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This thesis describes part of the work associated with Project 0-6719 sponsored 

by the Texas Department of Transportation (TxDOT). The primary objective of the 

project is to examine the feasibility of strengthening older continuous multi-span steel 

girder bridges through the use of post-installed shear connectors. Bridges potentially 

eligible for retrofit have noncomposite floor systems, where the concrete slab is not 

attached to the steel girders with shear connectors. Many of these bridges were designed 

in the 1950’s and 1960’s for loads smaller than the standard design loads used today. 

A secondary objective of the project, and the main focus of this thesis, is to 

examine the design of post-installed shear connectors for fatigue. Of particular interest in 

this study is the adhesive anchor, given its convenient installation procedure but 
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relatively poor fatigue performance in previous tests. The objectives of this thesis were to 

quantify the fatigue strength of the adhesive anchor, as well as quantify the shear force 

and slip demands on adhesive anchors in realistic bridge conditions.  

In regards to the first objective, twenty-six direct shear fatigue tests were 

performed on adhesive anchors. Each test was conducted on a single adhesive anchor in 

order to capture its individual cyclic load-slip behavior. Results indicate that adhesive 

anchors have considerably higher fatigue strength than conventional welded shear studs, 

making partial composite design feasible in the strengthening of older steel bridges. 

In regards to the second objective, analytical and computational studies were 

conducted on composite beams with adhesive anchors. Results show that the shear force 

and slip demands are typically smaller than the endurance limits determined from direct-

shear testing. This suggests that fatigue failure of adhesive anchors under service loads 

may not be a primary concern. Based on the results, preliminary recommendations for the 

design of adhesive anchors for fatigue are provided.  
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CHAPTER 1 

Introduction 

 

1.1 BACKGROUND 

This thesis reports the results of research conducted as part of a larger project 

aimed at strengthening older steel girder bridges by developing composite action through 

the use of post-installed shear connectors. In the construction of steel-concrete composite 

bridges today, composite action is developed by welding shear studs to the top of steel 

girders before placement of the slab concrete. Once the concrete has sufficiently cured, 

the shear studs (which are fully embedded in the slab) act as a connection between the 

steel girders and the concrete slab. The shear studs allow both bridge components to act 

together in resisting flexural forces created by the passage of cars and trucks.  In regions 

of positive bending moments, composite action provides for an efficient means of 

resisting these bending moments, as the primary bridge materials are used towards their 

respective strengths – concrete in compression and steel in tension.  

While welding shear studs to facilitate composite action is a common practice in 

the United States today, it was not before the 1970’s. A survey conducted in this study on 

older steel girder bridges in Texas showed that many bridges had noncomposite floor 

systems. That is, the concrete slab was not attached to the steel girders by any means. In 

noncomposite bridges, the concrete slab and steel girders act separately in resisting 

flexural forces, bending about their respective neutral axes. Many of these bridges were 

designed in the 1950’s and 1960’s for loads smaller than the standard design loads 

currently used for new bridges.  

An economical means of strengthening these bridges is to connect the existing 

concrete slab and steel girders by post-installing shear connectors. This concept was 

thoroughly investigated in TxDOT research Project 0-4124 and Implementation Project 

5-4124. Results from Project 0-4124 demonstrated that the load carrying capacity of 
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single-span noncomposite beams could be increased by roughly 40-50 percent through 

the use of relatively few post-installed shear connectors. More than twenty types of post-

installed shear connectors were developed at the onset of Project 0-4124. Based on the 

results of static and fatigue testing conducted throughout the project, three types of 

connectors were recommended for use in actual retrofit situations: 

1. Double-Nut Bolt 

2. Adhesive Anchor 

3. High Tension Friction Grip Bolt 

These three connectors are illustrated in Figure 1. The connectors consist of high strength 

bolts or threaded rods placed in holes that are drilled in the existing concrete slab and top 

flange of the steel girder. The holes are filled with high-strength grout (double-nut bolt 

and high tension friction grip bolt) or structural adhesive (adhesive anchor). Detailed 

installation procedures for all three connector types can be found in the literature of 

project 0-4124 (Kayir 2006, Kwon 2008).  

 

Figure 1-1: High tension friction grip bolt (top left), double-nut bolt (top right), and adhesive 
anchor (bottom) 

1.2 PROJECT SCOPE 

This thesis is part of a four-year study, Project 0-6719, sponsored by the Texas 

Department of Transportation (TxDOT). Previously related TxDOT projects 0-4124 and 

5-4124 focused on increasing the positive moment capacity of steel girder bridges by 
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post-installing shear connectors. The concepts and design recommendations developed in 

these two projects are most applicable to simply-supported spans. The primary objective 

of the current project (0-6719) is to extend these strengthening concepts to continuous 

multi-span bridges with insufficient capacity in the negative moment regions. The project 

will evaluate multiple strengthening approaches, namely: 

1. Install shear connectors over the piers to increase negative moment capacity. 

2. Install shear connectors in the positive moment regions and allow for inelastic 

redistribution of moments from the piers to the strengthened regions. 

The primary focus of the project is to increase the ultimate load carrying capacity of 

continuous bridges. A secondary objective, and the main focus of this thesis, is to 

examine the design of post-installed shear connectors for fatigue.  

This objective includes quantifying the shear force demands on the connectors in 

composite beams, as well as their fatigue strength. In regards to the latter item, high-cycle 

fatigue tests were performed in Project 0-4124.  However only a limited number of tests 

were performed, and researchers had recommended additional testing to better 

characterize the fatigue strength and behavior of the post-installed shear connectors.  

Of particular interest in this study is the adhesive anchor, given its convenient 

installation procedure but relatively poor fatigue performance in previous tests. The 

adhesive anchor is the only type of post-installed connector that can be completely 

installed from underneath the slab, thereby minimizing traffic disruptions and bridge 

closure time. In contrast, the double-nut bolt and high tension friction grip bolt require 

construction operations from both the top and bottom of the slab. However, test results 

from project 0-4124 showed that the adhesive anchor had considerably less fatigue 

strength than the double-nut bolt and high-tension friction grip bolt. This fact was 

highlighted by the Implementation Project (5-4124) as fatigue requirements controlled 

the design of the span retrofitted with adhesive anchors. As a result, almost twice as 

many adhesive anchors as required by strength design were needed for the retrofit of the 

bridge span. 
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This thesis focuses solely on characterizing the fatigue behavior of the adhesive 

anchor. Specifically, additional data is generated on the fatigue performance of the 

adhesive anchor through small-scale direct-shear tests. Then, typical shear force and 

deformation demands on adhesive anchors in composite beams are determined through 

an analytical and computational study. Finally, recommendations for the fatigue design of 

adhesive anchors are presented. The objectives of this thesis are clearly stated in the next 

section.  

1.3 OBJECTIVES OF THESIS 

1. Quantify the fatigue strength of adhesive anchors subject to horizontal shear force 

through small-scale testing 

2. Determine the horizontal shear force and slip demands on shear connectors in 

composite bridge beams subjected to service loads 

3. Make preliminary recommendations for the fatigue design of post-installed shear 

connectors 

1.4 ORGANIZATION 

The details of the work completed in this study are presented in the following 

chapters. A survey conducted on older noncomposite steel girder bridges in Texas is 

described in Chapter 2. A literature review is provided in Chapter 3. In this chapter, 

different types of test setups used to test shear connectors under fatigue loading are 

described, the fatigue behavior of conventional welded studs is discussed, and finally a 

summary of Project 0-4124 is presented. The direct-shear test setup used in the 

experimental study is described in Chapter 4. Results from the direct-shear fatigue tests 

are presented in Chapter 5. An analytical and computational study conducted to 

determine the horizontal shear force and slip demands on shear connectors in composite 

beams is presented in Chapter 6. Finally, a summary of the project, as well as conclusions 

and recommendations for future studies are presented in Chapter 7.  
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CHAPTER 2 

Bridge Survey 

 

2.1 OVERVIEW 

A primary goal of TxDOT Project 0-6719 was to develop methods to strengthen 

existing noncomposite continuous, steel girder bridges in Texas by using post-installed 

shear connectors. A survey of 25 continuous, steel girder bridges throughout the state of 

Texas was completed to identify typical characteristics of these bridges, including span 

lengths, steel section sizes, girder bracing, deck thickness and reinforcing, and other 

characteristics pertinent to strengthening. The surveyed bridges were typically 

constructed in the 1950’s and 1960’s and represent possible candidates for the 

strengthening methods proposed in Chapter 1. All bridges are listed in Table 2-1, while 

their locations are illustrated on the map in Figure 2-1. Of all the surveyed bridges, 

eighteen consist of continuous units with rolled steel girders. These bridges will be the 

focus the current chapter. 

The remaining 7 bridges will be excluded from this chapter for various reasons. 

The US-83 over Nueces River, I-35 over Medina River, and US-75 Elevated Portions in 

Dallas are all twin-girder, fracture-critical bridges that contain longer spans and 

drastically different dimensions than most other surveyed bridges. The I-35E/US-77 over 

US-183, I-45 under N. Main St., US-90 over Buffalo Bayou, and US-90 over Colorado 

River bridges consist of welded plate girders. They are not discussed further in this 

chapter because the overwhelming majority of the surveyed bridges contain rolled steel 

girders rather than plate girders. 

2.2 ROLLED GIRDER BRIDGES 

The rolled steel girder bridges investigated in this survey were all constructed 

between 1955 and 1965. Eight of these bridges were designed in accordance with the 

AASHO 1953 Bridge Specifications, two with the 1957 specifications, and five with the 
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1961 specifications. Three of the surveyed bridge plans did not indicate the governing 

design code. The following sections summarize the general characteristics of the 

surveyed rolled girder bridges. It will start by discussing the materials used in 

construction and then proceed to describe typical geometry, girder details, deck details, 

and finally the current condition and usage of the bridges. 

Table 2-1: List of all surveyed bridges (asterisks indicate those excluded from this chapter) 

Bridge 
Number 

Bridge Name 
Date 

Constructed 
District 

1 I-20 over T&P Railroad 1955 Abilene 

2 I-20/US-84 under Blackland Road 1958 Abilene 

3 I-20 under US-84 1958 Abilene 

4 US-83/US-277 over N 10th Street 1964 Abilene 

5 US-83/US-84/US-277 over S 7th Street 1964 Abilene 

6 I-10 under S Major Drive 1961 Beaumont 

7 US-287/US-69 over Village Creek 1957 Beaumont 

8 I-30/US-67 under St. Francis Avenue 1959 Dallas 

*9 I-35E/US-77 over US-183 1959 Dallas 

*10 US-75 elevated portions in Dallas 1973 Dallas 

11 FM-76 over Union Pacific Railroad 1965 El Paso 

12 I-45 frontage road ramp to Jefferson Street 1955 Houston 

13 I-45 under W Dallas Street 1955 Houston 

*14 I-45 under N Main Street 1962 Houston 

*15 US-90 over Buffalo Bayou 1956 Houston 

16 US-297 over T&NO Railroad and E Ogden Street 1955 Laredo 

17 I-35 over MoPac Railroad 1963 Laredo 

*18 US-83 over the Nueces River 1947 Laredo 

19 FM-3009 over I-35 1965 San Antonio 

20 I-410/US-16 over Ray Ellison Boulevard 1960 San Antonio 

21 I-410/US-16 under Valley Hi Drive 1959 San Antonio 

*22 I-35 over the Medina River 1937 San Antonio 
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Table 2-1: List of all surveyed bridges (asterisks indicate those excluded from this chapter) 

*23 US-90 over the Colorado River 1956 Yoakum 

24 FM-109 over Cummins Creek 1955 Yoakum 

25 TX-35 over the Victoria Barge Canal 1960 Yoakum 

 

 

Figure 2-1: Map of Texas marked with locations of all surveyed bridges 

2.2.1 Materials 

The plans for all surveyed bridges specify the use of TxDOT Class A concrete for 

the construction of the deck. Class A concrete was specified for bridge decks in the 

TxDOT Bridge Specifications from 1951 to 1961. The composition of Class A concrete, 

as seen in the 1961 TxDOT Bridge Specifications, is given in Table 2-2. 

None of the surveyed bridge plans specify the type or grade of reinforcing steel to 

be placed in the deck. Over half of the bridge plans, however, specify a design stress of 
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20 ksi. The TxDOT Bridge Specifications from 1951 to 1961 state that reinforcing bars 

should be made of either new billet steel of intermediate or high grade (conforming to 

ASTM A15) or rail steel (conforming to ASTM A16). 

AASHO Bridge Specifications through 1965 also mandate the use of billet steel 

and rail steel reinforcing bars. Billet steel and rail steel were available in intermediate 

grade, with a minimum yield stress of 40 ksi, or high grade with a yield stress of 50 ksi. 

For unknown reinforcing steel, the AASHTO Manual for Bridge Evaluation (AASHTO 

2011) states that the yield strength may also be estimated by considering the date of 

construction. From Table 6A.5.2.2-1 in the manual, the yield strength may be 

conservatively assumed to be 40 ksi for billet steel, intermediate grade steel, or unknown 

steel in bridges constructed after 1954. 

Table 2-2: Composition of Class A Concrete (1961 TxDOT Specifications) 

Minimum sacks of cement per cubic yard 5 

Minimum 28-day compressive strength 3000 psi 

Maximum water per sack of cement 6.5 gal. 

Range of slump 2-3 in. 

 

Finally, none of the surveyed bridge plans specify the type of structural steel to be 

used in the superstructure. The 1951 TxDOT Bridge Specifications state that structural 

steel must conform to the requirements of ASTM A7. The 1961 TxDOT specifications 

state that ASTM A373 steel must be used for all main members, while A7 or A36 is 

acceptable for secondary members (diaphragms, stiffeners, cross braces, etc.).  

When the specification and steel grade are unknown, the AASHTO Manual for 

Bridge Evaluation states that minimum yield strength of structural steel may be assumed 

based on the year of construction of the bridge. From Table 6A.6.2.1-1 in the manual, the 

minimum yield strength of structural steel in bridges constructed between 1936 and 1963 

may be conservatively assumed to be 33 ksi. The aforementioned table is found in 

Section 6 of the evaluation manual, which details the correct procedure for load rating of 
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a bridge. Based on these AASHTO provisions, the researchers have assumed the 

structural steel in all surveyed bridge to have a yield stress of 33 ksi. 

2.2.2 Bridge Geometry 

Eight out of the eighteen bridges are skewed at angles ranging from 6.75 to 55 

degrees. Only three bridges are curved, but have relatively large radii of curvature. Nine 

of the bridges are neither skewed nor curved. The continuous steel units of these bridges 

contain 2 to 5 spans, with most units consisting of 3 spans. Span lengths range from 30 to 

100 feet, while the majority of all spans are between 45 and 74 feet long as demonstrated 

in Figure 2-2. 

 

Figure 2-2: Distribution of span lengths among steel units in survey 

The out-to-out widths of the bridges range from 25.5 feet to 67.0 feet, while the 

clear roadway width is 24 to 63 feet. The number of lanes varies from 2 to 4, with most 

bridges accommodating two lanes of traffic on the original plans.  Three of these bridges, 

however, have been widened since first being constructed. The FM-3009 over I-35 

Bridge was widened from 2 to 6 lanes in 1997.  The I-20 Bridge over T&P RR and I-

410/US-16 Bridge over Ray Ellison Boulevard were both widened to 40 ft. in order to 

accommodate new pedestrian and bike paths.  The US-287/US-69 Bridge over Village 

Creek was widened in 2003, but the most recent bridge plans were not available.   
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2.2.3 Girder Details 

The surveyed bridges all have between 4 to 8 girders, with most bridges having 

four girders. The spacing of the girders varies from 6.67 to 8.67 feet. The smallest section 

used among all bridge girders, in terms of height, weight, and strong axis moment of 

inertia, was a 27WF94. The “WF” indicates a wide flange shape. This particular section 

has a height of 26.9 inches, a weight of 94 pounds per foot, and a moment of inertia of 

3267 in4. The largest section used in any given bridge was a 36WF194. It has a height of 

36.5 inches, a weight of 194 pounds per foot, and a moment of inertia of 12103 in4. All 

bridges have wide-flange shaped girders. The typical cross section of a surveyed bridge, 

which indicates ranges of important dimensions, is illustrated in Figure 2-3. 

 

 

Figure 2-3: Half bridge section showing ranges of important dimensions 

All girder sections have ultracompact webs and compact flanges according to the 

current AASHTO LRFD specifications (AASHTO 2010), assuming that they have a yield 

strength of 33 ksi. Web slenderness ratios range from 41.8 to 55.8, while flange 

slenderness ratios range from 4.9 to 7.7. The maximum slenderness ratios required for 

web ultracompactness  and flange compactness  are both calculated in Equation 

2-1 and Equation 2-2 respectively. These equations were obtained from AASHTO LRFD 

Appendix B6, which addresses moment redistribution in continuous-span bridges.  
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11.3 Equation 2-2

Where,  is the depth of the web in compression,  is the total web depth,  is the 

web thickness,  is the width of the compression flange, and  is the thickness of the 

compression flange 

Cover plates are welded to the top and bottom flanges of the girders, over the 

piers, in sixteen of the surveyed bridges. The length, width, and thickness of these cover 

plates vary from 8.75 to 17 feet, 7.5 to 13 inches, and 0.3125 to 1 inch respectively. The 

width of a cover plate on the top flange is usually 1-2 inches less than the width of the 

actual flange. A typical girder section with cover plates over the pier is shown in Figure 

2-4. Four of the surveyed bridges also contained top and bottom flange cover plates in the 

positive moment regions, centered at midspan. The length, width, and thickness of these 

cover plates vary from 16 to 48 feet, 6 to 11 inches, and 0.3125 to 1 inch respectively.  

 

Figure 2-4: Typical cover plate details over bridge pier 
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Girders are usually spliced 20-25% of the span length away from the piers or 

close to the points of dead load contraflexure. Splice locations do not usually coincide 

with the end of cover plates or section transitions. None of the surveyed bridges contain 

intermediate stiffeners. None of bridges, except one, contain bearing stiffeners. Only the 

FM-76 Bridge over Union Pacific Railroad contains 5 inch wide by ½ thick bearing 

stiffeners.  

Finally, girders are usually connected to one another by the three types of cross 

frames illustrated in Figure 2-5. Type A cross frames usually consist of a wide flange 

section connecting the top flanges of the girders, with triangular plates extending down 

nearly to the bottom flanges. These cross frames are usually placed at the end of units, 

including over abutments. Type B cross frames are X-shaped frames consisting of angle 

members. Type B cross frames are usually found in the interior of units, except at 

construction joints. Type C cross frames are K-shaped frames, with a T-shape section 

connecting the top flanges of the girders and diagonal angle members.  Type C cross 

frames are usually located exclusively at or near construction joints. Interior spacing of 

cross frames varies from 12.5 to 19 feet.  

 

Figure 2-5: Typical details of type A, B, and C cross frames 
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2.2.4 Deck Details 

Thickness of the deck varies from 6 to 7.25 inches. The top cover to the center of 

the reinforcement is either 1.5 or 2 inches, while the bottom cover is 1.5 inches. All decks 

consist of a top and bottom layer of reinforcement bars. Each layer contains bars in the 

transverse (perpendicular to traffic) and longitudinal (parallel to traffic) directions. The 

top transverse reinforcement consists of straight #5 bars spaced 10-14 inches apart. The 

bottom transverse reinforcement consists of either straight #4 or straight #5 bars spaced 

10-14 inches apart. 

Between these straight transverse bars are bent bars, whose shape follows the 

moment diagram of a transverse section. Typical details of a transverse bent bar are given 

in Figure 2-6. Over the girders, the bent bars are situated in the top of the deck to limit 

cracking caused by negative moment bending. Between girders, the bent bars are situated 

in the bottom of the deck to limit cracking caused by positive moment bending. Top and 

bottom longitudinal reinforcement bars are usually placed around these bent bars where 

convenient and do not have a regular spacing as seen in Figure 2-6. Longitudinal bars are 

usually straight #4 or #5 bars.  

 

 

Figure 2-6: Typical bent bar and longitudinal reinforcement details 

The deck concrete was placed in 20-40 foot segments along the bridge. These 

segments are usually connected by 30-inch long #5 dowels spaced at 24 inches. Thirteen 

of the surveyed bridges contain these dowels, while in one, the longitudinal bars run 

continuously through the construction joints. The construction joints on a few of the 

bridges have been recently sealed to prevent leakage to the steel underneath.  
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2.2.5 Condition and Usage 

Traffic information for sixteen of the surveyed bridges was provided by the Texas 

Department of Transportation (TxDOT). Annual average daily traffic (AADT) in the year 

2010 varied widely from 2190 to 265220 vehicles. Truck traffic varied from 3% to 80% 

of the total AADT. As can be seen in Figure 2-7, most of the surveyed bridges experience 

less than 10% truck traffic.  

In addition, the most recent inspection report for each bridge was provided by 

TxDOT. All inspection reports were thoroughly investigated in order to better understand 

the current condition of the surveyed bridges, as well as identify any issues that might 

arise in implementing the strengthening methods mentioned in Chapter 1. The inspection 

reports rate major bridge components on a scale from 0 to 9, 0 being in failed condition 

and 9 being in excellent condition.  

 

Figure 2-7: Distribution of truck traffic percentage among all surveyed bridges 

Generally, the deck ratings varied from 4 to 8, or from poor to very good. 

Common problems observed with bridge decks were minor to moderate cracking and 

spalling, some exposed rebar, and extensive joint leakage. Many of the armored joints, 

commonly found over bearings, abutments, and diaphragms, have been closed off with 

seals or concrete.  
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The superstructure and substructure ratings varied from 5 to 7, or from fair to 

good. Common problems with the superstructure included minor rust in the beams, 

diaphragms, and bearings, twisting and lateral distortion of bridge girders caused by 

moderate impact damage, over-rotated bearings, and cracking of the diaphragm welds. 

Rusting was more extensive under the deck construction joints, where bearings and 

diaphragms are more susceptible to leaking water. In some cases, impact damage had 

been repaired by splicing new plate material to the damaged portion of the bridge girder. 

Common problems observed in the substructure include minor to moderate cracking, 

delamination, and spalling, as well as some exposed reinforcement. Examples of the 

different kinds of deterioration observed on the surveyed bridges are shown in Figure 2-8. 

 

Figure 2-8: (Starting from top left and going clockwise) over rotated bearing, severe rusting of 
diaphragm, moderate cracking of column, and impact damage of girder 
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2.3 PROTOTYPE BRIDGE 

Of the bridges studied in the survey, the Cummins Creek Bridge, located just 

north of Columbus, Texas, was chosen as the prototype bridge for further study of the 

feasibility of strengthening with post-installed shear connectors. This bridge was chosen 

because it represented many of the most common characteristics of the bridges in the 

survey.  

The prototype bridge carries the two lanes of traffic of FM-109 over Cummins 

Creek.  A picture of the bridge is provided in Figure 2-9. The bridge was originally 

constructed in 1955, and no major modifications to the superstructure have been made 

since.  H15 loading was used in the design of the bridge, and as of 2009, the bridge is 

subject to an average annual daily traffic (AADT) of 2190 vehicles.  Although not 

specified on the plans, it is likely that A7 steel was used for the girders.  Class A 

concrete, with a minimum 28-day compressive strength of 3000 psi, was specified for the 

deck. 

 

Figure 2-9: A picture of the first span of Cummins Creek Bridge 

Of the ten spans comprising the bridge, three in the middle are constructed of a 

continuous steel unit, with span lengths of 70, 90, and 70 feet. This steel unit is 

surrounded by simply supported concrete pan girder spans.  The bridge is straight, with 

no curvature or skew.  Within the steel unit, there are four girders placed transversely in 

the section, spaced 7 feet 4 inches apart.  These girders are 33WF130 rolled sections, 
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which have a compact web and compact flanges.  5/8-inch thick cover plates are welded 

to the top and bottom flanges at the pier locations, extending 6 feet to either side of the 

center line of the bearing.  No stiffeners are present at any location on the girders.  Field 

splices are located near points of dead load contraflexure, 30 to 50 feet apart, and cross 

frames are spaced at 15 to 20 feet.  A cross frame is located at each bearing point. 

The deck is 6.5 inches thick with a cover of 1.5 inches to both the top and bottom 

mats of reinforcement. Longitudinal and transverse reinforcement consist of #5 deformed 

bars.  Although the material for the reinforcement is not specified in the plans, the bars 

likely have a yield stress of 40 ksi.  Straight transverse reinforcing bars are spaced at 14 

inches in both the top and bottom mats, and an additional bent transverse bar is located in 

between each pair of straight bars.  The layout of these bent bars, which follow the 

moment diagram across the section transversely, is shown in Figure 2-10.  The straight #5 

longitudinal bars in the top and bottom mats have an irregular spacing, following the bent 

bar layout.  Construction joints are spaced every 30 to 40 feet.  There is no continuous 

deck reinforcement running through the construction joints. 

 

 

Figure 2-10: Reinforcing bars details of the deck on Cummins Creek Bridge 

2.4 SUMMARY 

In this chapter, a survey conducted on eighteen rolled, steel girder bridges located 

in the state of Texas was described. The surveyed bridges were typically constructed in 

the 1950’s and 1960’s and represent possible candidates for strengthening with post-

installed shear connectors. Typical geometric characteristics of these bridges, such as 

span length, girder size, deck thickness and reinforcement layout, were summarized. 
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Other characteristics pertinent to strengthening, such as material properties, condition 

rating, and traffic volume, were also summarized. Finally, the Cummins Creek Bridge 

was introduced as the prototype bridge for further study into the feasibility of 

strengthening with post-installed shear connectors. The Cummins Creek Bridge 

represented many of the most common characteristics of the bridges in the survey. The 

prototype bridge was used in analytical and computational studies which will be 

discussed in Chapter 6.  
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CHAPTER 3 

Literature Review 

3.1 OVERVIEW 

Previous studies on the static and fatigue strength of shear connectors have been 

predominantly carried out through three types of tests: pushout, direct-shear, and 

composite beam tests. The following sections describe the general setup for each type of 

test, as well as different variations used in past research. The fatigue behavior of shear 

connectors observed in previous testing is described. Next, a history of shear connection 

design in bridges, as seen in the AASHTO (formerly AASHO) bridge design 

specifications, is provided. The underlying research behind these AASHTO provisions is 

also presented. Finally, research on post-installed shear connectors previously conducted 

at the University of Texas under TxDOT projects 0-4124 and 5-4124 is summarized. 

