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 Shear friction is used to transfer shear forces between two reinforced concrete members 

or two members with dissimilar materials. Shear transfer across a plane represents a complex 

phenomenon that depends on the interactions between several variables, such as concrete surface 

condition and cohesion, concrete strength, and steel reinforcement strength and reinforcement 

ratio. Prior research has focused on surface condition as well as properties of the reinforcing 

steel. However, these data have not provided conclusive results. Although it is clear that 

roughening the interface of a cold-joint contributes to increase its the shear-transfer capacity, the 

roughening methods currently used in practice are labor intensive. In addition, the ACI code 

prohibits the use of high strength steel reinforcement. To investigate these parameters 

methodically, an experimental research program was undertaken. The test matrix included 24 

cold-joint specimens. Of those, half had untreated (ñor smoothò) interface, while half were 

intentionally roughened  using a surface retarder. Different types of retarder were investigated 
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separately to ensure minimum roughness depth. The test series also investigated the impact of 

parameters such as steel reinforcement strength and reinforcement ratio. More specifically, for 

different specimens, varying amount of grade 60 and grade 80 steel reinforcing bar were used 

across the cold-joint interface. The experimental results indicated the following: (1) roughening 

the interface increases the shear-transfer capacity of the joint, (2) using the recommended 

retarder is an economical and structurally reliable method to achieve a roughened interface, (3) 

the reinforcement does not yield at the peak load and therefore, increasing the strength of the 

reinforcement does not provide a corresponding increase in shear-transfer capacity, and (4) 

increasing the reinforcement ratio has a more significant impact on the smooth-surface 

specimens.  The results were compared with the shear friction design equations currently 

reported in the ACI code and in the American Association of State Highway Transportation 

Officials (AASHTO). The comparison indicated that both codes underestimate the shear friction 

capacity of cold-joint specimens with low reinforcement ratios, and that AASHTO code 

overestimates the shear friction capacity of roughened cold-joint specimens with high 

reinforcement ratios. Incorporating this data into a previously compiled shear-friction database, a 

new shear friction equation was proposed. The new equation has a separate cohesion term that 

separates the contributions of the steel reinforcement and cohesion and includes has higher 

strength upper limits for smooth-surface specimens and lower strength upper limits for 

roughened specimens. 
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K1 = Varies depending on the equation 
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Dpeak = Slip displacement at peak shear load 

l = Concrete type factor 

m = Coefficient of friction 

r = Reinforcement ratio (Avf /Ac) 

s = Standard deviation 

q =  Angle of travel between two interfaces 

t = Shear stress 

tACI = Predicted shear stress based on American Concrete Institute shear friction provisions 

tAASHTO = Predicted shear stress based on American Association of State Highway Transportation 

      Officials shear friction provisions 

tmeasured = Measured shear stress 

tpredicted = Predicted shear stress 
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Chapter 1: Introducti on 
 

1.1 Research Impetus 

Shear often needs to be transferred across an interface joining two discontinuous members such as 

joints between precast and cast-in-place concrete parts (i.e. cold joint), connections between 

vertical and horizontal elements (i.e. slab-to-shear walls connections) and connections between 

precast and cast-in-place concrete elements and structural steel or other structural components. 

Figure 1.1 below shows some structural elements requiring interface shear strength.  

 

Figure 1.1: Examples of interface shear transfer in a structure [21] 

Hanson [11] first tested specimens constructed to simulate common interface conditions. Since 

then, there are eight main variables that have been identified and investigated in past experimental 

studies: interface type, concrete strength and weight, shear interface area, aggregate size, 

reinforcement ratio, reinforcement yield strength and theoretical clamping stress. How some these 

variables affect the interface shear strength is still uncertain even after 60 years of research. Many 
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design equations were created to predict the interface shear strength and buildings codes have since 

adopted some these equations. However, with new experimental results and a better understanding 

of how individual variables affect the interface shear strength, these models need to be reevaluated 

and updated. 

 

Aside from improving the current existing models, there are interests in improving how the 

interfaces are being designed and constructed. First, it is commonly recognized that roughening 

the interface increases the shear-transfer capacity at a cold joint. However, the current methods 

used to roughen the interface is very labor intensive. For that reason, many contractors and 

practicing engineers have gained interest in using surface retarders, which is a chemical that 

exposes aggregate by reacting with the cement. Even though surface retarders are commonly used 

for architectural finishing, their structural applications are lesser known. Second, because of 

different design limits and requirements, joints and connections are often affected by 

reinforcement congestion. One of many ways to reduce reinforcement congestion is using high 

strength steel reinforcement. Currently, due to lack of testing, the use of high strength steel 

reinforcement is prohibited in building codes. An experimental program focused on these design 

variables is proposed and forms the basis of this experimental program. 
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1.2 Research Objectives and Approach  

The overall research objective was to study both untested and lightly tested parameters on cold-

joint specimens to extend or modify existing design equations for interface shear strength. 

Utilizing prior research and design equations, presented in Chapter 2, several design variables were 

identified for further study including: 1) new techniques for achieving surface roughness, 2) 

investigating theoretical clamping stress values larger than those previously tested to determine if 

a limit based on the concrete strength is required and 3) investigate the use of high-strength (greater 

than specified 60 ksi) reinforcement, which is currently prohibited by ACI. The research was 

divided into three primary tasks: 

¶ Task 1: Perform an initial study on surface retarders to learn how to properly apply the 

retarders and to identify which type of retarder to use. 

¶ Task 2: Conduct a series of laboratory experiments on cold-joint specimens with each test 

series focusing on the effects of the interface roughness, high strength steel reinforcement, 

and reinforcement ratio. The specimens and the test setup are analogous to the specimens 

and the test setup utilized by researchers in the past.  

¶ Task 3: Analyze the experimental results and design a shear friction model using the 

experimental results supplemented with results from similar studies.  
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1.3 Overview of Report 

The report is organized as follows: 

¶ Chapter 2 summarizes code equations and previous experimental research including the 

shear friction theory. Current shear friction provisions in American codes and summaries 

of past studies relevant to the experimental program are discussed in detail.  

¶ Chapter 3 describes the experimental program including the test matrix, specimen design, 

test setup, and instrumentation.  

¶ Chapter 4 discusses the test results for each test series, including the measured force 

response, interface slip, interface opening, and damage progression. 

¶ Chapter 5 provides an analysis of the data. The data were evaluated to determine the 

contribution of cohesion and the reinforcement crossing the interface.  

¶ Chapter 6 compares the test results to current American codified interface shear strength 

equations and limits. The test data were combined with prior test to evaluate the results and 

develop a shear friction equation that accounts for cohesion and reinforcement strength 

with new stress limits. 

¶ Chapter 7 summarizes the work and provides conclusions for the research. 

Recommendations for future work are also provided. 
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Chapter 2: Current Shear Friction Provisions and Literature Review 
 

Interface shear transfer in reinforced concrete is a topic that has been of great interest to the 

engineering community for several decades. The current volume of literature precludes a 

comprehensive review of this body of work. Thus, for the sake of brevity, this chapter focuses on 

aspects of past research projects that are most relevant to the experimental program conducted in 

this work and described in Chapters 3 and 4. This chapter is organized into two sub-sections that 

provide a brief overview of aspects pertaining to 1) shear friction theory and code provisions and 

2) results of relevant past experimental programs. 

 

2.1 Shear Friction Theory and Code Provisions 

The behavior of concrete-to-concrete interfaces subjected to shear stresses is normally predicted 

using the shear friction theory. This theory, briefly discussed below, was initially postulated by 

Birkeland and Birkeland [8] and revisited by several authors (e.g. Hofbeck et al. [13], Kahn and 

Mitchell [14]) over the years.    

 

The shear friction theory was adopted and implemented in most design codes to deal with problems 

related to the design of structural elements that transfer shear across an interface. Section 2.1.2 and 

Section 2.1.3 provide a detailed overview of the shear friction provision contained in two 

prominent American code provisions: the American Concrete Institute (ACI) code and American 

Association of State Highway Transportation Officials (AASHTO) design specifications. 

 

2.1.1 Shear Friction Theory 

The shear friction theory was first introduced by Birkeland and Birkeland [8] to model the 

transferring of shear loads across a concrete-to-concrete interface crossed by perpendicular steel 

reinforcement. According to this theory, the strength of an interface subjected to direct shear comes 

from the contribution of several resisting mechanisms, namely the cohesion between particles, the 

friction between concrete parts and the shear reinforcement crossing the interface. As the applied 

shear reaches a certain magnitude, the aggregate breaks away from the cement matrix, causing a 

crack to form along the interface plane. As the shear load is further increased, relative horizontal 

movement between two surfaces (i.e. crack slip) is induced. Because of the interface asperities, 
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the crack slip is accompanied by some extent of interface opening (i.e. crack width). The crack 

opening is resisted by the steel reinforcing bars crossing the interface that induce a compressive 

force, referred to as clamping force, acting normal to the interface. This clamping force in 

combination with the interaction of the surface features (i.e. coefficient of friction) provides the 

force that resists the applied loads and provides restraint against slip movement. Free-body 

diagrams that schematically outline this phenomenon, are shown in Figure 2.1: 

 

Figure 2.1: Simplified shear friction mechanism originally drawn by Birkeland and Birkeland [8] (taken from 

Harries et al. [12])  

The shear friction theory has been well received and broadly adopted by the engineering 

community. Countless numerical and experimental studies have been carried out in the past 60 

years (e.g. Kahn and Mitchell [14] and Shaw and Sneed [22]). Consequently, numerous variants 

to the original shear friction equations have been proposed over the years. However, current ACI 

and AASHTO provisions (discussed in the next sub-section) mainly stem from the 

recommendations of Hofbeck et al. [13]. 

