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Recommendations for Surface Treatment for Virginia Inverted T-Beam 

Bridge System 

 

Rebecka L. Gilbertson 

 

ABSTRACT 

 

This thesis investigates the impact of interface surface treatment methods for use in the Virginia 

Inverted T-Beam bridge system. The specific system consists of precast beams with thin bottom 

flanges placed next to one another, with a cast-in-place slab on top. Previous research has shown 

that the strength of this system after cyclic loading is highly dependent upon the shear strength of 

the interface between the precast and cast-in-place sections, especially for the adhesion-based 

connection configuration. The approval of this bridge system for use in bridges with high daily 

traffic volumes hinges on the verification of its strength and durability for a 50-year lifespan.  

 

The shear strength of ten different surface textures was tested using push-off tests to determine 

which interface roughening methods would prove adequate for use in the bridge system. The 

strength was found to depend on both the amplitude and the geometry of the undulations on the 

beam-to-slab interface. Using this information, a texture was selected for a new trial of the 

adhesion-based connection configuration, and a test specimen was constructed. After completing 

cyclic loading to simulate the design life of the bridge, it was found that the system achieved a 

strength similar to previous monotonically loaded specimens. It was concluded that the bridge is 

safe for use in high daily traffic areas provided that a surface roughening with adequate shear 

strength is used. 
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Recommendations for Surface Treatment for Virginia Inverted T-Beam 

Bridge System 

 

Rebecka L. Gilbertson 

 

GENERAL AUDIENCE ABSTRACT 

 

The Virginia Inverted T-Beam bridge system was initially designed to be more durable and 

economical than other types of bridges. The bridge is constructed by arranging prefabricated 

beams side-by-side across the span before placing fresh concrete overtop. In the most 

economical version of the system, the only connection between the beams is the newly placed 

concrete. For the beams and topping to act together, the bond between them must be strong. 

Roughening the surface of the prefabricated beams increases the strength of the bond, although 

different roughening patterns achieve different levels of strength. Past tests of the bridge system 

have utilized inadequate roughing patterns which lead to low bridge failure loads after many 

loading cycles. This low-cost configuration is currently only approved for use in low daily traffic 

areas. 

 

The goal of this research was to determine a roughening pattern that would result in a high 

bridge failure load which would allow the low-cost configuration to be approved for high daily 

traffic areas. Several roughening patterns were investigated and the patterns producing the 

highest shear strengths were determined. The best pattern was chosen to be used for the bridge 

configuration and a sub-section of the bridge was constructed. This specimen was subjected to a 

loading protocol that simulated the traffic that an actual bridge would be subjected to over its life 

span. The failure load was then measured and found to be high enough to warrant the use of the 

specific system in high daily traffic areas.   
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CHAPTER 1: INTRODUCTION 

 

1.1 Motivation and Background 

Currently, one quarter of the 600,000 bridges in the United States are in need of repair or 

replacement, according to a report by the Federal Highway Administration (FHWA) [1]. 

Traditional forms of bridge construction, such as fully cast-in-place bridges, consist of 

construction done only on site which can lead to long periods of traffic disruption if a bridge 

needs to be replaced. Accelerated Bridge Construction (ABC) is a method by which the amount 

of time spent working on site is reduced, and the most common form of ABC utilizes 

Prefabricated Bridge Elements and Systems (PBES). PBES can be anything prefabricated from 

beams and deck panels to whole bridge substructures. 

 

Some forms of PBES like adjacent box beams, which can be seen in Figure 1.1, have been 

known to have issues with joints between precast elements. The joints are a shear key initially 

filled with grouted that can crack over time under normal shear loads from traffic. These cracks 

allow for reduced load transfer between the elements, which can produce excessive deflections 

and lead to cracks propagating through the topping material. Cracking in the bridge driving 

surface allows for the ingress of chloride laden water with can lead to deterioration of the 

structure. There is a need for a form of PBES that is quick and easy to construct on site that does 

not suffer from these same joint issues. 

 

 

Figure 1.1: Adjacent box beam bridge design (Used with permission of ASCE [2]) 
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In an attempt to discover new and better forms of PBES, the American Association of State 

Highway and Transportation Officials (AASHTO) sent a group of engineers to other countries in 

2004 [3]. One system was observed in France; it was called the “Poutre-dalle,” or beam-slab, and 

was an inverted T-beam system that also served as the formwork for the cast-in-place topping 

slab. The cross-section of this beam is shown below in Figure 1.2. Between 2005 and 2012, 

research was completed at the University of Minnesota to refine the system for use in short to 

medium span bridges. Alterations were made to the beam configuration, including exchanging 

the 180-degree hooks for 90-degree ones. The altered beam can be seen below in Figure 1.3. A 

total of twelve bridges were constructed in Minnesota and it was determined that the system was 

susceptible to shrinkage cracks, as well as transverse and longitudinal cracks. Construction of the 

beams with the protruding hooks was also expensive and difficult. It was concluded that the 

benefits did not outweigh the costs, and that more research and refinement was needed to make 

the system practical and economical. 