3.2 TYPES OF SHEAR CONNECTOR TESTS 

3.2.1 Pushout Test 

Pushout testing has been the most common method for testing connectors under 

shear forces. The findings from early pushout tests are the basis for current AASHTO 

provisions on shear connection design. In this type of setup, there are three main 

components: two identical concrete slabs, one steel wide flange beam, and multiple shear 

connectors. The two concrete slabs are placed on either side of the steel beam and 

attached to that beam by multiple shear connectors. The number of connectors placed on 

either side of the steel beam has varied from one to four connectors in previous research. 

Finally axial load is applied to the steel beam, inducing shear forces on the connectors 

and slip at the two steel-concrete interfaces. Figure 3-1 contains a diagram of the pushout 

setup, with each key component labeled. Usually the setup is oriented vertically, making 

it convenient to apply load in the downward direction and use the floor as a reaction 

against the concrete slabs. 
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Despite the economy and convenience of pushout testing, there are some concerns 

on interpreting the results of these tests. First, pushout tests provide lower-bound values 

for the fatigue strength of the connectors tested (Slutter and Fisher 1966, Schaap 2004). 

Only a few connectors can be installed per slab. Therefore, limited load redistribution can 

take place between connectors causing relatively early failure as compared to connectors 

in a bridge beam. Second, the quality of a pushout test depends on ability of the setup to 

evenly distribute load to both concrete slabs. Any loading eccentricity or deviation in the 

properties of the two slabs could lead to an unequal distribution of applied load, meaning 

that connectors on either side of the steel beam may not experience the same shear forces. 

Third, the pushout setup poorly accommodates the application of reversed loading, in 

which the connectors are loaded in alternating directions. While it is easy to push down 

on the steel beam and react against the ground, a more complex test setup is required to 

pull the steel beam upwards. Load reversal is important to consider because most shear 

connectors in bridges experience shear forces in both longitudinal directions. 

 

Figure 3-1: Diagram of conventional pushout test assembly 

Finally, pushout testing naturally applies the load to the shear connectors 

eccentrically. If the applied load is idealized as a point load at the middle of the steel 

section, it could be 4 to 8 inches away from the steel-concrete interface. Figure 3-2 and 

Figure 3-3 illustrate how a force couple is created from this offset between the applied 

load and vertical base reaction. This moment couple is equilibrated by a tension force in 

the connector and compression at the steel-concrete interface above the connector. If the 
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concrete slabs are fixed to the floor, as shown in Figure 3-2, the horizontal base reaction 

helps to equilibrate the moment. 

 

Figure 3-2: Internal moments and forces of pushout setup with fixed base (Hungerford 2004) 

 

Figure 3-3: Internal moments and forces of pushout setup with roller base (Hungerford 2004) 

The first pushout tests were carried out in Switzerland during the 1930’s to study 

the shear transfer capacity of spiral reinforcement (Roš, 1934). The pushout setup was 

later used in an extensive experimental study conducted at the University of Illinois 

(Siess et al. 1952a, Viest et al. 1952, Viest 1956). This study focused on testing various 

types of flexible and rigid connectors, namely channels, dowels, spirals, and Z-shapes, 

and comparing the load-slip behavior. Researchers concluded that all connectors behaved 

in a similar way, but they chose the channel connector for further study in composite-

beams. 
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Many researchers conducted unidirectional static and fatigue tests in the following 

years. The most important of these tests are discussed below, while others will be 

discussed in Section 0 along with the development of bridge design procedures in the 

AAHSO and AASHTO specifications. However, two groups of researchers performed 

fatigue tests with load reversal with the pushout test setup.  

Slutter and Fisher (1966) performed fatigue tests on pushout specimens under 

reversed loading. The experimental setup involved only one concrete slab because the 

researchers did not want to conduct two different concrete pours (which would almost 

certainly yield different concrete properties). The slab was attached to an 8WF40 steel 

section by welded studs or channels, and load was applied directly to the slab. The steel 

section was attached to a column bracket by eight 1-inch diameter A325 bolts. Two 

hydraulic jacks on opposite ends of the slab were used to create reversed load cycles. The 

first jack provided a constant force, while the force in the other jack was varied.  

Mainstone and Menzies (1967) adopted the structure of a conventional pushout 

test; however the setup was elevated so that the steel section could rest on eight two-ton 

springs (Figure 3-4). These springs were used to apply the upward, or reversed, load. For 

the stress ranges tested in these two studies, it was concluded that stress-reversal did not 

affect the fatigue life of a welded shear stud. 

 

Figure 3-4: Reversed pushout test setup with springs (Mainstone and Menzies 1967) 
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Ollgaard et al. (1971) performed static pushout tests on 48 different specimens 

with welded studs covering a wide range of variables. These variables included stud area, 

number of studs per slab, concrete compressive strength, concrete tensile strength, 

concrete modulus of elasticity, and concrete density. Of these variables, the shear stud 

area, concrete compressive strength, and modulus of elasticity correlated well with the 

static strength of the connector. In performing a regression analysis of the pushout data, 

the following equations were developed for ultimate shear strength  and load-slip 

response: 

 0.5 ∙  Equation 3-1

 1 ∆ /  Equation 3-2

Where, 

  = static strength of stud connector at a given slip (kips) 

  = cross sectional area of stud (in2) 

 ′ = 28-day compressive strength of concrete (ksi) 

  = concrete modulus of elasticity (ksi) 

 ∆ = slip of stud connector (in.) 

It was also observed that welded studs had 15-25% more shear strength in normal weight 

concrete than in lightweight concrete. Finally, it was found that the ultimate shear 

strength of a single connector did not depend on the number of connectors used per slab 

in the pushout test. Results for specimens with two shear connectors were similar to those 

with four connectors.  

Badie et al. (2002) studied the static and fatigue behavior of large shear studs. 

Studs with diameters of 7/8 inch and 1¼ inch were tested to compare the behavior. It was 

observed that the larger studs had slightly higher fatigue strength and 30% higher 

ultimate static strength. The researchers recommended equations for the fatigue strength 

of 7/8 and 1¼ inch studs. These equations took the same form as those in the AASHTO 

specifications at the time but had modified coefficients. In this study, the pushout test was 

modified to minimize loading eccentricity. An L-shaped concrete block was fabricated so 
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that load could be applied on the same plane as the steel-concrete interface. A picture of 

the modified setup is shown in Figure 3-5.  

 

Figure 3-5: Modified pushout test setup with L-shaped slab (Badie et al. 2002) 

Various other research projects have used pushout testing to evaluate shear 

connector strength. Klaiber et al. (1983) performed static tests on two-types of post-

installed connectors: the double-nutted bolt and the epoxied bolt, both shown in Figure 

3-6. These two connectors are similar to the double-nut bolt and the adhesive anchor 

developed in TxDOT project 0-4124 (Kwon et al. 2009).  

 

Figure 3-6: Double nut bolt (left) and epoxied bolt (right) tested by Klaiber et al.  (1983) 

Rambo-Roddenberry (2002) performed pushout tests on concrete slabs with metal 

decking in a study with applications to composite floor systems in buildings. In this 

study, a confining load was applied perpendicular to the direction of applied shear load to 

prevent the concrete slabs from splaying outwards during the test. An actuator applied the 
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confining load, which was 10% of the shear load, to a steel frame that ran along the 

perimeter of the concrete slabs. The effect of the confining load was significant, as the 

stud connectors displayed a 14% increase in ultimate shear strength. A picture of the 

pushout setup used by Rambo-Roddenberry is provided in Figure 3-7. 

 
Figure 3-7: Picture of Rambo-Roddenberry setup, with perimeter frame labeled (2002) 

3.2.2 Direct Shear Test 

The direct-shear test setup minimizes the load eccentricity created in the pushout 

test as discussed in the previous section. This setup contains only one concrete slab with a 

steel plate on top, representing the top flange of a steel girder. A single shear connector 

usually attaches the two elements, although more connectors can be used. A horizontal 

force is applied to the end of the plate, generating a shear force on the connector. Figure 

3-8 provides a diagram of the general test setup and labels the key components. The 

horizontal load is usually applied at or near the steel-concrete interface, minimizing any 

eccentricity which might create unwanted axial load and moment on the connector. The 

direct-shear setup can also accommodate reversed loading better than the pushout setup, 

if the slab is restrained from motion in both directions. 

Despite these advantages over the conventional pushout setup, the direct-shear 

setup also has some difficulties. First, it is difficult to accurately test more than one 

connector at a time. Multiple connectors have ineffectively been tested with this setup 
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because the loading plate could not handle the higher loads. Bending of the plate was 

observed due to its low sectional moment of inertia, and load was not distributed evenly 

among connectors.  

 

Figure 3-8: Diagram of direct-shear assembly 

Slutter and Fisher (1966) tested a group of four connectors arranged in a box 

formation in fatigue. During the tests it was observed that the connectors closest to the 

loading point experienced higher forces during the initial cycles. This led to early fracture 

of these connectors, followed by a pullout failure of the remaining connectors. In this 

case, the average strength, found by dividing the total load by the number of connectors, 

is not an accurate representation of the fatigue resistance of an individual connector. 

More details regarding these tests can be found in Section 3.4.3. Additionally, testing a 

single connector makes fabrication of the slab and installation of the connector more 

critical and therefore can create more variability in the results. The direct-shear test also 

produces lower-bound values for strength because the connector is unable to redistribute 

loads to other connectors as it normally would in a composite bridge girder.  

Another problem is that pushing and pulling on the steel plate tends to cause uplift 

at the ends of the plate, due to bending induced near the connector. This occurrence was 

observed during cyclic fatigue tests on single connector specimens at the University of 

Texas, among others (Kayir 2006). Uplift and bending of the loading plate create internal 

moments near the connector and inhibit pure shear behavior. Uplift of the loading plate 

has been addressed by using a variety of devices to clamp down the plate during testing 

(Seracino et al. 1999, Kayir 2006). The loading plate has also been stiffened by welding 
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on longitudinal plates to increase its sectional moment of inertia and reduce bending 

(Gattesco and Giuriani 1996, Nakajima et al. 2003, Kayir 2006). 

The direct-shear setup was developed by Gattesco and Giuriani (1996) at the 

University of Udine in Italy. These researchers desired a setup that could accurately 

simulate the behavior of stud connectors under reversed cyclic loading. They maintained 

that load reversal is generated in bridges when connectors are subject to low-cycle 

fatigue. Under this condition, the connectors will yield while the overall composite beam 

remains elastic. When the beam tends to return to its initial position, with zero slip at the 

interface, the connectors are forced to recover some inelastic deformation. As a result, 

connectors can experience reversed loads up to 10% of their ultimate capacity. 

The direct-shear setup devised by Gattesco and Guiriani is illustrated in Figure 

3-9. Horizontal load is applied on the same plane as the steel concrete interface. A hollow 

steel bar and reaction disks have been cast into the concrete block in order to provide 

adequate reaction against the applied horizontal force.  

 

Figure 3-9: Direct-shear test assembly used by Gattesco and Giuriani (1996); Elevation view 
(left) and plan view (right) 

Depending on whether a pushing or pulling force was applied, the specimen was 

designed to develop one of two strut-and-tie resistance mechanisms shown in Figure 

3-10. The specimen also had a series of longitudinal and transverse screwed bars which 

prevent cracking and rotation of the concrete slab. Finally, two vertical steel ties, 

immediately in front and behind the stud connector, provide a tension-compression 

couple which equilibrated the moment at the base of the stud. In this study, all tests were 
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performed under displacement control, meaning that specified slip amplitudes were 

applied and plotted against the number of cycles to failure.  

 

Figure 3-10: Strut-and-tie resistance mechanisms for pull force and push force (Gattesco and 
Giuriani, 1996) 

The direct-shear setup used at the University of Udine was very complex; it 

required various types of machined parts, threaded bars, and reinforcement. Seracino et 

al. (1999) later developed a variation of the setup, depicted in Figure 3-11, which was 

much simpler and more economical. Uplift of the loading plate was prevented by 

overbearing roller supports. Brackets at all four corners of the concrete block were used 

to clamp it down to a strong floor.  

 

Figure 3-11: Plan (left) and elevation (right) of the setup used by Seracino et al. (1999) 

The goal of this study was to supplement the scarce existing data on stud 

connectors under reversed loads. It was observed that studs under load reversal have 

substantially longer fatigue life for the stress ranges tested. The increase in fatigue life 

could not be quantified however, as there was a large scatter in results. It was also 
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concluded that strength and stiffness of stud connectors decrease throughout their fatigue 

life, evidenced by the constant increase in slip per applied load cycle. 

Nakajima et al. (2003) also performed fatigue tests on stud connectors under 

unidirectional and reversed loading, and concluded that load reversal becomes critical at 

a certain stress range in the connector. This stress range tended to correspond to 

approximately half of the connector’s ultimate static strength and represented the stress at 

which the connector started to deform inelastically. The setup developed for this study is 

illustrated in Figure 3-12. It is oriented vertically, with a concrete block fixed between 

two steel plates and post-tensioned by eight threaded bars. The concrete block is concave 

to prevent the loading plate from rotating out of line with the stud connectors.  Results 

from this study are discussed in more detail later in Section 3.3.2. 

 

Figure 3-12: Elevation view (left and middle) and plan view (top right) of the direct shear setup 
used by Nakajima et al. (2003) 

3.2.3 Beam Tests 

Composite beam tests most accurately replicate the geometry and loading 

conditions of shear connectors in an actual bridge. In earlier test setups, either stud or 

channel shear connectors were welded to the top flange of a wide-flange steel beam. 

Then a concrete slab, with two mats of typically sized and spaced reinforcement, was cast 
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over the steel beam. Due to the relatively high cost of full-scale tests, only one beam was 

typically tested, rather than a multi-girder system. The beam was usually braced laterally 

to account for slight eccentricities at loading points and supports. Beam specimens were 

typically simply supported and subjected to either a point load at midspan or two point 

loads which symmetrically straddled the midspan. Most setups were constructed and 

supported about 4 to 6 feet above the ground to enable access underneath the beams. 

Various methods of instrumentation for composite beam tests have been 

documented. The most common types include: 

1. Linear potentiometers to measure vertical beam deflection at the midspan and 

supports, 

2. Dial gages rigidly attached to steel to measure the slip between the steel beam and 

concrete slab near the support where the most slip occurs, 

3. Strain gages placed on various points of the steel cross section to measure axial 

stresses and to estimate the location of the neutral axis, 

4. Strain gages on the top flange of the steel beam surrounding a single connector to 

estimate the horizontal shear stress in that specific connector, and 

5. Strain gages in the reinforcement of the concrete slab to verify a constant 

distribution of strain across the effective width of the concrete slab 

These forms of instrumentation can provide valuable information about the behavior at 

different stages in a fatigue test.  

Because large-scale testing can be very expensive, and the setup process is very 

time consuming, less data is available from composite beam tests than from pushout and 

direct-shear tests. One challenge inherent in beam testing is identifying the sequence of 

individual connector failures and the mode by which they fail. Because the commonly 

used welded stud and channel shear connectors are flexible in nature they can redistribute 

loads among each other. Capturing the behavior of a single connector is a challenge due 

to this redistribution and also due to the fact that connectors are subject to combination of 

shear, axial load, and moment in the beam.  
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The first research involving composite beam testing was carried out by Siess et al. 

at the University of Illinois (1952a). Small-scale composite beam tests were performed 

on 85 quarter-scale beam specimens with channel connectors. The properties of these 

specimens were varied in order to study the effect of channel web thickness, flange 

thickness, and surrounding concrete strength on the fatigue behavior of composite beams. 

The beams were designed according to the AASHO provisions at the time and then 

scaled down. Loads were applied on a one-sixteenth scale. 

Siess et al. maintained that the quantitative results of the experimental study did 

not bear any significance in terms of providing design equations because the scaling 

down of applied loads and beam dimensions did not scale accurately. However, the 

results did provide insight into the fundamental behavior of channel shear connectors and 

composite beams under cyclic loads. One of the significant observations was that fatigue 

failure of composite beams occurred gradually. A large and rapid decrease in the degree 

of composite interaction occurred only after several connectors have failed. Another 

general observation was that the channel connectors behaved very much like flexible 

dowels in an elastic medium. The maximum stresses occurred at the fillet of the channel 

flange welded to the steel girder, while the web of the channel would see significantly 

less stress. This behavior explained why channel connectors, and later welded studs 

which behaved similarly, could easily redistribute loads after yielding. 

Additionally, Viest et al. (1952) performed four large-scale static beam tests on 

simply supported beams to further study the behavior of flexible channel connectors in 

composite beams. Figure 3-13 contains a picture of a typical 4 in. x 5.4 lb. channel 

connector used in the beam tests. The beams were statically loaded to failure. Similar 

observations were made as in the previous small-scale tests. All specimens with adequate 

shear connection had high reserve strength after first yielding. Viest et al. suggested that 

some slip was inherent in all composite beams; however, when adequate shear 

connection strength is provided, the beam can be considered fully composite for design 

purposes. 
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Figure 3-13: Typical 4 in. x 5.4 lb. channel connector (Viest et al. 1952) 

Thurlimann (1959) was the first researcher to conduct tests on composite beams 

with welded stud shear connectors. Each full-scale beam specimen contained bent studs 

with a 90 degree hook (shown in Figure 3-14) and was subjected to a cyclic point load at 

midspan. The tests yielded inconclusive results and warranted a follow up study on shear 

studs through pushout testing. Chapman and Balakrishnan (1964), King et al. (1965), and 

Toprac (1965) later performed composite beam tests with straight, headed studs. All 

researchers constructed beam specimens with varying shear connection strengths in order 

to determine whether the ultimate capacity of a connector was a valid basis for shear 

connection design. Their results and conclusions are presented in the Section 3.4.2 on the 

plastic design of shear connectors in bridges. Chapman (1964) studied the effects of 

uniform loading on composite beam behavior. In these tests, eighteen closely spaced and 

interconnected actuators were employed throughout the span to simulate a uniform load, 

as seen in Figure 3-15. 

 

Figure 3-14: Bent studs used in the study by Thurlimann (1959) 



 

33 

 

Figure 3-15: Uniform loading on composite beam specimen simulated by eighteen closely 
spaced actuators (Chapman 1964) 

Mainstone and Menzies (1967) studied the fatigue behavior of composite beams 

with welded studs under reversed loads. Two hydraulic rams were placed at the third-

points along the beam specimens and acted 180o out of phase with each other. This 

produced reversed shear loads in the portion of the beam between the two rams. A picture 

of this setup is shown in Figure 3-16. Individual connector stress was estimated by 

measuring the difference in flange axial stress on both sides of the connector. For the 

stress ranges considered, the authors did not find stress-reversal to be a detriment to the 

fatigue performance of the composite beams. 

 

Figure 3-16: Composite beam test setup with two actuators that apply reversed loading 
(Mainstone and Menzies 1967) 
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Fatigue tests on composite beams were also conducted by King et al. (1965) at 

Lehigh University and Toprac (1965) at the University of Texas. In both studies, 

researchers observed that much reserve capacity remained in the beams after individual 

connectors started to fail. This phenomenon was attributed to the flexibility of stud 

connectors and their ability to redistribute loads. King et al. noted that progressive failure 

of individual studs was not apparent in the universal behavior of the beam, quantified by 

end slip and midspan deflection measurements. They also observed that connectors near 

the supports would crack first and redistribute the shear load to connectors further inside 

the span. Individual stud failures would gradually progress from the supports to the 

midspan, making it difficult to discern a point at which the beam had clearly failed. 

Finally, Daniels and Fisher (1968) studied the fatigue behavior of continuous 

composite beams by performing tests on two-span beams. A single point load was 

applied in each 25 ft. span, 10 ft. away from the exterior supports. In this study, the 

amount of longitudinal reinforcement and number of shear connectors in the negative 

moment region was varied to study the effect on the fatigue life of the beam. The 

specimen with studs in the negative moment region, over the interior support, displayed 

better fatigue performance because uplift was minimized, and the deck conformed more 

closely to the curvature of the steel beam.    

3.3 FATIGUE BEHAVIOR OF SHEAR CONNECTORS 

3.3.1 Failure Mode of Welded Studs and Channels 

Observed failure modes of welded shear studs include crushing of concrete 

adjacent to the stud, pullout due to lack of embedment, fracture at the shank-collar 

interface, and fracture at the collar-flange interface (Oehlers and Foley 1985). This last 

failure mode has been observed to be the most common. Usually, a crack forms in the 

stud shank, runs through the weld, and ultimately causes a depression in the steel girder 

flange. A picture of this failure mode, observed in TxDOT project 0-4124, is shown in 

Figure 3-17 (Kayir 2006). The remaining strength of a shear stud is directly proportional 

to its uncracked cross sectional area. In cyclic load tests, failure eventually occurs when 
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the remaining shear strength falls below the applied load range (Oehlers and Bradford 

1995). Oehlers and Foley (1985) found the strength degradation over the number of 

applied cycles to be linear. 

 

Figure 3-17: Depression in steel flange resulting from failure of welded stud (Kayir 2006) 

3.3.2 Reversed versus Unidirectional Cyclic Loading 

Reversed loading means that a shear connector experiences horizontal shear 

forces in opposite directions during one load cycle. It is presumed that connectors on a 

fully composite continuous-span beam would experience load reversal under service 

loads. Figure 1 shows the minimum and maximum vertical shear envelopes of a 

continuous two-span beam subject to the traversal of an unfactored AASHTO HS20 

fatigue truck. The length of each span is 70 feet, equal to the outer span length of the 

prototype bridge presented in Chapter 2. As seen in the graph, large portions near the 

middle of both spans experience vertical shear in both directions. Because horizontal 

shear flow is assumed to be directly proportional to the vertical shear force by current 

design standards (see Equation 3-21), it is presumed that shear connectors in service can 

experience stress reversal. 



 

36 

 

Figure 3-18: Vertical shear envelopes for two-span continuous beam 

Slutter and Fisher (1966) have stipulated that reversed loading has no adverse 

effect on the fatigue performance of shear studs. It was found that shear studs under 

reversed loading actually demonstrated better fatigue performance than those under 

unidirectional loading of the same stress range. Based on the results of this study, the 

importance of stress reversal was dismissed in later research. The equation for connector 

fatigue strength developed by Slutter and Fisher (1966) conservatively neglected the data 

from stress reversed pushout tests. This equation, given in Section 3.4.2, was later 

adopted by the 1969 AASHO Standard Specifications for Highway Bridges (AASHO 

1969).   

Oehlers and Foley (1985) hypothesized that a symmetrical reversed loading cycle 

was equal to two half cycles of unidirectional loading in both directions. They contended 

that reversed loading had no effect on the global behavior of a shear stud. Pushing the 

stud in one direction would nullify the effects of a half-cycle applied in the other 

direction, because concrete cracks on one side of the stud will close in compression when 

the load is reversed. Furthermore, Oehlers and Foley observed that the propagation rate 

of cracks through the weld collar of a stud is directly proportional to the load range. 

Therefore a single fatigue crack on one side of the stud, produced from unidirectional 
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cyclic loading, would have the same effect as two fatigue cracks on either side of the stud 

produced from reversed loading.  

Nakajima et al. (2003) demonstrated that stress reversal on a connector may 

reduce its fatigue life at high stress ranges. Results from direct-shear tests conducted in 

this study indicate that for a range greater than 50% of its maximum static shear strength, 

a shear stud under reversed loading tends to fail sooner than one under unidirectional 

loading. The opposite tends to be true for stress ranges under 50% of the maximum static 

shear strength. This is demonstrated by the graph in Figure 3-19, where the two lines 

represent unidirectional and reversed loading data. The critical stress range of a stud, 

represented by the intersection of these two lines, was found to be similar to the yield 

point of the connector observed in static shear tests. This implies that stress reversal 

becomes critical when the applied loads begin to induce yielding of the stud.  

 

Figure 3-19: S-N curve from Nakajima’s work; the range of shear force has been normalized 
by the maximum static strength (Nakajima 2003) 

3.3.3 Single versus Multiple Connector Tests 

Multi-connector pushout testing has been the most prominent method of testing 

shear connectors in past research. Multi-connector tests can reduce the scatter of results 
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seen in S-N curves (Slutter and Fisher 1966). The average behavior of the shear 

connectors can be obtained by dividing the total range of load by the number of 

connectors tested. This eliminates any outlying connectors that failed much earlier or 

later than expected.  

There are some difficulties that arise in testing a group of connectors. First, it is 

very difficult to ensure that all connectors equally share the total applied load. Slutter and 

Fisher (1966) acknowledged this while conducting pushout tests on groups of four 

welded studs in box formation. Under high stress ranges, the two studs closest to the 

actuator would typically fail first. The remaining studs were then forced to resist the total 

load and would fail shortly afterwards. In this case, the average fatigue strength of the 

group may not accurately represent the fatigue strength of an individual connector. 

Second, a large group of connectors requires higher loads, which in turn requires 

a large concrete slab with more confining reinforcement. Various researchers have cited 

problems with premature splitting of the concrete slab (Siess et al. 1952a, Slutter and 

Driscoll 1963, Badie et al. 2002, Kwon 2008) before shear failure of the shear 

connectors. Great care must be taken to control any longitudinal and transverse cracks 

that form under cyclic or static loading. Finally, the installation of multiple connectors is 

less economical and more time consuming than that of a single connector. The 

complexity of the installation process becomes significant with the post-installed 

connection method in this thesis: the adhesive anchor. The consistency between multiple 

adhesive anchors is not guaranteed given the various steps required in the installation 

process, which is described in Chapter 4.  