 

Hofbeck et al. were the first to separate and identify some of the key parameters that directly affect 

the shear-transfer capacity: 1) pre-existing cracks (monolithically casted only); 2) yield strength, 

size, and arrangements of reinforcement; 3) concrete strength; 4) dowel action. The list of 

conclusions drawn from their experimental programs is given below: 

¶ The shear-transfer capacity is mostly dependent on aggregate interlock and theoretical 

clamping force, Asfy. As is the area of reinforcement crossing the interface and fy is the yield 

stress of the reinforcement. The reinforcement was assumed to yield at the ultimate shear 

load. 



26 

 

¶ The concrete strength acts as an upper limit to the expected clamping stress, rfy. The 

variable r is the reinforcement ratio, that is the area of reinforcement crossing the interface 

divided by the area of the concrete interface. 

¶ The yield strength of the steel reinforcement crossing the interface has an effect in the 

shear-transfer capacity. It appears that higher strength reinforcement reaches strain-

hardening earlier because higher strength reinforcement has shorter yield plateaus. 

¶ Dowel action has no effect on the uncracked specimens but had significant effect on the 

pre-cracked specimen. This suggests that initial pre-cracking causes reinforcements to 

engage more in shear. 

¶ Bar size and spacing do not affect the interface shear strength. 

 

The authors proposed the shear friction equation shown below based on their conclusions: 

Vn = Asfy tan q Eq. 2.1 

Where, 

 Vn = Nominal shear strength 

 As = Area of the reinforcement crossing the interface 

 fy = Yield stress of the reinforcement 

 q =  Angle that represents the relationship between the crack slip and crack width. The 

 angle is shown in Figure 2.1. 

 

The reinforcement crossing the interface was assumed to provide a normal force to the interface 

equal to the yield force. Based on their experimental results, as well as on the results of similar 

tests conducted by other researchers, it was concluded that setting tanq  = 1.4 was conservative for 

values of rfy less than 0.15fôc or 600 psi. For pre-cracked specimens or specimens with higher 

values of rfy, setting tanq = 1.0 provided good strength estimates.  
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The shear friction equation proposed by Hofbeck et. al was able to capture the shear friction theory 

in a simplified way. A lot of work was done to validate the shear friction equation and to better 

define the stress limits and calibrate the coefficient of friction for different joint types. Details of 

the upper limits and values of the coefficient of friction term are discussed in the following sub-

sections.  

 

2.1.2 ACI Shear Friction Provision 

ACI first codified the shear friction theory in 1970, adopting the design equations proposed by 

Hofbeck et al. [13], but replacing the tanq term with a coefficient of friction, m.  

 

The equation below is the current ACI shear friction equation (ACI 318-19 [3] eq. 22.9.4.2) : 

Vn = mAvfFy Eq. 2.2 

Where, 

 Vn = Nominal shear load 

 m = Coefficient of friction 

 Avf = Area of steel reinforcement crossing the interface 

 Fy = Yield strength of the steel reinforcement  

 

The coefficient of friction depends on the joint types defined as monolithically-cast joint, 

roughened cold joint, or smooth cold joint. Roughened interface is defined as ñintentionally 

roughened to full amplitude of approximately one quarter inch.ò Table 2-1 defines values of the 

coefficient of friction. It should be noted that cold joints with untreated interfaces were not allowed 

until Mattock in 1977 [19] proposed using 0.6 for the value of m for cold joints with smooth 

interfaces.  
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Table 2-1: Table 22.9.4.2 from ACI 318-19 [3] recreated. The value of l is dependent on the concrete type. l = 1.0 for 

normal-weight concrete, and l = 0.75 for lightweight concrete. 

Contact Surface Condition 

Coefficient 

of Friction  

Concrete placed monolithically 1.4l 

Concrete placed against hardened 

concrete that is clean, free of laitance, 

and intentionally roughened to a full 

amplitude of approximately 1/4 in. 

1.0l 

Concrete placed against hardened 

concrete that is clean, free of laitance, 

and not intentionally roughened 
0.6l 

 

Other experimental programs tested similar push-off specimens and validated the use this shear 

friction equation (Eq. 2.2). Other researchers tested different key parameters to help to create 

various limit states used in current shear friction provisions. Mattock and Hawkins [17] raised the 

rfy limit from the lesser of 0.15fôc and 600 psi to the lesser of 0.2fôc and 800 psi. Kahn and Mitchell 

[14] raised the upper limit of monolithically-cast joint or cold joints with roughened interfaces to 

from 800 psi to 1,600 psi. Other critical papers that influenced the current shear friction provisions 

and the papers related to this experimental program are discussed more in detail in a later section. 

 

The code also contains a series of upper stress limits, typically determined as a function of the 

concrete strength and interface area. The factors are largely empirical and based on the works from 

Hofbeck et al [13], Mattock and Hawkin [17], and Kahn and Mitchell [14]. It should be noted that 

the specified reinforcement yield stress is limited to 60 ksi. Tabulated form of the limit states from 

ACI is shown below in Table 2-2: 
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Table 2-2: Table 22.9.4.4 from ACI 318-19 recreated 

Condition Maximum Vn   

Normal weight concrete placed 

monolithically or placed against 

hardened concrete intentionally 

roughened to a full amplitude of 

approximately 1/4 in. 

Least of 

(a), (b), 

and (c)  

0.20f'cAc (a) 

(480 + 0.08f'c)Ac (b) 

1600Ac (c) 

Other cases 

Lesser of 

(d) and 

(e)  

0.20f'cAc (d) 

800Ac (e) 

 

In 1983, ACI provided an alternative shear friction equation that included a separate cohesion term 

and a coefficient of friction factor of 0.8 applicable to all interface types (ACI 318-11 [2] R11.6.3): 

 

Vn = 0.8Avffy + AcK1 Eq. 2.3 

Where, 

 Ac = The area of concrete interface 

 K1 = The cohesion factor, which was fixed at 400 psi for normal weight concretes 

 Other variables are defined previously in Eq. 2.2 

This alternative form of equation is no longer included in the ACI shear friction provisions 

(dropped in ACI 318-14). Other building codes (e.g. AASHTO) still include the cohesion term but 

contain different requirements and strength limits. 

  

2.1.3 AASHTO Shear Friction Provisions 

The AASHTO [1] shear friction equation (shown in Eq. 2.4) has a separate cohesion/aggregate 

interlock term. AASHTO also accounts for an applied load. The strength upper limits also exist 

that are slightly different with respect to those included in the ACI code. Table 2-3 shows the 

prescribed values of friction coefficient, cohesion, and upper stress limits that AASHTO provides 

for each interface type. 

  



30 

 

Vni = cAcv + m(Avffy + Pc) 

Vni Ò K1fôcAcv 

Vni Ò K2Acv 

Eq. 2.4 

 

Where, 

 c = Cohesion factor 

 Acv = Area of concrete interface 

 Pc = Applied force 

 K1 = Fraction of concrete strength available to resist interface shear 

 K2 = Limiting interface shear resistance 

 Other variables are defined previously in Eq. 2.2 

 

Table 2-3: AASHTO Prescribed values for cohesion factor, coefficient of friction and limit states 

Interface Type c (ksi) m K1 K2 (ksi) 

Monolithic 0.4 1.4 0.25 1.5 

Cold joint (Rough) 0.24 1.0 0.25 1.5 

Cold joint (Smooth) 0.075 0.6 0.2 0.8 

 

Additionally, AASHTO includes a reinforcement ratio limit that is intended to prevent brittle 

failures:  

Avf Ó 0.05Acv/fy Eq. 2.5 
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2.2 Overview of Relevant Experimental Programs 

As discussed earlier, interface shear transfer problems have been of interest to the engineering 

community for several decades, with the first research papers on the topic dating back to the 1960s 

(Hanson [11]). A thorough review of the available literature was recently conducted by Davaadorj 

[9], who assembled a comprehensive database collecting the results of 509 push-off tests, with 

concrete-to-concrete interfaces subject to monotonic pure shear loads, and steel reinforcement 

normal to the interface. 

 

The review of the literature revealed that there are eight main variables that have been investigated 

in past experimental studies: interface type, concrete strength and weight, shear interface area, 

aggregate size, reinforcement ratio, reinforcement yield strength and clamping stress. The extent 

to which these variables have been studied experimentally is summarized in Figure 2.2, which 

provides the distributions and cumulative curves of the number of tests as a function of all key 

variables. 