         

Figure 1.2: Poutre-dalle system in France, 2004 (Used 

with permission of Matière [4]) 

Figure 1.3: Changes to Poutre-dalle done in Minnesota 

(Used with permission of MnDOT [5]) 

In 2012, work began at Virginia Polytechnic Institute and State University (Virginia Tech) to 

refine this system for the Virginia Department of Transportation (VDOT). Changes were made to 

the reinforcing arrangement and the straight webs with hooks were replaced with textured, 

sloped webs, creating the Virginia Inverted T-Beam Bridge system. Two variations of the system 

exist: one with the reinforcement within the web of each precast beam welded together to form a 

steel connection between bridge beams, and one without any connection between the webs, 

termed the “no-connection connection” [3]. This configuration will be referred to as the 

adhesion-based connection in this research. The dimensions and typical reinforcement 

specifications for the system can be seen in Figure 1.4.  
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Figure 1.4: Virginia Inverted T-Beam bridge system dimensions (left) and reinforcment specifications (right) (Used 

with permission of Dr. Roberts-Wollmann [6]) 

Tests were done by Menkulasi in 2014 that verified that both variations performed adequately 

under monotonic loads, and as a result two bridges were built in Virginia using these systems. 

The welded flange system was approved for use in a high average daily traffic (ADT) bridge, but 

the adhesion-based connection was only approved for low ADT use as there were some 

questions raised about how the purely bond-based connection would fare after a design life’s 

amount of loading cycles [7]. To verify the strength of the systems throughout the whole design 

life, cyclic tests were performed by Edwin in 2017 on both the welded connection and adhesion-

based connection transverse sub-assemblage specimens. The results verified the strength of the 

welded connection post-cycling, but the performance of the adhesion-based connection was 

insufficient. The subpar performance of the specimen was attributed to inadequate surface 

roughening on the precast beams, and further research into surface roughening techniques for 

this system were recommended [8]. 

1.2 Objective and Scope 

The objective of this research is to determine the characteristics of surface textures that provide 

adequate shear strength to the make the adhesion-based connection type of Virginia Inverted T-

Beam bridge system viable for use in high ADT bridges. The scope of the research includes: 

 

▪ Testing ten surface roughening configurations with 30 horizontal shear push-off tests 

▪ Cyclic and ultimate failure load testing a transverse sub-assemblage Virginia Inverted T-

Beam specimen, constructed using a confirmed surface roughening. 
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The surface roughening configurations that were selected reflect common textures that are 

currently in use by precast concrete manufacturers today. The types that were examined varied 

from raked, to formed, to exposed aggregate. Characteristics of each type, such as spacing and 

pattern, were modified as well. This allowed for a set of recommendations to be prepared on 

what surface roughening characteristics produce higher shear strengths. A surface texture that 

had proven strong through the horizontal shear push-off tests was then used to manufacture the 

sub-assemblage specimen. A cyclic test was done to simulate service level loading for the design 

life of the bridge, and then an ultimate failure load test performed to determine if the ultimate 

capacity of the bridge throughout its design life is adequate to be used for high ADT bridges. 

1.3 Organization 

The body of this report begins with a review of relevant literature, including any necessary 

background information, past research, and pertinent sections of building codes for both 

horizontal shear push-off tests and the Virginia Inverted T-Beam bridge system. Then the 

methods and materials used for construction and testing of both the push-off specimens and the 

sub-assemblage specimen are described. The results of both types of tests are then given and 

discussed. Finally, a summary of the previous sections is given along with conclusions and 

recommendations that were derived from the results. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Organization 

This chapter contains background information on both topics of this report: horizontal shear 

transfer in composite members and the Virginia Inverted T-Beam bridge system. The first 

section concerns horizontal shear transfer in composite members and contains a general 

description, relevant work, and a discussion of current recommendations for determining the 

adequacy of an interface roughening. The second section contains information regarding the 

Virginia Inverted T-Beam bridge system, including a discussion of the benefits of accelerated 

bridge construction, a history of the project, and a synopsis of previous work done to advance the 

system. 

2.2 Horizontal Shear Transfer in Composite Members 

Currently, only very basic recommendations are available that describe how to roughen concrete 

surfaces to achieve adequate shear transfer across cold-joint interfaces. This section describes 

current knowledge and research related to horizontal shear transfer to show that a need for an in-

depth investigation into surface roughening characteristics is necessary. No research has been 

done thus far that compares the shear strength of different surface roughening types and 

characteristics without reinforcement across the shear interface. 

2.2.1 General Description 

The combination of precast girders and cast-in-place slabs, a composite system, is a popular way 

of constructing bridges as it allows for the use of precast concrete girders, which decreases the 

amount of time that it takes to construct a bridge as compared to fully cast-in-place bridges. 

Unlike other prefabricated systems, such as adjacent box beams, which suffer from issues 

originating from exposed deck joints, a composite system features a cast-in-place slab which 

limits the number of exposed joints between precast sections. An example of a composite system 

is shown in Figure 2.1. 
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Figure 2.1: Composite concrete bridge system with horizontal shear interface 

 

The weakest link in a composite system is at the cold-joint, which is prone to shear failures 

which are brittle and undesirable. To ensure that the composite bridge can perform as one 

section, the interface between the precast section and cast-in-place slab must have adequate 

ability to transfer shear. The shear stress at the can be calculated using elastic beam theory 

equation: 

 

𝑣ℎ =
𝑉𝑄

𝐼𝑏𝑣
 

 
vh = horizontal shear stress 

V = vertical shear force at section 

Q = first moment of area of the portion above interface with respect to the neutral axis 

I = moment of inertia of the compostite cross section 

bv = width of interface 

 

Force is transferred across the joint through a combination of cohesion between the surfaces, 

shear friction, and reinforcement dowel action. Different opinions exist on how to calculate the 

contributions of each component and building codes are currently used to determine the total 

horizontal shear capacity of an interface. 

