using a standard design approach. Strength reduction factors (߶) for the 

concrete and steel equations were determined based on the recommended reduction factors in 

Appendix D of ACI 318-11. The strength reduction factors for steel and concrete were set to 0.65 

and 0.75, respectively. 

In the ACI 318-11 method, three equations were used to determine the capacity of the 

post-installed adhesive anchors for three separate failure modes: steel fracture, concrete 

breakout, and concrete pryout. The lowest calculated capacity of the three failure modes was 

then selected as the anchor capacity. The ACI 318-11 equations used in this comparison for steel 

fracture, concrete breakout, and concrete pryout are shown in equations (91), (92), and (93), 

respectively. In equation (91), ߶ is the strength reduction factor, ܣ௦௘,ே is the effective cross-

sectional area of the anchor, ௨݂௧௔ is the ultimate tensile stress of the anchor, and ߰௦ௗ,௏ is the DIF 

for steel. In equation (92), ߶ is the strength reduction factor, ݈௘ is the load bearing length of the 

anchor in shear, ߣ௔ is a modification factor for lightweight concrete, ݀௔ is the anchor diameter, 

ܿ௔ଵ is the edge distance along the direction of applied load, ܿ௔ଶ is the edge distance 

perpendicular to the direction of applied load, ݄௔ is the concrete thickness, ௖݂ ′ is the unconfined 

compressive strength of the concrete, ݄௘௙ is the embedment depth of the anchor,  ߰௖ௗ,௏ is the 

DIF for concrete breakout, ߰௘ௗ,௏ is a reduction factor for anchor edge distance, ߰௖,௏ is a factor 
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for concrete cracking under service loads, ߰௛,௏ is a factor for cracked concrete, and 
஺ೇ೎
஺ೇ೎೚

 is the 

reduction factor for anchor spacing, as detailed in ACI 381-11. In equation (93), ߶ is the strength 

reduction factor, 	݇௖௣ is a modification factor for embedment depth and ௖ܰ௣ is the minimum of 

the tensile bond and concrete breakout capacity. 

 ௦ܸ௔ ൌ ௦௘,ேܣ0.6߶ ௨݂௧௔߰௦ௗ,௏ (94) 

Where: 

߰௦ௗ,௏ ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.18

 
௖ܸ௕ ൌ ߶ ௕ܸ߰௖ௗ,௏߰௘ௗ,௏߰௖,௏߰௛,௏

௏௖ܣ
௏௖௢ܣ

 (95) 

Where: 

௕ܸ ൌ ݂݋	݉ݑ݉݅݊݅݉

ە
ۖ
۔

ۖ
ቆ7ۓ ൬

݈௘
݀௔
൰
ଶ

ඥ݀௔ቇ ௔ඥߣ ௖݂
ᇱሺܿ௔ଵሻଵ.ହ						

௘݈	݁ݎ݄݁ݓ ൌ 	݄௘௙	ܽ݊݀	݈௘ ൑ 	8݀௔	
	ݎ݋

௔ඥߣ9 ௖݂
ᇱሺܿ௔ଵሻଵ.ହ																																

 

߰௖ௗ,௏ ൌ ൜
						݃݊݅݀ܽ݋݈	ܿ݅ݐܽݐݏ	ݎ݋݂	1.00
 ݃݊݅݀ܽ݋݈	ܿ݅݉ܽ݊ݕ݀	ݎ݋݂	1.88

߰௘ௗ,௏ ൌ ൝
1.00	݂݅	ܿ௔ ൒ 1.5ܿ௔ଵ																						

0.7 ൅ 0.3
ܿ௔ଶ

1.5ܿ௔ଵ
	݂݅	ܿ௔ ൏ 1.5ܿ௔ଵ

 

߰௖,௏ ൌ

ە
ۖ
۔

ۖ
ۓ
																										ݏ݀ܽ݋݈	݁ܿ݅ݒݎ݁ݏ	ݐܽ	݃݊݅݇ܿܽݎܿ	݋݊	ݏ݁ݐܽܿ݅݀݊݅	ݏ݅ݏݕ݈ܽ݊ܽ	݄݊݁ݓ	1.40
	ݐ݊݁݉݁ܿݎ݋݂݊݅݁ݎ	݈ܽݐ݈݊݁݉݌݌ݑݏ	݋/ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	݊݅	ݏݎ݋݄ܿ݊ܽ	ݎ݋݂	1.00
ݐ݊݁݉݁ܿݎ݋݂݊݅݁ݎ	݄ݐ݅ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	݊݅	ݏݎ݋݄ܿ݊ܽ	ݎ݋݂	1.20 ൐ .݋݊ 			ݎܾܽ	4
ݐ݊݁݉݁ܿݎ݋݂݊݅݁ݎ	݄ݐ݅ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	݊݅	ݏݎ݋݄ܿ݊ܽ	ݎ݋݂	1.40 ൐ .݋݊ 			ݎܾܽ	4
																						.݊݅	4	݄݊ܽݐ	݁ݎ݋݉	ݐ݋݊	݁ܿܽ݌ݏ	ݏ݌ݑݎݎ݅ݐݏ	݄݊݅ݐ݅ݓ	݀݁ݏ݋݈ܿ݊݁	݀݊ܽ								

 

߰௛,௏ ൌ ൞

௔݄		݁ݎ݄݁ݓ	ݎ݋݂	1.00 ൒ 1.5ܿ௔ଵ																																									

ඨ
1.5ܿ௔ଵ
݄௔

௔݄	݁ݎ݄݁ݓ	݁ݐ݁ݎܿ݊݋ܿ	݀݁݇ܿܽݎܿ	ݎ݋݂	 ൏ 1.5ܿ௔ଵ	
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 ௖ܸ௣ ൌ ߶݇௖௣ ௖ܰ௣ (96) 

Where: 

݇௖௣ ൌ ൜
௘௙݄	ݎ݋݂	1.00 ൏ 2.5݅݊.
௘௙݄	ݎ݋݂	2.00 ൒ 2.5݅݊. 

௖ܰ௣ ൌ ݂݋	݉ݑ݉݅݊݅݉ ൜ ௔ܰ	݅݊	݈݁݅ݏ݊݁ݐ	݊݋݅ݐܽݑݍ݁	ܦ െ 318	ܫܥܣ	݂݋	3 െ 11				
௖ܰ௕	݅݊	݈݁݅ݏ݊݁ݐ	݊݋݅ݐܽݑݍ݁	ܦ െ 318	ܫܥܣ	݂݋	18 െ 11  

The comparison of the ACI 318-11 procedures for post-installed adhesive anchors loaded 

in shear using standard design input and the applicable WEAB tests is shown in Table 17. 

Results from the comparison demonstrated that ACI 318-11 again predicted the correct failure 

mode for all the shear tests in the WEAB test series. However, as noted in the previous sections, 

the ability of ACI 318-11 to correctly predict concrete breakout or pryout failure modes could 

not be evaluated from the testing in this research. The predicted load capacity from the analysis 

found that the ACI-318-11 procedures produced very conservative values when using the 

strength reduction factors and published material properties. The results of this comparison were 

expected as the use of strength reduction factors and published material strength data would tend 

to reduce the predicted load while having little effect on the failure modes. It should be noted 

that the ACI 318-11 test-to-predicted ratio observed when using design parameters was very 

similar for both the tensile and shear comparisons. Both the shear and tensile test-to-predicted 

ratios were 1.98 and 2.05, respectively, which would suggest that the ACI code provides a factor 

of safety relatively close to two.  
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Table 18. Comparison of ACI 318-11 Shear Procedures and WEAB Testing – Design Data 
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8.4 Discussion of Post-Installed Adhesive Anchor Models 

Analytical models for determination of the tensile and shear capacities of post-installed 

adhesive anchors were compared to the WEAB series of component tests conducted as part of 

this research effort. Two models, the cone and full uniform bond model and ACI 318-11, were 

used to predict the tensile failure modes and load capacity of the anchorages. Only the ACI 318-

11 procedures were used to predict the failure modes and load capacity of the anchorages when 

loaded in shear. The predictions of the analytical models were compared while varying the 

material property input, DIFs, and strength reduction factors in order to determine the feasibility 

of these models for use in design of post-installed adhesive anchorages.  

Review of the tensile model predictions found that both the cone and full uniform bond 

model and the ACI 318-11 procedures produced overly conservative load values and incorrectly 

predicted failure modes without accounting for dynamic increases in material strength. When 

DIFs were included in the analysis, the cone and full uniform bond model predicted the correct 

failure modes for all of the tests but one, while the ACI 318-11 procedure predicted the correct 

failure modes for all but three tests. Both methods had some difficulty identifying the steel 

fracture failure mode. Load capacities determined using DIFs were found to be very close to 

tested values for both methods with the ACI 318-11 procedures being slightly more conservative. 

The final comparison of the tensile model predictions compared both models using available, 

published design data for the material properties, the DIFs, and the strength reduction factors 

recommended in ACI 318-11. The results from this comparison found that prediction of the 

failure mode was fairly accurate, but the load capacity predictions were very conservative. The 

predicted loads for the cone and full uniform bond model and the ACI 318-11 model were 1.76 

and 2.05 times higher than the tested loads on average, respectively.  
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A similar analysis was performed to investigate the prediction of shear failure modes and 

load capacity using ACI-318-11. Evaluation of the predicted failure mode in shear was limited 

due to the testing performed in the WEAB test series being solely steel fracture. The embedment 

depth chosen and the lack of slab edge or thickness effects prevented other failure modes from 

occurring. Thus, while ACI318-11 correctly predicted steel failure for all of the WEAB tests, it 

was not possible to determine its effectiveness with respect to predicting either concrete breakout 

or anchor pry-out failure modes. A need exists to conduct more detailed shear anchor testing to 

further investigate edge distance and slab thickness effects in order to better understand and 

quantify the concrete failure in shear. The shear load capacity predicted by ACI 318-11 was 

reasonably accurate when DIFs were added to the analysis. The load capacity predicted with ACI 

recommended strength reduction factors was conservative by a factor of 2.  