3.3.4 Relevance of Previous Observations in Current Project 

Based on the observations discussed above, single-connector, direct-shear tests 

were chosen in this study as a means to evaluate the fatigue strength of the adhesive 

anchor. Testing of a single connector reduces the forces transferred to the concrete slab 

and therefore minimizes the development of macroscopic cracks forming in the concrete 

before failure of the connector. Single connector tests will also capture the individual 

load-slip behavior of a connector under cyclic loads. This is important regarding the 
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fatigue design of shear connectors, as the individual fatigue resistance of a connector can 

be multiplied to determine a conservative value for the strength of multiple connectors on 

a bridge beam. 

The importance of stress reversal on the fatigue behavior of adhesive anchors will 

also be studied. The current project (TxDOT project 0-6719) focuses on partially 

composite floor systems which feature relatively few shear connectors. This necessitates 

the study of shear connectors subject to relatively large stress ranges. Hence, if the trend 

observed by Nakajima et al. (2003) holds true for post-installed connectors, stress 

reversal may be important under the large stress ranges involved in this study. 

Furthermore, shear connectors on continuous-span bridge beams may inherently be 

exposed to load reversal, as previously demonstrated in Figure 3-18. This issue of stress 

reversal is further discussed in Chapter 5, where the direct-shear test results are 

presented. 

3.3.5 Studies on Slip at the Steel-Concrete Interface 

In previous research, the deformation of the shear stud has been commonly 

represented by the slip of the concrete slab relative to the steel beam. Slip was usually 

measured at the steel-concrete interface by linear potentiometers or dial gages. For the 

remainder of this thesis, the term “slip” refers to the displacement of the shear connectors 

at the steel-concrete interface.  

Tests have shown that after initial loading and unloading, a shear stud leaves a 

residual or permanent slip. The general cyclic load-slip behavior of a shear stud is shown 

in Figure 3-20 (Oehlers and Coughlan 1986). The permanent slip, or “set” as denoted in 

the figure, increases by a constant increment per load cycle depending on the magnitude 

of load range. The incremental slip per cycle corresponds to the loss of energy in the 

shear connection per cycle (Oehlers and Bradford 1995). The loss in energy is due to the 

propagation of the fatigue crack and crushing of the concrete in front of the connector.  
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Figure 3-20: Load-slip behavior of shear stud based on experimental results (Seracino 1999) 

Thurlimann (1959) was the first researcher to note incremental slip under cyclic 

loading, but did not quantify it at the time. Later tests (Roderick and Ansourian 1978, 

Taplin and Grundy 1997) aimed at quantifying the slip of shear studs. Taplin and Grundy 

(1997) performed fatigue tests on pushout specimens under both unidirectional and 

reversed cyclic loads. For a given test, a certain load range was applied until the slip 

growth per cycle stabilized. Higher load ranges were applied subsequently, while taking 

note of the corresponding slip growth rate.  The researchers observed two phenomena:  

- slip of the shear connection increases at a constant rate under a given load range 

- the rate at which slip increases depends on the amplitude of the load range; the 

rate is higher for a larger amplitude of load 

The results of this experimental study are summarized by the graphs in Figure 3-21. 

These graphs are semi-log plots of slip growth per cycle versus magnitude of load range 

for both reversed and unidirectional loading. In these graphs,  represents the applied 

load range, while  represents the ultimate static strength of a welded stud. The 

equations determined for slip growth per cycle ⁄ , which correspond to the 

trendlines drawn in Figure 3-21, are: 
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For reversed loading: 

 
log 4.41 0.0119 ∗  Equation 3-3

 For unidirectional loading: 

 
log 5.29 0.0130 ∗  Equation 3-4

Where, 

 = slip growth per cycle (mm/cycle) 

 = peak load in the fatigue cycle (kN) 

 

Figure 3-21: Slip growth rate versus load range for (a) reversed and (b) unidirectional loading 
(Taplin and Grundy 1997)  

The researchers noted that the incremental slip rate was higher under reversed loading 

than that under unidirectional loading of the same range. This may indicate that damage 

accumulates faster under reversed cyclic loading. 
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3.3.6 Relationship between Fatigue and Residual Strength 

Oehlers and Foley (1985) observed that the static strength of a welded stud 

decreases immediately upon the application of fatigue load cycles. The decrease in 

residual strength is defined by the linear envelope shown in Figure 3-22 (Oehlers and 

Bradford 1995) for a given range of cyclic load, . In a fatigue test, the residual strength 

will decrease until it becomes smaller than the peak load, leading to failure of the 

connector at  cycles. The asymptotic endurance, , can be thought of as the 

theoretical fatigue life. That is, it would take  cycles for a fatigue crack to propagate 

through the entire area of the connector without the connector suddenly fracturing.   

 

Figure 3-22: Theoretical residual strength envelope (Oehlers and Bradford 1995) 

A shear connector failure can be caused by the application of an overload that 

exceeds the connector’s residual strength. This is illustrated in Figure 3-22 for an 

overload that is applied after  fatigue cycles. The idea that a stud can fail once its 

residual strength is exceeded was experimentally verified by Oehlers (1990) through a 

series of fourteen pushout tests. In this study, a specimen was subjected to a certain 

number of fatigue cycles and then statically loaded to failure. For all specimens, the 

amplitude of the fatigue cycles was kept constant at 25% of the stud’s ultimate static 

strength. The number fatigue cycles applied before static loading was varied between 
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tests. The residual static strengths of the tested connectors are plotted in Figure 3-23 

(Oehlers 1990). The data points form a line similar to the theoretical envelope illustrated 

in Figure 3-22.  

The linear decrease in connector strength reflects the fact that a fatigue crack 

propagates at a constant rate under a given load range (Oehlers and Foley 1985). The 

uncracked area of the shank is therefore directly proportional to the remaining strength of 

the shear stud. If the load ranges are varied throughout the life of the connector, then the 

cumulative damage to the connector can be represented by a variation of Miner’s Rule 

(Oehlers and Bradford 1995). The endurance ( ) under a given load range is 

exponentially related to the magnitude of the load range ( ). As mentioned before, a 

symmetrically reversed load cycle can be considered equal to two unidirectional cycles of 

half range if the connector remains elastic under the fatigue loading.  

 

Figure 3-23: Experimental results showing linear relationship between residual strength and 
fatigue cycles (Oehlers 1990) 

3.3.7 Behavior of Shear Connectors in Partially Composite Beams 

Researchers at the University of Udine in Italy (Gattesco and Giuriani 1996, 

Gattesco et al. 1997) contended that shear connectors in partially composite beams 

undergo large inelastic deformations and as a result, are subject to some load reversal. In 

this case, two phenomena are expected to occur: 
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- The shear connectors will yield while the beam remains elastic 

- The deformation of the studs is controlled by the global behavior of the beam  

Hence, if the beam wants to return to its initial position upon unloading, with zero slip at 

the steel-concrete interface, the connector is forced to recover some inelastic 

deformation. This idea is illustrated in Figure 3-24 (Gattesco et al. 1997), which shows 

the theoretical cyclic load-slip behavior of a shear connector in a partially composite 

beam.  

 

Figure 3-24: Load-slip of shear connector induced by elastic unloading of beam (Gattesco et 
al. 1997) 

Based on the results of a numerical analysis conducted by Gattesco et al. (1990), 

and described in Gattesco et al. (1997), it was confirmed that the deformation of shear 

stud is governed by the global behavior of the beam. The slip range experienced by a 

connector is usually constant because the beam loads and unloads to the same positions 

under elastic bending strains. From the numerical analysis, Gattesco et al. produced the 

slip history of shear connectors on a simply supported beam subjected to a uniformly 

distributed load. As seen in Figure 3-25, the interface slip increased during the first 20 

cycles. After the first 20 cycles, the maximum slip, minimum slip, and range of slip 

stabilized to constant values. 
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Figure 3-25: Envelopes of maximum and minimum slip obtained by numerical analysis 
(Gattesco et al. 1997) 

Gattesco et al. (1997) later applied the slip history obtained in the numerical 

analysis to direct-shear specimens under displacement control. The setup used for these 

tests was described earlier in Section 3.2.2. The experimental slip history, shown in 

Figure 3-26, was simplified to a bilinear approximation of the slip envelope found in the 

numerical analysis. As seen in Figure 3-26, slip starts at 2/3 of the maximum value. The 

range increases linearly over the first 20 cycles and is kept constant thereafter. In all tests, 

the ratio of minimum to maximum slip was 0.5, while the maximum slip was varied from 

0.8 to 3.0 mm between tests.  

 

Figure 3-26: Simplified envelopes of maximum and minimum slip used in direct shear tests 
(Gattesco et al. 1997) 

Direct-shear tests were conducted on eight specimens with 3/4 x 4 inch welded 

studs. The studs that were subjected to a maximum slip greater than 1.0 mm displayed 



 

46 

relatively short fatigue life, failing before 10,000 cycles. In general, it was observed that 

shear load decreased rapidly after the initial 20 cycles. This was due to the degradation of 

concrete in the vicinity of the connector, and decrease in the stiffness of the shear 

connection. The shear load stabilized to a constant value shortly before failure of the 

connector, as demonstrated in Figure 3-27.  

 

Figure 3-27: Shear load versus number of load cycles in displacement-controlled direct-shear 
tests (Gattesco et al. 1997) 

3.3.8 Studies on Friction at Steel-Concrete Interface 

Cook (1989) carried out friction tests on baseplates anchored to concrete slabs. A 

diagram of the general test setup is shown in Figure 3-28. The baseplates were anchored 

to the concrete by three types of anchors: cast-in-place (CIP), undercut, and adhesive 

anchor. An eccentric shear force, labeled with a “V” in Figure 3-28, was applied until slip 

was induced at the steel-concrete interface. Frictional resistance to slip was provided by 

the pretension in the anchors ( ) and the compression on the toe of the baseplate.  
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Figure 3-28: Free-body diagram of baseplate test setup (Cook, 1989) 

In this study, 44 total friction tests were conducted. The mean coefficient of 

friction of the baseplate specimens was 0.43, while the standard deviation was 0.10.  

While the study produced a large database of test results, it is unclear whether the results 

are applicable to this project. This is because contact along the steel-concrete interface 

was not uniform in the baseplate tests. The application of an eccentric shear force (shown 

in Figure 3-28) moved the centroid of the compressive force towards the toe of the 

baseplate. The localized contact created at the toe of the baseplate is in contrast to the 

uniform contact at the steel-concrete interface of composite beams.  

Hungerford and Schaap (2004) performed friction tests on the I-410 over 

Honeysuckle Lane, a four-girder composite bridge in San Antonio, TX. This bridge had 

been scheduled for demolition, and the deck had already been removed exposing the top 

surface of the steel girders. The researchers cast a small concrete block on a steel plate to 

attain an initial roughness similar to that of a concrete deck cast on top of a steel girder. 

The concrete block was placed on the surface of the bridge girders, and load was applied 

to the block, parallel to the surface of the flange. A photo of the friction test setup can be 

seen in Figure 3-29. The load was applied using a cross-slide milling table and read with 

a 50-pound spring scale. A total of 24 tests were performed at different locations along 

the four girders. The average coefficient of friction was determined to be 0.67 however 

there was much variability among the test results. 
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Figure 3-29: Test setup for measuring coefficient of friction (Hungerford 2004) 

Singleton (1985) studied the coefficient of friction of a steel-concrete interface 

throughout the duration of a cyclic test. A steel plate was placed between two concrete 

blocks and subjected to 4 million cycles of load. A normal compressive force was applied 

to the concrete blocks by pretensioned springs, as seen in Figure 3-30. The coefficient of 

friction varied between 0.70 and 0.95 throughout the test. In general, the roughness 

started at a high value and decreased as the weaker surface concrete was worn down. 

Finally, the roughness increased again when stiffer aggregate below the surface was 

exposed.  

 

Figure 3-30: Singleton’s test setup for measuring cyclic coefficient of friction (Seracino 1999) 

Johnson (1969) used a pushout setup to investigate the static behavior of shear 

connectors in negative moment regions, where uplift of the slab (thereby preventing 
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friction at the interface) can have a significant effect. In this project, the slab 

reinforcement was fixed to rigid crossheads which were jacked apart to produce tension 

in the slab. Another jack was used to apply force to the steel section. The tension in the 

reinforcement was kept proportional to the shear force on the studs in each test.  

Johnson observed extensive cracking of the slabs in the vicinity of the connector 

in many specimens. The cracking resulted in larger connector slip and more uplift of the 

slab as compared to a normal pushout specimen. The combination of tension and shear 

force reduced the static ultimate strength of the connector. Johnson recommended that the 

design strength for a shear connector in the negative moment region be taken as only 

80% of its strength in the positive moment regions.  

Seracino (1999) carried out nonlinear finite element analyses to evaluate the 

effect of interface friction on the shear flow in a composite beam. A simply supported 

beam, with uniformly spaced shear connectors, was subjected to a point load. The 

nonlinear analysis was conducted multiples times, with the point load at different 

positions along the beam, in order to produce a shear flow envelope. 

Two horizontal springs were placed at the steel-concrete interface to model the 

shear connector and frictional resistance. An approximated trilinear load-slip curve, 

illustrated at the top of Figure 3-31, was used to model the shear connectors. A bilinear 

load-slip curve (bottom of Figure 3-31) was used to model the effect of friction. The 

steep portion of the latter curve is representative of when the interface shear force is less 

than the frictional resistance and no slip occurs. A finite stiffness was used for this 

scenario to avoid convergence issues in the analysis. 
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Figure 3-31: Trinlinear load-slip model of shear studs (top) and bilinear model of friction 
(bottom) used by Seracino (1999) 

It was observed that the compressive normal force caused by the point load was 

highly localized. However, the range of horizontal shear force was reduced throughout 

the entire length of the beam, and the reduction was almost constant. This would indicate 

that although the compressive normal forces were localized, the effect of friction in 

reducing the horizontal shear force on the connectors was global. The total shear flow 

along the length of the beam, as well as the shear flow taken by the connectors, is 

illustrated in Figure 3-32.  
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Figure 3-32: Distribution of total shear flow and connector shear flow along beam length 
(Seracino 1999) 

The following equation was also developed by Seracino (1999) to determine the 

shear flow ( ) in a composite beam while accounting for the effects of interface friction.  

 
 Equation 3-5

Where, 

 = vertical shear force (kips) 

 = area of the concrete with deck in  

 = distance from deck centroid to centroid of composite section 

 = moment of inertia of composite section 

 = length of shear span which contains the design point 

 = coefficient of friction of the steel-concrete interface 

The first term in Equation 3-5 represents the total horizontal shear flow at the 

steel-concrete interface of a fully composite section. The second term represents the 

portion of the total shear flow resisted by friction. The difference between the two terms 

results in the horizontal shear flow that is resisted by the connectors. A shear flow 

envelope was developed using Equation 3-5. It is graphed in Figure 3-33, along with the 
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envelope developed using the nonlinear analysis previously discussed. As seen in the 

figure, the envelope derived from Equation 3-5 is very different from the envelope 

produced by the nonlinear analysis. This is in large part due to the fact that Equation 3-5 

incorrectly assumes full interaction between the steel girder and concrete slab, even for 

the case of partially composite beams. 

 

Figure 3-33: Shear flow range envelopes produced by mathematical model and nonlinear 
analysis (Seracino 1999) 

3.4 HISTORY OF SHEAR CONNECTION DESIGN 

The following sections discuss the provisions regarding shear connection design 

in the Association of American State and Highway Officials (AASHO) and later the 

Association of American State Highway and Transportation Officials (AASHTO) design 

specifications for bridges. The 1957 AASHO Standard Specifications for Highway 

Bridges (AASHO 1957) was the first to include a method for designing shear connectors. 

3.4.1 Elastic Design of Shear Connectors 

In early editions of the AASHO Specifications for Highway Bridges, the design 

of shear connectors was carried out in the elastic range. Fundamentally, the design 

procedure consisted of two parts: the calculation of connector demand and connector 

strength. The connector demand, called “shear flow”, was determined under the 
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assumption that a composite beam behaves elastically, transmitting horizontal shear loads 

to the connectors which are also assumed to behave elastically. The shear flow was 

horizontal shear force per unit length of the bridge. The shear flow, at a particular point 

along the span, was based on the maximum vertical shear at that point induced by live 

loads and was computed using transformed composite section properties. The equation 

for shear flow ( ), as seen in the AASHO Specifications from 1957 to 1965, is:  

 
 Equation 3-6

Where, 

 = Maximum vertical shear force under working loads (kips) 

 = First moment of area of concrete deck (in3) 

  = Moment of inertia of the composite section (in4) 

Working loads were used to compute the shear force after the concrete had gained 75% 

of the predicted 28-day compressive strength. The short-term transformed composite 

section was used to compute the moments of area and inertia. The use of composite 

section properties in this equation was warranted only when there was full interaction 

between the steel and concrete. Full interaction can be ensured when shear connectors 

behave elastically, as their stiffness prevents significant slip at the interface.  

The strength, or “useful capacity”, of the connector was taken as the load before 

which the connector started to behave inelastically. Equations for the useful capacity of 

welded studs and channels were first introduced in the 1957 AASHO Specifications. 

They were based on experimental studies carried out at the University of Illinois and 

were proposed by Viest (1956). In this study, pushout tests were performed to 

characterize the load-slip behavior of welded studs and channels. It was observed for both 

connector types, that residual slip started to increase rapidly after reaching 0.003 inch. 

This behavior is demonstrated for welded studs by the graph in Figure 3-34. The graph 

shows that considerable inelastic deformation occurs after a residual slip of 0.003 inch. 
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Figure 3-34: Plot of load versus residual slip; the critical load has been marked (Viest 1956) 

Therefore, the load corresponding to a residual slip of 0.003 inch was taken to be 

the useful capacity of a connector. Equations for the useful capacity  of the welded 

stud and channel connector, as seen in the 1957 AASHO Specifications, are: 

For welded studs with / 4.2: 

 330 ∙ ′ Equation 3-7

 For welded studs with / 4.2: 

 80 ∙ ′ Equation 3-8

 For channels: 

 
180

1
2

′ Equation 3-9

Where, 

 = height of stud connector (in.) 

 = diameter of stud connector shank (in.) 

′ = 28-day compressive strength of concrete (ksi) 

 = height of channel connector (in.)8 
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 = thickness of channel web (in.) 

 = width of channel connector transverse to direction of girder (in.) 

The required spacing of the connectors ( ) at a particular point on the bridge was 

calculated by dividing the useful capacity of the connectors  in the cross section by 

the shear flow ( ): 

 ∙
 Equation 3-10

where  is the number of connectors placed transversely in a cross section. 

3.4.2 Plastic Design of Shear Connectors 

Because of the ductility and load redistribution capabilities demonstrated by 

welded studs and channels in composite beam tests, many researchers agreed that 

limiting these connectors to elastic design was too conservative. A more efficient and 

economical design method based on the ultimate strength of a connector, rather than its 

useful capacity, was developed by Slutter and Driscoll (1963).  Plastic cross-sectional 

analysis at ultimate loads was used to find the shear loads on the connectors, rather than 

the elastic shear flow analysis under service loads used previously.  

In plastic design of composite sections, the concrete deck is taken as a free body 

between regions of zero moment and maximum moment. The compressive force in the 

concrete deck at ultimate load is equilibrated by the horizontal shear forces at the steel-

concrete interface as shown in Figure 3-35.  
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Figure 3-35: Ultimate strength design of shear connectors 

The number of connectors ( ) required within a shear span is determined by 

dividing the total compressive force in the deck  by the ultimate strength of a single 

connector ( ). This is illustrated by the following equations: 

 
 Equation 3-11

 1
2

′
 Equation 3-12

Where, 

 = effective width of the concrete deck (in.) 

 = thickness of the concrete deck (in.) 

′ = 28-day compressive strength of concrete (ksi) 

 = area of steel section (in2) 

 = yield strength of steel (ksi) 

P/2 P/2
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The total compressive force in the deck is also limited by the maximum tensile force that 

can be developed in the steel section. This is taken into account in the bottom expression 

of Equation 3-12. 

Using the plastic design procedure, Slutter and Driscoll (1963) designed twelve 

full-scale composite beam specimens and tested them statically to failure. The researchers 

concluded the following: 

1. If the total ultimate strength of connectors in a shear span is greater than or equal 

to the maximum compressive force in the concrete slab at the ultimate load, the 

moment capacity of the composite beam would be fully developed; and 

2. If adequate shear connection is provided as discussed above, the ultimate moment 

capacity of the beam would not be reduced by slip that occurs at the steel-concrete 

interface. 

The former point is validated by the test results presented in Figure 3-36. The graph 

demonstrates that the plastic moment capacity of the composite beam was developed 

when adequate shear connection strength was provided to develop the maximum 

compressive force in the deck. Conversely, the ultimate moment capacity was not fully 

developed when inadequate shear connection strength was provided.  

 

Figure 3-36: Results of static composite beam tests conducted by Slutter and Driscoll (1963) 
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Because the new strength requirements were based on the ultimate strength of a 

connector, fewer connectors were required in the design of composite beams. Thus, 

fatigue of shear connectors became a critical issue which was reflected in the research at 

the time. King et al. (1965) at Lehigh University and Toprac (1965) at University of 

Texas both conducted studies on the fatigue behavior of composite beams. These studies 

and the conclusions drawn from them are discussed in the following paragraphs.  

King et al. (1965) conducted fatigue tests on half-scale beam specimens. In this 

study, eight identical beams were fabricated. They were simply supported, 15 ft. long 

beams subjected to two point loads located 9 inches on either side of the midspan. The 

concrete deck was 4 inches thick and the steel beam was a 12WF27 rolled section. The 

shear connection was comprised of 1/2-inch diameter bent studs. The beams were 

designed to develop the ultimate moment capacity of the composite section by the plastic 

design procedure presented above. The beam specimens were cycled under different load 

ranges, most of which eventually caused complete failure of the shear studs. The stress 

ranges applied to the connectors were calculated from elastic analysis of a transformed 

section, and the cycles of load were counted until the first pair of adjacent studs failed.  

Toprac (1965) performed seven fatigue tests on full-scale composite beam 

specimens. The beams spanned 36 feet, were simply supported, and were subjected to 

two point loads 14 feet away from the supports. Each specimen had a different number of 

3/4 in. stud shear connectors, and the applied load range for all specimens was kept 

constant. The average stress range on the connectors was determined by elastic analysis 

on the transformed section using Equation 3-6. Cycles were counted up until the point 

where composite action started to decrease rapidly. The degree of composite action was 

determined by tracking the position of the neutral axis with strain gages placed along the 

depth of the beam cross section. 

The results from both studies indicated that the acceptable fatigue strength for an 

individual stud was less than its useful capacity. However, the fatigue strength was much 

greater than the AASHO allowable load, which was the useful capacity reduced by the 

very large factor of safety. Toprac concluded that the AASHO factor of safety was too 
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conservative and needed to be decreased. Meanwhile, King et al. stipulated that the 

fatigue strength and the useful capacity of a connector were two unrelated quantities. 

These researchers believed that the entire design procedure needed to be modified to 

consider strength and fatigue separately.  

Fatigue design of shear connectors was later incorporated into the 1969 AASHO 

specifications. The fatigue design provisions involved the same elastic analysis principles 

as the 1957 AASHO specifications for static design. The only difference was that the 

shear flow ( ), referred to in Equation 3-6, was based on service live loads rather than 

maximum live loads. The use of Equation 3-6 for fatigue design is acceptable because 

connectors are assumed to behave elastically under service loads.  

According to the new design procedure in the 1969 AASHO specifications, the 

shear connectors were first designed for fatigue. The shear flow ( ) in the composite 

beam was calculated using Equation 3-6 with service live load. The spacing ( ) of the 

shear connectors was then determined using the following equation: 

 ∙
 Equation 3-13

where, 	  is the number of connectors placed transversely in a section and  is the 

fatigue strength of a single connector. Equations in the 1969 AASHO specifications for 

the fatigue strength of channels and welded studs were developed by Slutter and Fisher 

(1966) based on the results of cyclic pushout tests. The fatigue strength of a shear 

connector, in the form of allowable force range, was based on the expected number of 

load cycles. The allowable force range  is: 

For welded studs: 

  Equation 3-14

 For channels: 

  Equation 3-15
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where  is the shank diameter of a stud connector (in.),  is the width of a channel 

connector (in.), and the values for ∝ and  are given in Table 3-1. Welded studs must 

abide by / 4. 

Table 3-1: Values of fatigue design parameters 

Number of 
Design Cycles 

  

10,000 13,000 4,000 

500,000 10,600 3,000 

2,000,000 7,850 2,000 

The number of connectors provided for fatigue was then checked for adequate 

ultimate strength using plastic cross-sectional analysis. If the number of provided 

connectors did not meet strength requirements, additional connectors were added. The 

number of connectors ( ) required between points of zero moment and maximum 

positive moment was: 

 

∅ ∙
 Equation 3-16

Where, 

 = total force developed in slab at the plastic moment (kips) 

∅ = resistance factor of 0.85 

 = ultimate shear strength of a single connector (kips) 

The equations for ultimate connector strength  were derived from pushout 

tests carried out at the University of Illinois (Siess et al. 1952, Viest et al. 1952, Viest 

1956). Even though these studies did not focus on determining the ultimate shear strength 

of connectors, load-slip data through failure was available. Slutter and Driscoll (1963) 

revisited this data, supplemented it with pushout test data of their own, and created 

equations for the ultimate strength of channels and studs. Figure 3-37 shows the data 

gathered by Slutter and Driscoll fit to a conservative trend line. This trend line’s equation 

was given the same form as the equations for useful capacity of a connector found in the 

1957 AASHO specifications. 
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Figure 3-37: Data on ultimate strength of channel connectors from pushout and beam tests 
(Slutter and Driscoll 1963) 

The equations for computing the ultimate connector strength , which first 

appeared in the 1969 AASHO specifications, are: 

For welded studs: 

 930 ∙ ′ Equation 3-17

  For channels: 

 
550

1
2

′ Equation 3-18

Where, 

 = diameter of welded stud shank (in.) 