2.2.2 Relevant Work 

This section describes completed work that pertains to horizontal shear transfer and push-off 

tests. The work done before 2011 was summarized from the descriptions provided in “Analysis 

of the AASHTO LRFD Horizontal Shear Strength Equation” (Lang, 2011). Lang had performed 
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research on past work to create a database of all known push-off tests performed by researchers 

and compare the results to predictions made using the AASHTO LRFD equation [9]. Work that 

was done during and after 2011 was summarized from the original source material. For all of the 

studies, a summary of the work is provided and further information can be found in the original 

publication.  

 

Hanson (1960) performed 62 push-off tests and full beam tests to investigate the shear strength 

between precast beams and cast-in-place slabs. The characteristics of the push-off tests were 

varied in three categories: the number of stirrups across the interface, the use of adhesive bond 

agents, and the selected surface roughening. The types of surface roughening tested were 

smooth, rough, keyed, bare smooth aggregate, and bare rough aggregate. Hanson determined that 

how the precast interface is handled influences the baseline shear strength, and then increasing 

the amount of reinforcing adds strength. It was found that keys did not effectively change the 

shear strength [10].  

 

Saemann and Washa (1964) studied the effect that the location of the neutral axis has on shear 

transfer, as well as other factors such as surface roughness, amount of reinforcement, shear keys, 

and concrete strength. Forty-two beams were constructed with different lengths and attributes, 

and tested in four-point bending. It was found that the shorter beams failed in shear and the 

longer ones in tension, except for the shorter beams with higher reinforcing ratios which failed in 

combined tension and shear. Saemann and Washa found that the surface roughness did not 

influence longer beams, but that on shorter beams a rougher surface translated to higher shear 

strength [11].  

 

Hofbeck, Ibrahim, and Mattock (1969) produced 38 push-off tests to study how cracks along a 

shear interface affect the shear strength. The number of reinforcing stirrups across the interface 

varied from zero to six in number and from 1/8 in. to No. 5 in size, and the concrete strengths 

were also varied. Selected specimens were pre-cracked, and then the specimens were tested 

under incremental loading. Hofbeck, Ibrahim, and Mattock found that the shear strength mostly 

depended upon the amount of reinforcement across the interface, and that pre-cracking the 

specimens had a negative effect on the ultimate shear strength [12].  
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Mattock, Johal, and Chow (1975) studied the effect that the presence of a moment has on shear 

transfer across an interface. A total of 27 push-off tests were completed, some tested with 

applied moments and others with pure tension. Mattock, Johal, and Chow found that the 

presence of a moment does not affect the shear transfer across an interface if reinforcing steel is 

present in the tension zone. The research suggested that the shear capacity could be accurately 

approximated by two different equations but that both should be limited to a maximum of 0.3f’c
 

[13].  

 

Mattock, Li, and Wang (1976) investigated the effect of lightweight concrete on the horizontal 

shear capacity of a specimen. Several types of lightweight concretes were tested as well as the 

strength of the concrete, amount of reinforcing across the interface, and if the specimen was pre-

cracked or not. Mattock, Li, and Wang found that lightweight concretes have less shear capacity 

than normal weight concrete, and that the type of lightweight concrete does not matter. Equations 

different from those for normal weight concrete were recommended for use with lightweight 

concrete [14]. 

 

Walraven and Reinhardt (1981) aimed to refine finite element models to correctly model shear 

interactions. A set of experiments were completed to determine the effects of reinforcing ratio, 

reinforcing bar size, angle of reinforcing, surface roughening, and concrete strength. All the 

specimens were pre-cracked along the interface and tested vertically. Walraven and Reinhardt 

determined that the size of bar did not affect the shear strength, only the reinforcing ratio matters, 

and that the ideal angle for the reinforcement was 135 degrees [15]. 

 

Bass, Carrasquillo, and Jirsa (1989) studied how varying different aspects of a shear interface 

would affect shear transfer under cyclic loading. 33 push-off tests were constructed with both 

sides placed at separate times, and the varied aspects were the interface treatment, the amount 

and geometry of reinforcing across the interface, and the concrete strengths on either side. Five 

different interface treatments were used: untreated, heavily sandblasted, chipped, shear keys, and 

epoxy bonding. Bass, Carrasquillo, and Jirsa found that shear strength increased as the amount of 
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reinforcement and embedment depth increased, but that the type of interface treatment did not 

influence the shear strength at displacements over 0.2 in. [16].  

 

Loov and Patnaik (1994) attempted to determine if the ACI shear equation could be streamlined 

and did so by completing 16 beam tests with varied concrete strength, clamping force, and flange 

length. The beams were constructed to have a precast section with a roughened surface and a 

cast-in-place slab. The clamping force was achieved by altering the amount of steel and width of 

the web. The single point loading tests produced mostly shear failures which allowed Loov and 

Patnaik to generate a new equation for shear capacity [17]. 

 

Choi (1996) examined how the use of powder-driven nails as a surface treatment affected the 

shear strength of the specimen. Four slabs were constructed as test specimens, with the interface 

sandblasted to various degrees and between zero and two nails installed in the surface. Choi 

concluded that the number of nails installed had a direct effect on the shear strength and that the 

level of sandblasting did not [18].  