Based on the results of these comparisons, it is recommended that the ACI 318-11 

procedure with the proposed dynamic increase factors be utilized for design of post-installed 

adhesive anchors for concrete barriers. ACI 318-11 is a widely accepted and easily accessible 

standard that can be implemented by end users. The method provided reasonable results when 

compared with the WEAB test series. It was found that the use of the proposed dynamic increase 

factors for concrete breakout, steel fracture, and bond strength determined in this research 

improved the prediction of the anchor failure modes and capacities. Predicted failure modes were 

generally accurate in both tension and shear. The ACI 318-11 procedure did not correctly predict 

steel failure for all of the tensile testing, but it did predict bond failure, which was more 

conservative for design purposes and should help ensure the desired steel failure mode rather 

than concrete breakout. Load capacities for the ACI 318-11 procedures were generally quite 

conservative. Predicted loads generally exceeded test values by a factor of 2 as would be 

expected for a general purpose building code. 
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While ACI 318-11 did provide a good model for design of post-installed adhesive 

anchors for concrete barriers, the implementation of these procedures for design does possess 

some shortcomings. First, as noted previously, the ability of the ACI 318-11 procedures to 

predict proper shear failure modes was not verified in this research effort. Similarly, the tensile 

testing used to for comparison with the design procedures did not incorporate or evaluate edge 

spacing. Thus, further component testing designed to look specifically a placement of anchors 

adjacent to the edge and embedment of anchors in thin slabs would be required to fully evaluate 

failure mode prediction using these procedures. Further research would also be required to 

evaluate shorter embedment depths that may also affect the failure mode of the anchor. ACI 318-

11 also provides some guidance for determining the effect of deck reinforcement on the anchor 

failure that was not evaluated as part of this effort. Finally, there is concern that the method may 

be overly conservative in its prediction of anchor load capacities and may limit the design of 

post-installed adhesive anchorages. Preliminary design calculations seem to indicate that design 

of a post-installed adhesive anchorage system with the ACI 318-11 procedures would be 

restrictive. ACI 318-11 will provide designs that meet strength requirements and are more likely 

to fail in steel fracture due to the conservative nature of the concrete and adhesive bond load 

calculations. This is generally desired. However, concrete barrier anchorages are generally 

designed with the requirement that steel fracture be the limiting failure mode in order to provide 

for increased ductility in the anchorage and prevent damage to the concrete bridge deck. Thus, 

the conservative calculation of the concrete and bond capacities combined with the requirement 

to limit the failure mode to steel fracture may potentially lead to designs that are overly 

conservative. Thus, further research may be desired to determine how overly conservative the 

design procedures may be through component testing of small sections of bridge rails installed 

using post-installed adhesive anchors.  
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 BRIDGE RAIL ANCHORAGE DESIGN METHODOLOGY 9

The ACI 318-11 procedures discussed in Chapter 8 provide a means for designing 

adhesive anchors for use in concrete bridge decks. However, these procedures do not describe 

how these anchorages are designed in conjunction with a bridge rail section and how to 

determine if the anchorage and bridge rail combination are adequate for resisting vehicle impact 

loading without damaging the bridge deck. This chapter will present a methodology for design of 

the post-installed adhesive anchors in conjunction with a cast-in-place concrete bridge rail, as 

this is the most common application. Similar design methodologies could be developed for 

attachment of portable concrete barrier, steel bridge rail, and precast bridge rail designs. 

However, the design of the attachment of these additional barrier types would largely be 

dependent on their individual design, and development of design procedures for a wide range of 

individual barrier types is outside the scope of this research. 

In order to design a post-installed adhesive anchorage for a concrete bridge rail several 

assumptions need to be made. First, it is assumed that there are both front and back rows of 

anchorage on the barrier. This assumption is generally true for cast in place anchorages as they 

typically have anchor steel near the front and rear faces of the barrier that pass into the bridge 

deck. Second, it was assumed that the front and back row of anchors and the transverse steel 

(stirrups) in the barrier have the same spacing and are tied together prior to casting the barrier. A 

schematic of the assumed anchorage placement is shown in Figure 83. Third, it is assumed that 

the front of anchorage near the traffic side face of the barrier develops the tensile load required to 

develop the overturning moment of the concrete barrier. Fourth, the back row of anchors is 

assumed to develop the required shear loading of the barrier. Fifth, it is assumed that the bridge 

deck has adequate tensile, shear and moment capacity for attachment of the bridge railing. 
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Finally, it is assumed that the bridge deck is not cracked or damaged prior to installation of the 

epoxy adhesive anchors.  

 

Figure 83. Schematic of Assumed Epoxy Adhesive Anchor Layout  

Design of the bridge anchorage using post-installed adhesive anchors would proceed in 

an iterative design methodology that combines AASHTO LRFD Bridge Design Specifications 

yield line theory and the ACI 318-11 procedures. There are three design requirements for this 

design method for epoxy adhesive anchorage of cast-in-place concrete barrier. The first 

requirement is that the redirective capacity of the barrier calculated via yield line procedures be 

greater than or equal to the design load. Redirective barrier design loads should be based on the 

appropriate test level for the barrier in question. The second requirement is that the anchor failure 

mode for the front row of anchorage be limited to steel fracture. This requirement is necessary 

because the yield line procedures used to determine the overturning moment capacity, ܯ௖, 

assume yielding of the reinforcing steel. As such, a similar failure mode must be maintained for 
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the tension anchors. In addition, requiring the tension steel to yield and fail provides for 

increased ductility and energy absorption while limiting damage to the bridge deck. The final 

design requirement is that the shear capacity of the anchorage be at least 65 percent of the lateral 

design loading over the critical load length, ܮ௖௥, as calculated from the yield line analysis. 

Lateral barrier design loads are resisted by a combination of the barrier moment, ܯ௪, inertia, 

friction, shear capacity of the barrier section, and the shear capacity of the anchorage to the 

bridge deck. The exact contribution of these components to the total resistive force of the barrier 

is not clearly defined, but it is believed that assuming a 65 percent contribution from the 

anchorage to the bridge deck is conservative.  

A design methodology for the design of a bridge anchorage using post-installed adhesive 

anchors is presented below based on the assumptions and design requirements listed above. This 

design methodology begins with establishing basic parameters for the bridge rail and anchorage. 

The design of the epoxy adhesive anchorage for cast-in-place barriers is achieved through 

iteration between the barrier design and the anchorage design to satisfy yield line theory, ACI 

318-11, and the design requirements.  

1. Establish Barrier Containment Level and Design Load 
_____ Test level (NCHRP 350 of MASH) 
_____ Design Load 

 
2. Establish Barrier Geometry / Shape 

_____ Barrier height 
_____ Barrier width 
_____ Barrier offset from deck 
_____ Anchor edge distance (tensile) 
_____ Anchor edge distance (shear) 
 

3. Establish Anchor Variables 
_____ Anchor size and strength 
_____ Anchor spacing 
 

4. Establish Epoxy Bond and Concrete Variables 
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_____ Epoxy bond strength 
_____ Concrete strength 
_____ Embedment depth 
_____ Deck thickness 
 

5. Predict Tension Anchor Failure Mode Utilizing ACI 318-11 Procedures 

 If steel fracture is predicted mode of failure, go to step 6 

 If concrete breakout or epoxy failure is predicted, return to Step 3 or 4 
 

6. Calculate Barrier Overturning Moment Capacity (Mc) based on Variables in Steps 2-3 
 ______ = ௖ܯ

 
7. Establish Longitudinal Barrier Reinforcement 

_____ Longitudinal rebar size 
_____ Longitudinal rebar quantity 
 

8. Calculate Barrier Bending Moment Capacity (Mw) based on Variables in Step 7 
 ______ = ௪ܯ
 

9. Calculate Barrier Capacity utilizing Yield Line Analysis 
 _____ = ௖௥ܮ
߶ܴ௪ = _____ 

 
 If ߶ܴ௪ ≥ design load from Step 1, go to Step 10 

 If ߶ܴ௪ < design load form Step 1, return to Step 8 to strengthen ܯ௪ 

 If ߶ܴ௪ < design load form Step 1 and Mw cannot be increased, return to Step 
2 or 3 to reconfigure anchors and strength ܯ௖ 
 

10. Calculate Shear Capacity of Each Shear Anchor Utilizing ACI 318-11 Procedures 
߶ܸ = _____ 
 

11. Calculate Number of Anchors in LCR 
݊ ൌ ௖௥ܮ ⁄݃݊݅ܿܽ݌ݏ	ݎ݋݄ܿ݊ܽ  (Step 3) 
݊ ൌ ______ 
 

12. Calculate Total Barrier Shear Capacity 
߶ ௕ܸ௔௥௥௜௘௥ ൌ ݊߶ܸ 
߶ ௕ܸ௔௥௥௜௘௥ ൌ ______ 
 

 If ߶ ௕ܸ௔௥௥௜௘௥ ≥ 0.65*Design Load, design is adequate 

 If ߶ ௕ܸ௔௥௥௜௘௥ < 0.65*Design Load, return to Step 2 or 3 to increase shear 
strength 
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Preliminary design calculations indicate that design of a practical post-installed adhesive 

anchorage with this methodology would be very conservative due to the nature of the design 

calculations in yield line theory and ACI 318-11. However, it is believed that the design 

methodology should err on the conservative side when physical testing is not available to verify 

the performance of a given bridge rail and anchorage combination. As such, use of the 

methodology presented herein may potentially require increased longitudinal reinforcement in 

the bridge rail to better distribute the anchor loads and/or the use of modified anchor size and 

spacing as compared to current cast-in-place construction. Thus, further research may be desired 

to determine how overly conservative the design method may be through component testing of 

small sections of bridge rails installed using post-installed adhesive anchors. In addition, it is 

believed that more aggressive post-installed adhesive anchorage designs could be developed 

through the use of full-scale crash testing to verify their performance rather than the conservative 

design procedures.  
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 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 10

10.1 Summary and Conclusions 

The objective of this project was to determine if epoxy adhesive anchors could be utilized 

to anchor concrete barriers to bridge decks and to develop design procedures for implementing 

epoxy adhesive anchorages into concrete bridge railings. These procedures would allow for more 

flexibility from a design and construction perspective as the use of epoxy adhesive anchors can 

simplify construction by eliminating the need for cast-in-place anchors. This research was 

intended to provide guidance for the installation of precast concrete traffic barriers, cast-in-place 

barriers, and temporary concrete barriers. Also, this technique would be applicable to permanent 

barriers, as well as retrofit solutions. 

An extensive literature review was conducted to review the common methodologies used 

to design epoxy adhesive anchors. Most of these studies focused only on static loading 

conditions. Additionally, cast-in-place anchorages typically used in bridge rail applications 

require a protective coating against corrosion of either galvanization or the more common epoxy 

coating. None of the reviewed anchorage studies were conducted with epoxy-coated anchor bars. 

Several models were analyzed and it was determined that the cone or full uniform bond model 

was the most accurate and stable for the medium embedment depths associated with bridge rail 

applications. 

A series of 16 dynamic bogie tests and one static test was conducted to investigate the 

behavior of epoxy adhesive anchors under dynamic load. Most of the anchors tested were no. 5 

or no. 6 deformed reinforcing bars, which were the most commonly used anchorages according 

to a review of the Midwest States Pooled Fund standard plans. Additional dynamic tests were 

conducted on 1 1/8 in. (29 mm) diameter A307 threaded rods, which was the anchorage required 

for the F-shape temporary concrete barrier developed by MwRSF. Results from the testing of the 
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on 1 1/8 in. (29 mm) diameter A307 threaded rods suggested that they can be safely used with 

Hilti HIT-RE 500 or Hilti HIT-RE 500 SD epoxy adhesive with a 5 ¼-in. embedment depth to 

anchor the F-shape PCB and reduce deflections, but some increase in deflection and significant 

damage to the bridge deck is expected in severe impacts.  

Following the component testing of epoxy adhesive anchors, comparisons were made 

between the component tests and analytical models for epoxy adhesive anchors. The cone and 

full uniform bond model and ACI 318-11 procedures were both compared with the tensile 

component tests in order to verify their effectiveness. Similarly, the ACI 318-11 procedures were 

compared with the shear component testing. The comparison parameters between the analytical 

models and the component tests were varied in order to better evaluate the models against the 

component tests. First, the models and testing were compared without any modification or 

reduction factors and using actual, as-tested material properties for concrete and steel. A second 

analysis was performed where modification factors were applied for dynamic strength increases 

and as-tested material properties for concrete and steel were applied. A third comparison was 

then performed using appropriate modification and strength reduction factors as well as nominal 

published material strengths to represent the methods when used for design of a post-installed 

anchorage. As part of this analysis, dynamic increase factors for concrete breakout and steel 

fracture and reduction factors for epoxy rebar coating were proposed based on the component 

testing. 