 = height of channel connector (in.) 

 = thickness of channel web (in.) 

 = width of channel connector (in.) 

′ = 28-day compressive strength of concrete (ksi) 

Finally, the 1969 AASHO specifications required additional connectors in 

continuous-span bridges to develop reinforcement in the negative moment regions. If 

connectors were not provided in the negative moment region itself, they were to be 
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placed near the point of dead load contraflexure. This requirement was recommended by 

Daniels and Fisher (1968) because they observed extensive concrete cracking and poor 

fatigue strength in two-span beam specimens that did not have connectors over the 

internal support. The number of additional connectors  was determined by the 

following equation: 

 
 Equation 3-19

Where, 

 = total area of longitudinal reinforcement over the interior support (in2) 

 = range of stress in the slab reinforcement over the interior support (ksi) 

 = allowable force range of a single connector (kips) 

The stress range in the reinforcement was determined from the application of the live 

load, including the impact factor. Shear connectors required by this provision were to be 

distributed evenly on both sides of the contraflexure point, within a length equal to 1/3 of 

the effective slab width. 

3.4.3 Current AASHTO Design Procedure 

Over the years, the design of shear connectors in the AASHO (and later 

AASHTO) specifications has followed the same structure as the 1969 AASHO 

specifications. In general, the pitch (or spacing) of the shear connectors is first 

determined based on fatigue provisions. Then, the number of connectors satisfying 

fatigue is checked for ultimate strength.  

The required pitch of the shear connectors is governed by fatigue. It is determined 

by dividing the total fatigue resistance of connectors at a given section by the shear flow 

( ). The equation for pitch ( ), as seen in AASHTO LRFD Section 6.10.10.1, is: 

 ∙
 Equation 3-20

Where, 

 = number of connectors placed transversely in the cross section 

 = allowable force range of a single connector (ksi)  
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The equation for calculating shear flow, via elastic cross-sectional analysis, is 

similar to equation in the 1969 AASHO specifications. The shear flow ( ), as seen in 

AASHTO LRFD Section 6.10.10.1, is: 

 
 Equation 3-21

Where, 

 = vertical shear force range (kips) 

 = first moment of area of concrete deck (in3) 

 = moment of inertia of the entire composite section (in4) 

The shear force range is determined using factored live loads and the impact factor, while 

section properties are computed using the short-term composite section. 

The fatigue resistance of an individual stud connector  is again derived from 

the findings of Slutter and Fisher (1966). However, instead of tabulated values being 

provided for the fatigue parameter, a continuous equation for  as a function of the 

expected number of load cycles. This equation for fatigue resistance , as seen in 

AASHTO LRFD Section 6.10.10.2, is: 

 ∙
2

5.5 ∙
2

 Equation 3-22

 34.5 4.28 ∙   

Where, 

 = specified number of fatigue load cycles for a design life of 75 years 

 = shank diameter of the welded stud (in.) 

This equation is used for all cases in which the average daily truck traffic (ADTT) is less 

than 960 trucks per day and corresponds to the Fatigue II limit state. Bridges with a larger 

volume of daily truck traffic are designed for infinite fatigue life with the Fatigue I 

combination and the following equation for the fatigue resistance: 

 5.5  Equation 3-23
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The minimum and maximum longitudinal spacing of connectors is 6 inches and 2 

feet respectively, and the connectors are expected to be uniformly spaced. The fatigue 

provisions were derived for fully composite bridges; partial composite design is not 

allowed. However, the equations may constitute acceptable design provisions for fully 

composite deck systems with variable connector spacing. 

Next, the shear connector fatigue design is check for ultimate static strength. The 

number of connectors required to satisfy ultimate strength demands is determined 

through plastic analysis of the composite cross-section. The minimum number of 

connectors ( ) to be provided between the contraflexure point and point of maximum 

moment is determined (as seen in AASHTO LRFD Section 6.10.10.4) as: 

 
 Equation 3-24

Where, 

 = total longitudinal shear force in the deck at the point of maximum moment  

 = factored ultimate shear strength of a single connector (kips) 

The live load, including impact factor, is applied to determine the deck force. The 

longitudinal shear force in the concrete deck,	 , is determined by taking the lesser of the 

tensile capacity of the steel girder and the maximum compressive capacity of the concrete 

deck.  The equations for calculating these two quantities has not changed since the 1969 

AASHO specifications and can be seen in the previous section.  

The ultimate strength of a single connector  is derived from a comprehensive 

study carried out by Ollgaard et al. (1971), which was summarized in Section 3.2.1.  The 

coefficients and exponents of the empirical equation derived by Ollgaard have been 

rounded to whole numbers to produce the following equation (AASHTO LRFD Section 

6.10.10.4): 

 0.5 ∙  Equation 3-25

Where, 

 = cross sectional area of a stud (in2) 

 = specified ultimate tensile strength of a stud (ksi) 
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′ = 28-day compressive strength of the concrete (ksi) 

 = elastic modulus of the concrete (ksi) 

3.5 SUMMARY OF TXDOT PROJECTS 0-4124 AND 5-4124 

3.5.1 Laboratory Research Project (0-4124) 

The feasibility of using post-installed shear connectors to strengthen non-

composite steel bridges has been studied at the University of Texas for the past decade. 

Hungerford (2004) and Schaap (2004) first proposed 22 different types of post-installed 

connection methods for experimental study. They evaluated these methods based on the 

results of static direct-shear tests and narrowed the study to the six most suitable 

methods: the adhesive anchor, the double-nut bolt, and the high-tension friction grip bolt,  

the post-installed welded shear stud, the concrete screw, and the epoxy plate.  

Kayir (2006) performed fatigue testing on these six connection methods along 

with additional static testing. The same direct-shear setup used by Schaap and 

Hungerford was adopted, but it was slightly modified for fatigue testing. A closed-loop 

pump, servo-controller, and servo-valve were installed between the load cell and data 

acquisition system. Based on the results of the fatigue tests, Kayir recommended the 

HASAA, DBLNB, and HTFGB for further study. 

Kwon (2008) continued to study the static and fatigue behavior of these three 

post-installed shear connectors. In addition to direct-shear testing of single connectors, 

Kwon also conducted large-scale beam tests. In particular, four 40-foot long simple-span 

beams were tested statically to failure. These beams were designed to be partially-

composite with a shear connection ratio of 30%.  The presence of post-installed 

connectors significantly increased the strength and stiffness of the beams. 

3.5.2 Hungerford (2004) and Schaap (2004) 

Hungerford (2004) and Schaap (2004) performed 50 static single-connector 

direct-shear tests on 22 different connection methods. The structural performance of all 

connection methods were evaluated by comparing their load-slip behavior to that of the 
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conventional welded shear stud. If the structural behavior of a particular connector was 

found to be satisfactory, the connector was further evaluated for its constructability and 

cost-effectiveness. Ultimately, Schaap and Hungerford narrowed the list of connectors to 

the six that were recommended for further study: the adhesive anchor, the double-nut bolt 

and the high-tension friction grip bolt (which were described in Chapter 1), along with a 

post-installed welded shear stud, the concrete screw, and the epoxy plate. 

A survey of 6 noncomposite bridges was also completed in this project 

(Hungerford 2004). All six bridges were located on north side of San Antonio and shared 

these characteristics: 

- Constructed in the 1950’s or 1960’s 

- Reconstructed within the past twenty years 

- Crossed interstate highways, major urban roads, or railroads 

- Are continuous bridges with the most common span lengths being 50-60 feet 

Some of the most common characteristics of the surveyed bridges were represented by 

the direct-shear test specimens. These characteristics included the slab thickness, rebar 

configuration, steel plate thickness, steel plate width, and connector length.  

In conjunction with this survey, a coefficient of friction test was performed on 

every surveyed bridge (Hungerford 2004). The coefficient of friction at the steel 

concrete-interface was important because many of the connection methods in the study, 

such as high-tension friction-grip bolt, relied on friction as an important shear transfer 

mechanism. The test involved a custom-made apparatus, consisting of a concrete block of 

known weight and a cell that applied a known load (see Figure 3-29). The block was 

placed on the bottom flange of a steel girder, and the coefficient of friction was calculated 

by dividing the applied load which caused the steel block to move by the weight of the 

block. The mean coefficient of friction was found to be 0.63. Hungerford recommended a 

conservative, lower-bound value of 0.40 for design.  

3.5.3 Kayir (2006) 

Kayir (2006) performed 38 direct-shear tests on the six connection methods 

recommended by Hungerford and Schaap, along with baseline tests on the conventional 
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cast-in-place welded shear stud. These direct-shear tests consisted of 8 static, 20 high-

cycle fatigue, and 10 low-cycle fatigue tests. The static tests were used to obtain 

connector load-slip behavior. The results provided information about connection 

stiffness, ultimate strength, and ductility. They were compared with the results of 

Hungerford and Schaap, in order to validate the test setup and procedure.  

The direct-shear test setup used by Hungerford and Schaap was adopted by Kayir 

with slight modifications. A diagram of the general setup is provided in Figure 3-38. The 

various components of the setup are not drawn to scale. The concrete slab rested on a 

self-equilibrating frame while being restrained by the reaction and clamping angles. The 

shear connector was post-installed into the concrete block and attached to a steel loading 

plate. The frame was not bolted to the floor, but had enough mass to react against the 

horizontal force applied by the actuator on the right side of the diagram. The actuator 

transferred load to the steel plate through a load cell, coupler, and custom-made clevis.  

 

Figure 3-38: Side view of direct-shear test setup used by Kayir (2006) 

The high-cycle fatigue tests were the main focus of this study. In high-cycle 

fatigue tests, the applied stress range is less than the yield stress of the connector. The 

connector behaves elastically throughout the test and fails after a relatively large number 

of load cycles.  Of the 20 tests, five were performed on conventional cast-in-place welded 

studs for the purpose of comparing results to past research and determining the reliability 

of the test setup. Two to four specimens with each of the five post-installed connection 

methods were then tested in high-cycle fatigue at varying stress ranges. The epoxied plate 
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connection method was not tested in high-cycle fatigue due to the brittle behavior it 

displayed in the static tests. Results from the high-cycle fatigue tests are shown in Figure 

3-39. In this figure, the abbreviation CIPST denotes cast-in-place welded shear stud, 

POSST denotes post-installed welded shear stud, DBLNB denotes double-nut bolt, 

HTFGB denotes high-tension friction grip bolt, HASAA denotes adhesive anchor, and 

WEDGB denotes concrete screw. The graph also includes data points for welded studs 

from past research found in the literature. As demonstrated by these results, the adhesive 

anchor, double-but bolt, and high-tension friction grip bolt displayed the best fatigue 

performance. These three post-installed connectors were recommended for further study.  

 

Figure 3-39: Comparison of fatigue data for different types of post-installed shear connectors 
(Kayir 2006) 

3.5.4 Kwon (2008) 

Based on the results of cyclic direct-shear tests carried out by Kayir, it was 

determined that the fatigue strength of 3/4 in. diameter adhesive anchors was inadequate. 

Kwon determined that the fatigue strength would have to be increased, so that fewer 

anchors would be required to retrofit a bridge. This would in turn, ease the installation 

process, decrease the bridge closure time, and minimize traffic disruption. Therefore, 7/8-
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inch connectors were adopted for all three connector types. Additionally, higher strength 

rod material was used for the adhesive anchor and double-nut bolt.  

Cyclic direct-shear tests were performed on single connectors. The loading 

protocol was unidirectional, meaning load was cycled between zero and a maximum 

value. The stress range was based on the effective shear area  of the connectors with 

threads in the shear plane: 

 0.80  Equation 3-26

where,  is gross cross sectional area of connector (in2). 

Eleven total fatigue tests were performed in this study, including eight tests on the 

adhesive anchor, which demonstrated the poorest fatigue performance among the three 

post-installed connectors in previous testing. Figure 3-40 illustrates the results of these 

tests plotted with the results from the testing done by Kayir on 3/4-inch connectors. 

 

Figure 3-40: Results of direct-shear fatigue tests (Kwon 2008) 

A regression analysis for the adhesive anchor data was performed and an S-N 

curve for the fatigue strength  was developed: 

 91.5 10.8  Equation 3-27
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For the double-nut bolt and high-tension friction grip bolt, 5 million cycles of load 

was applied at the stress ranges of 35 and 45 ksi, with no failure occurring. Due to time 

constraints, the cyclic loading was stopped after 5 million cycles. These “run out” 

specimens are depicted in Figure 3-40 by arrows pointing to the right. The smallest stress 

range tested (35 ksi) was taken to be the endurance limit of the double-nut bolt and the 

high-tension friction grip bolt, leading to the following equation for fatigue strength: 

 35  Equation 3-28

As observed in Figure 3-40, a proper S-N curve has not been developed for the 

double-nut bolt and high-tension friction grip bolt. Only two double-nut bolts and one 

high-tension grip bolt were tested, and none of these specimens failed in fatigue. Also, 

there was considerable scatter in the adhesive anchor data and the endurance limit could 

not be determined. Because of these uncertainties, further fatigue testing was 

recommended by Kwon (2008). 

Kwon also performed large-scale beams tests to determine the load-deformation 

behavior of beams retrofitted with post-installed shear connectors. One noncomposite and 

four partially composite beam specimens were constructed, each with cross sectional 

dimensions based on the bridge survey conducted by Hungerford (2004). Each beam was 

38 ft. long, simply supported, and subjected to a single point load at midspan. All of the 

beams were all statically loaded to failure. They were braced laterally at the ends to 

prevent overturning of the concrete slab due to any loading and support eccentricities. A 

photo of the test setup is shown in Figure 3-41. 
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Figure 3-41: Test setup for large-scale beam tests (Kwon, 2008) 

The partially composite beam specimens contained 32 specimens total, resulting 

in a shear connection ratio of 30%. Three of the beams were retrofitted with post-

installed connectors uniformly spaced along the length of the span. Each of these beams 

contained a unique type of post-installed connector: the adhesive anchor, the double-nut 

bolt, or the high-tension friction-grip bolt. The fourth beam was retrofitted with the 

adhesive anchor, but the connectors were concentrated towards the ends of the beam to 

reduce slip at the steel-concrete interface. 

Despite having a low shear connection ratio, the beams retrofitted with post-

installed connectors showed much higher strength and stiffness than the baseline non-

composite specimen. On average, the partially composite beams achieved a 40% increase 

in ultimate strength. The last beam, with connectors located near the supports, developed 

a similar ultimate strength but achieved much more ductility and deformation capacity. 

Due to the positive results of this study, post-installed shear connectors were 

implemented on a bridge in service, and a field test was conducted. The field test is 

discussed in the next section.  
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3.5.5 Implementation Project (5-4124) 

3.5.5.1 Summary of Project 

Live load tests were carried out on the FM 426 over Live Oak Creek, an older 

steel bridge near Hondo, Texas (Kwon et al. 2009). This bridge, referred to as the 

“Hondo Bridge” (Figure 3-42), has three simple span, each 40 feet long. The bridge was 

built in 1950 and had an Average Daily Traffic (ADT) of 900 vehicles in 2006. The 

geometry of the Hondo Bridge is shown in Figure 3-43. Each of the three spans were 

designed for a 50% shear connection ratio and retrofitted with the adhesive anchor, 

double-nut bolt, or high-tension friction-grip bolt connection methods.  

 

Figure 3-42: (a) Hondo Bridge and (b) dump truck used for field test (Kwon et al. 2009) 

 

Figure 3-43: Section (top) and girder dimensions (bottom) for Hondo Bridge (CTR, 2009) 
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Two dump trucks were provided by the Texas Department of Transportation for 

the purpose of live load testing. They were filled with gravel and placed at various 

locations on the bridge. A picture of one of the dump trucks is shown in Figure 3-42.  The 

live load tests were performed before and after the retrofitting of the bridge.  Deflection 

of the bridge girders was measured to evaluate the stiffness of the bridge. Strain along the 

girder cross section was measured to locate the neutral axis and estimate the degree of 

composite action. It was concluded that the post-installed shear connectors were effective 

in developing a significant amount of composite action.  

3.5.5.2 Design of Post-Installed Shear Connectors 

As previously mentioned, the Hondo Bridge was retrofitted with the three post-

installed connector types recommended in Project 0-4124. The bridge consisted of three 

simply-supported spans, and each span was retrofitted with a different connector type. 

That is one span was retrofitted with double-nut bolts, one with high-tension friction grip 

bolts, and the last with adhesive anchors. The first two spans, with the double-nut bolts 

and high-tension friction grip bolts, were designed to be 50 percent composite. This 

required 28 total shear connectors per span (14 shear connectors on either side of the 

midspan). Fatigue design requirements were sufficiently satisfied with this arrangement 

of shear connectors, as the double-nut bolt and high-tension friction grip bolt were shown 

to have exceptionally high fatigue strength.  

However, fatigue did govern the shear connection design of the span with 

adhesive anchors. It was determined that 52 adhesive anchors were needed to satisfy 

fatigue design requirements, almost twice the number needed in the two other spans. 

Fatigue requirements were determined through a hand calculation method that was 

developed by Kwon (2008). The method used the expression for shear flow on a fully 

composite beam shown below. 

 
 Equation 3-29

Where: 

  = range of horizontal shear force at steel-concrete interface (kips/in.) 
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  = range of vertical shear due to live load and impact (kips) 

 = first moment of area of portion of transformed section above steel-concrete 

interface; taken about the elastic neutral axis of transformed section .  

  = moment of inertia of transformed composite section .  

It also featured a simple way of distributing the vertical shear force among connectors 

based upon their positions on the bridge beam relative to the position of the truck axles. 

The hand calculation method was determined to be very conservative compared to results 

obtained from a finite element analysis (FEA) in ABAQUS. Because it was unreasonable 

to recommend a design approach based upon FEA however, the researchers proceeded 

with the results of the hand calculation method. Upon completion of the implementation 

project, researchers suggested that a more accurate and simple means of calculating the 

horizontal shear force on the connectors be developed.  

3.6 SUMMARY 

In this chapter, the three most common methods used to test shear connectors, 

pushout tests, direct-shear tests, and composite beam tests, were presented. Variations of 

each setup along with important observations from previous research were also shared. 

Next, a comprehensive review on the fatigue behavior of welded shear studs was 

provided. Aspects of the fatigue behavior that were explored include common modes of 

failure, relationship between fatigue and residual static strength, cyclic load-slip 

behavior, and effects of friction on stress range. The importance of stress reversal on 

fatigue life was also discussed.  

Next, a history of shear connector design in bridges, as seen in the AASHO and 

AASHTO bridge specifications, was provided. Provisions on static and fatigue design of 

shear connectors, along with the underlying research behind these provisions, were 

presented. Finally, the research conducted on post-installed shear connectors in TxDOT 

projects 0-4124 and 5-4124 was summarized. Based on recommendations from these two 

projects, additional fatigue testing of adhesive anchor was conducted in this project. The 

setup used for fatigue testing is presented in the next chapter. Results of the fatigue tests 
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are presented in Chapter 5. An additional recommendation from Project 5-4124 was to 

develop a simple and accurate means of calculating the fatigue demands on connectors in 

an actual bridge. This topic is further investigated in Chapter 6.    
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CHAPTER 4 

Test Setup and Procedure 

 

4.1 OVERVIEW 

An extensive study on the fatigue behavior of adhesive anchors under shear 

loading was carried out by performing cyclic direct-shear tests. In this chapter, the setup 

and its various components are described. Then, the geometric and material properties of 

the test specimen, including the steel plate, concrete slab, and adhesive anchor, are 

presented. Next, the procedure for installing an adhesive anchor is described. Finally, the 

test matrix is presented.  

4.2 TEST SETUP COMPONENTS 

4.2.1 Overview 

The direct-shear test setup in this study fundamentally consists of three 

components: an adhesive anchor, a steel plate, and a concrete slab. The concrete slab was 

anchored to the strong floor at Ferguson Laboratory. A hole was drilled into the slab, 

cleaned, and injected with adhesive. The connector was then inserted into the hole and 

mechanically fastened to the steel plate. Finally, the steel plate was pushed and pulled 

across the surface of the slab, generating a horizontal shear force on the connector in 

bearing. This roughly simulated the horizontal shear that connectors see on an actual steel 

bridge due to the slip at the steel-concrete interface caused by bending of the girders. 

A plan and elevation drawing of the entire test setup is shown in Figure 4-1. Load 

was applied to the steel loading plate by a hydraulic actuator. The actuator was supported 

by a reaction test frame, which can be seen on the left end of Figure 4-1. The loading 

plate was connected to the actuator through a series of threaded couplers. On the right 

end of this connection was a clevis, which gripped onto and efficiently transferred force 

to the steel loading plate. Finally, the loading plate was fastened to the concrete slab by 

the shear connector being tested. The concrete slab and the reaction test frame were both 
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anchored to the strong floor in order to prevent any horizontal displacement other than 

that of the steel plate and shear connector.  

 

Figure 4-1: Plan view (top) and elevation view (bottom) direct-shear test setup 

The following sections provide a detailed description of each component in the 

direct-shear test setup. In general, the sections start from the left end of Figure 4-1, with 

the reaction test frame, and progress towards the right end of the figure. 

4.2.2 Reaction Frame 

A test frame was constructed, as part of the direct-shear setup, to provide a stiff 

reaction against the actuator as it applied load to the specimen. A picture of the test frame 

is provided in Figure 4-2. The frame was not connected to the Ferguson Laboratory 

strong wall seen in the background. The frame consisted of two W12 x 53 columns, each 

welded to a 1.5” thick base plate which is bolted to the strong floor. A W12 x 79 beam 

linked the two columns together. The beam was positioned for strong axis bending under 
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the reaction from the actuator and was roughly level with the surface of the concrete slab. 

The actuator was bolted to the crossbeam with four 7/8” A325 bolts. Slotted holes were 

cut for the purpose of the actuator-crossbeam connection. These holes provided a means 

to adjust the actuator vertically so that the height of load was level with the surface of the 

concrete slab. One inch thick stiffener plates were welded at the midspan of the cross 

beam in order to limit web deformations which might occur during application of the 

load.  

 

Figure 4-2: Reaction test frame 

4.2.3 Actuator and Clevis 

A hydraulic linear actuator was used to apply load to the specimen. The actuator 

contains a hydraulic piston which moves with contact from high pressure fluid and can 

apply either a tensile or compressive force. The force applied to the specimen is equal to 

the effective piston area times the actuating pressure. The hydraulic actuator used in the 

direct-shear tests had a capacity of 100 kips in both tension and compression. 

The actuator was connected to a 100-kip load cell by a male-female coupler. The 

load cell was attached to the clevis by a male-male coupler. Finally, the clevis was 

attached to the loading plate by a custom-made connection that significantly reduced slip 

between the two. This connection, illustrated in Figure 4-3, contains two components:  
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a) a tight-fit pin connection between clevis and intermediate plates 

b) a  slip critical connection between the intermediate plates, filler plates, and 

loading plate 

For the former, 1 3/4” diameter holes were drilled into the connection plates to match the 

diameter of the pin. For the latter, two 3/4 x 4" A325 bolts were used to attach the 

intermediate and filler plates to the loading plate and were tightened by hand. During 

each fatigue test, the overall connection was periodically inspected to make sure that no 

slip or pin rotation occurred. Its performance throughout the testing was found to be 

satisfactory, as very little slip or pin rotation was observed.  

 

Figure 4-3:  Plan view (top) and elevation view (bottom) of custom made clevis connection 

4.2.4 Instrumentation 

Every test, excluding the first, was instrumented with two linear potentiometers in 

order to measure the relative horizontal displacement between the steel loading plate and 

the concrete slab. The potentiometers were installed on either side of the loading plate, in 

line with the installed anchor. They were clamped to wooden blocks which were glued to 

Intermediate
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1 ¾” Pin
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¾” Bolts

Couplers
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the surface of the concrete slab. Small L-shaped brackets were glued to the side of the 

loading plate, and the potentiometer contact rods were adjusted to rest against these 

brackets. A picture of this setup is shown in Figure 2-2. The potentiometers measured the 

horizontal movement of the steel plate relative to the stationary concrete slab 

continuously throughout the test.  

 

Figure 4-4: Installed linear potentiometers 

A 100-kip load cell was used to measure the load applied to the specimen. The 

load cell was connected to the MTS controller, as part of the closed-loop control, as well 

as the Data Acquisition System (DAQ). The DAQ receives a voltage signal from the load 

cell and converts the signal into engineering units of force. The data acquisition was 

controlled through LABVIEW software, which allowed the researchers to record values 

of load and displacement at predefined intervals of time. 

4.2.5 Closed Loop Control 

Closed loop control refers to a circuit of devices that allows a fatigue test to run 

continuously. The circuit consists of a controlling element which sends command signals 

to and receives constant feedback from a controlled element. The controlled element 

consists of a hydraulic actuator (see Section 4.2.3), a servo-valve, and the test specimen. 

The controlling element is an MTS Model 407 digital controller. 
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Figure 2-3 provides a flow chart that demonstrates how the closed loop control 

system operates. The load command is manually entered by the user through a keypad on 

the MTS controller. The controller generates a signal that represents the direction and 

amount of force that the actuator needs to apply. The controller then sends a command to 

the servo-valve which opens the servo-valve spool and allows high-pressure hydraulic 

fluid, from the Hydraulic Power Supply, to enter or exit the actuator. Depending on the 

signal, the fluid will displace the piston inside the actuator a certain amount and generate 

force on the specimen. The load cell senses the amount of force and sends feedback to the 

digital controller, where the applied force is compared to the original command. Based on 

the feedback, the next command signal is adjusted and sent to the servo-valve. 