 

Kamel (1996) tested 63 push-off specimens as part of a study of composite bridge systems. The 

interface treatments that were tested included smooth debonded, smooth bonded, rough 

unbonded, rough bonded, and debonded keys. The interface was reinforced with deformed bar 

stirrups, threaded rod, or no ties. Kamel concluded that the deformed bars were more effective 

than the treaded rod, and that the debonding sealant did contribute to an increase in shear 

strength resulting from additional adhesion [19]. 

 

Valluvan, Kreger, and Jirsa (1999) performed a total of 16 push-off tests to examine how well 

the ACI shear equation estimates shear strength for precast surfaces with cast-in-place slabs. The 

amount of reinforcing, level of normal force, and concrete strength were varied. Loading was 

either simple ultimate failure testing or cyclic. Valluvan, Kreger, and Jirsa found the ACI 

equation to be very conservative where sustained normal force was provided and so a new 

equation was suggested [20]. 
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Patnaik (2001) examined the applicability of the ACI shear equation in predicting the shear 

capacity with a smooth interface. A total of 24 beams of two types were tested: T-beams and 

rectangular beams. The concrete strength and the amount of reinforcement were varied within 

the specimens. The beams were loaded at a single point in the center of the beam and tests 

revealed that the strength of the concrete had an inconsequential effect on the shear capacity, but 

the amount of reinforcing across the interface did. Patnaik suggested equations for the 

calculation of shear capacity for smooth interfaces [21].  

 

Kahn and Mitchell (2002) investigated the applicability of the ACI building code shear friction 

equation for high strength concrete. Fifty push-off tests were constructed with varying interface 

conditions (un-cracked, pre-cracked, and cold-joint smooth or roughened), different high 

concrete strengths, and between zero and eight legs of No.3 size stirrups. Kahn and Mitchell 

concluded that the ACI equation was conservative for high strength concrete and proposed an 

alternative equation that is more accurate for high strength concrete [22].  

 

Kahn and Slapkus (2004) studied the shear interface of high strength T-beams with precast webs 

and cast-in-place flanges. The webs were all constructed of 12,000 psi concrete with exposed 

aggregate interface treatment and between five and seven stirrups. The flanges were constructed 

of either 7,000 psi or 11,000 psi concrete, and it was found that all the beams with lower strength 

concrete flanges failed in shear, while the beams with higher strength failed in flexure. Kahn and 

Slapkus found that the AASHTO shear equation underestimated the shear strength by more than 

six times [23].  

 

Banta (2005) investigated the performance of the shear interface between ultra-high-performance 

concrete (UHPC) and lightweight concrete, placed at separate times. Two aspects of the 24 push-

off specimens were varied: the interface treatment and amount of reinforcement present across 

the interface. Up to six legs of No. 3 reinforcing bars were across the interface of each specimen, 

and one of four interface treatments was used (smooth, keyed, deformed, or chipped). During 

testing, the horizontal load was applied gradually and a large concrete block was used to produce 

the necessary normal force. Banta concluded that the chipped surface was the best interface 

treatment of the four tested [24]. 
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Scott (2010) examined how the use of different concrete densities affects the shear strength with 

36 push-off tests. Some specimens had lightweight concrete used for the bottom (precast) section 

and the top (cast-in-place) section, whereas others only had a lightweight top or were all normal 

weight concrete. All specimens had a raked interface and the reinforcing ratio was varied. Scott 

observed that specimens with lightweight concrete had higher cohesion values than normal 

weight specimens, but that specimens that were all normal weight concrete had higher post-

fracture strengths than specimens with any lightweight concrete if reinforcement was provided 

[25].  

 

Sells (2012) researched the effects that utilizing self-consolidating concrete could have on the 

shear strength of precast members. Twenty push-off tests were constructed to test different 

concrete type, concrete strength, several aggregates, and percentage of the volume of aggregate. 

Both conventional concrete specimens and self-consolidating concrete specimens were created 

with each aggregate type and strength. All the specimens were cast monolithically and did not 

have reinforcing across the shear interface. The specimens were tested vertically and it was 

found that the compressive strength of the concrete had a small effect on the shear strength. Sells 

concluded that the type of aggregate had the largest effect on shear strength.  It was also found 

that with higher strength concrete, aggregate interlock contributes less to the horizontal shear 

strength as the initial crack propagates through the aggregate as the paste can be stronger than the 

aggregates themselves. Ultimately, Sells determined that self-consolidating concrete does have 

adequate shear strength for precast sections [26]. 

 

Shaw (2013) studied how lightweight concrete alters the shear strength that can be achieved 

across a cold joint interface. Thirty-six push-off specimens were tested with various concrete unit 

weights, concrete strengths, and either a smooth or roughened interface. All specimens were 

constructed with the same amount of reinforcing steel across the interface. The accuracy of both 

the ACI design equation and the PCI Design Handbook were tested as compared to the results of 

the tests. Tests were done with loading vertically and it was found that the flanges were 

susceptible to failing before the shear interface. A form of confinement for the flanges was 

developed, which used prestressing to constrict the flanges in both perpendicular directions to the 

load direction. After the addition of the prestressing, the flanges would not fail before the shear 
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interface. Shaw found that the unit weight of the concrete used to construct the specimen did not 

have a significant effect on the shear strength of the interface [27]. 