Review of the comparisons between the analytical models and the tensile component tests 

found that both the cone and full uniform bond model and ACI 318-11 provided reasonable 

predictions for the failure mode of the epoxy adhesive anchors, but both were conservative in 

prediction of design loads. Review of the shear comparisons could not provide as detailed of 

results due to limitations in the failure modes observed in the component tests, but it was found 
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that ACI 318-11 provided reasonable yet conservative estimates of the shear capacity of the 

epoxy adhesive anchors. It was also found that the use of the proposed dynamic increase factors 

for concrete breakout, steel fracture, and bond strength determined in this research improved the 

prediction of the anchor failure modes and capacities. It was recommended that the ACI 318-11 

procedures be combined with the proposed dynamic increase factors for design of epoxy 

adhesive anchors based on the performance in these comparisons and its wide accessibility and 

ease of implementation. 

Following the selection of the ACI 318-11 procedures, a design methodology for the use 

of epoxy adhesive anchors for cast-in-place concrete bridge rails was presented. This method 

combines yield line analysis and ACI 318-11 to develop acceptable anchor and barrier designs. 

10.2 Recommendations 

While the ACI 318-11 procedures were found to be the best analytical model for design 

of post-installed adhesive anchors, the research presented herein does have limitations. As noted 

previously, the limited number of component tests available in this research prevented 

investigation of all of the potential failure modes for adhesive anchors. Specifically, anchor 

pryout and concrete breakout in shear were not evaluated. In addition, the effects of edge 

distance, slab thickness, anchor spacing, varied anchor embedment, and the effect of reinforcing 

steel in the concrete slab were not fully treated. As such, the current guidance in ACI 318-11 was 

used to fill these gaps. As a conservative approach, conventional design procedures from ACI 

318-11 were recommended for determination of failure modes and capacities not specifically 

evaluated in this research. 

The component testing conducted as part of this research utilized a Hilti epoxy adhesive. 

This product was chosen due to its widespread use and the availability of static test data and 

bond strength data for the adhesive. Thus, all of the calculations and comparisons in the report 
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are based on the HIT-RE 500 and HIT-RE 500 SD adhesives. It is believed that the use of other 

adhesives is acceptable with the ACI 318-11 procedures described herein as long as the 

appropriate material data input is provided. However, it should be noted that different adhesive 

materials may provide different capacities and failure modes when designing anchorages. It 

should also be noted that dynamic increase factors may not be available for other adhesives as 

they were for the Hilti products. Thus, bond strength calculations using adhesives without 

dynamic load factors may provide lower capacity than those demonstrated by the Hilti adhesives 

detailed in this research.  

The results from this research also suggest that ACI 318-11 may be overly conservative 

in its prediction of anchor load capacities and may limit the design of post-installed adhesive 

anchorages. Design of a post-installed adhesive anchorage system with the ACI 318-11 

procedures recommended herein will provide designs that meet strength requirements and be 

more likely to fail in steel fracture due to the conservative nature of the concrete breakout and 

adhesive bond capacity calculations. However, the conservativeness of the method may lead to 

anchorage designs that are more restrictive than necessary. Thus, further research may be desired 

to determine how overly conservative the design procedures may be through physical testing. 

10.3 Future Work 

The design procedures contained in Chapters 8 and 9 are recommended for use in 

designing epoxy adhesive anchorages for concrete bridge railings. However, as noted previously, 

they could be improved through further research to investigate all of the potential failures modes 

and to limit the conservative nature of the design method. Additional component testing is 

recommended to fully investigate anchor pryout and concrete breakout in shear, the effects of 

edge distance, slab thickness, anchor spacing, varied anchor embedment, and the effect of 

reinforcing steel in the concrete slab. This testing would likely require the construction of a 
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simulated reinforced bridge deck section. In addition to further research into the failure modes 

and anchor capacities, it is believed that larger scale component testing of bridge rail sections 

and full-scale crash testing could be applied to determine the degree of the conservativeness of 

the proposed design methodology and investigate the use of more aggressive post-installed 

adhesive anchorage designs.  
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Appendix A. Comparison of Epoxy Manufacturers’ Test Data 
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Table A-1. Epoxy Manufacturers’ Test Data with Threaded Rod 
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Table A-1. Epoxy Manufacturers’ Test Data with Threaded Rod (continued) 
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Table A-1. Epoxy Manufacturers’ Test Data with Threaded Rod (continued) 

 



 
 
 

 

202

N
ovem

ber 26, 2012  
M

w
R

S
F

 R
eport N

o. T
R

P
-03-264-12 

Table A-2. Epoxy Manufacturers’ Test Data with Deformed Reinforcing Bars 
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Appendix B. Conventional Anchorage Design Calculations
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Figure B-1. Wisconsin Sloped Face Parapet ‘LF’ Detailed Drawing [70] 
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Conventional Design Calculations for the Sloped Face Parapet ‘LF’ 
The highest strength attachment to the bridge deck utilizes 2-#5 bars spaced at 8 in. O.C. 

WI Standard 
30.12 [70]

Determine Moment Strength of Hooked Bar for 2 in. Clear Cover 
-Assume the right leg acts as a standard 90 degree hook 
-Assume an 8 in. thick bridge deck 
-Assume concrete compressive strength to be 4000 psi 

݈௘௠௕ ൌ ሺ8	݅݊. ሻ െ ሺ2	݅݊. ሻ െ 0.5 ൬
5
8
݅݊. ൰ ൌ 5.6875 ݅݊. 

݈ௗ௛ ൌ ሺ8	݅݊. ሻ െ ሺ2	݅݊. ሻ ൌ 6	݅݊ 

݈ௗ௛ ൌ
0.02߰௘ ௬݂

ඥߣ ௖݂
′
݀௕ 

ACI 318-08
12.5.2

߰௘ ൌ 1.2 for epoxy-coated reinforcement 
ߣ ൌ 1.0 for normalweight concrete 

6	݅݊. ൌ
0.02ሺ1.2ሻ ௦݂

1.0ඥ4000	݅ݏ݌
ሺ0.625 ݅݊. ሻ 

௦݂ ൌ  ݅ݏ݌	25,298
ܨ ൌ ௦݂ܣ௦ ൌ ሺ25,298	݅ݏ݌ሻሺ0.31 ݅݊.ଶ ሻ ൌ 7,842 ݈ܾ ൌ 7.842 ݇ 
The right leg is angled 64° from the concrete slab surface 

௬ି௖௢௠௣௢௡௘௡௧ܨ ൌ ሺ7.842	݇ሻ sin 64° ൌ 7.048 ݇  
Normalize to a force per foot of barrier by dividing by the anchor spacing 

௙௢௢௧	௣௘௥ܨ ൌ
7.048	݇

ቀ 812 ቁݐ݂
ൌ  ݐ݂/10.57݇

-The distance from the hooked bar to the edge of the concrete slab is approximately 
1 ft. The moment strength is calculated by the tensile force times the moment arm. 
Conservatively assume the moment arm as the distance from the hooked bar to the 
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edge of the concrete. 

௙௢௢௧	௣௘௥ܯ ൌ ൬10.57
݇
ݐ݂
൰ ሺ1.0 ሻݐ݂ ൌ 10.57

݇ ∙ ݐ݂
ݐ݂

 

Determine Moment Strength of Hooked Bar for 2.5 in. Clear Cover 

݈ௗ௛ ൌ ሺ8	݅݊. ሻ െ ሺ2.5	݅݊. ሻ ൌ 5.5 ݅݊. 

݈ௗ௛ ൌ
0.02߰௘ ௬݂

ඥߣ ௖݂
′
݀௕ሺ0.7ሻ 

ACI 318-08
12.5.2, 12.5.3(a)

5.5	݅݊. ൌ
0.02ሺ1.2ሻ ௦݂

1.0ඥ4000	݅ݏ݌
ሺ0.625 ݅݊. ሻሺ0.7ሻ 

௦݂ ൌ  ݅ݏ݌	33,129
ܨ ൌ ௦݂ܣ௦ ൌ ሺ33,129	݅ݏ݌ሻሺ0.31 ݅݊.ଶ ሻ ൌ 10,270 ݈ܾ ൌ 10.270 ݇ 
௬ି௖௢௠௣௢௡௘௡௧ܨ ൌ ሺ10.270	݇ሻ sin 64° ൌ 9.231 ݇ 
Normalize to a force per foot of barrier by dividing by the anchor spacing 

௙௢௢௧	௣௘௥ܨ ൌ
9.231	݇

ቀ 812 ቁݐ݂
ൌ 13.85  ݐ݂/݇

௙௢௢௧	௣௘௥ܯ ൌ ൬13.85
݇
ݐ݂
൰ ሺ1.0 ሻݐ݂ ൌ 13.85

݇ ∙ ݐ݂
ݐ݂

 

Determine Shear Strength of Right Leg Based on Shear Friction 

௡ܸ ൌ ௩௙ܣ ௬݂ሺߤ sin ߙ ൅ cos ሻ ACI 318-08ߙ
(11-26)

ߙ ൌ 64° 
-The hooked end of the bar does not have enough length to develop the yield 
stress of the bar, therefore ௦݂ will be used in lieu of ௬݂ 
-Assume the edge effects are negligible for the right leg 
ߤ ൌ ACI 318-08 ߣ0.6

11.6.4.3

௡ܸ ൌ ሺ0.31	݅݊.ଶ ሻሺ33,129	݅ݏ݌ሻ൫ሺ0.6ሻሺ1.0ሻ sin 64° ൅ cos 64°൯ ൌ 10,040	݈ܾ
ൌ 10.04	݇ 

Determine Shear Strength of Left Leg Based on ACI Appendix D and ICC-ES AC308 
Steel Strength of Anchor in Shear 

௦ܸ௔ ൌ ௦௘,௏ܣ0.6݊ ௨݂௧௔ ACI 318-08
(D-20)

௨݂௧௔ ൌ 90,000  for grade 60 steel ݅ݏ݌
1.9 ௬݂௧௔ ൌ 1.9ሺ60,000 ሻ݅ݏ݌ ൌ 114,000  ݅ݏ݌

௨݂௧௔ ൑ 114,000 ݅ݏ݌ ൑ 125,000  ݅ݏ݌

௦ܸ௔ ൌ 1ሺ0.6ሻሺ0.31	݅݊.ଶ ሻሺ90,000 ሻ݅ݏ݌ ൌ 16,740 ݈ܾ ൌ 16.74	݇ 
Concrete Breakout of Anchor in Shear 

-Assume the anchor is located 2 in. clear from the slab edge 
-Assume the concrete is uncracked, this will be conservative in determining 
the equivalent strength of the barrier 

ܿ௔ଵ ൌ ሺ2	݅݊. ሻ ൅ 0.5 ൬
5
8
݅݊. ൰ ൌ 2.3125 ݅݊. 