 

Figure 4-5: Flow chart of the closed loop control 

The MTS Model 407 Controller allows for the user to specify the type, frequency, 

amplitude and average value of load in a loading cycle. For all unidirectional tests, a 

sinusoidal loading curve with a frequency of 4 Hz was chosen. The minimum load in a 

cycle was set at 1.0 kip to ensure that no load reversal occurred during the fatigue test. 

For some stress reversed tests, the sinusoidal loading curve was modified in order to slow 

the rate of load application as the load was changing direction. This loading curve is 

discussed in further detail in Chapter 5.  
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In addition, the MTS controller allows the user to specify tolerances for two 

different kinds of errors: 

- error due to the lag time between command and feedback signals 

- the breach of an upper or lower bound load value by the feedback signal 

If either of these tolerances is exceeded, the MTS controller sends an emergency stop 

signal to the hydraulic power supply and immediately shuts the test off. This capability 

allowed the researchers to run fatigue tests overnight in many cases. Usually, automatic 

shutdown from the MTS controller was a good indication of the failure of the specimen. 

The immediate decrease in stiffness of the shear connector meant that the actuator could 

not apply the load required by the command signal, producing an error exceeding one of 

the two types of tolerances. 

4.2.6 Loading Plate 

An ASTM A36 steel plate was used to transfer load from the actuator to the 

adhesive anchor. The loading plate represented the top flange of a typical steel girder 

bridge constructed in the 1950’s. Each plate was 60 inches long, 12 inches wide and 1 

inch thick. These dimensions closely represent the prototype bridge described in Chapter 

2. In this bridge, the prominent girder size was a rolled W33x130 section, with a top 

flange width of 12 inches and a thickness of 1 inch. The girders were likely made of A7 

steel with specified yield stress of 33 ksi.  

4.2.7 Concrete Slab 

Twelve concrete slabs, 48 inches wide, 64 inches long and 7.5 inches thick, were 

cast on the elevated slab at Ferguson Laboratory. To ensure consistency among these 

slabs, they were cast together with concrete from the same batch. The slabs represent the 

concrete deck of typical non-composite steel girder bridges constructed in the 1950’s and 

1960’s throughout the state of Texas. The type of concrete specified for bridges in this 

time period was called Class A concrete – with ¾” coarse aggregate and a minimum 

specified compressive strength of 3000 psi. A 1” coarse aggregate was specified for the 
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concrete mix in this project because the local supplier did not have ¾” in stock at the time 

of the order.   

The strength of the concrete was determined by breaking 4 x 8 inch cylinders, 

which had been cast simultaneously alongside the slabs. The results of the cylinder tests 

at 7, 14, 28, 62 and 251 days after casting are shown below in Figure 4-6. The average 

28-day strength of the slab concrete was 4,240 psi. The first direct-shear test was started 

56 days after the casting, while the last direct-shear test was finished 242 days after 

casting. Therefore, it was assumed that the concrete strength throughout the direct shear 

testing was relatively consistent, in the range of 4500 – 5000 psi. 

 

Figure 4-6: Time variation of compressive strength of slab concrete 

The surfaces of all slabs were ground smooth 10 days after the cast date using a 

Hilti Rotary Diamond Cutter. Figure 4-7 shows a picture of the finished slabs before they 

were lifted out of the formwork. Each slab contains a total of 8 PVC pipes embedded in 

the concrete, with 2 pipes in each corner. 1 ¼” diameter threaded rods were passed 

through these pipes and threaded into holes in the strong floor at Ferguson Lab. 

Hydrostone was applied to the strong floor in order to hold the slab in place and level out 

any irregularities in the surface texture. Finally 1 ¼” 2H hex nuts were hand-tightened by 

a wrench to tension the threaded rods and properly anchor the slabs to the strong floor.  

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0 50 100 150 200 250 300

C
o
m
p
re
ss
iv
e
 S
tr
e
n
gt
h
 (k
si
)

Age (days)



 

84 

The formwork and reinforcement cage, as seen before placing of the concrete, are 

shown in Figure 4-7. The reinforcement of a slab specimen reflects that of the older steel 

bridges mentioned before. The plans of 18 continuous bridges with rolled wide flange 

beams were carefully examined (as discussed in Chapter 2), and typical slab 

reinforcement size and spacing were noted. The most common reinforcement size was #5 

bars. The reinforcement layouts were found to be similar among the surveyed bridges, 

and the spacing of the bars, both transverse and longitudinal, was averaged in order to 

obtain the layout of the slab specimen. 

 

Figure 4-7: Formwork and reinforcement cage before placing of concrete (left); cured and 
ground concrete slabs 10 days after placement 

Figure 4-8 illustrates the layout of the slab reinforcement, with size and spacing 

labeled. The slab contains two layers of reinforcement, each with transverse and 

longitudinal bars. The top layer contains twice as many transverse bars as the bottom 

layer. This detail reflects the bent bars used in older steel bridges described in Chapter 2. 

Because the test specimen represents an actual composite bridge in an inverted position, 

the reinforcement configuration is also inverted. The typical top layer reinforcement 

details of a bridge slab are reflected in the bottom layer of the slab specimen.  
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Figure 4-8: Top layer of reinforcement (top left), bottom layer of reinforcement (bottom left), 
and elevation view of reinforcement (top right) 

4.2.8 Adhesive Anchor 

Based on the recommendation of project 0-4124, 7/8” diameter ASTM A193 B7 

threaded bars were used as base material for the adhesive anchors. This material has a 

minimum specified tensile strength of 125 ksi. The actual average tensile and shear 

strengths of the A193 B7 rods used in this project were obtained by testing. Both tensile 

and shear tests on the bare material were carried out using a 120-kip capacity Tinius 
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Olsen Universal Testing Machine. The setup and results of these tests are briefly 

summarized in the following sections. Finally, it should be noted that all B7 threaded rod 

material used in this project was manufactured under the same heat number and 

purchased in bulk. Therefore, the results obtained from the tensile and shear test are 

assumed to be characteristic of all A193 B7 material used in direct-shear testing. 

4.2.8.1 Tensile Test 

Tensile tests were performed on 30-inch high-strength B7 threaded rods using a 

120-kip capacity Tinius Olsen Universal Testing Machine. Figure 2-6 contains a photo of 

the machine, with the threaded rod in place and ready to test. A tensile or compressive 

force is applied through vertical displacement of the machine’s bottom platform. The 

bottom platform is connected to four threaded rods which mechanically raise or lower 

depending on user input.  

 

Figure 4-9: Tinius Olsen Universal Test Machine with B7 threaded rod in test position 

The B7 threaded rod was inserted into the grips of the top and bottom platforms. 

The grips were tightened, and the measured load was set to zero. Finally, an axial tensile 

load was applied to the threaded rod, at an approximate rate of 100 pounds per second, 

until the rod fractured. Figure 4-10 shows a photo of the fractured surface of one B7 
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threaded rod specimen. As seen in the figure, the plane of the fractured surface tended to 

be diagonal with respect to the axis of the axial force. Table 4-1 lists the ultimate tensile 

strengths of all threaded rod specimens tested. The average strength of the specimens was 

61.88 kips, and the corresponding stress based on the net tensile area was 134 ksi. The 

net tensile area for a 7/8-inch diameter threaded rod with coarse threads was taken as 

0.462 in2 as reported in Table 7-14 of the 14th Edition of the AISC Steel Construction 

Manual.  

 

Figure 4-10: Fractured surface of B7 threaded rod after tensile failure 

 

Table 4-1: Ultimate tensile strength of B7 threaded rod specimens 

 Load (kips) Stress (kips) 

Test 1 63.33 137.1 

Test 2 61.41 132.9 

Test 3 60.90 131.8 

Average 61.88 133.9 

4.2.8.2 Shear Test 

Shear tests were performed on high-strength B7 threaded rods using a 120-kip 

capacity Tinius Olsen Universal Testing Machine. A customized bolt testing apparatus, 

shown in Figure 4-11, was used to test single rods. The apparatus consisted of a top 

block, a bottom block, and two shearing plates. The shearing plates consisted of 7/8-inch 
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diameter holes through which the threaded rod was inserted. The threaded rod and 

shearing plates were then placed between the top and bottom blocks. The left shearing 

plate engaged the top block while the right shearing plate rested on the bottom block 

(which was stationary throughout the test). Load was applied by the test machine to the 

top block at an approximate rate of 100 pounds per second. The load was then transferred 

from the top block to the left shearing plate, subjecting the threaded rod to single shear.  

 

Figure 4-11: Customized bolt testing apparatus used in shear tests 

Figure 4-12 contains a photo of the fractured surface of one B7 threaded rod 

specimen. As seen in the figure, the plane of the fractured surface was perpendicular to 

the longitudinal axis of the threaded rod. Table 4-2 lists the ultimate shear strengths of all 

threaded rod specimens tested. The average shear strength of the specimens was 42.2 

kips, while the corresponding stress on the effective shear area was 87.7 ksi. The 

following expression for effective shear area ( ) of a threaded rod with threads in the 

shear plane, used by Kayir (2006), was used to calculate the shear stress: 

 0.80  Equation 4-1
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0.80

4
. 875 0.481  

 

where,  is the gross area of the threaded rod. Based on results shown in Table 4-1 and 

Table 4-2, the average ultimate shear strength was 68% of the average ultimate tensile 

strength. This is in general agreement with Kulak et al. (1987) which states that the shear 

strength of a bolt should be approximately 62% of its tensile strength. 

 

Figure 4-12: Fractured surface of B7 threaded rod after shear failure 

 

Table 4-2: Ultimate shear strength of B7 threaded rod specimens 

 Load (kips) Stress (kips) 

Test 1 41.66 86.6 

Test 2 43.99 91.5 

Test 3 40.90 85.0 

Average 42.19 87.7 

4.3 ANCHOR MATERIALS AND TOOLS 

The following materials were used to make an adhesive anchor: 

1. A 7/8” diameter A193 B7 threaded rod which should be approximately as long as 

the thickness of the concrete slab. 6.5-inch long rods, with an embedment depth of 

4.5 inches into the concrete slab, were used in this study.  
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2. A 7/8” nut and appropriately sized hardened washer to go along with the B7 

threaded rod 

3. A 12 oz. canister of Hilti HY-150 Max Adhesive 

The following tools were used to install an adhesive anchor: 

1. Slugger Drill Cutter, along with 1” diameter cutter bits 

2. Hilti Rotary Hammer Drill, along with a 15/16” diameter drill bits 

3. Tubular brush and air hose, for cleaning debris in 1” diameter concrete holes 

4. Hilti Adhesive Dispenser and mixer nozzle 

5. Torque wrench capable of applying 125 lb-ft. 

 

Figure 4-13: Hilti Adhesive Dispenser (top); B7 threaded rod, nut and bolt (bottom) 

4.4 INSTALLATION PROCEDURE 

The procedure that was used to install an adhesive anchor was similar to the 

procedure recommended by Hilti in the HY 150 Max adhesive specifications (Hilti 

2012). The following steps were taken in order to install an adhesive anchor: 

1. Cut a 1” diameter hole through the steel plate with the Slugger Drill Cutter.  

2. Drill a 15/16” diameter hole through the concrete with a Hilti Rotary Hammer 

Drill. The hole should leave at least two inch cover on the other side of the slab. 

The holes drilled in the test specimens in this study were 4.5 inches deep. 
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3. Clean the hole with an air hose. Then drive the tubular brush (while 

simultaneously rotating) through the hole. After reaching the bottom of the hole, 

pull (while rotating) the brush up through the hole. Repeat this process. Finally, 

clean the hole with an air hose once again. 

4. Insert the Hilti HY-150 Max Adhesive into the Hilti Dispenser. Inject adhesive 

into the hole such that the adhesive comes 2/3 of the way up to the steel-concrete 

interface. With each injection (pull of the trigger), slowly lift the dispenser up to a 

higher point in the hole. However, take care not to create any air pockets. 

5. Insert a 7/8-inch diameter A193 B7 threaded rod into the adhesive-filled hole. The 

B7 rod was slowly rotated while being driven down into the hole to fill the 

threads with adhesive. Remove any excess adhesive that comes out through the 

steel plate hole. 

6. After waiting 30 minutes for the adhesive to cure, place a washer and nut on the 

B7 threaded rod and hand tighten the nut until it is snug with the steel plate. 

Finally, use the torque wrench to tighten the connection to 125 lb-ft. 

 

Figure 4-14: Hammer drilling a hole in concrete slab (left); cleaning out the hole with Hilti 
Wirebrush (middle); cleaning out the debris with air hose and vacuum (right) 

4.5 TEST MATRIX 

Direct-shear fatigue tests were performed on a total of 26 adhesive anchors. Of 

these specimens, 17 were subjected to unidirectional cyclic loading, while the remaining 

9 were subjected to symmetrically reversed cyclic loading (equal load in both directions). 
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It was observed from the first three tests that the adhesive anchors failed in a highly 

localized manner. Therefore, the researchers decided to conduct multiple single-

connector tests per slab. Seven different locations on the slab were chosen as satisfactory 

anchor positions. These positions avoided conflict with the slab reinforcement and were 

also sufficiently distant from one another, so that a given connector was not disturbed by 

any previous failure. The connector locations are drawn on a plan view of the 

reinforcement layout in Figure 4-15, and noted for each specimen in the test matrix given 

in Table 4-3. Six different positions were used for unidirectional test specimens (Figure 

4-15a), while three positions were used for reversed test specimens (Figure 4-15b). Two 

positions are common between the unidirectional and reversed tests. 
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Figure 4-15: Labeled connector locations for (a) unidirectional tests and (b) reversed tests 

The test matrix lists all unidirectional and stress reversed tests in the order that 

they were performed. The adhesive anchor was tested over a wide range of stress ranges, 

in order to capture its behavior in a variety of composite bridge applications. Figure 4-16 

graphs the number of tests performed under each stress range. Only for ranges of 25, 30, 
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and 35 ksi were both unidirectional and reversed tests carried out. It is also important to 

note that failure was not observed in three of the test specimens (4, 14, 16). For these 

specimens, the test was stopped due to time constraints. Then, the stress range was 

increased, and the specimen was cyclically loaded to failure. These specimens are labeled 

with “cont” after the stress range in Table 4-3. 

 

Table 4-3: List of fatigue tests performed with corresponding stress range and slab position 

 

Unidirectional Tests

Test #
Stress Range 

(ksi)
Slab #, 
Position

1 45 1,b

2 25 2,b

3 45 4,a

4a 25 4,f

4b 45‐cont 4,f

5 45 4,e

6 25 4,d

7 25 5,f

8 35 5,e

9 35 5,d

10 30 5,a

11 30 6,c

12 20 6,a

13 20 6,f

14a 15 6,d

14b 35‐cont 6,d

15 35 7,a

16a 20 7,c

16b 35‐cont 7,c

17 30 7,f

Stress Reversal Tests

Test #
Stress Range 

(ksi)
Slab #, 
Position

1 25 3,b

2 35 5,b

3 35 6,e

4 30 7,b

5 25 7,e

6 30 7,g

7 35 7,b

8 25 8,g

9 30 8,e
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Figure 4-16: Fatigue tests organized by stress range 

4.6 SUMMARY 

In this study, a direct-shear setup was used to test adhesive anchors in fatigue. In 

this chapter, the setup and its various components were described. Then, the geometric 

and material properties of the test specimen, including the steel plate, concrete slab, and 

adhesive anchor, were presented. Next, the procedure for installing an adhesive anchor, 

along with the materials and tools necessary for the installation, was described. Finally, 

the test matrix, including both unidirectional and reversed load tests, was presented. The 

next chapter will present results of the fatigue testing program.   
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CHAPTER 5 

Test Results 

 

5.1 OVERVIEW 

This chapter presents and discusses the results of the direct-shear fatigue tests 

conducted on adhesive anchors. A total of 26 direct-shear fatigue tests were performed on 

adhesive anchor specimens - 17 with unidirectional loading and 9 with symmetrically 

reversed loading. The load-slip behavior of the adhesive anchor under both types of 

loading is discussed in detail. The performance of the adhesive anchor is then presented 

through two difference approaches - the force-based approach and the displacement-

based approach. The force-based approach focuses on the applied stress range and the 

effect it may have on the fatigue strength of a shear connector. The displacement-based 

approach focuses on the magnitude of displacement experienced by the shear connector 

and its corresponding influence on the fatigue strength of the connector. The failure 

modes of both unidirectional and reversed test specimens are discussed, and other 

common physical observations from the direct-shear tests are also presented. Finally, 

possible sources of error in the test setup and procedure are discussed. 

5.2 UNIDIRECTIONAL TESTS 

5.2.1 Load-Slip Behavior 

The typical load-slip behavior of the adhesive anchor under a unidirectional load 

cycle is illustrated in Figure 5-1. Here the first three cycles of test 23, a unidirectional test 

with a stress range of 30 ksi, have been plotted. The connector deforms inelastically as it 

is subjected to load, evidenced by the rounded shape of the “loading” curve. Removal of 

the load is represented by the portion of the first cycle marked “unloading. This portion is 

also rounded and almost mirrors the loading of the connector. 
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Figure 5-1: Load-slip behavior of unidirectional test specimen during first three cycles 

After the connector has been completely unloaded, a residual or permanent 

deformation remains. This deformation is mostly caused by inelastic bending of the 

connector above the steel-concrete interface and also by permanent deformation to the 

adhesive in the steel plate and concrete holes. This behavior was physically observed 

during the lifted plates tests which are described in Section 5.4. Damage to the 

surrounding concrete does not contribute to permanent deformation until later cycles, as 

demonstrated by the lifted plate tests. The first cycle on the load-slip plot has the largest 

area and therefore dissipates the most energy as compared to the second and third cycles. 

The first cycle also causes the largest permanent slip. Each increment of permanent slip 

added by subsequent cycles gets smaller and smaller until stabilizing to a constant value. 

The increment of permanent slip added per cycle is referred to as “incremental slip” and 

is marked for the second cycle in Figure 5-1. 

Cycles 1, 25, 50, and 100 of test 23 are graphed in Figure 5-2. This figure depicts 

the evolution of the connector's load-slip behavior over a wider range of cycles. As in 

Figure 5-1, this graph also illustrates how the incremental slip decreases with each 

applied load cycle. For example, the increment of permanent slip between the 50th and 
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100th cycles is much smaller than that between the 1st and 50th cycles. Also, the area 

contained within the 100th load-slip cycle is much less than the area contained with the 

first cycle. The amount of area contained within a load-slip cycle was typically found to 

have stabilized to a constant value shortly after the 100th cycle.  

 

Figure 5-2: Load-slip behavior of unidirectional test specimen during cycles 1, 25, 50, and 100 

5.2.2 Force-Based Results 

The adhesive anchors tested in this project exhibit slightly poorer performance 

than the adhesive anchors tested in the project 0-4124. Figure 5-3 contains an S-N graph 

that compares the unidirectional fatigue test results from this project to the results from 

project 0-4124. The y-axis plots stress range, while the x-axis plots cycles to failure on 

a logarithmic scale. The stress range was computed by dividing the applied load range by 

the effective shear area of the threaded rod (see Equation 4-2). The black arrows indicate 

specimens that did not fail under the applied stress range. All adhesive anchors in project 

0-4124 were tested under unidirectional load. As seen in Figure 5-3, several of the 

adhesive anchors tested in this project fell within the range of the previous project results, 

while others were significantly lower. It is important to note that the design equation for 
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fatigue strength recommended by Kwon (2008) and drawn in Figure 5-3 ignores two 

outlier data points.  

 

Figure 5-3: S-N graph comparing results of current project with those of Project 4124 

The reason for the difference between the results from the two projects is unclear, 

but may possibly be attributed to differences in the test setup. For example, the strong 

floor was used to anchor the concrete slab in this project while a self-equilibrating frame 

was used in project 0-4124 (see Figure 3-37). Also the slab in this project (48 x 64 x 7.5 

in.) was much larger than the slab used by Kayir (2006) and Kwon (2008), which was 24 

x 24 x 7 in. It is also important that due to the larger slab size, multiple single-connector 

tests were conducted per slab in this project. The relationship between a connector's 

position on the slab and its fatigue life is discussed later in this chapter. Finally, the type 

of clevis, couplers, and actuator were all different between the two projects.  

Despite the wide scatter in results, all of the data points from the adhesive anchors 

plot well above the line that represents the 2010 AASHTO design equation for 

conventional welded studs. The unidirectional test results from this project alone are 

presented in Figure 5-4. A trendline has been drawn through the data points. There is 
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significant scatter in the results, as evidenced by the poor correlation of the trendline. 

Possible reasons for the scatter are presented in Section 5.6. The equation for allowable 

stress range  of the adhesive anchor, which corresponds to the trendline, is: 

 6.152 ln 103.47 Equation 5-1

where,  is the number of expected fatigue cycles to failure. The trendline line was 

automatically generated with Excel regression analysis. The R-squared value, or 

coefficient of correlation, was 0.66. A maximum design stress range of 20 ksi is 

recommended under service loads to ensure satisfactory fatigue performance from the 

adhesive anchor. The endurance limit stress range is estimated to be 15 ksi. 

 

Figure 5-4: S-N graph for adhesive anchors tested in current project 

A trendline that represents the average strength of the specimens, rather than a 

lower-bound strength, was chosen. This is because single-connector direct-shear tests 

were shown to be conservative in nature (see Section 3.2.2). The results of direct-shear 

tests should be validated by beam testing or field instrumentation. In particular, future 

research should address whether the true behavior of a shear connector in a composite 

beam is properly simulated by direct-shear testing. This can be accomplished by 

measuring the shear force and interface slip of connectors in a composite beam under 
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service load and then comparing them to the corresponding values obtained in direct-

shear tests. It would also be useful to compare the failure mode of shear connectors on a 

composite beam to that of connectors in direct-shear tests. Fatigue tests on composite 

beams will be conducted in the future work of this project. 

5.2.3 Displacement-Based Results 

Connector slip data was measured by linear potentiometers and collected by the 

LABVIEW software at constant time intervals. At each data collection time, 4-5 cycles of 

load-slip data were captured at a rate of 100 points per second. From these cycles, the 

maximum and minimum slip were determined, and the difference between the two values 

was taken to be the slip range. The slip range was tracked throughout the entire fatigue 

life of a connector. Upon completion of a test, the average slip range was calculated.  

Figure 5-5 plots average slip range versus number of cycles to failure for 

unidirectional test specimens. Figure 5-5 has significantly reduced scatter between the 

data points as compared to Figure 5-4. The average slip range has a stronger correlation 

to the fatigue life than the stress range. This may be attributed to the variables which will 

be discussed in Section 5.6, namely the human error associated with installation of 

connector and position of the connector on the slab. The slip range takes these variables 

into account and provides a more direct measure of the connector's deformation and 

fatigue damage.  
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Figure 5-5: Average slip range versus cycles to failure  

The equation for allowable slip range  of the adhesive anchor, which corresponds to 

the trendline in Figure 5-5, is: 

 0.004 ln .0648 Equation 5-2

where,  is the number of expected fatigue cycles expected throughout the bridge life. 

The trendline line was automatically generated with Excel regression analysis. The R-

squared value, or coefficient of correlation, was 0.86. The endurance limit slip range is 

estimated to be .008 inch. A maximum design slip range of .014 inch is recommended 

under service loads to ensure satisfactory fatigue performance. Based on Equation 5-2, an 

adhesive anchor is expected to last more than 300,000 cycles under this slip range. 

5.2.4 Adhesive Curing Time 

The effect of adhesive curing time on the fatigue life of the adhesive anchor was 

also studied. The adhesive was allowed to cure for either 90 minutes or 24 hours before 

testing began. The longer curing time was used for a total of six unidirectional specimens 

under three different stress ranges: 25, 35, and 45 ksi. The shorter curing time was used 
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for another three unidirectional specimens under each of the same three stress ranges. 

Figure 5-6 contains an S-N graph that compares the fatigue behavior of specimens 

subjected to the long and short curing times. As seen in the graph, there appears to be 

essentially is no correlation between fatigue strength and adhesive curing time.  

 

Figure 5-6: Fatigue life of connectors with long and short curing times 

5.3 STRESS REVERSED TESTS 

5.3.1 Load-Slip Behavior 

The typical behavior of the adhesive anchor under a reversed load cycle is 

illustrated in Figure 5-7.  The behavior of the connector is highly variable at different 

phases in a reversed load-slip cycle due to deterioration of concrete and adhesive on both 

sides of the connector as the test progresses.  This deterioration causes the formation of a 

region in which the connector slips, essentially free of load, through the zero point as the 

load is reversing direction. In order to describe the connector’s complete behavior, the 

cycle in Figure 5-7 has been divided into four phases for a single half cycle of loading. 
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Figure 5-7: Typical load-slip cycle of an adhesive anchor under reversed loading 

Point O is taken as the beginning of the cycle, and represents the point at which 

the applied load is zero, but some value of residual slip exists from the previous cycle.  In 

phase A, load is initially applied to the connector.  This portion of the load-slip curve is 

concave down.  In phase B, the load continues to increase, while the connector traverses 

its original center position (zero slip).  This portion of the load-slip curve contains an 

inflection point, and the tangent stiffness (slope of the curve) is at a minimum value.  At 

this point, the connector is being forced to move across the oversized holes that were 

drilled into the concrete and through the steel plate.  The Hilti adhesive filling these 

holes, which has a much lower stiffness than both the concrete and steel, is largely 

responsible for resisting the motion of the connector during this phase. 

In phase C, the load is approaching the maximum positive value.  This portion of 

the curve is concave up.  The tangent stiffness is increasing because the connector has 

effectively compressed the adhesive and started to bear against the solid material (steel 

and concrete).  The stiffness of an adhesive anchor during phase C is similar to the 

stiffness under unidirectional loading.  Finally, phase D represents the unloading of the 

connector.  This portion of the curve is concave up, although the tangent stiffness does 
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not change much.  As the shear force is completely removed, a residual or permanent slip 

remains.  Phases A through D are repeated as load is applied in the opposite direction. 