 

The multi-parametric distribution depicted in Figure 2.2 outlines that a substantial number of tests 

have been conducted in all of the four major surface types. Monolithically-cast specimens make 

up most tests available (approximately 60% of the total), with the most conducted on pre-cracked 

(MO-P) specimens. Cold-joint specimens represent approximately 40% of the total collected, and 

of them the majority were intentionally roughened cold joints (CJ-R). Of these, less than half were 

normal weight (NW) concrete CJ-R (87 specimens in total) and only 21 were untreated (or smooth) 

cold-joint specimens (CJ-S). Further to this, only eight CJ-S had steel reinforcement crossing the 

interface.  

 

The tested reinforcement ratios ranged from 0% to 3%, with most of the tests falling in the 0-2% 

range. This, combined with the reinforcement strengths considered, resulted in clamping stresses 

rarely exceeding 1,600 psi. The few tests that exceed this threshold exist pertain to MO-P interfaces. 

With specific reference to CJs, there were only four specimens characterized by clamping stress 

(rfy) values exceeding 1,000 psi. In approximately 90% of the tests, the reinforcement yield stress 

was lower than 80 ksi. More specifically, only 26 specimens presented reinforcement yield stress 

over 80 ksi, and the results were somewhat inconsistent. 
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Figure 2.2: Figure 2 from Davaadorj et al. [10]. Frequency distribution of tests as a function of main parameters. 
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It is evident that, despite their importance in practical applications, cold joints have received 

somewhat limited experimental attention, and that major knowledge gaps exist, particularly 

pertaining to variables such as interface roughening and steel reinforcement strength. The 

following of this section is dedicated to a more thorough review of past research that focused on 

these variables. 

 

2.2.1 Bass, Carrasquillo, and Jirsa (1989) 

Bass at al. [7] focused on cold-joint specimens. The authors constructed specimens based on a 

retrofitting method where holes are drilled into an interface of interest and reinforcing bars are 

embedded before casting the second concrete block. The experimental program involved 33 

specimens and the variables of interest were the reinforcement ratio, the embedment lengths of 

reinforcing bars, concrete strength, and surface condition.  

 

The different surfaces were achieved using various techniques: 1) untreated surface, 2) sandblasted 

surface, 3) surface chipped with a pickaxe, 4) 1-inch depth shear keys, and 5) surface with epoxy 

bonding agents. The interface reinforcement was embedded after casting the base-block. The holes 

were drilled then steel dowels were placed inside the hole with epoxy. The specimens and the test 

set up is shown in Figure 2.3 and in Figure 2.4. The test matrix and the results are provided in 

Table 2-4. 
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Figure 2.3: Fig. 2 from Bass et al. [7]. Details of the specimen. Base-block and wall reinforcement. 

 

Figure 2.4: Fig. 7 from Bass et al. [7]. Test frame. 
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Table 2-4: Test Matrix from Bass, Carrasquillo, and Jirsa [7], including the ultimate shear load. 

Specimen f' c (ksi) fy (ksi) rfy(psi) Surface Preparation Embedment length (in) Vu (kip) 

1A 3.1 60 589 Sandblasted 6 145 

2A 3.1 60 589 Sandblasted 6 153 

3A 3.1 60 589 Sandblasted 6 152 

4A 3.1 60 589 Sandblasted 6 165 

5A 3.1 60 589 Sandblasted 6 150 

6A 3.1 60 589 Sandblasted 6 165 

7A 3.1 60 393 Sandblasted 6 132 

8A 3.1 60 1178 Sandblasted 6 210 

9A 3.1 60 589 Sandblasted 12 190 

10A 3.1 60 589 Sandblasted 3 130 

11A 2.7 60 589 Sandblasted 6 104 

12A 2.75 60 589 Chipped 6 118 

13A 2.75 60 589 Shear Keyed 6 128 

14A 2.75 60 589 Untreated 6 90 

15A 2.75 60 589 Sandblasted 6 88 

16A 2.75 60 589 Epoxy 6 105 

17A 2.7 60 589 Sandblasted 6 125 

18A 2.75 60 589 Chipped 6 118 

19A 2.75 60 589 Shear Keyed 6 127 

20A 2.87 60 589 Sandblasted 6 134 

21A 4.15 60 589 Chipped 6 115 

22A 4.3 60 589 Shear Keyed 6 148 

23A 4.3 60 589 Sandblasted 3 135 

24A 4.3 60 589 Sandblasted 6 160 

1B 3.21 60 982 Sandblasted 6 102 

2B 3.21 60 589 Sandblasted 6 150 

3B 3.21 60 589 Sandblasted 6 162 

4B 3.21 60 393 Sandblasted 12 137 

5B 3.21 60 589 Sandblasted 6 166 

6B 3.21 60 589 Sandblasted 12 172 

17B 2.87 60 589 Sandblasted 12 151 

20B 2.7 60 589 Chipped 6 75 

21B 4.3 60 589 Sandblasted 12 132 
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The results of the experimental programs showed that the shear-transfer capacity increased with 

increasing depth of embedment, especially at large slip, meaning that bond directly influenced the 

capacity. The confinement of concrete around the interface was had an impact on the shear-transfer 

capacity as well. This suggested that dowel action and bond were important parameters in cold 

joints.  

 

Sandblasted surfaces showed good results compared to conventional surface treatment methods, 

while it was found that treating the interface with an epoxy bonding agent was not effective. 

Different methods of treating the surface had little to no effect after 0.2 inch of slip displacement, 

meaning that the steel reinforcement was providing majority of the shear-transfer capacity after 

peak load.  

 

The authors concluded that reinforcement ratio had direct impact on the shear-transfer capacity. It 

was also verified that the shear friction provision of ACI provided conservative strength estimates, 

with an average measure-to-design shear strength ratio of 1.77 with CV of 18.6%. The ACI 

development length requirement was conservative for shear friction applications as well.  

 

2.2.2 Kono, Tanaka, and Watanabe (2000) 

Kono et al. [15] investigated the contributions of dowel action and cohesion in the context of 

interface shear applications. They tested 23 specimens with varying concrete strength, 

reinforcement yield strength, bar diameter, and different interface roughening methods that 

involved trowels, wire brushes, nails, and steel triangular molds. The first series of specimens (15 

specimens with a label ñHò) was designed to investigate reinforcement yield stress and concrete 

strength. The yield stress of the reinforcement ranged from 47 ksi to 145 ksi, and concrete 

compressive strength ranged from 4.4 ksi to 11.6 ksi. In 6 of the 15 specimens, a steel plate was 

placed between the two concrete members to remove the concrete contribution to isolate dowel 

action. The test matrix with the experimental result is summarized in Table 2-5: 
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Table 2-5: Test matrix from Kono et al. [15] including the ultimate shear load of each specimens.  

Specimen f' c (ksi) fy (ksi) Surface Preparation Vu (kip) 

L10-30C 4.4 47.0 Troweled 53.6 

L10-30D 4.4 47.0 Plate N/A 

L10-50C 7.3 47.0 Troweled 60.2 

L10-50C 7.3 47.0 Plate N/A 

L10_80C 11.6 47.0 Troweled 46.0 

L10_80C 11.6 47.0 Plate N/A 

H10-30C 4.4 144.9 Troweled 61.7 

H10-30C 4.4 144.9 Plate N/A 

H10-50C 7.3 144.9 Troweled 53.1 

H10-50C 7.3 144.9 Plate N/A 

H10-80C 11.6 144.9 Troweled 92.8 

H10-80C 11.6 144.9 Plate N/A 

H16-30C 4.4 125.7 Troweled 80.8 

H16-50C 7.3 125.7 Troweled 104.9 

H16-80C 11.6 125.7 Troweled 117.4 

H50PC 7.3 144.9 Troweled 27.0 

H50SC 7.3 144.9 Scratched 51.4 

H50RC 7.3 144.9 Rough 131.5 

H50TC 7.3 144.9 Triangle 125.4 

H100PC 14.5 144.9 Troweled 76.8 

H100SC 14.5 144.9 Scratched 127.9 

H100RC 14.5 144.9 Rough 150.4 

H100TC 14.5 144.9 Triangle 126.3 

 

The experimental results showed that specimens with higher rfy values had higher shear-transfer 

capacity, and that dowel action made a more significant contribution at larger slip displacement. 

The study showed that up to 2 mm (0.079 inch) of slip displacement, the specimens performed as 

well as any monolithically-cast specimens. The researchers also concluded that the interface could 

endure large slip without significant degradation in strength because of dowel action.  

 

The surface roughness was quantified using the variables: root mean square height, Hrms, average 

height, Havg and core roughness depth, Rk. Different surface treatment methods resulted in different 

roughness measurements. Core roughness depth ranged from 0.16 mm (0.0063 inch) to 6.5 mm 

(0.26 inch), but somewhat surprisingly, the results showed that core roughness depth and shear-

transfer capacity did not correlate. It was thus concluded that the surface treatment does not impact 

the shear-transfer capacity. 
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Another notable finding was that the reinforcing bars did not yield at the peak load. Based on this 

outcome, Kono et al. proposed the use of rfs instead of rfy to predict the shear-transfer capacity. 

Regression analysis was used to find a suitable approximation of stress of the reinforcing bars at 

peak load, fs.  