November 26, 2012  
MwRSF Report No. TRP-03-264-12 

207 

1.5ܿ௔ଵ ൌ 1.5ሺ2.3125 ݅݊. ሻ ൌ 3.4688 ݅݊. 
௏௖ܣ ൌ 2ሺ1.5ܿ௔ଵሻሺ1.5ܿ௔ଵሻ ൌ 2ሺ3.4688 ݅݊. ሻሺ3.4688 ݅݊. ሻ

ൌ 24.07 ݅݊.ଶ 
ACI 318-08

Fig RD.6.2.1
௏௖଴ܣ ൌ ௏௖ for a single anchor with ݄௔ܣ ൒ 1.5ܿ௔ଵ and no corner effects 
߰௘ௗ,௏ ൌ 1.0 ACI 318-08

(D-27)
߰௖,௏ ൌ 1.4 ACI 318-08

D.6.2.7
߰௛,௏ is not applicable for ݄௔ ൐ 1.5ܿ௔ଵ 

௕ܸ ൌ ቆ7 ൬
݈௘
݀௔
൰
଴.ଶ

ඥ݀௔ቇ ඥߣ ௖݂
′ሺܿ௔ଵሻଵ.ହ 

ACI 318-08
(D-24)

݈௘ ൌ ݄௘௙ ൌ 6	݅݊. 
݀௔ ൌ 0.625	݅݊. 

௕ܸ ൌ ቆ7 ൬
6	݅݊.

0.625	݅݊.
൰
଴.ଶ

√0.625 ݅݊. ቇ ሺ1.0ሻඥ4000 .݊݅	ሺ2.3125݅ݏ݌ ሻଵ.ହ

ൌ 1935 ݈ܾ

௖ܸ௕ ൌ
௏௖ܣ
௏௖଴ܣ

߰௘ௗ,௏߰௖,௏߰௛,௏ ௕ܸ 
ACI 318-08

(D-21)

௖ܸ௕ ൌ
24.07	݅݊.ଶ

24.07	݅݊.ଶ
ሺ1.0ሻሺ1.4ሻሺ1.0ሻሺ1,935 ݈ܾሻ ൌ 2,709 ݈ܾ ൌ 2.71	݇ 

Concrete Pryout Strength of Anchor in Shear 
-This bar will behave more like an adhesive anchor than a headed or 
mechanical anchor due to the fact that a full concrete cone will most likely 
not form because the concentration of stress transfer will not be at the 
bottom of the anchor. Therefore, the concrete pryout strength for this anchor 
will be analyzed from the provisions of adhesive anchors (ICC-ES AC308). 

௖ܸ௣ ൌ minห݇௖௣ ௔ܰ; ݇௖௣ ௖ܰ௕ห ICC-ES AC308
(D-30a)

݇௖௣ ൌ 2.0 for ݄௘௙ ൐ 2.5 ݅݊. ICC-ES AC308
D.6.3.2

௔ܰ ൌ
ே௔ܣ
ே௔଴ܣ

߰௘ௗ,ே௔߰௣,ே௔ ௔ܰ଴ 
ICC-ES AC308

(D-16a)

௔ܰ଴ ൌ ߬௞݄݀ߨ௘௙ ICC-ES AC308
(D-16f)

-This is equal to the pullout strength of the bar and will be 
designed based on the development strength of a strait bar. 
݈ௗ ൌ ሺ8 ݅݊. ሻ െ ሺ2 ݅݊. ሻ 

݈ௗ ൌ ൮
3
40

௬݂

ඥߣ ௖݂
′

߰௧߰௘߰௦

ቀ
ܿ௕ ൅ ௧௥ܭ
݀௕

ቁ
൲݀௕ 

ACI 318-08
(12-1)

௧௥ܭ ൌ 0 ACI 318-08
12.2.3

߰௧ ൌ 1.0 ACI 318-08
12.2.4(a)
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3݀௕ ൌ 3ሺ0.625 ݅݊. ሻ ൌ 1.875 ݅݊. 
ݎ݁ݒ݋ܿ ൌ 2.0 ݅݊. 
߰௘ ൌ 1.2 
߰௧߰௘ ൌ 1.2 ൏ 1.7 

ACI 318-08
12.2.4(b)

߰௦ ൌ 0.8 ACI 318-08
12.2.4(c)

ܿ௕ ൌ ሺ2 ݅݊. ሻ ൅ 0.5ሺ0.625 ݅݊. ሻ ൌ 2.3125	݅݊. 
ߣ ൌ 1.0 for normal weight concrete 

6	݅݊. ൌ ቌ
3
40

௦݂

1.0ඥ4000 ݅ݏ݌

ሺ1.0ሻሺ1.2ሻሺ0.8ሻ

ቀ2.3125 ݅݊. ൅0 ݅݊.0.625 ݅݊. ቁ
ቍ0.625	݅݊. 

௦݂ ൌ 31,201  ݅ݏ݌

௔ܰ଴ ൌ ௦݂ܣ௦ ൌ ሺ31,201 ሻሺ0.31݅ݏ݌ ݅݊.ଶ ሻ ൌ 9,672	݈ܾ 

ܿ௖௥,ே௔ ൌ
௖௥,ே௔ݏ
2

 ICC-ES AC308
(D-16e)

௖௥,ே௔ݏ ൌ 20݀ට
߬௞

1450
൑ 3݄௘௙ 

ICC-ES AC308
(D-16d)

-Estimate the bond strength based on the pullout 
capacity 

߬௞ ൌ
௔ܰ଴

௕௢௡ௗܣ
ൌ ௔ܰ଴

௘௙݄݀ߨ
ൌ

9,672 ݈ܾ
ሺ0.625ߨ ݅݊. ሻሺ6	݅݊. ሻ

ൌ 821.0 ݅ݏ݌

௖௥,ே௔ݏ ൌ 20ሺ0.625 ݅݊. ሻඨ
821.0 ݅ݏ݌
1450

ൌ 9.41	݅݊.

൑ 3ሺ6 ݅݊. ሻ ൌ 18 ݅݊. 

ܿ௖௥,ே௔ ൌ
9.41 ݅݊.

2
ൌ 4.71 ݅݊. 

ே௔ܣ ൌ ሺ4.71 ݅݊. ൅2.3125 ݅݊. ሻ൫2ሺ4.71 ݅݊. ሻ൯ ൌ 66.15	݅݊.ଶ 
ே௔଴ܣ ൌ ௖௥,ே௔ݏ

ଶ ൌ ሺ9.41 ݅݊. ሻଶ ൌ 88.55 ݅݊.ଶ ICC-ES AC308
(D-16c)

ܿ௔,௠௜௡ ൐ 1.5݄௘௙ 

߰௘ௗ,ே௔ ൌ 0.7 ൅ 0.3
ܿ௔.௠௜௡

ܿ௖௥,ே௔
൑ 1.0 ICC-ES AC308

(D-16m)

߰௘ௗ,ே௔ ൌ 0.7 ൅ 0.3
2.3125 ݅݊.
4.71 ݅݊.

ൌ 0.85 

݄
݄௘௙

ൌ
8 ݅݊.
6 ݅݊.

ൌ 1.33 

ܿ௔௖ ൌ 2.5݄௘௙ ൌ 2.5ሺ6 ݅݊. ሻ ൌ 15 ݅݊. ICC-ES ESR 2322
4.1.10

ܿ௔,௠௜௡ ൏ ܿ௔௖ 

߰௣,ே௔ ൌ
maxหܿ௔,௠௜௡; ܿ௖௥,ே௔ห

ܿ௔௖
 

ICC-ES AC308
(D-16p)
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߰௣,ே௔ ൌ
4.71 ݅݊
15 ݅݊

ൌ 0.31 

௔ܰ ൌ
66.15	݅݊.ଶ

88.55	݅݊.ଶ
ሺ0.85ሻሺ0.31ሻሺ9,672 ݈ܾሻ ൌ 1,904 ݈ܾ ൌ 1.90	݇ 

௖ܰ௕ ൌ
ே௖ܣ
ே௖଴ܣ

߰௘ௗ,ே߰௖,ே߰௖௣,ே ௕ܰ 
ACI 318-08

(D-4)

௕ܰ ൌ ݇௖ߣඥ ௖݂
′݄௘௙
ଵ.ହ ACI 318-08

(D-7)
-Let ݇௖ ൌ 17 as this anchor will behave more like a 
post-installed anchor than a cast-in-place anchor 

௕ܰ ൌ 17ሺ1.0ሻඥ4000 ሺ6݅ݏ݌ ݅݊. ሻଵ.ହ ൌ 15,802	݈ܾ 
ܿ௔,௠௜௡ ൏ 1.5݄௘௙ 

߰௘ௗ,ே ൌ 0.7 ൅ 0.3
ܿ௔.௠௜௡

1.5݄௘௙
 ACI 318-08

(D-11)

߰௘ௗ,ே ൌ 0.7 ൅ 0.3
2.3125 ݅݊.
1.5ሺ6 ݅݊. ሻ

ൌ 0.78 

߰௖,ே ൌ 1.4 ACI 318-08
D.5.2.6

߰௖௣,ே ൌ
ܿ௔,௠௜௡

ܿ௔௖
ൌ
2.3125 ݅݊.
15 ݅݊.

ൌ 0.15 
ACI 318-08

(D-13)

ே௖ܣ ൌ ൫2.3125 ݅݊.൅1.5ሺ6 ݅݊. ሻ൯ ൈ 
൫2ሺ1.5ሻሺ6 ݅݊. ሻ൯ ൌ 203.63 ݅݊.ଶ 

ACI 318-08
Fig RD.5.2.1

ே௖଴ܣ ൌ 9݄௘௙
ଶ ൌ 9ሺ6 ݅݊. ሻଶ ൌ 324 ݅݊.ଶ ACI 318-08

(D-6)

௖ܰ௕ ൌ
203.63 ݅݊.ଶ

324	݅݊.ଶ
ሺ0.78ሻሺ1.4ሻሺ0.15ሻሺ15,802 ݈ܾሻ ൌ 1,627	݈ܾ

ൌ 1.63 ݇
௖ܸ௣ ൌ 2ሺ1.63	݇ሻ ൌ 3.26 ݇ 

 
Total Shear Strength of Barrier 

௡ܸ ൌ ௡ܸ,௥௜௚௛௧	௟௘௚ ൅ ௡ܸ,௟௘௙௧	௟௘௚ ൌ 10.04 ݇ ൅ 2.71 ݇ ൌ 12.75 ݇ 
Normalize to a force per foot of barrier by dividing by the anchor spacing 

௡ܸ ൌ
12.75	݇

ቀ ቁݐ812݂
ൌ  ݐ݂/݇	19.13

Load Summary 

࢔ࡹ ൌ ૚૜. ૡ૞	
࢑ ∙ 	࢚ࢌ
࢚ࢌ

 