The first three cycles of test 27, a reversed test with a stress range of 25 ksi, are 

plotted in Figure 5-8. All three cycles are very similar, as opposed to the unidirectional 

test. Significant permanent deformation is caused by the first cycle, but very little 

deformation is added by the second and third cycles. As load is initially increased to the 

maximum value in the first cycle, the connector’s load-slip behavior resembles that of a 

unidirectional test specimen. For subsequent cycles however, the load-slip behavior 

follows the shape illustrated in Figure 5-7.  

 

Figure 5-8: Load-slip behavior of reversed test specimen during first three cycles 

Cycles 1, 25, 50, and 100 of test 27 are plotted in Figure 5-9. This figure depicts 

the evolution of the connector's load-slip behavior over a wider range of cycles. As seen 

in the graph, the incremental slip per cycle decreases as load cycles are applied. For 

example, the increment of permanent slip between the 50th and 100th cycles is much 

smaller than that between the 1st and 50th cycles. The incremental slip typically stabilizes 

shortly after the application of 100 cycles. Another observation from Figure 5-9 is that 

the load-slip cycles are stretched along the x-axis with more cycles. The phase B portion 

of the curve, described above, becomes wider and flatter. This reflects how the damaged 
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region around the shear connector grows as the test progresses. It also reflects how the 

stiffness of the connector decreases as it bends inelastically in alternating directions.  

 

Figure 5-9: Load-slip behavior of reversed test specimen during cycles 1, 25, 50, and 100 

Figure 5-10 plots the secant stiffness of the adhesive anchor specimen through the 

initial cycles of the fatigue test. The secant stiffness is represented by the slope of the line 

that connects the maximum load point to the minimum load point. This theoretical line 

has been drawn and labeled in Figure 5-7. As indicated by the plot in Figure 5-10, the 

secant stiffness decreases rapidly during the first 5 cycles of load. The slope of the secant 

stiffness curve decreases over subsequent cycles and stabilizes to a steady rate by the 

100th cycle. A similar observation was made by researchers who performed reversed 

cyclic tests on welded shear studs (Taplin and Grundy 2001).  
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Figure 5-10: Secant stiffness of reversed test specimen 23 during first 300 cycles 

For many of the reversed specimens, the adhesive surrounding the connector in 

the steel plate degraded during the fatigue test. As a result, relative slip between the 

connector and the steel plate was recorded by the linear potentiometers in addition to the 

slip of the connector between the slab and the plate. The relative slip was reflected in the 

load-slip data, as the length of the damaged region (Phase B) was elongated. Figure 5-11 

demonstrates this phenomenon by plotting load-slip cycles from test 27, a test in which 

considerable relative slip was observed. In this graph, a load-slip cycle near the beginning 

of the test is compared to a cycle recorded shortly before failure of the shear connector at 

241,807 cycles.  

350

400

450

500

550

0 50 100 150 200 250 300

Se
ca
n
t 
St
if
fn
e
ss
 (
ki
p
/i
n
.)

Load Cycles



 

108 

 

Figure 5-11: Cycle near beginning of test 27 compared to cycle near the end (241,807 cycles) 

5.3.2 Force-Based Results 

Based on the work of Nakajima (2003), discussed previously in Section 3.3.2, 

reversed cyclic tests were conducted for select stress ranges. Nakajima hypothesized that 

connectors subjected to reversed load cycles had a shorter fatigue life than connectors 

under unidirectional load cycles of the same magnitude. He found this to be true at higher 

stress ranges, where the connector was forced to deform inelastically. Nakajima specified 

that stress reversal becomes critical at load ranges greater than either half of the 

connector's ultimate static strength or the stress at which the connector deviates from 

elastic load-slip behavior. This stress for adhesive anchors, based on results of static 

single-connector tests conducted by Kwon (2008), is about 30 ksi. Therefore, for this 

testing program, reversed tests were conducted for stress ranges of 25, 30, and 35 ksi. All 

reversed tests were symmetric, meaning that the loading was centered around zero force. 

Figure 5-12 compares the fatigue strength of connectors under unidirectional load 

to that of connectors under reversed load for the stress ranges mentioned above. 

According to the plot, there is no indication that reversal is important for stress ranges 

between 25 and 35 ksi. However, there is significant scatter in the results of the stress 

reversed specimens and hence more uncertainty is involved in predicting their behavior. 
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Figure 5-12: S-N graph comparing fatigue strength of reversed and unidirectional specimens 

5.3.3 Displacement-Based Results 

As a result of slip that occurs in phase B (Figure 5-7), the total slip range for 

reversed test specimens was typically much greater than the range for the unidirectional 

test specimens. A method was developed to make the slip data for both types of tests – 

reversed and unidirectional – more comparable. This method attempts to eliminate the 

phase B slip of a reversed specimen, which consists of: 

 The slip that occurs as the connector travels through the oversized hole in the 

concrete and steel; only the Hilti adhesive in the hole is resisting the motion of 

connector 

 The slip that occurs after the adhesive in the steel plate has degraded; the slip is 

caused by the gap between the connector and the oversized hole in the steel plate 

It is hypothesized that phase B slip does not reduce or influence the fatigue strength of 

the shear connector. This is because in Phase B, the connector experiences almost no 

load. Therefore, Phase B slip is subtracted from the total slip range to obtain the 

“effective” slip range. The effective slip is essentially the slip that occurs while the shear 

20

25

30

35

40

1.0E+04 1.0E+05 1.0E+06 1.0E+07

St
re
ss
 R
an

ge
 (
ks
i)

Cycles to Failure

Unidirectional

Reversed



 

110 

connector is bearing against the wall of both the concrete and steel holes. It is assumed 

that effective slip range actually influences the fatigue strength of the adhesive anchor. 

Because the load is symmetrically reversed, equal amounts of effective slip should 

theoretically be obtained in both directions. These two slip ranges must be added to 

generate the total effective slip range per cycle. The method used to calculate the 

effective slip is described below. Steps 1 through 5 are illustrated in Figure 5-13. 

1. The slip of the connector during the loading phase (phase C) at 80% of the 

maximum positive load was recorded 

2. The slip of the connector during the unloading phase (phase D) at 80% of the 

maximum positive load was recorded 

3. Two separate lines were drawn between the point of maximum positive load and 

the two points at 80% of the maximum load (obtained in steps 1 and 2) 

4. The angle bisector of these two lines was drawn, and its slope determined 

5. The angle bisector was extended to the x-axis (zero load). The slip at the 

intersection of the angle bisector line and the x-axis was determined 

6. The difference between the slip at the intersection point and the slip at the 

maximum load point was calculated. This difference is the positive effective slip 

7. Steps 1-6 were repeated for the negative half of the cycle in order to obtain the 

negative effective slip 

8. The positive and negative effective slips were added together to obtain the total 

effective slip 
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Figure 5-13: Graphic demonstration of steps 1-5 in calculation of effective slip range 

After all of these steps have been completed, a simplified load-slip cycle can be 

created. The simplified cycle consists of two angle bisector lines – one for positive load 

and one for negative load – connected by a horizontal line that represents the damaged 

region. The trilinear approximation of a load-slip cycle is illustrated in Figure 5-14. It 

was found that the slope of the angle bisector lines does not change significantly 

throughout the fatigue test. Therefore, it is appropriate to assume that an adhesive anchor 

has a constant stiffness outside of the damaged region. However, the width of the  

damaged region grows throughout the fatigue test, with the amount of growth per load 

cycle being nearly constant. Taplin and Grundy (2001) used a similar load-slip 

relationship to model the fatigue behavior of welded shear studs in a composite beam.  
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Figure 5-14: Trilinear approximation of load-slip behavior of adhesive anchor 

The effective slip range of the connector was calculated at equal time intervals 

throughout each fatigue test. The effective slip range of the connector during test 27 is 

plotted in Figure 5-15. As seen in the graph, the method described above has 

satisfactorily separated the effective slip from the slip associated with the damaged region 

or phase B. The effective slip range is almost constant throughout much of the test, and 

this pattern was commonly observed in the data for other reversed test specimens as well.  
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Figure 5-15: Total and effective slip range of adhesive anchor during Test 27 

For each reversed test specimen, the average effective slip range over the entire 

fatigue life was calculated. The average effective slip is plotted against cycles to failure 

in Figure 5-16. The average total slip range for the unidirectional test specimens has also 

been plotted. As seen in the graph, the effective slip range for reversed test specimens is 

in the same general range as the total slip range for unidirectional test specimens. 

However, the reversed slip data points are much more scattered than unidirectional slip 

data points. Scatter in the reversed test data may have been caused by the effective slip 

range calculation method described in this section or the various factors that will be 

discussed in Section 5.6. 
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Figure 5-16: Slip range versus cycles to failure for both reversed and unidirectional specimens 

5.3.4 Modified Loading Curve 

A modified loading curve, shown in Figure 5-17, was used for two stress reversal 

tests. The MTS SE FlexTest controller, different from the one described in Chapter 4, 

was used because of it had Multipurpose Testware. This software allows the user to 

combine linear and sinusoidal load shapes in order to synthesize a hybrid loading 

protocol. The one shown in Figure 5-17 consists the following five portions: 

- An ascending ramp that takes load from zero to 20% of the maximum load 

- A sine wave with a frequency of 2 Hz that takes load up to maximum value 

- A descending ramp that takes load from positive to negative value 

- Another sine wave with frequency of 2 Hz that takes load to the minimum value 

- An ascending ramp that returns the load to zero, thus completing one cycle 

A load cycle of the modified loading curve is compared to a typical reversed load cycle in 

Figure 5-17.  
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Figure 5-17: Load vs. time for a cycle of modified and original loading curves 

The modified curve was implemented in order to better simulate a unidirectional 

cycle. In a unidirectional cycle, the load rate is zero at the onset of loading (near zero 

load) and is represented by the valley of a sine wave. In a typical reversed cycle, the load 

rate is fastest at the onset of loading (or as it changes direction at zero load). This rapid 

loading rate might cause an undesired impact effect on the connector as it is forced into 

bearing after reversing direction.  Several times, “banging” of the connector against the 

wall of the concrete hole was detected.  

The modified curve effectively decreases the load rate during load reversal and 

increases the load rate after the load has sufficient magnitude. This better simulates a 

unidirectional load cycle and allows one to compare the fatigue results of unidirectional 

and reversed specimens without having to worry about discrepancies in the load rate. 

However, the modified loading curve was abandoned after just two reversed fatigue tests 

due to the following issues:  

- For reasons unknown to the researchers, the SE FlexTest controller could not 

maintain the correct load range. The load range tended to decrease steadily with 
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time, which forced the researchers to make frequent modifications to the MTS 

controller settings in order to maintain the load range.  

- The shape of the actual load cycle was not in agreement with the theoretical 

modified curve presented in Figure 5-17 

Figure 5-18 illustrates an actual cycle of load at different stages in the connector's fatigue 

life. In the latter half of the connector's fatigue life, the closed-loop system did not 

accurately produce the theoretical loading protocol, drawn with dashed lines in Figure 

5-18. The sine wave portions of the cycle seem to have been pinched, while the linear 

portions were stretched. This might be attributed to extensive damage to the concrete 

surrounding the connector, which creates a large region of zero stiffness.  

 

Figure 5-18: Actual applied load versus time at different points in fatigue life 

5.3.5 Physical Observations  

In many of the stress reversed tests, the nut of the adhesive anchor was loosened 

by small, cyclic rotations of the loading plate. These rotations, in plane with the slab 

surface, occurred with each cycle of reversed load. They may have been caused by 

imperfect alignment between the connector and the actuator. During the test, the nut was 
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periodically retightened with a torque wrench to the standard torque of 125 lb-ft specified 

in Chapter 4. 

Another common observation was that the adhesive surrounding the connector in 

the loading plate hole tended to degrade after relatively few cycles. The degradation of 

adhesive produced a grey colored powder which can be seen in Figure 5-19. The amount 

of cycles that caused complete degradation of the adhesive was different for each fatigue 

test. However, the adhesive did degrade at some point in all stress reversed test 

specimens. It is important to note that only adhesive in the steel plate hole degraded, not 

the adhesive in the concrete (which held the connector intact throughout its fatigue life). 

 

Figure 5-19: Picture showing degraded adhesive during a stress-reversed test 

Figure 5-20 compares a fractured connector tested under reversed load cycles to 

one tested under unidirectional cycles. For the latter, a 1-inch layer of adhesive is well 

intact around the connector threads, even after failure. This corresponds to the 1-inch 

thickness of the steel plate. The adhesive was compressed into the threads on the side of 

the connector subjected to load. For the stress reversed connector, no adhesive remained 

intact. A large fraction of the threads is covered with grey colored powder (degraded 

adhesive) as mentioned above. 
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Figure 5-20: Fractured connectors from unidirectional test (left) and reversed test (right) 

5.4 LIFTED PLATE TESTS 

Two cyclic tests were conducted in which the physical condition of the adhesive 

anchor was monitored throughout its fatigue life. Both tests were conducted under a 30 

ksi stress range, one with reversed loading and the other with unidirectional loading.  

5.4.1 Test Procedure 

For these tests, the adhesive anchor was installed in a unique way. As usual, a 

15/16-inch hole was drilled into the concrete slab, the adhesive was injected, and the 

connector was inserted into the adhesive-filled hole. These steps were carried out, 

however, without the presence of the steel loading plate. Instead, the loading plate was 

placed on top of the concrete slab after installation of the adhesive anchor. 

A 7/8-inch diameter hole was cut into the steel plate so that the connector fit 

snugly into the hole. The diameter of the hole was smaller than the usual 1 inch to 

eliminate extra space normally intended to fit a hammer drill bit. Because of the snug fit, 

relative slip between the connector and the plate was effectively eliminated. When the 

physical condition of the connector, adhesive, and surrounding concrete was to be 

examined, the test was paused, and the loading plate was removed from the surface of the 

slab. After observing the condition of the slab surface, the loading plate was put back into 
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place and the test was resumed. This process was repeated until failure of the shear 

connector.  

5.4.2 Unidirectional Test 

During the unidirectional test, the physical behavior of the adhesive anchor 

specimen was examined after 1000, 10000, 25000, 40000, and 42846 cycles and then 

once more after the connector had failed. Failure occurred after 42864 cycles, meaning 

that the last stoppage of the test occurred only 18 cycles before failure. It can be assumed 

that any observations made during this stoppage were well representative of the 

connector’s condition just before failure.  

At 1000 cycles, no damage to the connector or surrounding concrete was detected. 

At 10000 cycles, the connector had shifted over to a position adjacent to the edge of the 

concrete hole. Figure 5-21 captures the connector’s position at this point in the test. The 

actuator is pulling the connector from the left side of the figure. The applied 

unidirectional loading has forced the connector to migrate to the left (south) side of the 

concrete hole. As a result, the adhesive is compressed on this side and visible only on the 

right (north) side of the connector.  

 

Figure 5-21: Picture showing position of connector at 10,000 cycles 

Crumbling of the concrete was first observed at 25,000 cycles. Spalling of the 

concrete ensued at 40,000 cycles. Damage to the concrete rapidly accumulated with 
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subsequent cycles of load. Figure 5-22 illustrates this progression of concrete 

degradation. The darker shade of grey represents the surface of the concrete. The lighter 

shade of grey represents the underlying layer of concrete which had been revealed after 

the surface had spalled off.   

 

Figure 5-22: Condition of the surface concrete at various times throughout the test; number of 
cycles when picture was taken is labeled in the lower right corner of each picture 

5.4.3 Stress Reversed Test 

During the reversed test, the physical behavior of the adhesive anchor specimen 

was examined after 1000, 10000, 25000, 40000, 60000, 100000, and 109760 cycles. No 

visible damage to the concrete or adhesive was observed until 60,000 cycles. At this 

point, there was some adhesive degradation at the slab surface, but no visible damage to 
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the concrete. At 100,000 cycles, there was more degraded adhesive but still no concrete 

damage. Figure 5-23 shows pictures of the concrete surface at 60,000 cycles (top left) and 

100,000 cycles (top right). The pictures demonstrate how the condition of the concrete is 

almost the same at both times during the test.  

At 109,760 cycles the test was automatically stopped by the MTS controller 

because the error tolerance was exceeded. The steel plate was lifted, and the physical 

condition of the shear connection was observed. The test was then restarted, but failure of 

the connector was visibly detected almost immediately afterwards at 109,770 cycles. 

Therefore, it can be assumed that the connector had failed back when the test was 

automatically stopped. Figure 5-23 provides a picture of the connector at 109,760 cycles 

(bottom left) and 109,770 cycles (bottom right).  

 

Figure 5-23: Condition of surface concrete at various times throughout the test; number of 
cycles when picture was taken is labeled in lower right corner of each picture 
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Concrete spalling around the failed adhesive anchor (at 109,760 cycles) was 

observed, but the extent of damage was very small. Upon removal of the fractured 

connector at 109,770 cycles, the fracture surface was found to be 1 inch below the 

surface of the slab. The failure of the connector below the interface explains why very 

little damage was observed at the surface. It also indicates that the fatigue failure was 

mostly caused by inelastic bending of the threaded rod.  

Based on observations from this test, it appears that the condition of the concrete 

does not influence the fatigue strength of an adhesive anchor subjected to reversed load. 

Degradation of concrete is minimal and probably occurs near the very end of the anchor’s 

fatigue life. Considerable spalling occurs during the ensuring cycles, applied after failure, 

as evidenced by picture of the slab surface at 109,770 cycles. The condition of the surface 

concrete in this particular picture is similar to the pictures of failed specimens taken in 

other reversed tests.  

5.5 FAILURE MODE 

The failure of each shear connector was usually indicated by the automatic error 

shutdown of the closed-loop system described in Chapter 4. When the feedback signal 

from the load cell deviated from the command signal, an error tolerance was exceeded 

and the system would immediately shut off. Usually, the error-induced shutdown lagged 

behind the actual failure of the connector by a couple of seconds. In this short time 

interval, the steel plate would continue to apply some load, while partially prying the 

failed connector out of the slab. Figure 5-24 shows the steel plate after one particular test, 

elevated from the interface and prying on the connector.  
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Figure 5-24: Uplift of the plate and prying of connector after failure 

After failure, the steel plate was disconnected from the clevis and removed from 

vicinity of the connector. The damaged condition of the concrete at the interface was 

revealed. Failure of the shear connector under unidirectional loading consisted of two 

common phenomena: fracture of the connector below the steel-concrete interface and 

spalling of the concrete in front of the connector. A picture of spalled concrete after 

failure is provided in Figure 5-25. On the left is the damaged region as seen upon 

removal of the loading plate. On the right is the same region, but after the spalled 

concrete had been removed with an air hose and a vacuum cleaner. Most of the spalling 

was caused by prying of the connector after it had already failed. 

 

Figure 5-25: Damage to the concrete before (left) and after (right) surface cleaned 
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In most cases, the damage to the concrete in front of the connector was very 

localized. The length and width of the damaged area in Figure 5-25 are both about 4 

inches, dimensions that represent the upper bound of damage to the concrete. The 

fracture of the connector usually occurred about 0.5 to 1.0 inch below the surface of the 

concrete slab. Figure 5-26 shows the fractured surface of a connector depressed below the 

surface of the slab. Thread marks are visible on the left side of the concrete hole (the 

connector was being pulled away from this side). These marks were created by the 

adhesive filling in around the threads of the connector. 

 

Figure 5-26: Measured depth of connector’s fractured surface (top) and thread marks within 
the concrete hole (bottom) 

For most unidirectional tests, the adhesive surrounding the connector in the hole 

of the steel plate was largely intact throughout the test and even after failure. In most 

cases, the connector had to be pounded out of the loading plate hole with a hammer. Even 

after removal, a well formed layer of adhesive could be seen on the fractured connector 
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immediately beneath the nut (see Figure 5-20). In some cases, a layer of excessive 

adhesive on the surface of the concrete was revealed upon removal of the loading plate 

(Figure 5-27). This indicated that more than enough adhesive was injected into the 

concrete hole during installation of the adhesive anchor. From the data collected, this 

excess adhesive is not expected to have had a significant impact on the test. 

 

Figure 5-27: Layer of extra adhesive on surface of concrete slab 

In general, fatigue cracks did not propagate very far through the connector during 

the testing. This was deduced from the texture of the fractured surface. A smooth and 

shiny surface represented the portion of the connector area through which the fatigue 

crack had propagated with the cyclic loading. A rough and dull portion of the failure 

surface represented rapid fracture, which occurred when the residual strength of the 

connector was exceeded by the maximum load of the fatigue load cycle. Figure 5-28 

shows the failure surfaces of three connectors that were tested at different load ranges, 

both unidirectional and reversed. For most connectors, the smooth portion of the 

fractured surface makes up less than 20% of the total cross sectional area. This indicates 

that failure of the adhesive anchor was fairly brittle.  
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Figure 5-28: Fractured surface of connectors under unidirectional cycles (a) and reversed 
cycles (b); corresponding stress ranges labeled on bottom right of each picture 

5.6 VARIABLES AND SOURCES OF ERROR 

Some of the variability in results can be attributed to subtle inconsistencies 

between each test. Some of these inconsistencies were intended while others were caused 

by unintentional human error. 

5.6.1 Unintended Variables 

An example of an unintended variable is the installation of the adhesive anchor. 

Inconsistencies can lie, for example, in the hammer drilling of the concrete slab, injection 

of the adhesive, and insertion of the B7 threaded rod into the drilled hole. It should be 

noted that while a single procedure was attentively and cautiously followed for each 
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installation, it is nearly impossible to reproduce the same exact shear connection for 

every direct-shear test.  

Another unintended error was the eccentricity between the centerline of the 

actuator (line of force) and the surface of the concrete slab. As mentioned in the previous 

chapter, slotted holes were cut into the test frame crossbeam, allowing the researchers to 

adjust the height of the actuator. However, eccentricities as small as 1/8-inch caused 

noticeable uplift of the actuator and loading plate. The loading plate had tendency to lift 

at the end when being pulled and at the front when being pushed. The uplift was 

significantly reduced by the clamp-down plates described in Chapter 4. Teflon was 

placed between the surfaces of the clamp-down plate and loading plate to minimize 

friction between the two plates.  

Finally, variability in the condition of concrete immediately surrounding the 

adhesive anchors may have contributed to the scatter in results. For example, the 

presence of aggregate adjacent to the adhesive anchor may have influenced the stiffness 

of the shear connection throughout the fatigue test. If the concrete degraded after a 

relatively small number of cycles, it may have allowed the connector to bend more, thus 

shortening its fatigue life.  

5.6.2 Intended Variables 

One of the known variables in this test program was the use of different concrete 

slabs. A total of 28 direct-shear tests were carried out, and anywhere from 1 to 6 tests 

were conducted on a given slab. A total of 8 concrete slabs were used throughout the test 

program. As mentioned in Chapter 4, they were cast simultaneously with concrete from 

the same batch. However, a slight variation in strength and stiffness between slabs may 

have existed. The researchers made sure that direct-shear tests on connectors under the 

same stress range were performed on at least two different slabs. This ensured that 

characteristics of one particular slab did not control the fatigue test results of those 

particular connectors. 

Each connector was installed at one of six different locations on the slab. These 

locations, labeled A, B, C, D, E, and F in Figure 4-13, were consistent for all slabs. The 
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researchers made sure that direct-shear tests on connectors under the same stress range 

were performed at a minimum of two different positions. For example, three specimens 

were tested under a unidirectional stress range of 35 ksi. They were carried out at 

positions A, B, and C. This ensured that one position did not control the fatigue test 

results of those connectors. 

The combination of all aforementioned errors, both intended and unintended, may 

have contributed to the significant scatter in the force based results, which were presented 

in Section 5.2.2 for unidirectional tests and Section 5.3.2 for reversed tests. The 

relationship between applied stress range and fatigue life of the connectors has been 

shown to exhibit a large amount of scatter. A more effective way of evaluating the fatigue 

behavior of direct-shear specimens, as demonstrated in Section 5.2.3, is to consider 

displacement based results. In this section, it was demonstrated that a much stronger 

correlation exists between the slip range of a shear connector and its fatigue life. The slip 

range is a figure that inherently represents the combined effect of all variables, such as 

applied load range, presence of aggregate, eccentricity of load, installation of the 

connector, etc. 

5.7 SUMMARY 

In this chapter, the fatigue behavior of the adhesive anchor subject to cyclic 

direct-shear testing was discussed. Among the most important observations was that 

reversed loading had no detrimental effect on the fatigue strength of the adhesive anchor 

as compared to unidirectional loading. The adhesive curing time also had no discernible 

effect on the anchor's fatigue strength. Another important finding was that, for 

unidirectional test specimens, the slip range had a much stronger correlation to the fatigue 

life than the applied stress range did.  

The total slip range for reversed test specimens was much greater than that for 

unidirectional test specimens. Much of the slip generated in a reversed test was caused by 

forcing movement of the connector across the oversized concrete and steel hole. A 

method was thus devised to calculate the effective slip range, or the slip that occurred 

while the connector was taking considerable load. The method satisfactorily decreased 
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the total slip range, but much scatter exists in the effective slip range data for reversed 

tests. The total slip range of a given adhesive anchor specimen under unidirectional 

loading was almost constant throughout its fatigue life. Similarly, the effective slip range 

for a reversed test specimen was almost constant.  

Design equations for the fatigue strength of adhesive anchors, based on both 

stress range and slip range, were developed. The endurance limit stress range was 

estimated to be 15 ksi. The endurance limit slip range was estimated to be 0.008 inch. 

The endurance limit slip range refers to the total slip range in the case of unidirectionally 

loaded anchors and the effective slip range in the case of reverse loaded anchors. 