 

Krc (2015) investigated the effect that lightweight aggregates have on the shear strength between 

precast members and cast-in-place slabs. A total of 28 push-off tests were constructed, either cast 

in two phases with a cold joint or with both sides cast at the same time. Those specimens that 

were constructed in two phases had either a roughened interface or a smooth one, and those that 

were cast as one piece were either pre-cracked or left un-cracked prior to testing. The lightweight 

concrete used was either sand lightweight or all lightweight, and three different types of 

lightweight aggregates were tested: expanded shale, expanded slate, and expanded clay. Normal 

weight specimens were constructed as a control group. All specimens had the same reinforcing 

ratio across the interface. The specimens were loaded vertically with special care taken to 

confine the flanges as they were prone to premature failure with the selected testing setup. Krc 

determined that the specimens cast as one piece showed higher strength when a higher unit 

weight of concrete was used, independent of the pre-cracked attribute. It was concluded that 

specimens cast in two phases with roughened interfaces showed an increased shear strength with 

increasing unit weight, but that smooth interface specimens did not benefit from higher unit 

weights and had an overall lower shear strength [28].  

 

Soltani (2016) researched a new procedure for calculating shear capacity as part of a larger 

report on horizontal shear. A four-point bending method was adapted for use to investigate 

horizontal shear interaction between precast members and cast-in-place slabs. Sixteen specimens 

were created, half in the classic push-off style and the other half in a V-notched style which 

would be tested in four-point bending. The interface for both specimen types was made to be 4 

in. by 8 in. and each specimen was either made to have a smooth treatment or a roughened 

treatment that had a 0.25 in. amplitude. All specimens had 4 No. 3 bars across the interface. The 

push-off specimens were tested vertically, using an actuator to apply the load to one end and the 

floor as a reaction at the other. The v-notched specimens were also loaded vertically, with load 

points and supports points located such that no moment was produced across the interface. 

Soltani found that loading and applying normal force to v-notched specimens is more difficult 

than for push-off tests, but that the construction of the specimens was easier as the reinforcing 
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was much simpler. The shear strength values for both specimen types were measured to be 

within 5% for specimens with roughened surfaces [29].  

2.2.3 AASHTO LRFD Bridge Design Specification 

As of the eighth edition of the AASHTO LRFD Bridge Design Specification, section 5.7.4—

Interface Shear Transfer—Shear Friction provides guidance for designers on how to design 

members for shear transfer across an interface. The following equation is given to calculate the 

shear strength, under the requirement that minimum shear reinforcement has been provided: 

Vni = cAcv + μ(Avffy + Pc) ≤ min {
K1f′cAcv

K2Acv
} 

 
Vni = nominal interface shear resistance (kip) 

c = cohesion factor* 

Acv = area of concrete considered to be engaged in interface shear transfer; = bviLvi (in.2 ) 

bvi = interface width considered to be engaged in shear transfer (in. ) 

Lvi = interface length considered to be engaged in shear transfer (in. ) 

μ = friction factor* 

Avf = area of interface shear reinforcement crossing the shear plane within the area Acv 

fy = yeild stress of reinforcement but design value not to exceed 60 (ksi) 

Pc = permanent net compressive force normal to the shear plane; 0.0 if force is tensile (kip) 

K1 = fraction of concrete strength available to resist interface shear* 

f ′
c = specified 28day compressive strength of the weaker concrete on either side of the interface (ksi)  

K2 = limiting interface shear resistance* 

∗ −Value given for different interface characteristics  

 

The cohesion and friction factors (c, μ, K1, and K2) are given for different interface 

characteristics. The values for many different scenarios are given in section 5.7.4.4 of the 

AASHTO specification; the scenarios for normal weight concrete are as follows: 

 

For “a cast-in-place concrete slab on clean concrete girder surfaces, free of laitance with surface 

roughened to an amplitude of 0.25 in.”: 

𝑐 = 0.28 𝑘𝑠𝑖 

𝜇 = 1.0 

𝐾1 = 0.3 

𝐾2 = 1.8 𝑘𝑠𝑖 𝑓𝑜𝑟 𝑛𝑜𝑟𝑚𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 
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For “normal weight concrete placed against a clean concrete surface, free of laitance, with 

surface intentionally roughened to an amplitude of 0.25 in.”: 

𝑐 = 0.24 𝑘𝑠𝑖 

𝜇 = 1.0 

𝐾1 = 0.25 

𝐾2 = 1.5 𝑘𝑠𝑖 

 

For “normal weight concrete placed against a clean concrete surface, free of laitance, but not 

intentionally roughened”: 

𝑐 = 0.075 𝑘𝑠𝑖 

𝜇 = 0.6 

𝐾1 = 0.2 

𝐾2 = 0.8 𝑘𝑠𝑖 

 

The values for “concrete anchored to as-rolled structural steel by headed studs or by reinforcing 

bars where all steel in contact with concrete is clean and free of paint” were not included in this 

section [30].  