 

fs = 2/3 fy Eq. 2.6 

 

A modified shear friction equation that includes a modification factor, k, to account for the concrete 

strength and an upper limit  on the clamping stress, rfy, of 7.6 MPa: 

 

tu = k (0.67rfy + 2.84) (MPa);  

Where, k = 0.02 fôc + 0.2 for fôc < 40 MPa, and k = 1.0 otherwise 
Eq. 2.7 

 

2.2.3 Kahn and Mitchell (2002) 

Kahn and Mitchell [14] tested 50 specimens with varying concrete strength, reinforcement ratio, 

and joint type. The recorded peak shear loads, the concrete strength and clamping stress values 

considered are reported in the test matrix shown in Table 2-6. The surface of the cold-joint 

specimens was not intentionally roughened, but the researchers reported quarter inch amplitude. 

 

Table 2-6: Test Matrix from Kahn and Mitchell [14], including the ultimate shear load. 

Specimen f' c (psi) fy (ksi) rfy(psi) Joint Type Vu (kip) 

SF-4-1-U 6805 60 255 Uncracked Monolithic 35 

SF-4-1-C 6805 60 255 Pre-cracked Monolithic 58 

SF-4-2-U 6805 60 510 Uncracked Monolithic 56 

SF-4-2-C 6805 60 510 Pre-cracked Monolithic 80 

SF-4-3-U 6805 60 765 Uncracked Monolithic 71 

SF-4-3-C 6805 60 765 Pre-cracked Monolithic 86 

SF-7-1-U 11734 60 304 Uncracked Monolithic 42 

SF-7-1-C 11734 60 304 Pre-cracked Monolithic 54 

SF-7-1-CJ 11734 60 304 Cold joint 88 

SF-7-2-U 12410 60 609 Uncracked Monolithic 52 

SF-7-2-C 12410 60 609 Pre-cracked Monolithic 82 

SF-7-2-CJ 11734 60 609 Cold joint 118 

SF-7-3-U 13103 60 913 Uncracked Monolithic 72 
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SF-7-3-C 13103 60 913 Pre-cracked Monolithic 110 

SF-7-3-CJ 12471 60 913 Cold joint 138 

SF-7-4-U 12471 60 1217 Uncracked Monolithic 63 

SF-7-4-C 12471 60 1217 Pre-cracked Monolithic 133 

SF-7-4-CJ 12471 60 1217 Cold joint 149 

SF-10-1-U-a 12053 60 304 Uncracked Monolithic 26 

SF-10-1-U-b 14326 60 304 Uncracked Monolithic 30 

SF-10-1-C-a 12053 60 304 Pre-cracked Monolithic 32 

SF-10-1-C-b 14326 60 304 Pre-cracked Monolithic 100 

SF-10-1-CJ 14326 60 304 Cold joint 92 

SF-10-2-U-a 14676 60 609 Uncracked Monolithic 51 

SF-10-2-U-b 14804 60 609 Uncracked Monolithic 48 

SF-10-2-C-a 14676 60 609 Pre-cracked Monolithic 49 

SF-10-2-C-b 14804 60 609 Pre-cracked Monolithic 131 

SF-10-2-CJ 12053 60 609 Cold joint 124 

SF-10-3-U-a 16170 60 913 Uncracked Monolithic 65 

SF-10-3-U-b 13934 60 913 Uncracked Monolithic 63 

SF-10-3-C-a 16170 60 913 Pre-cracked Monolithic 114 

SF-10-3-C-b 13934 60 913 Pre-cracked Monolithic 145 

SF-10-3-CJ 12953 60 913 Cold joint 148 

SF-10-4-U-a 15468 60 1217 Uncracked Monolithic 74 

SF-10-4-U-b 16476 60 1217 Uncracked Monolithic 76 

SF-10-4-C-a 15468 60 1217 Pre-cracked Monolithic 126 

SF-10-4-C-b 16476 60 1217 Pre-cracked Monolithic 156 

SF-10-4-CJ 12953 60 1217 Cold joint 160 

SF-14-1-U 17957 60 304 Uncracked Monolithic 25 

SF-14-1-C 16015 60 304 Pre-cracked Monolithic 91 

SF-14-1-CJ 14756 60 304 Cold joint 95 

SF-14-2-U 17362 60 609 Uncracked Monolithic 40 

SF-14-2-C 15496 60 609 Pre-cracked Monolithic 99 

SF-14-2-CJ 14756 60 609 Cold joint 108 

SF-14-3-U 16255 60 913 Uncracked Monolithic 56 

SF-14-3-C 15392 60 913 Pre-cracked Monolithic 135 

SF-14-3-CJ 15218 60 913 Cold joint 146 

SF-14-4-U 16059 60 1217 Uncracked Monolithic 73 

SF-14-4-C 15982 60 1217 Pre-cracked Monolithic 153 

SF-14-4-CJ 15218 60 1217 Cold joint 156 
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The ultimate load reported in Table 2-6 was defined as the maximum load recorded for slip 

displacement values ranging between 0 and 0.2 inch, and the residual shear capacity (not reported 

here) was defined as the load recorded at 0.2 inch of slip displacement. The study revealed that, of 

the different approaches considered, the shear friction equation proposed by Birkeland and 

Birkeland [8] best predicted the response of cold-joint specimens. The Birkeland and Birkeland 

equation is provided in Eq. 2.8 below: 

 

Vu = 0.05fôc + 1.4rfy Ò 0.2fôc Eq. 2.8 

 

It was also found that the shear friction provision of ACI was conservative for all joint types tested, 

particularly for cold-joint specimens independently of concrete strength. The residual load was 

similar between all three different types of specimens. This was attributed to the fact that the 

residual strength is provided solely by the steel reinforcement crossing the interface through dowel 

action. 

 

2.2.4 Shaw and Sneed (2014) 

Shaw and Sneed [22] tested 36 cold-joint specimens to study how the interface strength is affected 

by the compressive strength of concrete and the interface surface roughness. The interface was 

roughened by ñscoring the surface of the shear interface in the direction perpendicular to the 

direction of loading.ò The recorded peak shear loads, the concrete strength and clamping stress 

values considered are reported in the test matrix shown in Table 2-7: 
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Table 2-7 Test matrix from Shaw and Sneed [22], including the ultimate shear load. 

Specimen Concrete Type f' c (psi) fy (ksi) rfy(psi) Surface Condition Vu (kip) 

N5R4 Normal weight 4860 66.2 880 Rough 59 

N5R5 Normal weight 4860 66.2 880 Rough 53 

N5R6 Normal weight 4860 66.2 880 Rough 53 

N5S4 Normal weight 4860 66.2 880 Smooth 33 

N5S5 Normal weight 4860 66.2 880 Smooth 35 

N5S6 Normal weight 4860 66.2 880 Smooth 39 

S5R1 Sand light weight 4550 66.2 880 Rough 51 

S5R2 Sand light weight 4550 66.2 880 Rough 50 

S5R3 Sand light weight 4550 66.2 880 Rough 54 

S5S1 Sand light weight 4550 66.2 880 Smooth 39 

S5S2 Sand light weight 4550 66.2 880 Smooth 34 

S5S3 Sand light weight 4550 66.2 880 Smooth 40 

A5R1 Light weight 6080 66.2 880 Rough 48 

A5R2 Light weight 6080 66.2 880 Rough 53 

A5R3 Light weight 6080 66.2 880 Rough 51 

A5S1 Light weight 6080 66.2 880 Smooth 41 

A5S2 Light weight 6080 66.2 880 Smooth 40 

A5S3 Light weight 6080 66.2 880 Smooth 39 

N8R1 Normal weight 7550 66.2 880 Rough 74 

N8R2 Normal weight 7550 66.2 880 Rough 56 

N8R3 Normal weight 7550 66.2 880 Rough 64 

N8S1 Normal weight 7550 66.2 880 Smooth 66 

N8S2 Normal weight 7550 66.2 880 Smooth 53 

N8S3 Normal weight 7550 66.2 880 Smooth 55 

S8R1 Sand light weight 7210 66.2 880 Rough 72 

S8R2 Sand light weight 7210 66.2 880 Rough 67 

S8R3 Sand light weight 7210 66.2 880 Rough 67 

S8S1 Sand light weight 7210 66.2 880 Smooth 67 

S8S2 Sand light weight 7210 66.2 880 Smooth 58 

S8S3 Sand light weight 7210 66.2 880 Smooth 59 

A8R1 Light weight 7845 66.2 880 Rough 62 

A8R2 Light weight 7845 66.2 880 Rough 64 

A8R3 Light weight 7845 66.2 880 Rough 64 

A8S1 Light weight 7845 66.2 880 Smooth 46 

A8S2 Light weight 7845 66.2 880 Smooth 48 

A8S3 Light weight 7845 66.2 880 Smooth 52 
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Smooth and roughened specimens had similar initial stiffness, but the smooth specimens 

experienced greater slip than their roughened counterparts as the applied load increased. The 

roughened specimens reached higher peak loads, but they manifested a more brittle behavior. 

Notably, it was found that the concrete strength affected the peak shear load for both smooth and 

roughened specimens. It was also reported that the steel reinforcement crossing the interface 

yielded at peak load. Consistently with the outcome of previous studies, the residual strengths were 

all similar, regardless of concrete strength and interface condition.  