Finally, physical observations of the adhesive anchors throughout their fatigue life 

and after failure were presented. It was observed that the fracture of the adhesive anchor 

in fatigue was fairly brittle. Judging from the fracture surfaces of most specimens, the 

fatigue crack had propagated through no more than 20% of the threaded rod area prior to 

brittle extension of the crack across the entire shear connector.  

In the next chapter, typical shear force and slip demands on adhesive anchors are 

calculated and discussed. The force and slip demands, along with the fatigue strength that 

was characterized in this chapter, are necessary in developing a preliminary design 

procedure of adhesive anchors for fatigue. The preliminary design procedure is presented 

in Chapter 7.  

  



 

130 

CHAPTER 6 

Analytical and Computational Studies 

 

6.1 OVERVIEW 

A study was conducted to investigate the typical shear force and deformation 

demands on adhesive anchors in partially composite beams. The study was carried out in 

two phases: analytical and computational. In the analytical phase, the shear force and slip 

demands on the shear connectors were calculated using equations derived from classical 

composite beam theory. The values obtained from the analytical study were then 

validated in the computational phase. A simplified model of the prototype bridge, 

consisting of shell elements, was created with CSI Bridge 15 software and subjected to a 

moving load analysis. The analytical and computational phases will be described in detail 

in the following sections.  

6.2 ANALYTICAL STUDY 

6.2.1 Overview 

In the analytical phase of this study, the slip demands on the adhesive anchors 

were calculated by conducting a moving load analysis on a partially composite beam. The 

slip demands were calculated based on equations derived from partial composite beam 

theory. Closed-form equations for connector slip and shear force, in the case of a uniform 

and continuous shear connection, were first developed by Newmark et al. (1951). These 

equations were modified by Proctor et al. (1963) to account for discrete connector 

locations. The methodology developed by Proctor to determine connector slip along the 

length of a partially composite beam was adopted in this study. An overview of partial 

composite beam theory and Proctor’s methodology is first introduced. Then, the 

geometry of the beam that was analyzed, as well as details of the truck used in the 

moving load analysis are discussed. Finally, results and preliminary observations from 

the moving load analysis are presented.  
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6.2.2 Partially Composite Beam Theory 

The first researchers to derive a closed-form equation for shear flow and interface 

slip along the length of a partially composite beam was Newmark et al. (1951) at the 

University of Illinois. These researchers used classical beam theory as a basis for deriving 

the shear flow, starting with simple equations that enforced equilibrium, displacement 

compatibility, and constitutive material law. They would eventually derive differential 

equations for slip and shear flow along the length of a simply supported beam with a 

single point load. In developing these equations, Newmark et al. made the following four 

assumptions: 

1. The shear connection between the concrete slab and steel girder is continuous 

and uniform along the entire length of the beam. This implies, for an actual 

composite beam, that the ratio between the connector’s modulus ( ) and the 

connector spacing ( ) must be constant throughout the beam (Equation 6-1). 

 . Equation 6-1

2. The slip of the shear connection ( ) at a given point is directly proportional to 

the shear force ( ) transmitted between the slab and steel beam (Equation 

6-2). 

 . Equation 6-2

3. Plane sections remain plane. This implies that the strain profiles through the 

depth of the concrete slab and the depth of the steel girder are both linear, 

although there can be a strain discontinuity at the steel-concrete interface. 

4. The concrete deck and the steel girder deflect the same amount at all points 

along the beam. Therefore, any uplift that may occur along the length of the 

beam is neglected. 

The expression that Newmark et al. obtained for the slip to the left of the concentrated 

load ( ) on a simply supported beam is given by Equation 6-3 below: 
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∙  Equation 6-3

Where: 

  = distance between the centroid of slab and the centroid of the steel beam 

 = distance from the left support to the point load 

 = length of the simply-supported beam 

 = distance of the cross section from the left support 

 = spacing of the shear connectors 

  = is the theoretical stiffness of the connectors at each 

 , ,  = parameters derived from cross sectional properties of beam 

The first two assumptions discussed above restrict the accuracy and range of 

applicability of Newmark’s equation. First, the transfer of shear force occurs only at 

discrete connector locations and is therefore not continuous along the beam. Second, the 

shear connectors were assumed to have an elastic load-slip behavior. However, results 

from pushout testing indicated that shear connectors displayed inelastic behavior even at 

relatively low loads. Proctor et al. (1963) at the University of Missouri considered these 

two facts and developed a variation of Newmark’s solution for interface slip. In contrast 

to Newmark, Proctor’s work did not produce a closed-form equation but rather an 

iterative procedure that will be described in the next few paragraphs. 

In using Proctor’s method to calculate interface slip, shear connectors may be 

provided at discrete locations along the beam. Additionally, they do not have to be 

uniformly spaced. Also, a load-slip curve of any shape can be used to represent the 

behavior of the shear connectors. This means that the connectors are allowed to behave 

inelastically in Proctor’s analysis method. It is important to note, however, that in 

developing the analysis procedure, Proctor assumed that the concrete and steel remained 

elastic. This restricts the extent to which the connectors may deform into the inelastic 

range before the analysis method starts to produce inaccurate results. 
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The equation which Proctor derived for the slip along the length of a beam is 

given below: 

 
∙ ∙  Equation 6-4

Where: 

  = distance between the cross section and point of zero slip 

  = slip at a distance  away from the point of zero slip 

  = internal bending moment of the beam 

  = is the axial force in the steel beam or concrete slab 

 ,  = constants derived from cross sectional properties of the beam 

The full derivation of Equation 6-4 is presented in Appendix A.2. The first term 

of this equation is obtained by integrating the moment diagram of the beam. This is very 

convenient in the case of a single point load, as the moment diagram is linear throughout 

the length of the beam. It is substantially more difficult, however, to express the axial 

force,  (in the second term) in integrable form as a function of . As a result, Proctor 

decided to calculate the axial force in the slab at discrete increments between connector 

locations. He expressed the second term in Equation 6-4 as a summation of the axial 

force in these increments: 

 
∙ ∆  Equation 6-5

Where: 

∆  = length of the  increment of the slab =  

 = axial force in the  increment of the slab 

If there are  connectors between the point of zero slip and the end of the beam, there 

will be 1 increments in the slab. The slip throughout the beam can be calculated 

using Equation 6-5 and iterated until the axial force at the end of the beam, , is zero. 

The steps in the iterative procedure are described below: 

1. Guess the location of the point of zero slip. In the case of a point load applied at 

the midspan of a simply supported beam, the point of zero slip will be at midspan. 
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However, if the point load is applied at any other position, the location of zero 

slip must be assumed. 

2. Guess the axial force at the point of zero slip, . 

3. Using  calculate the slip at the first pair of connectors, , with Equation 6-5. 

4. Calculate the force in the first pair of connectors, , using an empirical load-slip 

equation of choice. If elastic load-slip behavior is assumed the shear force ( ) in 

the connectors can be calculated using the following equation: 

 ∙  Equation 6-6

Where: 

  = total shear force transferred by the  pair of connectors 

  = the empirical stiffness of the pair of connectors 

  = slip of the  pair of connectors. 

5. Calculate the axial force in the next slab increment, , using the following 

equation: 

  Equation 6-7

6. Repeat steps 2-5 to obtain the slip of subsequent connectors, as well as the axial 

force in subsequent slab increments 

7. Check that the axial force at the end of the beam, , is zero with the following 

equation: 

 
0 Equation 6-8

8. If  does not equal zero, modify the location of zero slip and the value of  

and repeat steps 1-7 until  does equal zero.  

Two examples calculations of connector slip, using Proctor’s method, are presented in 

Appendix A.3. 

6.2.3 Bridge Beam Details 

The procedure described above was performed in the analytical phase of this 

study. The iterative process was carried out with the help of Visual Basic programming 
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and the Solver Function capabilities of Microsoft Excel 2010. The analysis was 

performed on a bridge beam with the same cross sectional and material properties as the 

prototype bridge described in Chapter 2.  

The prototype bridge has three continuous spans. However, the bridge beam was 

used for this analysis was assumed simply supported in order to simplify the use of 

Proctor’s iterative procedure. It was assumed that the portion of the prototype bridge 

running from the beginning of the steel unit to the first point of dead load contraflexure 

could be approximated as a simply supported beam. The distance to the dead load point 

of contraflexure was calculated to be approximately 53 feet. Thus, a span length of 50 

feet was chosen for the beam in the analytical study. A W33x130 rolled girder section, 

corresponding to the girders of the prototype bridge, was chosen for the size of the steel 

beam. The girder spacing on the prototype bridge of 7 feet 4 inches was used as the 

effective width of the concrete deck.  

6.2.4 Moving Load Details 

A program was written in Visual Basic (VBA) that would perform Proctor’s 

analysis procedure multiple times for different locations of a point load. The program 

essentially allowed conducting a moving load analysis in Excel. Of particular interest was 

the slip and shear force demand on the shear connectors caused by the passing of an 

AASHTO HS20 fatigue truck. The weights and configuration of the axles of the fatigue 

truck, as specified in AASHTO LRFD Section 3.6.1.4 (AASHTO 2010), are shown in 

Figure 6-1.  
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Figure 6-1: An HS20 fatigue truck as specified by AASHTO LRFD (2010), along with the 
elevation view of the analyzed prototype bridge beam 

Each axle weight shown in Figure 6-1 was multiplied by the following load 

factors listed in Table 6-1. The corresponding AASHTO provision is also listed. 

Table 6-1: Table of load factors used in analysis; corresponding AASHTO provisions listed 

Applicable Load Factors AASHTO Provision 

Fatigue II Limit State Load Factor: 0.75 Table 3.4.1-1 

Impact Factor for Fatigue Limit State: 1.15 Table 3.6.2.1-1 

Distribution Factor for Interior Girder: 0.42 Table 4.6.2.2.2b-1 

The calculation of the distribution factor for an interior steel girder with a 

concrete slab and one design lane loaded is presented below: 

 1
∙ 0.06

14

. .

12.0

.

 Equation 6-9

 
1
1.2

∙ 0.06
7.33
14

. 7.33
50

.

1.02 0.42 
 

Where: 

  = girder spacing (ft.) = 7.33 ft. 

  = span length (ft.) = 50 ft. 
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.

.
 = stiffness parameter = 1.02 (the simplified value for steel girder 

bridges with a concrete slab according to Table 4.6.2.2.1-2) 

  = multiple presence factor for 1 lane loaded (must divide distribution factor 

by  when considering fatigue) = 1.2 

The factored HS20 fatigue truck consisted of a 2.9 kip point load applied by the 

front axle and two 11.6 kip point loads applied by the back axles. After obtaining the 

factored loads, a moving load analysis was conducted by “running” the fatigue truck 

across the prototype bridge beam. Essentially, the behavior of the beam was analyzed 

under each individual axle. The VBA program calculated values for slip along the length 

of the beam for each position of the axle load and stored these values in an Excel 

spreadsheet. The slip distributions caused by each axle load were then superimposed. The 

superposition was assumed to be a valid procedure because the steel, concrete, and shear 

connectors were all expected to remain elastic under the service load. Finally, maximum 

and minimum slip envelopes for connectors along the bridge beam were generated.   

6.2.5 Shear Connector Details 

The fatigue behavior of the prototype bridge beam was investigated for 3 different 

shear connection ratios: 30, 40 and 50 percent. A 30% shear connection ratio means that 

a bridge beam contains 30% of the shear connectors required to develop its full plastic 

moment capacity. The AISC Steel Construction Manual (AISC 2011) recommends that 

the prescribed number of shear connectors be placed between points of zero moment and 

maximum moment. In this moving load analysis however, the location of maximum 

moment changed depending on the position of the fatigue truck. To simplify matters, the 

theoretical location of maximum moment was assumed to be at midspan. For all shear 

connector configurations, connectors were symmetrically placed about the midspan.  

For an interior beam of the prototype bridge, shear connection ratios of 30, 40, 

and 50 percent correspond to 7, 9, and 11 pairs of adhesive anchors respectively, placed 

on either side of the midspan. The calculations for determining the number of required 
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adhesive anchors are presented in Appendix A.4. For each shear connection ratio, three 

different types of connector configurations were investigated: 

A. Connectors were placed with constant spacing, , throughout the length of the 

beam. The first connector was placed a distance /2 from the end of the 

beam. 

B. Connectors were constantly spaced 24 inches apart. The first connector was 

placed 12 inches from each end. 

C. Connectors were constantly spaced 12 inches apart. The first connector was 

placed 6 inches from each end. 

Table 6-2 below lists the details of each configuration. The acronym “PC” found in the 

“Designation” column stands for “percent composite”. 

Table 6-2: Details of all nine connector configurations that were investigated 

SC Ratio/Percent 

Composite 

Configuration 

Type 
Designation 

Total Number of 

Connector Pairs 

Spacing Between 

Connectors (in.) 

30 

A PC30-A 14 ~ 43 

B PC30-B 14 24 

C PC30-C 14 12 

40 

A PC40-A 18 ~ 33 

B PC40-B 18 24 

C PC40-C 18 12 

50 

A PC50-A 22 ~ 27 

B PC50-B 22 24 

C PC50-C 22 12 

Next, the theoretical shear stiffness of the adhesive anchors to be used in the 

analysis was determined. The results of the single connector direct-shear tests, described 

in Chapter 5, were reviewed. In the unidirectional tests, a common observation was that 

the slip range throughout much of the specimen’s fatigue life was constant. The 

theoretical stiffness of the connector was taken to be the ratio between the applied load 

range and the slip range. Because both the numerator and denominator in the ratio are 
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constant for a given test, it can be concluded that the theoretical stiffness is also constant. 

There was no correlation, however, between the shear stiffness and applied stress range 

as demonstrated by the graph in Figure 6-2. In this graph, applied stress range is plotted 

on the x-axis while the theoretical stiffness is plotted on the y-axis. The stiffness value for 

each specimen was taken to be the average stiffness over the specimen’s entire fatigue 

life. As seen in the Figure 6-2, stiffness values ranged from 500 kip/in. to 1600 kip/in. 

 

Figure 6-2: Average stiffness of tested adhesive anchors vs. applied stress range 

For purposes of the analytical study, a conservative and lower-bound value of 500 

kip/in. was chosen for the shear stiffness of a single adhesive anchor. The stiffness of a 

pair of adhesive anchors was therefore taken to be double this value or 1000 kip/in. It is 

expected that the slip range for a given connector calculated by using a  = 500 kip/in. in 

Proctor’s analysis procedure is the slip range that affects the connector’s fatigue life. It 

should be noted, based on the discussions in Section 5.2.1 and Section 5.3.1 that a 

damaged region of zero stiffness would normally form and grow incrementally with each 

load cycle. However, the width of the damaged region cannot be calculated using 

Proctor’s method. Furthermore, this is of secondary importance as it was found that slip 
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occurring through the damaged region does not affect the fatigue life of an adhesive 

anchor. 

6.2.6 Results of Moving Load Analysis 

Finally, moving load analyses were conducted on the prototype bridge beam for 

each of the connector configurations listed in Table 6-2. Maximum and minimum slip 

envelopes were created for each analysis. The adhesive anchor configurations used in the 

analysis of the 30, 40, and 50 percent composite beams are illustrated in Figure 6-3, 

Figure 6-5, and Figure 6-7 respectively. The slip envelopes for 30, 40, and 50 percent 

composite beams are graphed in Figure 6-4, Figure 6-6, and Figure 6-8 respectively.  

The horizontal shear force envelopes are not produced here however. To obtain 

these envelopes, the slip envelopes can simply be multiplied by the theoretical connector 

stiffness,  = 500 kip/inch. The highest horizontal shear stress was experienced by 

adhesive anchors at the ends of the PC30-A beam. The slip range of these connectors was 

determined to be .0094 inch. The corresponding stress range ( ) is calculated below by 

the following equation: 

 ∙
 Equation 6-10 

Where, 

  = theoretical stiffness of single connector ( .⁄ ) 

  = slip range experienced by end connectors ( .) 

  = effective shear area of single connector ( ) 

  = endurance limit stress range determined in Chapter 5 (ksi) 

 500 .0094

0.8 4 . 875
9.8 15  

 

Based on this calculation, the maximum stress range of an adhesive anchor is smaller 

than the endurance limit of 15 ksi determined from direct-shear testing. 
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Figure 6-3: Diagram showing connector locations for the 30% composite beams 

 

 

Figure 6-4: Slip envelopes from moving load analyses of the 30% composite beams
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Figure 6-5: Diagram showing connection locations for the 40% composite beams 

 

 

Figure 6-6: Slip envelopes from moving load analyses of the 40% composite beams 
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Figure 6-7: Diagram showing connector locations for the 50% composite beams 

 

 

Figure 6-8: Slip envelopes from moving load analyses of the 50% composite beams
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6.2.7 Observations 

The following observations were made from the analytical study: 

1. The slip and shear force ranges experienced by the adhesive anchors on the 

prototype bridge beam subjected to service load are generally much smaller than 

the typical ranges observed in the direct-shear tests. The largest slip range of 

.0094 inch was experienced by connectors at the ends of the PC30-A beam. As 

determined from the direct-shear test results, presented in Chapter 5, the adhesive 

anchor displayed exceptional fatigue performance near this range. 

2. The slip ranges experienced by the adhesive anchors, for a given shear connection 

ratio, are decreased when the anchors are concentrated towards the ends of the 

beam. This is evidenced upon reviewing Proctor’s fundamental equation for slip: 

 
∙ ∙  

 

The slip at a given point is essentially equal to the area under the moment diagram 

minus the area under the axial force diagram. The magnitude of the latter term is 

increased when the connectors are concentrated towards the ends of the beam. A 

similar conclusion was reached by Oehlers and Sved (1995) and Kwon (2008), 

but for the case of bridge beams subjected to ultimate loads. 

3. A single traversal of an HS20 fatigue truck is slightly greater than one load cycle 

caused by the traversal of a single axle. This is evidenced by the irregularity of the 

influence lines presented by the graph in Figure 6-9. In this graph, influence lines 

for the slip of a connector near midspan and a connector close to the end of the 

beam are drawn. Both influence lines represent connectors on a bridge beam of 

configuration PC30-A. 

4. For a partially composite beam, decreasing the shear connection ratio has two 

effects on load/slip reversal along the beam: 

- The region of the beam subjected to load and slip reversal becomes smaller 

- The magnitude of the reversed load range and slip range relative to the 

unidirectional range at the end of the beam decreases 
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These two observations are demonstrated by the graph in Figure 6-10. As seen in 

the graph, even much of a fully composite beam does not experience load 

reversal. In the case of a 30 percent composite beam with constantly spaced 

adhesive anchors (configuration PC30-A), almost all of the connectors on the 

beam experience unidirectional slip. For a noncomposite beam, there is almost no 

slip reversal at all.  

5. The point of zero slip does not correspond to the position of the axle/point load 

unless the load is at the midspan. However, the two come closer to coinciding 

when the connectors are concentrated at the ends of the beam. 

 

Figure 6-9: Slip influence lines for an adhesive anchor near midspan and near the ends of the 
beam with PC30-A configuration 
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Figure 6-10: Slip envelopes for a fully composite (FC), partially composite (PC30-A), and 
noncomposite beam (NC) 

6.3 COMPUTATIONAL STUDY 

6.3.1 Overview 

In the computational phase of this study, a finite element model (FEM) of the 

prototype bridge was developed and subjected to a moving load analysis. Values of 

connector slip obtained from the finite element analysis (FEA) were then compared to the 

values obtained from the Proctor analysis to validate the accuracy of Proctor’s method. 

The FEM was created using the CSI Bridge 15 software, a similar program to the 

commonly used SAP2000. Both CSI Bridge 15 and SAP2000 are commercial software 

programs made available by Computers and Structures, Inc.  Many of the modeling 

options and capabilities of CSI Bridge are the same as in SAP2000. In addition, CSI 

Bridge allows the user to conduct a moving load analysis with a truck of specified axle 

weights and spacing. 

6.3.2 Details of Prototype Bridge Model 

The superstructure of the prototype bridge was modeled in CSI Bridge 15. Figure 

6-11 shows the cross sectional dimensions of the modeled bridge. The bridge was 50 feet 
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long and simply supported, just as in the analytical study. In order to simplify matters, the 

curbs on the overhanging portion of the deck (found on the actual Cummins Creek 

Bridge) were not included in the CSI Bridge model.  

 

Figure 6-11: Cross section of prototype bridge model and fatigue truck 

Thin shell elements were used to model the web and flanges of the steel girders. 

ASTM A36 was specified as the material for these elements. Layered shell elements were 

used to model the slab. The slab shell elements contained two layers of reinforcement 

bars, each consisting of longitudinal and transverse #5 bars. These bars were spaced 

similarly to the reinforcement bars shown in the original plans of the Cummins Creek 

Bridge. A compressive strength of 3000 psi was specified for the slab concrete. 

The slab shell elements were positioned at the geometric centroid of the actual 

slab, 3.25 inches above the top of the steel girders. The steel girder and slab elements 

were then meshed. Both bridge components were meshed at equal increments along the 

x-axis, or along the direction of traffic. Figure 6-12 provides a screenshot capturing the 

entire model, with the girders and cross frames in blue and the deck in red. 
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Figure 6-12: Three dimensional view of the FEM of the prototype bridge 

The slab and the top flanges of the girders were connected by two-joint links 

throughout the length of the bridge. Two types of links were created. The first type of 

link represented an adhesive anchor. The adhesive anchor link had a stiffness of 1000 

kips/in. in both the x and y directions (in the plane of the slab). One link represented a 

pair of adhesive anchors. The link was fixed in the vertical direction in order to prevent 

separation of the slab and steel girders. The link was also given an infinite rotational 

stiffness in all three directions as it was assumed that only shear deformations contributed 

to the displacement of the link. Finally, it was specified that shear deformation would be 

applied only at the bottom of the link, or at the steel-concrete interface. The second type 

of link represented an “invisible” link: one that had zero stiffness in all directions but was 

fixed in the vertical direction. This link ensured that, in places without adhesive anchors, 

the slab and steel girders would deflect equal amounts and maintain a continuous cross 

section. 

Finally, cross frames members were modeled with frame elements. The cross 

frames where placed at third points of the bridge including the ends. This resulted in a 

cross frame spacing of approximately 16 feet, which was well representative of the 
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typical spacing found in the Cummins Creek Bridge. The cross frames at the ends of the 

bridge resembled the Type A cross frames described in Chapter 2. The W12 member in 

the Type A cross frames was modeled and attached to girder web stiffeners which were 

modeled with thin shell elements. The intermediate cross frames resembled the Type B 

cross frames, also described in Chapter 2. The Type B cross frame members were 

attached directly to the nodes of the girders. 

Pictures of various components in the bridge model are provided in Figure 6-13. 

At the top of Figure 6-13 is a Type B cross frame member modeled with L-shaped frame 

elements. On the bottom left is a picture of an interior girder which contains web 

stiffeners at the end. Finally on the bottom right are some of the two-joint links that were 

used to connect the slab shell elements to the girders’ top flange shell elements.  

 

Figure 6-13: Intermediate cross frame (top), interior girder (bottom left), and two-joint links 
(bottom right) 
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6.3.3 Details of Moving Load 

Parameters for the moving load analysis were defined in CSI Bridge. Two lanes 

were defined, each with a width of 13 feet. The interior edges of both lanes coincided 

with the centerline of the bridge. An HS20 fatigue truck, with the axle weights and 

spacing shown in Figure 6-1, was created. The fatigue limit state load factor and impact 

factor were both defined and applied to the truck axle weights. In the analysis, the fatigue 

truck was moved longitudinally in 12-inch increments. At each longitudinal position, the 

truck axles were moved across the width of the lane at 6-inch increments to produce the 

worst interface slip effects. The moving load analysis started with the front axle of the 

truck entering the bridge and ended with the back axle exiting the bridge.  

6.3.4 Results of Moving Load Analysis 

Moving load analyses were conducted on the prototype bridge model for the case 

of 30 percent composite beams. Three different connector configurations, PC30-A, 

PC30-B, and PC30-C, were investigated. The maximum and minimum slip envelopes 

from each configuration are graphed in Figure 6-14, Figure 6-15, and Figure 6-16. In 

each figure, the envelopes obtained from FEA are compared to the envelopes obtained by 

using Proctor’s analysis method on an interior girder. In addition, the location of each 

connector pair has been marked with black plus signs on the x-axis. Finally, an FEA of 

the prototype bridge for the noncomposite case was conducted. The slip envelopes for the 

noncomposite bridge are presented in Figure 6-17. 
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Figure 6-14: Slip envelopes for both exterior and interior girder on PC30-A bridge; 
corresponding slip envelope from Proctor analysis also provided 

 

Figure 6-15: Slip envelopes for both exterior and interior girder on PC30-B bridge; 
corresponding slip envelope from Proctor analysis also provided 
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Figure 6-16: Slip envelopes for both exterior and interior girder on PC30-C bridge; 
corresponding slip envelope from Proctor analysis also provided 

 

Figure 6-17: Slip envelopes for both exterior and interior girder on noncomposite bridge; 
corresponding slip envelope from Proctor analysis also provided  
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6.3.5 Observations 

The following observations were made from the computational study: 

1. The slip envelopes for an interior girder on the prototype bridge obtained from the 

FEA are very similar to the slip envelopes calculated by Proctor’s method (using 

distribution factors for an interior girder).  

2. The slip demand on the shear connectors is decreased when the connectors are 

concentrated towards the ends of the bridge. A similar observation is made when 

using Proctor’s analysis method. 

3. For all three types of connector configurations, there was greater slip at the steel-

concrete interface on the exterior girder than there was on the interior girder.  

4. The maximum slip range of the adhesive anchors on the interior girder is lower 

than the endurance limit slip range of 0.008 inch (determined in Chapter 5). This 

holds true for all three connector configurations (A, B, and C). The maximum slip 

range on the exterior girder, with PC30-A configuration, is higher than the 

endurance limit slip range. 