2.2.4 ACI 318 

As of the 2014 version of ACI 318 “Building Code Requirements of Structural Concrete”, the 

only guidance for designers on how surface treatment affects the horizontal shear capacity of a 

section is in Table 16.4.4.2 – Nominal horizontal shear strength. The table allows that if a section 

has more shear reinforcement across the interface than minimum and that the cast-in-place 

“Concrete (is) placed against hardened concrete (that has been) intentionally roughened to a full 

amplitude of approximately ¼ in.” then the lesser result of the following two equations shall be 

used to compute shear capacity: 

𝑉𝑛ℎ = 𝜆 (260 + 0.6
𝐴𝑣𝑓𝑦𝑡

𝑏𝑣𝑠
) 𝑏𝑣𝑑  𝑜𝑟  500𝑏𝑣𝑑 

 
𝑉𝑛ℎ = 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 

𝜆 = 𝑙𝑖𝑔ℎ𝑡𝑤𝑒𝑖𝑔ℎ𝑡 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 

𝐴𝑣 = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠ℎ𝑒𝑎𝑒𝑟 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡 

𝑓𝑦𝑡 = 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑦𝑒𝑖𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠 𝑜𝑓 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑚𝑒𝑛𝑡 
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𝑏𝑣 = 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

𝑠 = 𝑠𝑝𝑎𝑐𝑖𝑛𝑔 𝑜𝑓 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡 

𝑑 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑒𝑥𝑡𝑟𝑒𝑚𝑒 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑓𝑖𝑏𝑒𝑟 𝑡𝑜 𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑 𝑜𝑓 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡; ≥ 0.8ℎ 

 

This equation attributes 260λ psi to cohesion of the concretes if the precast interface has been 

roughened to a ¼ in. amplitude, but no guidance was provided about the frequency or shape of 

the grooves [31]. 

2.2.5 The fib Model Code for Concrete Structures 

The 2010 version of the fib Model Code defines various was to determine the characteristics of 

surface roughening and then uses these to assign cohesion and shear friction values to each 

surface. In section 6.3, the code outlines two ways to determine the category of roughness that an 

interface falls under: mean roughness and mean peak-to-valley height. The mean roughness 

method compares the mean profile line, or the average height of the surface over the whole 

sample length, to the average deviation from the mean line, or the average of the absolute values 

of the deviation of the profile height from the mean line over the whole sample length. The mean 

peak-to-valley height averages the difference between the highest peak and lowest valley for 

several sample lengths. These methods place the surface roughness into one of four categories: 

very smooth, smooth, rough, and very rough.  

 

Once a category has been determined, the following equation is used to determine the shear 

resistance of the texture: 

𝜏 = 𝜏𝑎 + 𝜇𝜎𝑐 
 
𝜏 = 𝑠ℎ𝑒𝑎𝑟 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

𝜏𝑎 = 𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 

𝜇 = 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛  
𝜎𝑐 = 𝑐𝑜𝑛𝑓𝑖𝑛𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑠𝑠 (𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡) 

 

For the cohesion value, rough surfaces are allotted a bond value between 1.5 and 2.5 N/mm2 

(220 to 360 psi) whereas very rough surfaces are given between 2.5 and 3.5 N/mm2 (360 to 500 

psi). The coefficient of friction given for the smooth category is between 0.5 and 0.7, rough is 

from 0.1 to 1.0, and very rough is from 1.0 to 1.4 [32]. 
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2.3 Virginia Inverted T-Beam Bridge System 

2.3.1 Accelerated Bridge Construction (ABC) 

According to the Federal Highway Administration’s (FHWA) 2011 publication, “ABC is bridge 

construction that uses innovative planning, design, materials, and construction methods in a safe 

and cost-effective manner to reduce the onsite construction time that occurs when building new 

bridges or replacing and rehabilitating existing bridges” [1].This method of construction aims at 

reducing total construction time and thus decreasing the period for which alternative traffic 

patterns are necessary. Reducing the impact of bridge construction is necessary as one quarter of 

the 600,000 bridges in the United States need some form of repair or replacement. The more 

bridges that can be constructed using ABC, the lower the onsite construction time and the less 

the overall disruption to traffic patterns [1]. 

 

The most common form of ABC is the use of Prefabricated Bridge Elements and Systems 

(PBES). The FHWA defines PBES as “structural components of a bridge that are built offsite, or 

near-site of a bridge, and include features that reduce the onsite construction time and mobility 

impact time that occur from conventional construction methods” [1]. PBES elements include 

bridge decks, beams, piers, and abutments/walls. PBES systems can range from superstructures 

(beam and deck combinations) to complete bridges with both superstructure and substructure. 

Constructing the elements or systems off site requires smaller traffic disruptions than fully cast-

in-place methods and allows for increased levels of quality control. Limiting the amount and 

difficulty of work necessary to install the PBES elements or systems is a key to diminishing 

onsite construction time even further [1]. 

2.3.2 Project History 

The information in this section was obtained from Fatmir Menkalasi’s report titled “The 

Development of a Composite Concrete Bridge System for Short-to-Medium-Span Bridges,” 

published in 2014 [3]. A more in-depth history can be found in the original publication. 

 

Tasked to explore what types of PBES were being used in other countries, AASHTO sent a team 

of engineers to Japan and Europe in 2004. A system called the Poutre-Dalle (meaning beam-
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slab) was being used in France at the time. It combines precast inverted T-beams with a cast-in-

place slab. Figure 2.2 shows the inverted T-beam portion of the system. The beams are placed 

adjacently such that there is no gap between the flanges, allowing for the beams to 

simultaneously be formwork for the cast-in-place slab. The cast-in-place slab is connected to the 

precast beams through the hooked reinforcing bars that extend over the flanges of the inverted T-

beams, thus the system acts as a composite slab after completion. This system eliminates the 

issue of reflective cracking due to concentrated loading that afflicts other systems in use for 

short-to-medium span bridges. 

 

 

Figure 2.2: Poutre-Dalle (beam-slab) bridge system seen in France in 2004 (Used with permission of Matière [4]) 

After the tour, a Poutre-Dalle inspired system was used in Minnesota to construct two bridges. 