 

The researchers concluded that the ACI code provisions provided conservative estimates of the 

experimental strength in all cases. In particular, it was noted that the 800 psi limit for smooth cold 

joints, currently present in the ACI code appeared excessively strict. To this end, it was suggested 

that the strength upper limit should be a function of the concrete strength rather than be assigned 

an arbitrary value. 

 

2.2.5 Harries, Zeno, and Shahrooz (2012) 

Harries et al. [12] investigated high strength reinforcement and bar size with cold-joint specimens. 

Their test matrix, shown in Table 2-8, included eight specimens with two reinforcement parameters: 

bar diameter and steel yield stress. All interfaces were roughened to a minimum amplitude of one 

quarter inch. 

 

Table 2-8 Test Matrix from Harri es at al. [12], including the ultimate shear load. 

Specimen f' c (psi) fy (ksi) rfy(psi) Vu (kip) 

615-3A 5800 67.3 277 66.2 

615-3B 5800 67.3 272 66.8 

614-4A 5800 61.5 447 50 

614-4B 5800 61.5 454 58.2 

1035-3A 5800 130 545 57.2 

1035-3B 5800 126 517 72.5 

1035-4A 5800 140 1034 58.4 

1035-4B 5800 131.3 980 60 

 

The slip displacement recorded at the peak load was different for specimens with different bar 

sizes. Stress in the reinforcing steel was negligible until slip displacement of approximately 0.01 

inch. The reinforcing bars did not yield at peak and had little clamping stress, implying that the 
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crack width was not enough to fully engage the bars. The 60 ksi specimens had a post-peak sharp 

degradation, while the 100 ksi specimens exhibited non-trivial post-peak load-carrying capacity. 

Notable conclusions were that the theoretical clamping stress mattered for prediction of the peak 

shear load, but the yield strength of the bars did not. Additionally, the overall stiffness was not 

affected by bar size or yield strength.  

 

The authors proposed a shear friction equation (Eq. 2.9 reported below) that involved both a 

cohesion term and a clamping force-proportional term. The term that is proportional to the 

clamping force was directly related to the steel modulus, Es, instead of the yield stress of the steel 

reinforcement.  

Vni = aAcvfôc + 0.002AcvEs Ò 0.2Acvfôc Eq. 2.9 

It is interesting to note that previous research programs (e.g. Khan and Mitchell [14] and Hofbeck 

et al. [13]) had reported yielding of the reinforcing bars crossing the interface at peak load. Harries 

and Zeno attributed the conflicting results of the stress of the steel reinforcement at peak load to 

the natural scattering of the tests. Even though the steel reinforcement did not reach yield at peak, 

Harries et al. proposed that the 60 ksi limit in ACI should be raised to a higher value. 

 

2.2.6 Barbosa, Trejo, and Nielsen (2017) 

The experimental program conducted by Barbosa et al. [6] investigated the impact of high strength 

steel, reinforcement ratio and bar diameter, on the shear strength of cold-joint specimens The test 

program consisted of 20 push-off specimens: 10 specimens had 60 ksi reinforcing bars and 10 

specimens had 80 ksi reinforcing bars. Each of the group of specimens contained five specimens 

with No. 4 bars and five with No. 5 bars. To match the reinforcement ratio for different sized bars, 

the interface of the No. 5 bar specimen was partially de-bonded to reduce the net concrete section 

that resists the shear transfer. The interface had an amplitude of approximately one eighth inch. 

The test matrix with the peak shear loads are provided in Table 2-9, and the specimen dimensions 

are shown in Figure 2.5.  
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Table 2-9 Test Matrix from Barbosa [6], including the ultimate shear load. 

Specimen f' c (psi) fy (ksi) rfy(psi) Vu (kip) 

4G60-1 4481 72.6 302.5 279.0 

4G60-2 4481 72.6 302.5 256.5 

4G60-3 4198 72.6 302.5 244.5 

4G60-4 4198 72.6 302.5 264.2 

4G60-5 4198 72.6 302.5 269.8 

4G80-1 4372 93.0 387.5 232.8 

4G80-2 4198 93.0 387.5 243.5 

4G80-3 4198 93.0 387.5 252.5 

4G80-4 4198 93.0 387.5 262.2 

4G80-5 4198 93.0 387.5 290.6 

5G60-1 4578 67.6 436.6 273.3 

5G60-2 4578 67.6 436.6 275.8 

5G60-3 4149 67.6 436.6 277.4 

5G60-4 4149 67.6 436.6 272.1 

5G60-5 4149 67.6 436.6 275.2 

5G80-1 4578 86.8 560.6 301.7 

5G80-2 4149 86.8 560.6 305.7 

5G80-3 4149 86.8 560.6 312.4 

5G80-4 4149 86.8 560.6 282.7 

5G80-5 4149 86.8 560.6 297.2 

 

  

Figure 2.5: Fig 3.3 and 3.4 from Barbosa [6]. Test elevation for specimens No.4 (left) and No.5 (right) reinforcing bars. 

Sustained shear load was higher for specimens with 80 ksi reinforcement. This result was 

consistent for both No. 4 and No. 5 bar specimens. The 80 ksi specimens had greater peak capacity 

but only for No. 5 bar specimens. The lack of consistency suggested that the reinforcement ratio 

by itself did affect the shear-transfer capacity. The peak shear load was similar for all specimens, 

suggesting that cohesion and aggregate interlock played a major role with respect to the peak 

strength of specimens. The No. 5 bar specimens also consistently had higher shear-transfer 
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capacity than No. 4 bar specimens. However, this was mainly attributed to some issues associated 

to the de-bonded areas. 

 

The reinforcing bars yielded at peak load for the 60 ksi specimens, but pre-peak yielding was 

recorded for the 80 ksi specimens. These somewhat surprising and inconsistent results provide the 

motivation for additional experimental research to be performed in this area. However, since the 

80 ksi specimens had higher sustained shear loads, the researchers suggested that 80 ksi bars should 

still be allowed for use in practical applications.  

 

2.3 Findings and Summary 

The theoretical clamping stress and concrete strength (within a certain range) had a significant 

effect on the shear-transfer capacity of cold joints. However, the isolated effects of the 

reinforcement ratio and yield strength were lesser known. For example, some the results of some 

experimental programs showed that the reinforcement yielded at ultimate shear load, while some 

showed no yielding of the reinforcing bars. There were only a limited number of tests that dealt 

with cold joints and even fewer that tested high strength reinforcement.  
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Chapter 3: Experimental Design 
 

The literature review indicated that the following parameters are not well understood and/or 

studied: cold joints, surface roughness, roughening methods, strength limits, and steel 

reinforcement yield strength. The experimental program was created with a focus on these 

parameters: 

¶ Cold joints: the cold-joint specimens tested in past studies were limited in number with 

respect to other interface types, so cold-joint specimens became the focus of this 

experimental program. 

¶ Surface roughness: surface roughness and treatment are important because it is believed 

that the interface roughness is directly proportional to its shear strength. However, it is 

currently labor intensive to achieve a rough interface that complies with ACI standards. In 

this study, surface retarders were used to investigate their effectiveness in achieving similar 

behavior of physically roughened specimens.  

¶ Strength upper limits: the current strength upper limits in shear friction provisions were 

questioned in some of the past studies reviewed in Chapter 2 [13],[14]. A series of tests 

were developed to investigate theoretical clamping stress values that would result higher 

strength than currently prescribed code limits.  

¶ Steel strength: there is an interest in increasing the yield strength limit of the reinforcement 

crossing the shear interface, and the evidence collected in Chapter 2 suggests that the use 

of steel reinforcement with yield stress exceeding 60 ksi may represent a viable option. As 

such, both 60 and 80 ksi reinforcement were investigated. 

The chapter presents the test matrix, specimen design, test set up, and instrumentation.   
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3.1 Test Matrix  

Twenty-four cold-joint specimens with varying roughness, reinforcement ratios, and steel 

reinforcement yield strengths were designed and tested. Table 3-1 presents the test matrix. The test 

matrix includes test series, specimen label, measured concrete compressive strength, measured 

yield strength of the reinforcing bars, area of reinforcement, reinforcement ratio, and the 

theoretical clamping stress. In the table, each specimen has a designation. The first number in the 

specimen label refers to the specified yield strength of the reinforcement crossing an interface. The 

letter ñRò or ñSò indicates roughened or smooth interface. The number following the hyphen refers 

to the number of bars crossing the interface (e.g. ñ2ò indicates that there are two No. 5 bars crossing 

the interface). For example, UW60R-8 has eight 60 ksi bars crossing a roughened interface.  

 

The specimens were separated into five test series: 

1. Test series 0 included two specimens with different surface conditions (smooth and 

roughened) with no reinforcement crossing an interface 

2. Test series 60S included six specimens with varying numbers of 60 ksi bars crossing a 

smooth  interface. 

3. Test series 80S included six specimens with varying numbers of 80 ksi bars crossing a 

smooth interface. 

4. Test series 60R included five specimens with varying numbers of 60 ksi bars crossing a 

roughened interface. 

5. Test series 80R included five specimens with varying numbers of 80 ksi bars crossing a 

roughened interface. 