࢔ࢂ ൌ ૚ૢ. ૚૜	
࢑
࢚ࢌ
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Notation 
 ௕௢௡ௗ = Area of bondܣ
 ே௔ = The projected area of the failure surface for the anchor or group of anchorsܣ
 ே௔଴ = The projected are of the failure surface of a single anchor without the influence ofܣ

proximate edges 
 ௦ = Area of steelܣ
 ௦௘,௏ = Effective cross-sectional area of the anchor in shearܣ
 ௏௖ = Projected concrete area of a single anchor or group of anchorsܣ
 ௏௖଴ = Projected concrete failure area of a single anchorܣ
 ௩௙ = Area of shear-friction reinforcementܣ
ܿ௔ଵ = Distance from the center of an anchor shaft to the edge of concrete 
ܿ௔௖ = Critical edge distance require to develop the basic concrete breakout strength 
ܿ௕ = The smaller of the distance from the center of a bar to nearest concrete and one-half the 

center-to-center spacing of bars being developed 
ܿ௖௥,ே௔ = Critical adhesive anchor edge distance for tension loading 
݀ = Nominal diameter of the anchor element 
݀௔ = Outside diameter of anchor 
݀௕ = Nominal diameter of bar 
݄ = Thickness of member in which an anchor is installed 
݄௔ = Thickness of member in which an anchor is located 
݄௘௙ = Effective embedment depth, measured from the concrete surface to the deepest point on 

the anchor element at which a bond to the concrete is established 

௖݂
′ = Specified compressive strength of concrete 
௦݂ = Stress in steel 
௬݂ = Specified yield strength of the reinforcement 
݇௖ = Coefficient for basic concrete breakout strength in tension 
݇௖௣ = Coefficient for pryout strength 
 ௧௥ = Transverse reinforcement indexܭ
݈ௗ = Development length in tension of a deformed bar 
݈ௗ௛ = Development length in tension of a deformed bar with a standard hook 
݈௘ = Load bearing length of anchor for shear 
݈௘௠௕ = Embedment length of the anchor 
݊ = Number of anchors 
௔ܰ = Nominal strength of an adhesive anchor in tension as limited by bond/concrete failure 
௔ܰ଴ = Characteristic tension capacity of a single adhesive anchor between the adhesive and 

the concrete 
௖ܰ௕ = Nominal concrete strength of a single anchor in tension as limited by concrete cone 

breakout 
 ௖௥,ே௔ = Critical adhesive anchor spacing for tension loadingݏ

௕ܸ = Basic concrete breakout strength in shear of a single anchor in cracked concrete 
௖ܸ௣ = Nominal concrete pryout strength of a single anchor 

௡ܸ = Nominal shear strength 
 Angle defining the orientation of reinforcement = ߙ
 Modification factor reflecting the reduced mechanical properties of lightweight = ߣ

concrete relative to normalweight concrete of the same compressive strength 
 Coefficient of friction = ߤ
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߬௞ = Characteristic bond strength 
߰௖,௏ = Factor used to modify shear strength of anchors based on presence or absence of cracks 

in concrete and presence or absence of supplementary reinforcement  
߰௛,௏ = Factor used to modify shear strength of anchors located in concrete members with 

݄௔ ൏ 1.5ܿ௔ଵ 
߰௘ௗ,ே௔ = Factor used to modify the tensile strength of a single or group of anchors based on edge 

effects 
߰௘ௗ,௏ = Factor used to modify shear strength of anchors based on proximity to edges of a 

concrete member 
߰௣,ே௔ = Factor used to modify the tensile strength of a single or group of anchors based on the 

critical edge distance 
߰௦ = Factor used to modify development length based on reinforcement size 
߰௧ = Factor used to modify development length based on reinforcement location 
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Appendix C. Conversion of Cook’s Equations from Metric to English Units 
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Conversion of Cook’s Equations from Metric to English Units  
  
In metric units Equation (3) is shown below where  ݄௖௢௡௘ is in mm, ݀଴ is in mm, ߬଴ is in 

MPa, and ௖݂
′ is in MPa. 

 

݄௖௢௡௘ ൌ
߬଴݀ߨ଴
1.84ඥ ௖݂

′
  

݉݉ ൌ
ሺܽܲܯሻߨሺ݉݉ሻ

ܽܲܯ√1.84
  

SI units for the coefficient of 1.84 are: 
 ܽܲܯ√1.84

 

Conversion to English units of psi:  

൫1.84√ܽܲܯ൯ ቆ
ඥ145.0377݅ݏ݌

ܽܲܯ√
ቇ ൌ 22.16ඥ݅ݏ݌  

Therefore, the equation in English units is:  

݄௖௢௡௘ ൌ
߬଴݀ߨ଴

22.16ඥ ௖݂
′
	  

 
In metric units Equation (4) is shown below where ఛܰ is in N, ݄௘௙ in is mm, ௖݂

′ is in MPa.  

ఛܰ ൌ 0.92݄௘௙
ଶ ඥ ௖݂

′  
SI units for the coefficient of 0.92 are: 

0.92
ܰ

݉݉ଶ√ܽܲܯ
 

 
Conversion to English units of lbf, in., and psi:  

൬0.92
ܰ

݉݉ଶ√ܽܲܯ
൰ ቆ

ܽܲܯ√

ඥ145.0377݅ݏ݌
ቇ ൬

݈ܾ݂
4.448222ܰ

൰ቆ
25.4ଶ݉݉ଶ

݅݊ଶ
ቇ

ൌ 11.08
݈ܾ݂

݅݊ଶ√݅ݏ݌
 

Therefore, the equation in English units is: 

 

ఛܰ ൌ 11.08݄௘௙
ଶ ඥ ௖݂

′  
 
In metric the expression 40ඥ݀଴ in Equation (5) has ݀଴ in units of mm. 

 

40ඥ݀଴  
SI units for the coefficient of 0.92 are:  
40√݉݉  
Conversion to English units of in.:  

൫40√݉݉൯ቆ
√݅݊.

√25.4݉݉
ቇ ൌ 7.94√݅݊. 

Therefore, the equation in English units is: 

 

7.94ඥ݀଴  
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Appendix D. Static Model Comparison to Hilti HIT-RE 500 Test Data 
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Table D-1. Model Comparison Using the Bond Stress Specified in the Hilti Documentation 
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Table D-1. Model Comparison Using the Bond Stress Specified in the Hilti Documentation (continued) 
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Table D-2. Model Comparison Using the Bond Stress Specified in ICC-ES ESR-2322 
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Table D-2. Model Comparison Using the Bond Stress Specified in ICC-ES ESR-2322 (continued) 
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Appendix E. Test Jig Design Calculations and Drawings 
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Tensile Test Jig Calculations 

 

Estimate Loads 
The estimated pullout capacity for two 5.25 in. embedded anchors is 53	݇. 
The test jig will be designed to a safety factor of 2. Therefore the downward force at 

the anchor will be ܲ ൌ 106 ݇ 

൅↑ ௬ܨ∑ ൌ 0 ൌ ሺെ106	݇ሻ ൅
1
2
ݓܮ ௕݂௘௔௥௜௡௚ 

ݓ ൌ 13	݅݊. 
௕݂௘௔௥௜௡௚ ൌ 0.85 ௖݂

′ ACI 318-08
10.14.1

ሺ106	݇ሻ ൌ
1
2
.݊݅	ሺ13ܮ ሻሺ0.85ሻሺ4  ሻ݅ݏ݇

∴ ܮ ൌ 4.8	݅݊. 
൅↺ ଴ܯ∑ ൌ 0

ൌ ሺ106	݇ሻሺ4.6 ݅݊. ሻ െ ሺ21.66ܨ ݅݊. ሻ

൅ ሺ106	݇ሻ ൬4.275 ݅݊. െ
4.80 ݅݊.

3
൰ 

ܨ ൌ 35.60	݇ 
௠௔௫ܯ ൌ ሺ35.60	݇ሻሺ21.66	݅݊. ሻ ൌ 771.10 ݇ ∙ ݅݊. ൌ 64.26 ݇ ∙  ݐ݂
௠ܸ௔௫ ൌ 35.60	݇ 

Design using a W6x25 for the I-beam (࢟ࢌ ൌ ૞૙  (࢏࢑࢙
Check limiting width-thickness ratios AISC 360-05 [87]

Table B4.1
ܾ
ݐ
	ൌ 	6.68 
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௣ߣ ൌ 0.38ඨ
ܧ
௬ܨ
ൌ 0.38ඨ

29000 ݅ݏ݇
50 ݅ݏ݇

ൌ 9.15 ൐ 6.68 

∴ The flanges are compact for flexure 

AISC 360-05
Table B4.1

݄
௪ݐ

ൌ 15.5 

௣ߣ ൌ 3.76ඨ
ܧ
௬ܨ
ൌ 3.76ඨ

29000 ݅ݏ݇
50 ݅ݏ݇

ൌ 90.55 ൐ 15.5 

AISC 360-05
Table B4.1

∴ The web is compact for flexure 
Yielding 

ܼ௫ ൌ 18.9	݅݊.ଷ AISC 360-05
௡ܯ ൌ ௣ܯ ൌ ௬ܼ௫ܨ ൌ ሺ50 ሻሺ18.9݅ݏ݇ ݅݊.ଷ ሻ ൌ 945 ݇ ∙ ݅݊.

ൌ 78.8 ݇ ∙  ݐ݂
(F2-1)

Lateral-Torsional Buckling 
௕ܮ ൌ 21.66	݅݊. 
௬ݎ ൌ 1.52	݅݊. AISC 360-05

௣ܮ ൌ ௬ඨݎ1.76
ܧ
௬ܨ
ൌ 1.76ሺ1.52 ݅݊. ሻඨ

29,000 ݅ݏ݇
50 ݅ݏ݇

ൌ 64.43 ݅݊.

൐ 21.66 ݅݊.

(F2-5)

∴ Lateral-torsional buckling does not apply 
The section is compact so local buckling does not apply 
௨ܯ ൌ 64.26	݇ ∙ ݐ݂ ൏ ௡ܯ ൌ 78.8 ݇ ∙  ݐ݂

∴ The beam is adequate for the anticipated loading 
Punching Capacity of Base Plate 

The estimated maximum strength of any anchor is governed by the tensile capacity 
of the steel anchor = 35	݇. 
By multiplying the maximum strength by a safety factor of 2, the ultimate capacity 
is ܨ௨ ൌ 70	݇. 
Diameter of coupler = 1.38	݅݊. 
Thickness of baseplate = ݐ ൌ 1.0 ݅݊.  
Yeild stress of baseplate = ௬݂ ൌ 36  ݅ݏ݇
௕ܣ ൌ ݐ݀ߨ ൌ .݊݅	ሺ1.38ߨ ሻሺ1.0 ݅݊. ሻ ൌ 4.34 ݅݊.ଶ 
Allowable shear stress = ௩݂,௔௟௟௢௪ ൌ 0.6 ௬݂ ൌ 0.6ሺ36 ሻ݅ݏ݇ ൌ 21.6  ݅ݏ݇

௔ܸ௟௟௢௪ ൌ ௕ܣ ௩݂,௔௟௟௢௪ ൌ ሺ4.34	݅݊.ଶ ሻሺ21.6 ሻ݅ݏ݇ ൌ 93.74 ݇ ൐ 70 ݇ 
Bending Capacity of Base Plate 

The estimated maximum load applied to the outside holes is 26.5 ݇. 
Assume that the load will be carried by one-way bending of the baseplate and half 
the load will go to each gusset. 

௫ଵܫ ൌ
ܾ݄ଷ

12
ൌ
ሺ3.0	݅݊. ሻሺ1.0	݅݊. ሻଷ

12
ൌ 0.25 ݅݊.ସ 

ܿ ൌ 0.5	݅݊. 