Engineers exchanged the 180° hook bars for 90° hooks that allowed for the installation of a 

reinforcing cage with longitudinal reinforcement above the joint, shown below in Figure 2.3. 

From 2005 to 2012, research was performed at the University of Minnesota to improve the 

performance with respect to surface cracking. By 2012, a total of twelve bridges had been 

constructed in Minnesota. The system was shown to be susceptible to shrinkage cracking as well 

as longitudinal and transverse cracking, although it performed much better than other systems 

with respect to reflective cracking.  The conclusion of the work was that the difficulty of 
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constructing precast sections with transverse reinforcement protruding from the flanges was not 

worth the small increase in performance that is gained, and thus more research was 

recommended. 

 

 

Figure 2.3: Minnesota inverted T-beam with 90-degree hooks and longitudinal reinforcing cage above joint (Used 

with permission from MnDot [3]) 

2.3.3 Most Recent Work 

Menkulasi 

Menkulasi (2014) performed ultimate failure load testing on transverse sub-assemblage 

specimens with varied cross-sectional shapes and connection type between precast sections. The 

cross-sectional shape used in the Minnesota bridges, with vertical webs, was tested alongside a 

second shape, with tapered webs which is shown in Figure 2.4. It was hypothesized that the 
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tapered sides would provide a higher bond strength between the precast section and the cast-in-

place slab. The hope was that, by increasing the bond strength, the 90-degree hooked bars would 

no longer be necessary, thus making construction of the inverted t-beams much easier and 

cheaper. The connection types tested were straight sided webs with hooked bars, tapered webs 

with welded flanges, and tapered webs without welded flanges, termed the “no-connection 

connection” or adhesion-based connection. The tapered webs were intentionally roughened with 

a straight-sided texture to a ¼ in. amplitude.  

 

 

Figure 2.4: Inverted T-Beam with tapered webs (Used with permission of Menkulasi [3]) 

Testing revealed that all specimen configurations “performed well at service load levels” as they 

all had cracking loads well above the 25 kip threshold [3]. The specimens cracked as similar 

loads, even the one relying solely on concrete bond to provide the precast to cast-in-place 

connection. The ultimate failure load values and profiles of the specimens were varied. The 

highest load achieved was 300 kips by the specimen with welded flanges, and the lowest was 90 

kips by the adhesion-based connection specimen. Despite achieving a lower load than the welded 

connection, the adhesion-based connection did achieve an adequate failure load, and it was 
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decided that further iteration of this connection type would be beneficial. By altering the 

reinforcing steel arrangement within the precast and cast-in-place members, a much higher 

ultimate load of 240 kips was achieved, proving that the cost-effective adhesion-based 

connection is sufficient under monotonic loads. Cyclic testing was recommended to determine if 

repeated loading could result in cracks that would change the performance of the adhesion-based 

connection [3]. 

 

Edwin 

Edwin (2017) carried out cyclic testing followed by ultimate failure load testing on one welded 

connection type and one adhesion-based connection type inverted T-beam sub-assemblage. The 

objective of these tests was to prove that the adhesion-based connection would still perform 

adequately in large loading scenarios despite possible damage caused by a 50 year design life on 

a high average daily traffic (ADT) volume bridge. A total of 3,650,000 cycles of 30 kips were 

applied to simulate 200 fully loaded semi-trucks per day, which is consistent with VDOT 

statistics for high ADT bridges. These cycles were performed at 2 Hz and the applied load had a 

minimum of 10 kips to reduce the amount of vibrations generated by the loading. Both 

specimens were constructed identically other than the reinforcing and procedures that are 

necessary to achieve either connection type. A cross-hatch type surface texture, shown in Figure 

2.5, was selected to be applied to the sloped web and flange sections of the precast members as it 

could potentially provide adequate shear strength in two directions. 
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Figure 2.5: Cross hatch surface roughening constructed for both cyclic tests performed by Edwin (Used with 

permission of Edwin [8]) 

Some issues occurred during construction, such as concrete with inadequate strengths and failure 

of formwork during concrete placement, though the main concern had to do with the forming of 

the surface texture. The decision was made to cut the texture into plywood sheeting and then 

cover the plywood with plastic sheeting before casting to make the formwork removal easier. 

After removal, it was found that the plastic had rounded out the edges of the texture, making the 

corners less angular. Testing revealed that the adhesion-based connection specimen had a lower 

cracking load, 40 kips, and a lower ultimate load, 63 kips, than those tested by Menkulasi in 

2014, possibly due to the smooth surface texture. For the welded connection specimen, cracking 

began at 100 kips and ultimate failure was at 194 kips, also much lower than that tested 

previously by Menkulasi. It was theorized that the surface texture created was inadequate and 

could have caused both specimens to have lower strength. Further research into what aspects of a 

surface texture affect its adequacy and retesting of the sub-assemblages was recommended [8]. 
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CHAPTER 3: METHODS AND MATERIALS 

 

3.1 Organization 

This chapter describes the methods and materials used to construct and tests both the horizontal 

shear push-off specimens and the Virginia Inverted T-Beam sub-assemblage specimen. The 

push-off specimens will be discussed first, and the sub-assemblage specimen second. Details are 

included for both specimen types that relate to the surface treatments selected, specimen details 

and construction, and testing apparatus and sequence.  

3.2 Horizontal Shear Push-off Specimens 

3.2.1 Selected Surface Treatments 

A total of 30 specimens were constructed with three specimens for each of the ten textures 

examined. Roughening type, spacing, and other characteristics were varied amongst the textures. 