Test series 60S, 80s, 60R and 80R isolated the effects of the reinforcement ratio. Between test 

series 60S and 60R, and 80S and 80R, specimens with identical reinforcement parameters were 

compared to highlight the effects of interface roughness. Test series 0 was similarly designed to 

test the effects of roughness. The roughened interfaces had a minimum average amplitude of one 

quarter inch to meet the ACI requirement using surface retarders, and the amplitude of the 

roughness was measured using a ruler.  
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Table 3-1: Test matrix 

Test Series Specimen fôc (psi) fy (ksi) Avf (in2) r (%) rfy (psi) 

0 
UW0S 

5,850 N/A 0 0 0 
UW0R 

60S 

UW60S-2 

5,651 74.4 

0.62 0.39 290 

UW60S-4 1.24 0.78 580 

UW60S-6 1.86 1.16 863 

UW60S-8 2.48 1.55 1153 

UW60S-10 3.1 1.94 1443 

UW60S-12 3.72 2.33 1734 

80S 

UW80S-2 

5,651 98.1 

0.62 0.39 383 

UW80S-4 1.24 0.78 765 

UW80S-6 1.86 1.16 1138 

UW80S-8 2.48 1.55 1521 

UW80S-10 3.1 1.94 1903 

UW80S-12 3.72 2.33 2286 

60R 

UW60R-4 

5,850 74.4 

1.24 0.78 580 

UW60R-6 1.86 1.16 863 

UW60R-8 2.48 1.55 1153 

UW60R-10 3.1 1.94 1443 

UW60R-12 3.72 2.33 1734 

80R 

UW80R-4 

5,850 98.1 

1.24 0.78 765 

UW80R-6 1.86 1.16 1138 

UW80R-8 2.48 1.55 1521 

UW80R-10 3.1 1.94 1903 

UW80R-12 3.72 2.33 2286 
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3.2 Specimen Design 

As indicated in Chapter 2, there are different test setups that have been used to test shear friction. 

The specimen and the reinforcement details used in this experimental program are modeled off 

push-off specimens subjected to monotonic pure shear loads for simplicity and consistency with 

prior tests (e.g. Figure 2.5). Although other methods may provide a more accurate method to 

investigate shear friction of surfaces with multidirectional loading, using a more advanced setup 

was beyond the scope of this project. Figure 3.1 provides the typical geometry and reinforcement 

layout of each specimen, while details pertaining to the steel reinforcement crossing the interface 

are provided in Table 3-1. The specimen geometry and bar size of the reinforcement were constant. 

The specimen height was 24 inches, the width was 10 inches, and the length was 48 inches. The 

length of the interface was 16 inches, and the area of the interface was 160 in2. Horizontal 2-inch 

gaps between two halves of the specimens were designed to allow for relative slip displacement. 

This gap is highlighted in Figure 3.1. A 1.5-inch cover was used throughout the specimen. The 

specimen was reinforced with No. 5 reinforcing bars as shown in Figure 3.1. Hoop reinforcement 

was used as interface reinforcement to ensure full  development. The interface reinforcing bars 

were spaced out evenly along the length of the interface area.  
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Figure 3.1: Drawing of a specimen with typical reinforcement details. Grey region in Section cut A-A is the interface 

region. Section cut B-B shows dimension of the interface reinforcement. 

To investigate the use of retarders to achieve interface roughness, companion 6 inches by 6 inches 

by 3.5 inches concrete specimens were cast and treated. Two different retarders were tested: 

Dayton Superiorôs Top-Cast Top-Surface Retarders Grade 15 (yellow) and Grade 150 (light blue). 

The Grade 15 retarder did not result in minimum average amplitude of one quarter inch whereas 

the Grade 150 retarder did (Figure 3.2 and Figure 3.3). The amplitude was measured manually 

using a ruler. Grade 150 retarder was used for the shear-friction specimens.  
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Figure 3.2: Specimen treated with Grade 15 retarder 

           

Figure 3.3: Specimen treated with Grade 150 retarder 

The specimen construction was as follows: 

1. The reinforcement cage was constructed. 

2. The bottom half of the specimen was cast first (Figure 3.4). 

3. The interface was smoothed out or treated with retarders (Figure 3.5 and Figure 3.6). 

4. Within 48 hours of the first cast, the second half of the specimen was cast (Figure 3.7) 
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Figure 3.4: Photograph showing the first half of the specimen being casted and the interface being treated with surface 

retarders. 

 

Figure 3.5: Photograph of an untreated surface. 
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Figure 3.6: Photograph of a surface treated with surface retarder. 

 

 

Figure 3.7: Photograph of UW60R-8 
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3.2.1 Concrete Material Properties 

Companion cylinders made of concrete from each cast were tested to obtain compression strength. 

The material properties of two halves did not show much difference, so the average compressive 

strength of the two halves was recorded. The concrete cylinders and the specimens were cast, cured, 

and tested following the ASTM C39/C39M-16 [5] guidelines. The average compressive strength, 

fôc, of the first series of specimens (60S and 80S) was 5,651 psi and the strength of the second 

series of specimens (0, 60R and 80R) was 5,850 psi.  

 

Table 3-2: Concrete compression strengths over time.  

Time (days) 

f' c (psi) 

Test Series 60S and 80S Test Series 0, 60R, and 80R 

7 3,937 3,036 

14 4,519 3,939 

21 4,831 4,661 

28 4,940 5,850 

Day of test 5,651 5,850 

 

 

3.2.2 Reinforcement Material Properties 

Grade 60 ASTM A706 and grade 80 ASTM 706A No. 5 steel reinforcing bars were used in the 

experiments. Material properties of these bars were assessed through testing using the reduced 

section method outlined in ASTM 317-17 [4]. The material properties are provided in Table 3-3 

and stress-strain plots of the steel reinforcing bars are shown in Figure 3.8: 

 

Table 3-3: Steel reinforcement material properties 

Steel Type fy (ksi) ey fu (ksi) eu 

Gr. 60 A706 74.4 0.0058 104.6 N/A 

Gr. 80 A706 98.1 0.0040 133.2 N/A 
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Figure 3.8: Stress-strain plot of the steel reinforcement 

3.3 Test Setup 

The experimental setup is outlined in Figure 3.9 and Figure 3.10. The specimens were tested 

horizontally and were loaded using a hydraulic actuator with a load capacity of 450-kips. A 

reaction block, pre-stressed to the floor of the lab, was used to react the applied loads. The loading 

protocol consisted in quasi-static, monotonically increasing loading and the test was run in 

displacement control. The swivel was attached at the end of the actuator to reduce out-of-plane 

loading, and it was supported by a wide-flange beam. To reduce friction between the swivel and 

the support beam, the swivel sat on a PTFE plate set on top of the silicone greased stainless steel 

surface (Figure 3.12). Series of plates and a one quarter inch rubber pad were placed between the 

specimen and the swivel to distribute the load across a designated 10 inches by 10 inches square. 

Because of the placement of the actuator, the specimen needed to be elevated from the ground. A 

wide-flange steel beam was used as support, and a stainless steel sheet was welded on top of the 

steel beam with silicone grease applied between the specimen and the stainless steel sheet to 

minimize friction. A GRM cotton duck pad was placed between the reaction block and the 

specimen to help distribute the load evenly across the designated 10 inches by 10 inches square 

and to account for any potential alignment issues (circled in Figure 3.11).  
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Figure 3.9: Test Setup (Plan View) 

 

Figure 3.10: Test Setup (Elevation View, East side) 

 

N
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Figure 3.11: Picture of the test setup. The wide flange beam was anchored down with two C-channels.  

 

Figure 3.12:Photograph of the actuator head. 

3.4 Instrumentation 

Four key parameters were monitored throughout each test: the applied load, the strain of the 

interface reinforcement, the relative slip displacement between the two halves of a specimen, and 

the vertical separation (i.e. crack width) between the two halves of the specimen. The test set that 

includes a view of the instrumentation used is shown in Figure 3.13 and in Figure 3.17. The 
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actuator had a built-in load cell that was used to measure the applied load throughout the tests. 

Strain gauges were used to capture the strain of the interface reinforcement. String potentiometers 

and spring return linear sensors (Duncan potentiometers) were used to capture relative slip 

displacement. An Optotrak system was used to monitor the position in space of a grid of LED 

markers glued to one side of the specimen. The relative displacement between targets was used to 

compute the interface relative slip displacement and width.  

 

 

Figure 3.13: Drawing of the test setup with instrumentations (Elevation view, East side). 

3.4.1 Strain Gauge 

The strain gauges were primarily used to capture strain in the axial direction. Monitoring the strain 

level in the steel reinforcement crossing the interface was important to adequately interpret the 

experimental results and understand the mechanics of the specimensô response. High elongation 

strain gauges were used, and they were attached 2 inches away from the interface to not affect the 

bond at the interface. Because the strain gauges were further away from the interface, any local 

yielding behavior at the interface was not captured. 
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3.4.2 String Potentiometers and Duncan Potentiometers 

The string potentiometers were placed on the reaction block to track the overall horizontal 

movement of the specimen (Figure 3.14). The Duncan potentiometers were placed between the 

two horizontal gaps of the specimen to measure the relative slip displacement. The other three 

Duncan potentiometers placed at the top of the specimen measured uplift and rotation (Figure 3.15). 