ܯ ൌ ൬
26.5	݇
2

൰ ሺ1.62	݅݊. ሻ ൌ 21.47 ݇ ∙ ݅݊. 
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ߪ ൌ
ܿܯ
ܫ
ൌ
ሺ21.47	݇ ∙ ݅݊. ሻሺ0.5 ݅݊. ሻ

0.25	݅݊.ସ
ൌ 42.94  ݅ݏ݇

௫ଶܫ ൌ
ܾ݄ଷ

12
ൌ
ሺ3.93	݅݊. ሻሺ1.0	݅݊. ሻଷ

12
ൌ 0.32 ݅݊.ସ 

ܯ ൌ ൬
26.5	݇
2

൰ ሺ2.0	݅݊. ሻ ൌ 26.5 ݇ ∙ ݅݊. 

ߪ ൌ
ܿܯ
ܫ
ൌ
ሺ26.5	݇ ∙ ݅݊. ሻሺ0.5 ݅݊. ሻ

0.32	݅݊.ସ
ൌ 41.41  ݅ݏ݇

These stress values are both slightly above the yeild stress of the steel, however they 
are unconservative values since they are based on one-way cantilever bending and 
are still well below the ultimate strength of the steel. 

Tensile Weld Strength 
A 0.375 in. weld is used around the I-beam and the gusset plates. 
ሺݐܽ݋ݎ݄ݐ	݄ݐ݌݁݀ሻ ൌ 0.707ሺ݈݀݁ݓ ሻ݁ݖ݅ݏ ൌ 0.707ሺ0.375 ݅݊. ሻ ൌ 0.265	݅݊. 
ா௑௑ܨ ൌ  ݅ݏ݇	70
௩ܨ ൌ 0.3ሺܨா௑௑ሻ ൌ  ݅ݏ݇	21
௪݂௘௟ௗ ൌ ሻ݄ݐ݌݁݀	ݐܽ݋ݎ݄ݐ௩ሺܨ ൌ ሺ21 ሻሺ0.265݅ݏ݇ ݅݊. ሻ ൌ 5.57 ݇/݅݊. 

Total length of weld above neutral axis = 4ሺ2.75 ݅݊. ሻ ൅ 2ሺ12.5 ݅݊. ሻ ൅
0.5ሺ6.38	݅݊. ሻ െ 0.46	݅݊. ൌ 38.73 ݅݊. 
௪௘௟ௗܨ ൌ ௪݂௘௟ௗܮ௪௘௟ௗ ൌ ሺ5.57݇/݅݊. ሻሺ38.73 ݅݊. ሻ ൌ 216 ݇ ൐ 106 ݇ 

Shear Strength of Anchors on Kick Plate 
Use two 3/4 in. Power Fasteners wedge bolts 
Shear capacity/bolt = 21.96 k Power Fasteners

Product Documentation [88]

௡ܸ ൌ 2ሺ21.96	݇ሻ ൌ 43.92	݇ ൐ 35.6 ݇ 
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Shear Test Jig Calculations 

 

Estimate Loads 
The estimated shear capacity is 20.09 ݇ 
The test jig will be designed to a safety factor of 2. Therefore the reaction in the x-

direction will be ܴ௫ ൌ 40.18 ݇ 
൅↑ ௫ܨ∑ ൌ 0 ൌ ܨ െ 40.18	݇ 

∴ ܨ ൌ 40.18	݇ 
൅↺ ௉ܯ∑ ൌ 0 ൌ ሺെ40.18	݇ሻሺ7.06 ݅݊. ሻ ൅ ሺെ40.18 ݇ሻሺ0.5 ݅݊. ሻ ൅ ܴ௬ሺ49.34	݅݊. ሻ 

∴ ܴ௬ ൌ 6.16	݇ 
൅↺ ிܯ∑ ൌ 0 ൌ ሺെ40.18	݇ሻሺ7.56 ݅݊. ሻ ൅ ሺ6.16 ݇ሻሺ37.95 ݅݊. ሻ ൅ ܲሺ11.39	݅݊. ሻ 

∴ ܲ ൌ 6.14	݇ 
Design Tapcon Screws for Uplift at Load P 

Tensile strength of one 3/8”x2” screw in 4,000 psi concrete = 
2.55	݇ 

Concrete 
Fasteners 

Specification [89]
Strength of 4 tapcons ൌ 4ሺ2.55 ݇ሻ ൌ 10.2 ݇ ൐ 6.14 ݇ 
Use a 3/8”x3” tapcon screw since the screw will not be bonded for the top 1.25” 
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Estimate Loads on Strap 

൅↺ ோ௦ܯ∑ ൌ 0 ൌ ሺെ40.18	݇ሻሺ4.5 ݅݊. ሻ ൅ ሺ1.35ܨ ݅݊. ሻ 
∴ ܨ ൌ 133.9	݇ 

൅↺ ிܯ∑ ൌ 0 ൌ ܴ௦ሺ1.35	݅݊. ሻ െ ሺ40.18 ݇ሻሺ3.15 ݅݊. ሻ 
∴ ܴ௦ ൌ 93.75	݇ 

The strap is angled 48° from the end of the channels. 
Each side of the strap will take half the load. 

ܴ௦ଵ ൌ
ܴ௦
2
ൌ
93.75	݇

2
ൌ 46.88 ݇ 

Calculate the tension in the angled portions of the strap. 

ܶ ൌ
46.88	݇
sin 48°

ൌ 63.08 ݇ 

Fracture of Strap at Angled Section 
The strap will be made of a 3 in. x 0.5 in. A36 plate. 

௡ܲ ൌ ௦௧௥௔௣ܣ ௨݂ ൌ ሺ3	݅݊. ሻሺ0.5 ݅݊. ሻሺ60 ሻ݅ݏ݇ ൌ 90 ݇ ൐ 63.08 ݇ 
Facture of Strap at Bolts 

Use 0.75 in. bolts. The diameter of the bolt hole will be 0.875 in. 

௡ܲ ൌ ൫ܣ௦௧௥௔௣ െ ௛௢௟௘൯	௕௢௟௧ܣ ௨݂ ൌ ൫ሺ3 ݅݊. െ0.875 ݅݊. ሻሺ0.5 ݅݊. ሻ൯ሺ60 ሻ݅ݏ݇ ൌ 63.75 ݇
൐ 46.88	݇ 

Shear at Bolts 
Use three 0.75 in. grade 5 bolts. 

௡ܸ ൌ ௕௢௟௧ܣ0.6 ௨݂ 
௕௢௟௧ܣ ൌ 0.334	݅݊.ଶ 

௨݂ ൌ  ݅ݏ݇	120

௡ܸ ൌ 0.6ሺ0.334	݅݊.ଶ ሻሺ120	݇݅ݏሻ ൌ 24.05 ݇ ൐
46.88 ݇

3
ൌ 15.63 ݇ 
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Figure E-1. Tensile Test Jig 
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Figure E-2. Tensile Test Jig Weld Details 
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Figure E-3. Tensile Test Jig Base Plate Detail 
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Figure E-4. Tensile Test Jig Kick Plate Detail 
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Figure E-5. Tensile Test Jig W6x25 Beam Detail 
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Figure E-6. Tensile Test Jig Plate Gusset Detail 
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Figure E-7. Tensile Test Jig Post Gusset Detail 
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Figure E-8. Tensile Test Jig Post Stiffener Detail 
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Figure E-9. Tensile Test Jig Wedge Bolt Detail 
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Figure E-10. Tensile Test Jig Bill of Materials 
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Figure E-11. Shear Test Jig 
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Figure E-12. Shear Test Jig Weld Details 
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Figure E-13. Shear Test Jig Base Plate Detail 
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Figure E-14. Shear Test Jig Front Gusset Detail 
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Figure E-15. Shear Test Jig Skid Plate Detail 
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Figure E-16. Shear Test Jig Skid Tube Channel Detail 
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Figure E-17. Shear Test Jig Top Gusset Detail 
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Figure E-18. Shear Test Jig Coupler Strap Detail 
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Figure E-19. Shear Test Jig End Plate Detail 
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Figure E-20. Shear Test Jig Fixture Guide Detail 
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Figure E-21. Shear Test Jig Bill of Materials 
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Appendix F. Test Setup Drawings 
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Figure F-1. Tension Test Setup, Test Nos. WEAB-1 Through WEAB-4 and WEAB-7 Through WEAB-8 
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Figure F-2. Shear Test Setup, Test Nos. WEAB-5 Through WEAB-6 
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Figure F-3. Anchor Attachment Details, Test Nos. WEAB-1 Through WEAB-8 
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Figure F-4. Test Matrix, Test Nos. WEAB-1 Through WEAB-8 
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Figure F-5. Tension Test Setup, Test Nos. WEAB-9 Through WEAB-12 
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Figure F-6. Shear Test Setup, Test No. WEAB-13 
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Figure F-7. Anchor Attachment Details, Test Nos. WEAB-9 Through WEAB-13 
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Figure F-8. Test Matrix, Test Nos. WEAB-9 Through WEAB-13 
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Figure F-9. Tension Test Setup, Test No. WEAB-14 
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Figure F-10. Shear Test Setup, Test No. WEAB-15 



 
 

 

257 

N
ovem

ber 26, 2012  
M

w
R

S
F

 R
eport N

o. T
R

P
-03-264-12 

 
Figure F-11. Anchor Attachment Details, Test Nos. WEAB-14 and WEAB-15 



 
 

 

258 

N
ovem

ber 26, 2012  
M

w
R

S
F

 R
eport N

o. T
R

P
-03-264-12 

 
Figure F-12. Test Matrix, Test Nos. WEAB-14 and WEAB-15 
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Figure F-13. Tension Test Setup, Test No. WEAB-16 
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Figure F-14. Anchor Attachment Details, Test No. WEAB-16 
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Figure F-15. Test Matrix, Test No. WEAB-16 
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Figure F-16. Tension Test Setup, Test No. WEAB-17 
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Figure F-17. Anchor Attachment Details, Test No. WEAB-17 
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Figure F-18. Test Matrix, Test No. WEAB-17 
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Appendix G. Material Specifications 
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Figure G-1. Concrete Cylinder Test Results
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Figure G-2. Concrete Cylinder Test Results
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Figure G-3. Reinforcing Steel Specifications, Test Nos. WEAB-1 Through WEAB-8 
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Figure G-4. Reinforcing Steel Specifications, Test Nos. WEAB-9 Through WEAB-13 
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Figure G-5. Reinforcing Steel Specifications, Test Nos. WEAB-9 Through WEAB-13 
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Figure G-6. Reinforcing Steel Specifications, Test Nos. WEAB-9 Through WEAB-13 
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Figure G-7. Reinforcing Steel Specifications, Test Nos. WEAB-9 Through WEAB-13 
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Appendix H. Bogie Test Results 
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Figure H-1. Results of Test No. WEAB-1 (EDR-3) 

Test Results  Summary
Test Number: WEAB-1 Max. Deflection: 3.2  in.
Test Date: 4-Jan-2011 Peak Force: 16.8  k
Failure Type: Steel Rupture Total Energy: 35.7  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating None
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.78 mph  (14.3 fps) 4.37 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 112"