5. The maximum horizontal shear stress of the adhesive anchors, obtained by 

multiplying the maximum slip demand by the connector stiffness (500 kips/inch) 

and dividing by the effective shear area, is lower than the endurance limit 

determined through direct-shear testing.  The highest stress range  is seen by 

the connectors at the end of the bridge with PC30-A configuration. It is calculated 

by the following equation: 

 ∙
 Equation 6-11 

Where, 

  = theoretical stiffness of single connector ( .⁄ ) 

  = slip range experienced by end connectors ( .) 

  = effective shear area of single connector ( ) 

  = endurance limit stress range determined in Chapter 5 (ksi) 
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 500 .0116

0.8 4 . 875
12.1 15  

 

6. In the case of an exterior girder with the PC30-A connector configuration, the 

magnitude of the maximum unidirectional slip range (at the end of the girder) was 

twice the magnitude of the symmetrically reversed slip range (at midspan). Also, 

only two pairs of adhesive anchors experience significant slip reversal. Based on 

these observations, it can be preliminarily concluded that stress reversal is not a 

fatigue concern for a simply-supported beam. Similar conclusions for continuous 

multi-span beams must be validated through further experimental and 

computational studies.  

7. For the cases in which the adhesive anchors where concentrated towards the ends 

of the bridge (PC30-B and PC30-C) all shear connectors were subjected to 

unidirectional slip ranges. Therefore, stress reversal on a simply-supported beam 

can be eliminated entirely by concentrating the shear connectors towards the ends. 

8. In the case of the noncomposite bridge, the maximum slip range on the interior 

girder was 0.031 inch. The gap between the adhesive anchor rod and the edge of 

the oversized hole in the girder top flange is normally .0325 inch for a perfectly 

centered rod (illustrated in Figure 6-18). Therefore, the gap is greater than the 

maximum slip range on a noncomposite bridge. This indicates that the adhesive 

anchors may not even be loaded for service loads lighter than a factored HS20 

fatigue truck, significantly lengthening their fatigue life in service. The results 

suggest that the prototype bridge would act noncompositely for service loads. 

However, the adhesive anchors would still be effective in creating composite 

action under larger overloads. This preliminary observation must be validated by 

further experimental testing and field studies. 
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Figure 6-18: Plan view of the adhesive anchor inside the top flange hole (not drawn to scale) 

6.4 SUMMARY 

Analytical and computational studies were performed to determine the typical 

horizontal shear force and slip demands on adhesive anchors in composite beams in 

bending. In both studies, a moving load analysis was conducted on the prototype bridge 

using a factored HS20 fatigue truck (AASHTO 2010).  

In the analytical study, slip demands were calculated using an iterative procedure 

developed by Proctor (1963). The procedure involved the use of differential equations 

derived from classical composite beam theory and some simplifying assumptions. For the 

computational study, the prototype bridge was modeled in CSI Bridge 15, commercial 

software made available by Computers and Structures, Inc. A moving load analysis was 

conducted in CSI Bridge 15, and maximum and minimum slip envelopes were generated. 

Of the observations made from the two studies, the most important are: 

a) Adhesive anchors on the prototype bridge are expected to experience 

horizontal shear force and slip demands that are smaller than the endurance 

limits determined in Chapter 5. Therefore, fatigue is not expected to be a 

primary concern in the strengthening of bridges with partial composite design. 

b) The shear force and slip demand on individual adhesive anchors is decreased 

when the anchors are concentrated towards the ends of the bridge. 

	 .0325	
Adhesive

∅	 7/8” Threaded Rod
Girder Top Flange

∅	 1” Hole
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c) When concentrating adhesive anchors towards the ends of the bridge, almost 

none of the connectors are expected to see load or slip reversal 

In the final chapter of this thesis, recommendations for the design of adhesive anchors for 

fatigue are presented. These recommendations take into account the shear force and slip 

demands determined in this chapter, as well as the fatigue strength of adhesive anchors 

determined from the direct-shear test results described in Chapter 5. The 

recommendations are written in the form of a general design procedure that can be used 

for the strengthening of a steel girder bridge through the use of adhesive anchors.  
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CHAPTER 7 

Conclusion 

 

7.1 SUMMARY 

The objectives of this thesis were to investigate the fatigue strength of the 

adhesive anchor, as well as the shear force and slip demands on adhesive anchors in 

realistic bridge conditions. In order to accomplish the first objective, twenty-six direct 

shear fatigue tests were performed on adhesive anchors. Each test was conducted on a 

single adhesive anchor in order to capture its individual cyclic load-slip behavior. 

Specimens were loaded under unidirectional stress ranges, as well as symmetrically 

reversed stress ranges. Results of the fatigue tests were examined from two different 

approaches. One approach was to examine the relationship between stress range and 

number of cycles to failure, leading to conventional S-N plots for the adhesive anchor. 

The other approach was to examine the relationship between slip range and number of 

cycles to failure. Analytical and computational studies were also conducted to determine 

the typical shear force and slip demands of adhesive anchors in the prototype bridge 

beam.  

7.2 OBSERVATIONS AND CONCLUSIONS 

The following observations and conclusions were drawn from this study: 

1. Direct-shear test results show somewhat poorer fatigue performance of adhesive 

anchors than seen by previous researchers. However, the fatigue performance was 

still considerably higher than that of conventional welded shear studs.  

2. In the direct-shear tests, adhesive anchors were subjected to both unidirectional 

and symmetrically reversed stress ranges. Although there was a large scatter in 

the data, there was no discernible trend to suggest that stress reversals have a 

significant effect on fatigue performance. These tests, in general, support the 
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conventional notion that the amplitude of the stress range is the primary factor 

affecting fatigue life. 

3. Based on direct-shear test results, the following equation for allowable stress 

range ( ) of a single adhesive anchor was developed: 

6.152 ln 103.47 

where  is the expected number of fatigue cycles. The endurance limit of 

adhesive anchors was estimated to be 15 ksi. 

4. Based on direct-shear test results, the following equation for allowable slip range 

( ) of a single adhesive anchor was developed: 

0.004 ln 	 .0648 

The endurance limit of an adhesive anchor was estimated to be 0.008 inch. The 

endurance limit slip range refers to the total slip range for the case of connectors 

subjected to unidirectional loading and the effective slip range for the case of 

connectors subjected to reversed loading. The concept of effective slip range was 

explained in Chapter 5. 

5. When the fatigue test data is plotted in the conventional form of stress range 

versus number of cycles to failure, a very large scatter in the data is evident. 

However, when the fatigue test data is plotted in the form of slip range versus 

number of cycles to failure, there is considerably less scatter in the results. This 

suggests that fatigue life of the adhesive anchor is more strongly correlated with 

the applied slip range than the applied stress range. 

6. The curing time of the adhesive had no discernible effect on an adhesive anchor’s 

fatigue performance.  

7. Results from the analytical and computational studies suggest that adhesive 

anchors on partially composite bridge beams subject to service loads may 

experience slip and shear force demands that are smaller than the endurance limits 

determined from direct-shear testing. The results suggest that fatigue failure of 
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adhesive anchors may not be a primary concern for partially composite bridge 

beams. 

8. The slip range of individual shear connectors on a simply-supported beam can be 

decreased by concentrating the connectors towards the ends of the beam. 

9. Load and slip reversal is virtually eliminated by concentrating shear connectors 

towards the ends of the beam.  

The conclusions drawn from the analytical and computational studies, about the behavior 

of adhesive anchors on a partially composite beam, should be validated by large-scale 

testing and field studies. Also the concepts learned from this study, which were 

developed by analyzing a simplified, simply-supported version of the prototype bridge, 

must be expanded to continuous multi-span bridges with negative moment regions. 

7.3 RECOMMENDATIONS FOR FUTURE STUDIES 

The following are recommendations for future studies: 

1. It is unclear whether direct-shear testing is an accurate means of evaluating the 

fatigue performance of a shear connector. Specifically, it is questionable whether 

the loading of a connector in direct shear properly represents actual loading 

conditions on a bridge, where horizontal shear is indirectly created through 

bending of the steel and concrete. It is also unclear whether shear connectors on 

an actual bridge beam are subjected to a load-controlled or displacement-

controlled environment. Some previous studies have suggested the latter – that 

displacement of shear connectors is controlled entirely by the magnitude of 

bending in the steel girders and concrete slab. Nevertheless, the cyclic behavior of 

shear connectors in composite bridge beams must be fully understood. This can 

be accomplished through fatigue testing of large-scale beam specimens, as well as 

instrumentation of in-service bridges. 

2. It is recommended that an inspection and load test of the Hondo Bridge be carried 

out in the near future. The goal of this field study would be to determine the 
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condition and behavior of the post-installed shear connectors that were installed 

during the Implementation Project 5-4124 in 2009. Instrumentation can include: 

- A means to measure slip at the steel-concrete interface at different positions 

along the bridge 

- Strain gages across the depth of the cross section to determine the extent of 

composite action developed under a variety of loading schemes 

3. A computational study, similar to the one described in Chapter 6, should be 

conducted on continuous multi-span bridges. Through this study, the cyclic slip 

and shear force demands on shear connectors in continuous multi-span beams 

under service loads should be determined.  

4. A simple procedure for determining the shear force and slip demand on shear 

connectors in continuous multi-span beams should be developed. This procedure 

should be appropriate for design practice. It can involve simple and slightly 

conservative hand calculations. It can also be an iterative procedure, similar to 

Proctor’s analysis method, which can be performed through the use of Microsoft 

Excel.  Fatigue design requirements for post-installed shear connectors, 

specifically the adhesive anchor, should then be developed.  

7.4 PRELIMINARY RECOMMENDATIONS FOR DESIGN 

Preliminary recommendations for the fatigue design of adhesive anchors in 

simply-supported spans are provided below. Expanding these design concepts to 

continuous multi-span bridges may be possible, but should be validated by further 

experimental and computational studies as suggested in Section 7.3. The researcher 

recommends that the following steps in designing a shear connection made of adhesive 

anchors: 

1. First, the shear connection should be designed to satisfy ultimate static strength 

requirements. A target ultimate moment capacity for the strengthened bridge 

should be set by the designer. The bridge may be designed as partially composite. 



 

161 

In this case, the shear connectors will control the strength of the section and the 

plastic neutral axis will be below the interface (or in the steel girder). 

The maximum force in the concrete slab ( ) that is required to develop the target 

moment capacity is calculated. The force in the concrete slab is equal to the 

maximum interface shear that can be transferred by the connectors. The number 

of connectors ( ) required to develop  is determined by: 

 
 Equation 7-1

where  is the static shear strength of a single connector. The  shear 

connectors should be placed on each side of the midspan. The equation for the 

static strength of an individual adhesive anchor ( ), as recommended by Kwon 

(2007), is: 

 0.5  Equation 7-2

where  is the effective shear area (eighty percent of the gross cross sectional 

area) and  is ultimate tensile strength of the connector shank, in this case A193 

B7 threaded rod. Using Equation 7-2, the ultimate static strength of an adhesive 

anchor, with a diameter of 7/8-inch, is calculated below: 

 
0.5 0.8

4
. 875 . 125 30.1	  

 

In the case of a simply-supported beam, the connectors should be concentrated 

towards the ends. They should be spaced 12 inches apart and installed in pairs 

(one of either side of the steel girder web).  

2. Next, the shear connection design should be checked for fatigue. The shear force 

and slip demands on adhesive anchors in the bridge under service loading should 

be determined in either one of the following two ways: 

a) By performing Proctor’s iterative procedure on a single composite beam.  

As demonstrated in Chapter 6, Proctor’s method can be used to calculate 
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connector slip and shear force along the length of the beam. A moving 

load analysis can be completed by changing the position of the individual 

fatigue truck axles. By running the fatigue truck along the beam, 

maximum and minimum slip and shear force envelopes can be generated.  

The envelopes generated for a single beam are then multiplied by the 

appropriate load, limit state, and distribution factors in AASHTO LRFD. 

Proctor’s procedure can be performed with the help of Visual Basic or the 

Solver Function in Microsoft Excel. The procedure was described in detail 

in Section 6.2. An example calculation can be found in Appendix 6.3. 

b) By creating a three-dimensional model of the bridge in programs such as 

SAP2000 or CSI Bridge 15 and conducting a moving load analysis. Once 

the analysis is completed, CSI Bridge 15 generates maximum and 

minimum slip and shear force envelopes. The envelopes are multiplied by 

the appropriate fatigue load and limit state factors in AASHTO LRFD. 

Distribution factors are not needed in this case. Post-installed shear 

connectors can be modeled with vertical two-joint links that connect nodes 

of the concrete slab to nodes of the steel girders. The modeling procedure 

was described in detail in Section 6.3. 

The stiffness of the adhesive anchors to be used in both types of analyses can be 

conservatively taken as 500 kips/inch. 

3. Next, the fatigue strength of the adhesive anchors should be calculated based on 

the desired fatigue life duration. This calculation can be based either on stress 

range or slip range. Based on direct-shear test results, the following equation for 

allowable stress range ( ) of a single adhesive anchor should be used: 

6.152 ln 103.47 

where  is the expected number of fatigue cycles. The endurance limit of an 

adhesive anchor is 15 ksi. Based on direct-shear test results, the following 

equation for allowable slip range ( ) of a single adhesive anchor should be used: 



 

163 

0.004 ln 	 .0648 

The endurance limit slip range of an adhesive anchor can be estimated as 0.008 

inch.  

4. Finally, the service load demands (calculated in Step 2) should be checked against 

the fatigue strength of the adhesive anchors (calculated in Step 3). The following 

equations should be satisfied: 

  Equation 7-3

  Equation 7-4

where  is the largest range of horizontal shear force along the length of the 

bridge and  is the largest range of slip. The shear force and slip ranges are 

equal to the difference between the maximum and minimum envelopes obtained 

from the moving load analysis conducted in Step 2. If the fatigue strength of the 

adhesive anchors is not sufficient, additional anchors should be placed on both 

sides of the midspan until the fatigue criteria is satisfied. 
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APPENDIX A 

A.1 LIST OF PARAMETERS 

∅ = arc angle corresponding to the curvature of a beam in bending 

 = curvature of a beam in bending 

 = strain in the top fiber of the steel girder 

 = strain in the bottom fiber of the steel girder 

 = strain in the top fiber of the concrete slab 

 = strain in the bottom fiber of the concrete slab 

 = slip at the steel-concrete interface (in.) 

 = depth of the steel girder (in.) 

 = depth of the concrete slab (in.) 

 = effective width of concrete slab (in.) 

 = cross sectional area of the steel girder in  

 = cross sectional area of the concrete slab within effective width in  

 = strong-axis moment of inertia of steel girder in  

 = strong-axis moment of inertia of concrete slab in  

 = elastic modulus of steel girder (ksi) 

 = elastic modulus of concrete slab (ksi) 

  = distance between the centroids of the steel girder and concrete slab (in.) 

 = axial force in the concrete slab or steel girder (kips) 

 = total internal moment at given point along beam (kip-in.) 

 = internal bending moment of steel girder around its centroid (kip-in.) 

 = internal bending moment of concrete slab around its centroid (kip-in.) 
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A.2 DERIVATION OF PROCTOR’S EQUATION 

At a given point, the curvature of a beam, , is equal to the slope of the strain 

profile along the depth of the cross section. When considering an element of unit length, 

the arc angle  is equal to the curvature. The strain profile for a partially composite 

section has been drawn in Figure A.1-1. The strains of top and bottom fibers of both the 

slab and steel beam have been labeled. In this derivation, tensile strains are positive and 

compressive strains are negative. 

 

Figure A-1: Example strain profile of a partially composite beam 

 
∅

1 1
 Equation A-1

The rate of change of slip is equal to the difference between the strain at the bottom of the 

slab and at the top of the steel beam. Here, displacement compatibility is enforced. 

 
 Equation A-2

The strains in the concrete and steel both consist of a pure bending component and a pure 

axial strain component, as shown in Equation A-3. This equation enforces the constitutive 

law for an elastic material under axial load. 

 1
2

 Equation A-3

 1
2

 Equation A-4

Substituting Equations A.3 and A.4 into Equation A.2, one obtains the following: 

Deck

Girder
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 1 1
 Equation A-5

For a given cross section in a partially composite beam, the total internal resisting 

moment consists of: 

1. A bending component in the slab 

2. A bending component in the steel beam 

3. A couple made of the axial forces exerted by the slab and the steel beam.  

The total moment is obtained by adding these three components as shown in Equation A-

6. This equation enforces equilibrium of the internal forces in the cross section. 

  Equation A-6

The curvature of the beam can also be written in terms of the bending moments in the 

steel and concrete as shown in Equation A-7. This equation enforces the constitutive law 

for elastic material in bending. 

 
 Equation A-7

Using Equation A.7, Equation A.6 can be rearranged and rewritten as: 

 
1  Equation A-8

Further manipulation of Equation A.8 yields: 

 

1 Σ
 

 

 
Σ

 Equation A-9

Where:	

Σ  

By substituting Equation A.9 into Equation A.5 and manipulating, one obtains: 

 
Σ

1 1
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Σ Σ
 

 

 

Σ Σ
1

 Equation A-10

Where: 

1 1 1
 

In further simplifying Equation A.10, one obtains: 

 

Σ
Σ ∙

∙ Σ
 

 

 

Σ ∙ Σ
 Equation A-11

Where: 

Σ ∙  

By integrating Equation A.11, the interface slip at any point  along a partially 

composite beam is found to be: 

 
∙ ∙  Equation A-12

Where: 

Σ
				and				

∙ Σ
 

Equation A-12 is presented in Chapter 6. The second term is written in summation form 

in order to account for discrete connector locations. Proctor’s method is then used to 

calculate the slip demands on the prototype bridge beam subjected to a factored HS20 

fatigue truck. 
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A.3 EXAMPLE SLIP CALCULATIONS USING PROCTOR’S METHOD 

In this appendix, example calculations for connector slip on the prototype bridge 

beam, using Proctor’s method, are presented. First, the geometric and material properties 

of the prototype bridge beam are calculated. Then, the constants specific to Proctor’s 

method are derived from the beam properties. Finally, slip values are calculated for two 

cases: 

a) Intermediate connector slip for an HS20 axle load at midspan 

b) End connector slip for an HS20 axle load at quarter span 

For each case, a 30 percent shear connection ratio with evenly spaced adhesive anchors 

throughout the length of the beam was chosen (PC30-A configuration). Units of kips and 

inches are used for all calculations. 

A.3.1 Geometric and Material Properties 

A.3.1.1 Steel Girder Properties 

38.3	  

33.1	 . 

6710	  

29000	  

A.3.1.2 Concrete Slab Properties 

88	 . 

6.5	 . 

88 6.5 572	  

1
12

1
12

88 6.5 2014	  

3000	  

57 57√3000 3122	  
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A.3.1.3 Composite Section Properties 

29000
3122

9.28 

1
2

1
2
33.1 6.5 19.8	 . 

Σ 29000 6710 3122 2014 2.01 10 	  

1
1 1

 

1
1

38.3 29000
1

572 3122
6.85 10 	  

Σ ∙ 2.01 10 6.85 10 19.8 4.69 10 	  

A.3.1.4 Beam and Connector Properties 

600	 . 

500	
.
 

2 1000	
.
 

A.3.1.5 Constants for Proctor’s Method 

Σ
19.8

4.69 10
9.86 10 	

1
.
 

∙ Σ
4.69 10

6.85 10 2.01 10
3.41 10 		  

A.3.2 Example Calculation: Case A 

In this example, a 32-kip point load (equal to the back axle weight of an HS20 

truck) is applied at the midspan of the prototype bridge beam. The position of the load is 

illustrated in Figure A-2. The slip of the connector pair located 150.5 inches away from 

the left support is to be calculated using Proctor’s method. The position of these 

connectors is marked in Figure A-3. 
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First, the location of the point of zero slip is guessed. In this case, it is known that 

the point of zero slip is at midspan, due to the symmetry of the load and connector 

configuration. Next the axial force at midspan is calculated using the iterative procedure 

discussed in Section 6.2.2. In this procedure, the correct value for axial force at the point 

of zero slip is obtained when the axial force at both ends of the beam is zero.  

 

Figure A-2: Position of truck axle on prototype bridge beam 

 

Figure A-3: Plan view of steel girder with spacing of connectors labeled 

By performing the iterative procedure, the axial force at midspan is found to be 87.23 

kips. This is the maximum axial force in the entire beam, as shown in Figure A-4. Next, 

slip along the length of the beam is calculated using Equation A-12 revisited below: 

 
∙ ∙  

It is difficult to express the axial force,  (in the second term) in integrable form 

as a function of . As illustrated by Figure 4, the axial force in the concrete slab is 

normally stepped along the length of the beam. This is because the force is transferred to 

from the slab to the girder discretely, by the shear connectors. Therefore, the second term 

in Equation A-12 can be discretized and written as a summation of axial forces between 

connector locations: 

32

300	 . 300 .
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∙ ∆  Equation A-13 

Where: 

∆  = length of the  increment of the slab =  

 = axial force in the  increment of the slab 

If there are  connectors between the point of zero slip and the end of the beam, there 

will be 1 increments in the slab. The first term in Equation A-13 is the area under the 

moment diagram ( ) between the point of zero slip and the point at which slip is to be 

calculated. The second term in Equation A-13 is the corresponding area under the axial 

force diagram ( ). Therefore, to simplify matters Equation A-13 can be rewritten as: 

  Equation A-14

In this example, the slip of the connectors located 150.5 inches from the left support, or 

149.5 inches from the midspan, is of interest. The area under the axial force diagram 

between this point and the midspan is etched in Figure A-4. The corresponding area 

under the moment diagram is etched in Figure A-5. 

 

Figure A-4: Axial force in the concrete slab along the length of the beam (Case A) 
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Figure A-5: Moment along the length of the beam (Case A) 

Finally, the slip of the connectors 150.5 inches from the left support is calculated 

using Equation A-14.  The magnitudes of A  and A , labeled in Figure A-4 and Figure 

A-5 respectively, are inserted into Equation A-14. The values of constants k  and k , 

previously calculated for the prototype bridge beam in Section A.3.1.5, are also inserted 

into Equation A-14. The calculation of connector slip is shown below: 

 
 

 

 9.86 10 5.39 10 3.41 10 11390.3   

 .0142 .  

A.3.3 Example Calculation: Case B 

In this example, a 32-kip point load (equal to the back axle weight of an HS20 

truck) is applied at the quarter-span of the prototype bridge beam. The position of the 

load is illustrated in Figure A-6. The slip of the end connector pair, located 21.5 inches 
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away from the left support, is to be calculated using Proctor’s method. The position of 

these connectors is marked in Figure A-7. 

First, the location of the zero slip, as well as the axial force at this point, is 

calculated using the iterative procedure discussed in Section 6.2.2. In this case, the point 

of zero slip is located 220.3 inches from the left support. It is important to note that the 

point of zero slip does not correspond to the location of the concentrated load. The axial 

force at the point of zero slip is calculated to be 61.92 kips. This is the maximum axial 

force in the entire beam, as shown in Figure A-8. 

 

Figure A-6: Position of truck axle on prototype bridge beam 

 

 

Figure A-7: Plan view of girder with spacing of connectors labeled 

Next, the slip of the end connectors is calculated using Equation A-14. This 

equation was presented and discussed in the example calculation for Case A (Section 

A.3.2). The area under the axial force diagram ( ) between the end connectors and the 

point of zero slip is etched in Figure A-8. The corresponding area under the moment 

diagram ( ) is etched in Figure A-9. 

32

150	 . 450 .
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Figure A-8: Axial force in the concrete slab along the length of the beam (Case B) 

 

  

Figure A-9: Moment along the length of the beam (Case B) 
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The magnitudes of A  and A , labeled in Figure A-8 and Figure A-9 respectively, 

are inserted into Equation A-14 . The values of constants k  and k , previously calculated 

for the prototype bridge beam in Section A.3.1.5, are also inserted into Equation A-14. 

The calculation of end connector slip is shown below: 

 
 

 

 9.86 10 4.98 10 3.41 10 8800.9   

 .0191 .  
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A.4 SHEAR CONNECTION RATIO CALCULATIONS 

In this appendix, the number of adhesive anchors required to make the prototype 

bridge 30, 40, and 50 percent composite is calculated. The dimensions and properties of 

the prototype bridge beam are labeled in Figure A.2-1. 

 

Figure A-10: Cross section dimensions and material properties of prototype bridge beam 

First, the maximum possible tensile force in the steel beam is calculated. 

 38.3 36 1378.8   

Next, the maximum possible compressive force in the concrete slab is calculated. 

 0.85 0.85 3 6.5 . 88 . 1458.6	  
 

The maximum tensile force in the steel beam is less than the maximum compressive force 

in the slab. In order to make the beam fully composite, the amount of shear connectors 

required to develop  would have to be provided. The ultimate shear strength of the 

adhesive anchor investigated in this study was calculated with equation that was 

recommended by Kwon (2007) and is presented below. 

 0.5  Equation A-15

Where: 

 = ultimate shear strength of shear connector 

 = effective cross sectional area for shear 

 = ultimate tensile strength of connector shank 

Deck

Girder
33 130

38.3	
36	

3	
6.5	 .
88	 .
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Using Equation A-15, the ultimate shear strength of an adhesive anchor is 

calculated below: 

 0.5 0.8
4
. 875 . 125 30.1   

Next, the number of adhesive anchors required to make the prototype bridge beam  

percent composite is calculated with the following equation. 

 
100

∙  Equation A-16

Using Equation A-14, the number of adhesive anchors required to make the prototype 

bridge beam 30, 40, and 50 percent composite is calculated below: 

 
30% →

30
100

∙
1378.8
30.1

13.74 14 7  
 

 
40% →

40
100

∙
1378.8
30.1

18.32 18 9  
 

 
50% →

50
100

∙
1378.8
30.1

22.90 22 11	  
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