 

Figure 3.14: String potentiometer attached to the reaction block 

 

  

Figure 3.15: Duncan potentiometers used during the test.  
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3.4.3 Optotrak 

The Optotrak camera captured the movement of the flashing LED markers at a given frequency of 

4 Hz and generated positional data of the LED markers. The location of the LED markers and their 

designated numbers are shown in Figure 3.17. These positional data were compared with physical 

instrumentations to verify each instrumentationsô accuracy. Figure 3.16 compares the 

displacement data from the string potentiometer and the displacement data calculated from the 

Optotrak positional data.  

 

Figure 3.16: Plot comparing the displacement readings from the Optotrak markers and string potentiometer.  

 

Referencing the LED marker numbers shown in Figure 3.17, horizontal displacement between 

pairs of LED markers #7 and #13, #8 and #14, #9 and #15, #10 and #16, #11 and #17, and #12 and 

#18 were used to represent the relative slip displacement between two halves of the specimen. The 

vertical displacement between the same pairs of LED markers were used to represent the crack 

width. Figure 3.18 show the photograph of a specimen with LED markers. 
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Figure 3.17: Drawing of the test setup with Optotrak LED markers and designated marker numbers (Elevation view, 

West side).  

 

Figure 3.18: Picture of a specimen with LED markers (West side)  
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Chapter 4: Experimental Results 
 

The test program was conducted to investigate the impact of several key variables including 

roughening using retarders, strength of the reinforcement, and the number of reinforcing bars 

crossing the interface. This chapter presents the test results for each specimen including key 

observations made during and after the tests along with photographs, and relevant plots and tables. 

Crack patterns and visible damage at different stages of the tests are presented through photographs. 

The force-displacement graphs and force-crack width graphs show the qualitative behavior of the 

specimens.  

 

Salient experimental data is provided in Table 4-1. The measured applied load, interface slip 

displacement and interface crack widths are reported. The residual shear load was reported as the 

load corresponding to additional interface slip of 0.15 inch from the peak slip displacement value. 

UW60S-2 and UW80S-2 do not have reported values of slip displacement and crack width because 

the instrumentations were faulty. Only value reported for those two specimens are the peak shear 

load and the residual load. The information is presented in five test series previously presented in 

Chapter 3 for better organization: test series 0, 60S, 80S, 60R, and 80R.  

 

The variables in Table 4-1 are defined as follows: 

¶ rfy is the theoretical clamping stress. 

¶ Vpeak is the peak shear load. 

¶ Dpeak is the interface slip displacement at Vpeak. 

¶ wpeak is the interface crack width at Vpeak. 

¶ Vresidual is the residual shear load. 
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Table 4-1: Summary Table 

Specimen Properties Measured Results 

Specimen f' c (psi) fy (ksi) rfy (psi) Vpeak (kip)  Dpeak (in) wpeak (in) Vresidual (kip)  

0
 UW0S 5850 

N/A 0 
41.3 0.008 0.0003 

N/A 
UW0R 5850 67.4 0.002 0.0003 

6
0

S 

UW60S-2 5650 

74.4 

290 99.1 N/A N/A 48.2 

UW60S-4 5650 580 119.2 0.014 0.0064 99.0 

UW60S-6 5650 863 111.3 0.037 0.0116 96.8 

UW60S-8 5650 1153 157.6 0.025 0.0059 140.8 

UW60S-10 5650 1443 136.7 0.029 0.0117 125.5 

UW60S-12 5650 1734 156.8 0.035 0.0107 121.3 

8
0

S 

UW80S-2 5650 

98.1 

383 88.1 N/A N/A 49.2 

UW80S-4 5650 765 101.3 0.049 0.0176 86.3 

UW80S-6 5650 1138 109.7 0.040 0.0163 93.4 

UW80S-8 5650 1521 135.6 0.042 0.0130 116.2 

UW80S-10 5650 1903 158.8 0.027 0.0129 143.6 

UW80S-12 5650 2286 195.0 0.040 0.0081 134.5 

6
0

R
 

UW60R-4 5850 

74.4 

580 132.3 0.026 0.0145 88.1 

UW60R-6 5850 863 126.4 0.011 0.0040 101.9 

UW60R-8 5850 1153 167.8 0.021 0.0093 121.4 

UW60R-10 5850 1443 169.6 0.022 0.0055 137.5 

UW60R-12 5850 1734 173.9 0.022 0.0062 131.5 

8
0

R
 

UW80R-4 5850 

98.1 

765 131.0 0.015 0.0123 104.0 

UW80R-6 5850 1138 119.0 0.005 0.0017 98.1 

UW80R-8 5850 1521 174.7 0.039 0.0222 140.7 

UW80R-10 5850 1903 178.9 0.023 0.0097 133.4 

UW80R-12 5850 2286 153.9 0.014 0.0037 109.8 

 

  



64 

 

4.1 Testing Procedure 

All specimens were tested using the same testing procedure. The specimens were subjected to 

displacement-controlled monotonically increasing horizontal load. When the applied load started 

to decline, or at peak shear load, the tests were paused to mark both primary and secondary cracks, 

measure crack width, and record the displacement changes in the horizontal gaps between the two 

halves of the specimen. Post-peak response was investigated by imposing a series of actuator 

displacement of 0.3 inch, pausing every time to inspect the specimens and take crack width and 

slip displacement measurements. The 0.3-inch increment was chosen arbitraril y. The tests were 

stopped completely when the instrumentations were at risk of being damaged or when significant 

spalling occurred.  

 

4.2 Typical Specimen Behavior 

The tests are broken down into three stages: pre-peak, peak, and post-peak. Most of the specimens, 

excluding UW0S and UW0R (discussed separately), had similar responses. The following 

descriptions of the specimen behavior are considered typical specimen behavior: 

¶ No noticeable cracks along the interface formed before the peak shear load.  

¶ Sets of two vertical cracks at the top and the bottom of the specimen and long horizontal 

cracks near the actuator and the cotton duck pad formed before peak.  

o These were secondary cracks that occurred outside of the critical region and did not 

affect the experimental results.  

¶ At peak, one long continuous crack formed along the interface plane (i.e. primary crack) 

and the applied load started to decline.  

¶ After peak, some specimens maintained that residual load until the end of test while other 

specimens had increasing or decreasing load towards the end of the test.  

¶ Spalling occurred during the post-peak stage as the steel reinforcements mobilized and 

experienced substantial rotation, causing large concrete bodies to spall outward. Most of 

the spalling occurred around the gap area and at the vicinity of the interface.  

Crack patterns and spalling described above can be seen in photographs of the specimens in the 

following section. Details for each specimen, including any unexpected aspects of the responses 

are presented in following sections. 
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4.3 Individual Specimen Behavior 

4.3.1 Test Series 0: Specimens without Reinforcement 

UW0S had no reinforcement crossing a smooth interface. Despite having no reinforcement, it 

reached a nontrivial peak shear load of 41.3 kips, occurring at a slip displacement of 0.008 inch 

and an interface crack width of 0.0003 inch. The peak response was very brittle with the load 

immediately dropping to zero after peak. The test was stopped at peak as shown in Figure 4.1. The 

top half of the specimen was removed to observe the interface after the test, and this is 

photographed in Figure 4.3. The interface was clean and smooth with no exposed aggregate.  

 

Figure 4.1: UW0S load-slip displacement graph (top) and load-crack width  graph (bottom). The letters in the graphs 

reference different stages and photographs in Figure 4.2 
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Figure 4.2: Photographs of UW0S during the test: a) start of test (top), and b) end of test (bottom). 
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Figure 4.3: Photograph of the interface after test (UW0S) 

  



68 

 

Similar to UW0S, UW0R had no reinforcement crossing an interface. The only difference between 

the two specimens was that the interface was roughened for UW0R as discussed in Chapter 3. The 

peak shear load was 67.4 kips, occurring at a slip displacement of 0.002 inch and an interface crack 

width of 0.0002 inch. After the primary crack along the interface formed, the applied load dropped 

to zero and the test was stopped. Upon post-test inspection, the interface appeared rough with 

craters and partially exposed aggregate distributed evenly throughout the interface as shown in 

Figure 4.6. None of the aggregate appeared sheared-off, which suggest that the weakness of the 

cold joint was the bond between the aggregate and the cement matrix. 

 

 

 
Figure 4.4: UW0R load-slip displacement graph (top) and load-crack width graph (bottom). The letters in the graphs 

reference different stages and photographs in Figure 4.5  
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Figure 4.5: Photographs of UW0R during the test: a) start of test (top), and b) end of test (bottom). 
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Figure 4.6: Photograph of the interface after test (UW0R) 
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4.3.2 Test Series 60S: Specimens with 60 ksi Reinforcement Crossing a Smooth Interface 

This series consisted of six specimens with 2 to 12 74.4 ksi (60 ksi specified) steel reinforcing bars 

crossing the smooth interface. The theoretical clamping stress ranged from 290 psi to 1,734 psi.  

 

UW60S-2 had two No. 5 60 ksi reinforcing bars crossing a smooth interface. It reached a peak 

shear load of 99.1 kips. Because the instrumentations provided faulty data, only the load-count 

graph is reported (Figure 4.7). After activation of the primary crack along the interface, the applied 

load dropped to 48.2 kips; this load was maintained until the end of test as shown in the Figure 4.7. 