AOS-6 Perpendicular - 149"
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Figure H-2. Results of Test No. WEAB-1 (DTS) 

Test Results  Summary
Test Number: WEAB-1 Max. Deflection: 3.1  in.
Test Date: 4-Jan-2011 Peak Force: 16.4  k
Failure Type: Steel Rupture Total Energy: 34.8  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating: None
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.78 mph  (14.3 fps) 4.37 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 112"

AOS-6 Perpendicular - 149"
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Figure H-3. Results of Test No. WEAB-2 (EDR-3) 

Test Results  Summary
Test Number: WEAB-2 Max. Deflection: 3.2  in.
Test Date: 4-Jan-2011 Peak Force: 17.2  k
Failure Type: Steel Rupture Total Energy: 36.4  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating None
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 10.4 mph  (15.3 fps) 4.65 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 104 1/2"

AOS-6 Perpendicular - 145"
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Figure H-4. Results of Test No. WEAB-2 (DTS) 

Test Results  Summary
Test Number: WEAB-2 Max. Deflection: 3.1  in.
Test Date: 4-Jan-2011 Peak Force: 16.9  k
Failure Type: Steel Rupture Total Energy: 36.0  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating None
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 10.4 mph  (15.3 fps) 4.65 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 104 1/2"

AOS-6 Perpendicular - 145"
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Figure H-5. Results of Test No. WEAB-3 (EDR-3) 

Test Results  Summary
Test Number: WEAB-3 Max. Deflection: 3.6  in.
Test Date: 4-Jan-2011 Peak Force: 15.2  k
Failure Type: Steel Rupture Total Energy: 23.7  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.8 mph  (14.4 fps) 4.38 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 87 1/2"

AOS-6 Perpendicular - 139"
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Figure H-6. Results of Test No. WEAB-3 (DTS) 

Test Results  Summary
Test Number: WEAB-3 Max. Deflection: 3.4  in.
Test Date: 4-Jan-2011 Peak Force: 15.1  k
Failure Type: Steel Rupture Total Energy: 23.0  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.8 mph  (14.4 fps) 4.38 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 87 1/2"

AOS-6 Perpendicular - 139"
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Figure H-7. Results of Test No. WEAB-4 (EDR-3) 

Test Results  Summary
Test Number: WEAB-4 Max. Deflection: 3.1  in.
Test Date: 4-Jan-2011 Peak Force: 15.9  k
Failure Type: Steel Rupture Total Energy: 34.5  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 8.86 mph  (13 fps) 3.96 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 57"

AOS-6 Perpendicular - 127 1/2"
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Figure H-8. Results of Test No. WEAB-4 (DTS) 

Test Results  Summary
Test Number: WEAB-4 Max. Deflection: 3.0  in.
Test Date: 4-Jan-2011 Peak Force: 15.2  k
Failure Type: Steel Rupture Total Energy: 33.0  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 8.86 mph  (13 fps) 3.96 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 57"

AOS-6 Perpendicular - 127 1/2"
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Figure H-9. Results of Test No. WEAB-5 (EDR-3) 

Test Results  Summary
Test Number: WEAB-5 Max. Deflection: 2.1  in.
Test Date: 6-Jan-2011 Peak Force: 25.7  k
Failure Type: Steel Shear Fracture Total Energy: 29.1  k-in.

Anchor Test Type: Single Shear
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.64 mph  (14.1 fps) 4.31 m/s
Impact Height: 7.3125 in. 18.6 cm
Bogie Mass: 1734.6 lbs 786.8 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 202"

AOS-6 Perpendicular - 43"
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Figure H-10. Results of Test No. WEAB-5 (DTS) 

Test Results  Summary
Test Number: WEAB-5 Max. Deflection: 1.8  in.
Test Date: 6-Jan-2011 Peak Force: 32.4  k
Failure Type: Steel Shear Fracture Total Energy: 29.3  k-in.

Anchor Test Type: Single Shear
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.64 mph  (14.1 fps) 4.31 m/s
Impact Height: 7.3125 in. 18.6 cm
Bogie Mass: 1734.6 lbs 786.8 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 202"

AOS-6 Perpendicular - 43"
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Figure H-11. Results of Test No. WEAB-6 (EDR-3) 

Test Results  Summary
Test Number: WEAB-6 Max. Deflection: 2.0  in.
Test Date: 6-Jan-2011 Peak Force: 23.7  k
Failure Type: Steel Shear Fracture Total Energy: 27.5  k-in.

Anchor Test Type: Single Shear
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.71 mph  (14.2 fps) 4.34 m/s
Impact Height: 7.3125 in. 18.6 cm
Bogie Mass: 1734.6 lbs 786.8 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 168"

AOS-6 Perpendicular - 97 1/2"

Bogie Test Summary
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Figure H-12. Results of Test No. WEAB-6 (DTS) 

Test Results  Summary
Test Number: WEAB-6 Max. Deflection: 1.7  in.
Test Date: 6-Jan-2011 Peak Force: 28.4  k
Failure Type: Steel Shear Fracture Total Energy: 27.3  k-in.

Anchor Test Type: Single Shear
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.71 mph  (14.2 fps) 4.34 m/s
Impact Height: 7.3125 in. 18.6 cm
Bogie Mass: 1734.6 lbs 786.8 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 168"

AOS-6 Perpendicular - 97 1/2"
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Figure H-13. Results of Test No. WEAB-7 (EDR-3) 

Test Results  Summary
Test Number: WEAB-7 Max. Deflection: 8.8  in.
Test Date: 6-Jan-2011 Peak Force: 31.9  k
Failure Type: Steel Rupture, Anchor Pullout Total Energy: 90.3  k-in.

Anchor Test Type: Double Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 16.64 mph  (24.4 fps) 7.44 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 82"

AOS-6 Perpendicular - 129"

Bogie Test Summary
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Figure H-14. Results of Test No. WEAB-7 (DTS) 

Test Results  Summary
Test Number: WEAB-7 Max. Deflection: 8.8  in.
Test Date: 6-Jan-2011 Peak Force: 31.9  k
Failure Type: Steel Rupture, Anchor Pullout Total Energy: 85.2  k-in.

Anchor Test Type: Double Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 16.64 mph  (24.4 fps) 7.44 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 82"

AOS-6 Perpendicular - 129"
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Figure H-15. Results of Test No. WEAB-8 (EDR-3) 

Test Results  Summary
Test Number: WEAB-8 Max. Deflection: 7.2  in.
Test Date: 6-Jan-2011 Peak Force: 31.4  k
Failure Type: Steel Rupture, Anchor Pullout Total Energy: 66.7  k-in.

Anchor Test Type: Double Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 14.05 mph  (20.6 fps) 6.28 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 82"

AOS-6 Perpendicular - 129"
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Figure H-16. Results of Test No. WEAB-8 (DTS) 

Test Results  Summary
Test Number: WEAB-8 Max. Deflection: 7.4  in.
Test Date: 6-Jan-2011 Peak Force: 31.3  k
Failure Type: Steel Rupture, Anchor Pullout Total Energy: 63.5  k-in.

Anchor Test Type: Double Tensile
Anchor Size: 5/8 in. 15.88 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 14.05 mph  (20.6 fps) 6.28 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1484.6 lbs 673.4 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 82"

AOS-6 Perpendicular - 129"
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Figure H-17. Results of Test No. WEAB-9 (EDR-3) 

Test Results  Summary
Test Number: WEAB-9 Max. Deflection: 8.6  in.
Test Date: 24-Mar-2011 Peak Force: 17.7  k
Failure Type: Anchor Pullout Total Energy: 38.1  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 14.23 mph  (20.9 fps) 6.36 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1726.6 lbs 783.2 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 64"

AOS-6 Perpendicular - 193"
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Figure H-18. Results of Test No. WEAB-9 (DTS) 

Test Results  Summary
Test Number: WEAB-9 Max. Deflection: 8.0  in.
Test Date: 24-Mar-2011 Peak Force: 18.0  k
Failure Type: Anchor Pullout Total Energy: 34.9  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 14.23 mph  (20.9 fps) 6.36 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1726.6 lbs 783.2 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 64"

AOS-6 Perpendicular - 193"
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Figure H-19. Results of Test No. WEAB-10 (EDR-3) 

Test Results  Summary
Test Number: WEAB-10 Max. Deflection: 9.3  in.
Test Date: 6-Apr-2011 Peak Force: 18.5  k
Failure Type: Anchor Pullout Total Energy: 41.8  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.73 mph  (23.1 fps) 7.03 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1726.6 lbs 783.2 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 146"

AOS-6 Perpendicular - 55"
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Figure H-20. Results of Test No. WEAB-10 (DTS Set 1) 

Test Results  Summary
Test Number: WEAB-10 Max. Deflection: 8.8  in.
Test Date: 6-Apr-2011 Peak Force: 19.1  k
Failure Type: Anchor Pullout Total Energy: 38.4  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.73 mph  (23.1 fps) 7.03 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1726.6 lbs 783.2 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 146"

AOS-6 Perpendicular - 55"
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Figure H-21. Results of Test No. WEAB-10 (DTS Set 2) 

Test Results  Summary
Test Number: WEAB-10 Max. Deflection: 8.7  in.
Test Date: 6-Apr-2011 Peak Force: 19.2  k
Failure Type: Anchor Pullout Total Energy: 38.5  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.73 mph  (23.1 fps) 7.03 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1726.6 lbs 783.2 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 146"

AOS-6 Perpendicular - 55"
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Figure H-22. Results of Test No. WEAB-11 (EDR-3) 

Test Results  Summary
Test Number: WEAB-11 Max. Deflection: 3.0  in.
Test Date: 6-Apr-2011 Peak Force: 26.4  k
Failure Type: Anchor Pullout/Concrete Cone Failure Total Energy: 36.1  k-in.

Anchor Test Type: Double Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.12 mph  (22.2 fps) 6.76 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1726.6 lbs 783.2 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular

AOS-6 Perpendicular

Bogie Properties

Data Acquired

Bogie Test Summary
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Figure H-23. Results of Test No. WEAB-11 (DTS Set 1) 

Test Results  Summary
Test Number: WEAB-11 Max. Deflection: 8.6  in.
Test Date: 6-Apr-2011 Peak Force: 26.2  k
Failure Type: Anchor Pullout/Concrete Cone Failure Total Energy: 33.3  k-in.

Anchor Test Type: Double Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.12 mph  (22.2 fps) 6.76 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1726.6 lbs 783.2 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular

AOS-6 Perpendicular

Bogie Test Summary

MIDWEST ROADSIDE SAFETY FACILITY

Test Information

Anchor Properties

Soil Properties

Wisconsin Epoxy Concrete Anchor

Bogie Properties

Data Acquired

‐5

0

5

10

15

20

25

30

0 2 4 6 8 10

Fo
rc
e
 (k
)

Deflection (in.)

Force vs. Deflection At Impact Location

0

5

10

15

20

25

30

35

0 2 4 6 8 10

En
e
rg
y 
(k
‐i
n
.)

Deflection (in.)

Energy vs. Deflection At Impact Location

‐4

‐2

0

2

4

6

8

10

12

14

16

18

0 0.01 0.02 0.03 0.04
A
cc
e
le
ra
ti
o
n
 (
g'
s)

Time (s)

Bogie Acceleration vs. Time

‐5

0

5

10

15

20

25

30

0 0.01 0.02 0.03 0.04

V
e
lo
ci
ty
 (
ft
/s
)

Time (s)

Bogie Velocity vs. Time

0

1

2

3

4

5

6

7

8

9

10

0 0.01 0.02 0.03 0.04

D
e
fl
e
ct
io
n
 (
in
.)

Time (s)

Deflection at Impact Location vs. Time



November 26, 2012  
MwRSF Report No. TRP-03-264-12 

297 

 
 

Figure H-24. Results of Test No. WEAB-11 (DTS Set 2) 

Test Results  Summary
Test Number: WEAB-11 Max. Deflection: 8.7  in.
Test Date: 6-Apr-2011 Peak Force: 26.2  k
Failure Type: Anchor Pullout/Concrete Cone Failure Total Energy: 33.1  k-in.

Anchor Test Type: Double Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.12 mph  (22.2 fps) 6.76 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1726.6 lbs 783.2 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular

AOS-6 Perpendicular
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Figure H-25. Results of Test No. WEAB-12 (EDR-3) 

Test Results  Summary
Test Number: WEAB-12 Max. Deflection: 5.2  in.
Test Date: 6-Apr-2011 Peak Force: 32.7  k
Failure Type: Anchor Pullout/Concrete Cone Failure Total Energy: 56.1  k-in.

Anchor Test Type: Double Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.08 mph  (22.1 fps) 6.74 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1726.6 lbs 783.2 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 112 in.

AOS-6 Perpendicular - 77 in.
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Figure H-26. Results of Test No. WEAB-12 (DTS Set 1) 

Test Results  Summary
Test Number: WEAB-12 Max. Deflection: 8.1  in.
Test Date: 6-Apr-2011 Peak Force: 32.8  k
Failure Type: Anchor Pullout/Concrete Cone Failure Total Energy: 55.2  k-in.

Anchor Test Type: Double Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.08 mph  (22.1 fps) 6.74 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1726.6 lbs 783.2 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 112"

AOS-6 Perpendicular - 77"
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Figure H-27. Results of Test No. WEAB-12 (DTS Set 2) 

Test Results  Summary
Test Number: WEAB-12 Max. Deflection: 8.2  in.
Test Date: 6-Apr-2011 Peak Force: 32.7  k
Failure Type: Anchor Pullout/Concrete Cone Failure Total Energy: 54.8  k-in.

Anchor Test Type: Double Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.08 mph  (22.1 fps) 6.74 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1726.6 lbs 783.2 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 112"

AOS-6 Perpendicular - 77"
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Figure H-28. Results of Test No. WEAB-13 (EDR-3) 

Test Results  Summary
Test Number: WEAB-13 Max. Deflection: 6.7  in.
Test Date: 6-Apr-2011 Peak Force: 32.1  k
Failure Type: Steel Shear Fracture Total Energy: 36.9  k-in.

Anchor Test Type: Single Shear
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.98 mph  (14.6 fps) 4.46 m/s
Impact Height: 7.3125 in. 18.6 cm
Bogie Mass: 1736 lbs 787.4 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 85"

AOS-6 Perpendicular - 64"
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Figure H-29. Results of Test No. WEAB-13 (DTS Set 1) 

Test Results  Summary
Test Number: WEAB-13 Max. Deflection: 5.6  in.
Test Date: 6-Apr-2011 Peak Force: 29.6  k
Failure Type: Steel Shear Fracture Total Energy: 39.5  k-in.

Anchor Test Type: Single Shear
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.98 mph  (14.6 fps) 4.46 m/s
Impact Height: 7.3125 in. 18.6 cm
Bogie Mass: 1734.6 lbs 786.8 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 85"

AOS-6 Perpendicular - 64"
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Figure H-30. Results of Test No. WEAB-13 (DTS Set 2) 

Test Results  Summary
Test Number: WEAB-13 Max. Deflection: 5.7  in.
Test Date: 6-Apr-2011 Peak Force: 28.4  k
Failure Type: Steel Shear Fracture Total Energy: 35.0  k-in.

Anchor Test Type: Single Shear
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.98 mph  (14.6 fps) 4.46 m/s
Impact Height: 7.3125 in. 18.6 cm
Bogie Mass: 1734.6 lbs 786.8 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 85"

AOS-6 Perpendicular - 64"
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Figure H-31. Results of Test No. WEAB-14 (EDR-3) 

Test Results Summary
Test Number: WEAB-14 Max. Deflection: 8.6  in.
Test Date: 10-Jun-2011 Peak Force: 18.9  k
Failure Type: Anchor Pullout Total Energy: 26.3  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 1 1/8 in. 28.58 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.19 mph  (22.3 fps) 6.79 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1504.6 lbs 682.5 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 93"

AOS-6 Perpendicular - 139"
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Figure H-32. Results of Test No. WEAB-14 (DTS Set 1) 

Test Results Summary
Test Number: WEAB-14 Max. Deflection: 9.1  in.
Test Date: 10-Jun-2011 Peak Force: 20.2  k
Failure Type: Anchor Pullout Total Energy: 25.0  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 1 1/8 in. 28.58 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.19 mph  (22.3 fps) 6.79 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1504.6 lbs 682.5 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 93"

AOS-6 Perpendicular - 139"

Bogie Properties

Data Acquired

Bogie Test Summary

MIDWEST ROADSIDE SAFETY FACILITY

Test Information

Anchor Properties

Soil Properties

Wisconsin Epoxy Concrete Anchor

‐5

0

5

10

15

20

25

0 2 4 6 8 10

Fo
rc
e
 (
k)

Deflection (in.)

Force vs. Deflection At Impact  Location

0

5

10

15

20

25

30

0 2 4 6 8 10

En
e
rg
y 
(k
‐i
n
.)

Deflection (in.)

Energy vs. Deflection At Impact Location

‐4

‐2

0

2

4

6

8

10

12

14

16

0 0.01 0.02 0.03 0.04
A
cc
e
le
ra
ti
o
n
 (
g'
s)

Time (s)

Bogie Acceleration vs.  Time

‐5

0

5

10

15

20

25

30

0 0.01 0.02 0.03 0.04

V
e
lo
ci
ty
 (
ft
/s
)

Time (s)

Bogie Velocity vs. Time

0

1

2

3

4

5

6

7

8

9

10

0 0.01 0.02 0.03 0.04

D
e
fl
e
ct
io
n
 (
in
.)

Time (s)

Deflection at Impact  Location vs. Time



November 26, 2012  
MwRSF Report No. TRP-03-264-12 

306 

 
 

Figure H-33. Results of Test No. WEAB-14 (DTS Set 2) 

Test Results Summary
Test Number: WEAB-14 Max. Deflection: 8.3  in.
Test Date: 10-Jun-2011 Peak Force: 19.7  k
Failure Type: Anchor Pullout Total Energy: 24.0  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 1 1/8 in. 28.58 mm
Anchor Coating Epoxy
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.19 mph  (22.3 fps) 6.79 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1504.6 lbs 682.5 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 93"

AOS-6 Perpendicular - 139"
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Figure H-34. Results of Test No. WEAB-15 (EDR-3) 

Test Results Summary
Test Number: WEAB-15 Max. Deflection: 2.2  in.
Test Date: 17-Jun-2011 Peak Force: 43.6  k
Failure Type: Test Jig Weld Fracture Total Energy: 56.0  k-in.

Anchor Test Type: Single Shear
Anchor Size: 1 1/8 in. 28.58 mm
Anchor Coating None
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.28 mph  (13.6 fps) 4.15 m/s
Impact Height: 7.3125 in. 18.6 cm
Bogie Mass: 1740.6 lbs 789.5 kg

Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 153"

AOS-7 Perpendicular - 98"
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Figure H-35. Results of Test No. WEAB-15 (DTS Set 1) 

Test Results Summary
Test Number: WEAB-15 Max. Deflection: 2.0  in.
Test Date: 17-Jun-2011 Peak Force: 39.1  k
Failure Type: Test Jig Weld Fracture Total Energy: 47.7  k-in.

Anchor Test Type: Single Shear
Anchor Size: 1 1/8 in. 28.58 mm
Anchor Coating None
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.28 mph  (13.6 fps) 4.15 m/s
Impact Height: 7.3125 in. 18.6 cm
Bogie Mass: 1740.6 lbs 789.5 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 153"

AOS-7 Perpendicular - 98"
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Figure H-36. Results of Test No. WEAB-15 (DTS Set 2) 

Test Results Summary
Test Number: WEAB-15 Max. Deflection: 2.0  in.
Test Date: 17-Jun-2011 Peak Force: 39.2  k
Failure Type: Test Jig Weld Fracture Total Energy: 48.6  k-in.

Anchor Test Type: Single Shear
Anchor Size: 1 1/8 in. 28.58 mm
Anchor Coating None
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 9.28 mph  (13.6 fps) 4.15 m/s
Impact Height: 7.3125 in. 18.6 cm
Bogie Mass: 1740.6 lbs 789.5 kg

Acceleration Data: DTS
Camera Data: AOS-5 Perpendicular - 153"

AOS-7 Perpendicular - 98"
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Figure H-37. Results of Test No. WEAB-16 (EDR-3) 

Test Results Summary
Test Number: WEAB-16 Max. Deflection: 6.7  in.
Test Date: 27-Jul-2011 Peak Force: 21.4  k
Failure Type: Anchor Pullout\ Concrete Breakout Total Energy: 47.9  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating None
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.9 mph  (23.3 fps) 7.11 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1722.6 lbs 781.4 kg

Acceleration Data: EDR-3
Camera Data: AOS-6 Perpendicular - 62 1/2"

AOS-7 Perpendicular - 96"
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Figure H-38. Results of Test No. WEAB-16 (DTS Set 1) 

Test Results Summary
Test Number: WEAB-16 Max. Deflection: 6.2  in.
Test Date: 27-Jul-2011 Peak Force: 20.4  k
Failure Type: Anchor Pullout\ Concrete Breakout Total Energy: 44.3  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating None
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.9 mph  (23.3 fps) 7.11 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1722.6 lbs 781.4 kg

Acceleration Data: DTS
Camera Data: AOS-6 Perpendicular - 62 1/2"

AOS-7 Perpendicular - 96"
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Figure H-39. Results of Test No. WEAB-16 (DTS Set 2) 

Test Results Summary
Test Number: WEAB-16 Max. Deflection: 6.2  in.
Test Date: 27-Jul-2011 Peak Force: 19.5  k
Failure Type: Anchor Pullout\ Concrete Breakout Total Energy: 43.3  k-in.

Anchor Test Type: Single Tensile
Anchor Size: 3/4 in. 19.05 mm
Anchor Coating None
Embedment Depth: 5.25 in. 13.3 cm
Bonding Agent: Hilti HIT-RE 500-SD

Gradation: NA
Moisture Content: NA
Compaction Method: NA
Soil Density, γd: NA

Impact Velocity: 15.9 mph  (23.3 fps) 7.11 m/s
Impact Height: 21.625 in. 54.9 cm
Bogie Mass: 1722.6 lbs 781.4 kg

Acceleration Data: DTS
Camera Data: AOS-6 Perpendicular - 62 1/2"

AOS-7 Perpendicular - 96"
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