Spalling occurred around gap; this is circled in red in Figure 4.8-c. At this stage, there was 

noticeable out-of-plane twisting. This was most likely caused by the fact that this specimen had 

two reinforcement bars crossing the interface that were not sufficient to provide enough out-of-

plane stability when the reinforcing bars were deforming and rotating. At the end of the test, 

significant spalling occurred around the interface plane, and removing some concrete around the 

interface revealed that the reinforcement had rotated. The photographs below (Figure 4.8, Figure 

4.9, and Figure 4.10) provide a qualitative sense of the specimen slip displacement, spalling, and 

reinforcement rotation. 

 
Figure 4.7: UW60S-2 load-count graph. The letters on the graph reference different stages and photographs in Figure 4.8.  
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Figure 4.8: Photographs of UW60S-2 at different stages of the tests: a) start of test b) 

peak c) residual d) end of test. The average strain-gauge value at peak load is 

included in the photographs. 

a) b) epeak = 113.4 m 

c) d) 
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Figure 4.9: Close up of the revealed reinforcement after test (UW60S-2 West side). 

 

 
Figure 4.10: Close up of the revealed reinforcement after test (UW60S-2 East side). 
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UW60S-4 had four No. 5 60 ksi reinforcing bars crossing a smooth interface. The peak load was 

119.3 kips, occurring at a slip displacement of 0.014 inch, and an interface crack width of 0.006 

inch. After peak load, as the load began to degrade, large diagonal crack propagated from near the 

gaps through the interface as shown in Figure 4.12-c. This secondary crack was independent of 

the primary crack occurred along the interface plane at peak. The cracks and spalling that occurred 

after peak load resulted from the movement of the reinforcing bars and did not affect the 

experimental results. Post-peak, the specimen reached a stable residual load of 98.9 kips. Unlike 

UW60S-2, any out-of-plane movement was insignificant. The reinforcement had less rigid body 

rotation and more shear deformation. The photographs below (Figure 4.12, Figure 4.13, and Figure 

4.14) provide a qualitative sense of the specimen slip displacement, spalling, and reinforcement 

rotation. 
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Figure 4.11: UW60S-4 load-slip displacement (top) and load-crack width graph (bottom). The letters in the graphs 

reference different stages and photographs in Figure 4.12. 
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Figure 4.12: Photographs of UW60S-4 at different stages of the tests: a) start of test b) 

peak c) residual d) end of test. The average strain-gauge value at peak and at residual 

are included in the photographs. 

a) b) epeak = 844 m 

c) eres = N/A d) 
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Figure 4.13: Close up of the revealed reinforcement after test (UW60S-4 East side). 

 

 
Figure 4.14: Close up of the revealed reinforcement after test (UW60S-4 West side). 
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UW60S-6 had six No. 5 60 ksi reinforcing bars crossing a smooth interface. The peak load was 

111.3 kips at a slip displacement of 0.037 inch and interface crack width of 0.116 inch. The 

specimenôs residual load was 96.8 kips. The load continued to drop until the end of test. The 

interface crack width decreased after the residual load (region between c and d in Figure 4.15). 

This behavior occurred in 3 out of 24 specimens (other specimens are discussed later). It was 

unclear on why this behavior occurred and why it did not affect slip displacement. It might have 

been caused by concrete around the interface being damaged a certain way. A large block of 

concrete broke off at the gap due to the rotating reinforcement pushing the concrete out towards 

the gap. This is highlighted in Figure 4.17. 

 
Figure 4.15: UW60S-6 load-slip displacement (top) and load-crack width graph (bottom). The letters in the graphs 

reference different stages and photographs in Figure 4.16.
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Figure 4.16: Photographs of  UW60S-6 at different stages of the tests: a) start of test 

b) peak load c) residual d) end of test. The average strain-gauge value at peak load 

and at residual are included in the photographs. 

a) b) epeak = 1030 m 

c) eres = N/A d) 
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Figure 4.17: Photograph of the revealed reinforcement after test (UW60S-6 East side). 

 

 
Figure 4.18: Revealed reinforcement after test (UW60S-6 West side). 
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UW60S-8 had eight No. 5 60 ksi reinforcing bars crossing a smooth interface. Nothing noticeable 

happened with respect to the specimens discussed earlier. The peak load was 157.5 kips, occurring 

at a slip displacement of 0.025 inch and an interface crack width of 0.006 inch. The residual load 

of 140.8 kips was maintained without notable fluctuation until the end of the test. The load-crack 

width plot (Figure 4.19) showed that there was a significant increase in crack width at the peak. 

The deformation of the reinforcing bars and the visible damage (e.g. spalling) were also consistent 

with those observed for other specimens. The photographs taken after the test are shown in Figure 

4.21 and in Figure 4.22. 

 

Figure 4.19: UW60S-6 load-slip displacement (top) and load-crack width graph (bottom). The letters in the graphs 

reference different stages and photographs in Figure 4.20. 
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Figure 4.20: Photographs of  UW60S-8 at different stages of the tests: a) start of test 

b) peak load c) residual d) end of test. The average strain-gauge value at peak load 

and at residual are included in the photographs. 

a) b) epeak = 637 m 

c) eres = 2480 m d) 
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Figure 4.21: Close up of the revealed reinforcement after test (UW60S-8 East side). 

 

Figure 4.22: Close up of the revealed reinforcement after test (UW60S-8 West side).  
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UW60S-10 had 10 No. 5 60 ksi reinforcing bars crossing a smooth interface. The peak load was 

136.6 kips, occurring at a slip displacement of 0.029 inch and an interface crack width of 0.012 

inch. The residual load was 125.5 kips. Unlike other specimens, UW60S-10 had an increasing 

shear-transfer capacity after an initial post-peak drop, exhibiting a strain-hardening behavior 

shown in Figure 4.23. It is unknown why this behavior occurred. The crack width decreased and 

increased as the applied load was continuing the increase. It is of note that the damage pattern for 

this specimen was different and the bars were restrained by the intact concrete. The photographs 

below (Figure 4.24 and Figure 4.25) provide a qualitative sense of the specimen slip displacement, 

spalling, and reinforcement rotation. 

 

Figure 4.23 UW60S-10 load-slip displacement (top) and load-crack width graph (bottom). The letters in the graphs 

reference different stages and photographs in Figure 4.24. 
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   Figure 4.24: Photographs of  UW60S-10 at different stages of the tests: a) start of test 

b) peak c) residual d) end of test. The average strain-gauge value at peak and at 

residual are included in the photographs. 

a) b) epeak = 893 m 

c) eres = N/A d) 
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Figure 4.25: Photograph of the revealed reinforcement after test (UW60S-10 East side). 
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UW60S-12 had 12 No. 5 60 ksi reinforcing bars crossing a smooth interface. The peak load was 

156.8 kips, occurring at a slip displacement of 0.035 inch and an interface crack width of 0.011 

inch. The applied load stabilized at a residual load of 121.3 kips after a gradual drop from the peak 

load (shown in Figure 4.26). The applied load increased after reaching a large slip displacement 

and increased until the end of the test. It is unknown why this behavior occurred. The damage at 

the concrete and the deformation of the reinforcing bars can be seen in Figure 4.27 and Figure 4.28 

 

 

Figure 4.26 UW60S-12 load-slip displacement (top) and load-crack width graph (bottom). The letters in the graphs 

reference different stages and photographs in Figure 4.27. 
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 Figure 4.27: Photographs of  UW60S-12 at different stages of the tests: a) start of test 

b) peak c) residual d) end of test. The average strain-gauge value at peak and at 

residual are included in the photographs. 

a) b) epeak = 910 m 

c) eres = N/A d) 
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Figure 4.28: Photograph of the revealed reinforcement after test (UW60S-12 East side). 
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4.3.3 Test Series 80S: Specimens with 80 ksi Reinforcement Crossing a Smooth Interface 

This series consisted of six specimens with 2 to 12 98.1 ksi (specified 80 ksi) steel reinforcing bars 

crossing a smooth interface. The theoretical clamping stress ranged from 383 psi to 2,286 psi.  

 

UW80S-2 had two No. 5 80 ksi reinforcing bars crossing a smooth interface. Its pre-peak and peak 

behaviors fit the descriptions of the typical specimen behavior. Because the instrumentations 

provided insufficient data, only the load-count graph is reported (Figure 4.29). The specimen 

reached a peak shear load of 88.1 kips. After the peak, applied load stabilized at a residual load of 

49.2 kips as shown in Figure 4.29. Similar to UW60S-2, UW80S-2 had notable out-of-plane 

twisting. The photographs below (Figure 4.30, Figure 4.31, and Figure 4.32) provide a qualitative 

sense of the specimen slip displacement, spalling, and reinforcement rotation. 

 
Figure 4.29: UW80S-2 load-count graph. The letters in the graph reference different stages and photographs in Figure 

4.30. 
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   Figure 4.30: Photographs of UW80S-2 at different stages of the tests: a) start of test b) 

peak c) residual d) end of test. The average strain-gauge value at peak and at residual 

are included in the photographs. 

a) b) epeak = 317 m 

c) eres = N/A d) 


























































































































































