Table 3.1 summarizes the selected surface textures and their corresponding characteristics. The 

name of the texture can be found in the first column, with the second stating the amplitude of the 

texture and the third stating the spacing between repeating features of the texture. Column four 

states, in the case of formed textures, the de-bonding agent used during the casting process. The 

last column lists the specimen names that are associated with that surface texture. The specimen 

names were created so that the information pertinent to each specimen would be easily 

discernable from the name. Figure 3.1 shows an example specimen name with each of the 

components labeled. 

Figure 3.1: Specimen naming scheme explained 



 

23 
 

Table 3.1: Summary of selected surface texture attributes and specimen names 

Texture Name Amplitude (in.) Spacing (in.) De-bonding Specimen Names 

Raked 0.25 

1 --- 

RK-1-01 

RK-1-02 

RK-1-03 

2 --- 

RK-2-01 

RK-2-02 

RK-2-03 

3 --- 

RK-3-01 

RK-3-02 

RK-3-03 

Rectangular Grooves 0.25 1 TuffCoat® 

RG-1-01 

RG-1-02 

RG-1-03 

Trapezoidal Grooves 0.25 

1.5 TuffCoat® 

TG-1.5-01 

TG-1.5-02 

TG-1.5-03 

3 TuffCoat® 

TG-3-01 

TG-3-02 

TG-3-03 

Cross Hatch 0.25 3.5 

TuffCoat® 

CH-3.5-TC-01 

CH-3.5-TC-02 

CH-3.5-TC-03 

Plastic 

CH-3.5-PL-01 

CH-3.5-PL-02 

CH-3.5-PL-03 

Square Knobs 0.25 2.5 TuffCoat® 

SK-2.5-01 

SK-2.5-02 

SK-2.5-03 

Exposed Aggregate 
Theoretical: 0.25 

(Actual: 0.1875) 
--- --- 

EA-01 

EA-02 

EA-03 

 

Diagrams of the details for each texture are shown in Figure 3.2. The drawings include top-down 

views and cross-section views of each texture. Dimensions are given for all aspects necessary to 

reproduce the texture. There is only one type of cross hatch pictured as the formwork used for 

each is the same and all differences originate from the selected de-bonding method. The textures 

have been depicted with the amplitude formed by removing material from the concrete surface, 

although it is believed that forming the texture by raising parts of the surface is also valid. In the 
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production of the specimens for this work, some were produced by removing material, and others 

by raising the surface, depending on which was more easily achieved for that texture type. A 

more in-depth discussion of how each texture was produced for this research is provided within 

section 3.2.3 Specimen Construction. 

 

Figure 3.2: Details for selected surface textures 
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3.2.2 Specimen Detailing 

The horizontal shear push-off specimens for this research were constructed in accordance with 

those built by Jana Scott at Virginia Tech in 2010 [25]. This configuration was selected as the 

laboratory technicians were experienced with how these types of specimens were best 

constructed.  

 

Geometry 

The specimens are comprised of two sections: a bottom that simulates a precast section, and a 

top that simulates a cast-in-place slab. Both sections are 16 in. thick “L” shapes with the same 

dimensions, shown in  

Figure 3.3. The two sections are joined along their long sides, or leg, leaving a 4 in. gap between 

the short side, or chimney, and the end of the leg, as shown in Figure 3.4. The interface between 

the two section measures 16 in. by 24 in. for a total of 384 in.2. 

 

Figure 3.3: Dimensions of horizontal shear push-off specimen sections 
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Figure 3.4: Dimensions of joined horizontal shear push-off sections 

Reinforcement 

There is no reinforcement across the shear interface of these specimens, so the only reinforcing 

present is each section’s individual cage. Each cage is “L” shaped, just like the sections, and the 

cages for both the top and bottom are identical. Each cage is made up of two main bar 

assemblies, two center bars, three leg stirrups, and three chimney stirrups. The main and center 

bars are No. 4 bars, and the stirrups are No. 3 bars. A minimum of 1 in. of cover was provided to 

all bars and A615 Grade 60 reinforcing steel was used. Cross-sectional views of the reinforcing 

cages can be seen in Figure 3.5 and more details about the cages including dimensions and bend 

diameters can be found in Appendix A. This size of reinforcing used for the main bars in this 

cage has been reduced by one size from those used by Scott (2010) as the loads expected to be 

achieved in the testing process are much lower without reinforcement across the shear interface. 
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Figure 3.5: Cross-sectional views of the horizontal shear push-off specimen reinforcing cages 

Concrete Specifications 

The specimens are meant to simulate the precast concrete beams of the Virginia Inverted T-

Beam bridge system, so the same concrete that was used for the precast and cast-in-place parts of 

the sub-assemblage tests performed by Menkulasi (2014) and Edwin (2017) were used for these 

specimens. The bottom section was specified to be constructed from an 8000 psi concrete mix. 

The concrete was ordered from Conrock, a local concrete provider, and contains silica fume and 

water reducer. The top section was specified to be constructed from a 4000 psi concrete mix, that 

was also obtained from Conrock. The 4000 psi mix contains fly ash as well as water reducer. 

Both mixes were specified to have at least 5% air content and between 5 and 7 in. of slump. Mix 

designs for both concrete mixes can be found in Appendix B. 
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3.2.3 Specimen Construction 

The 30 specimens were cast in three batches, six specimens in the first batch and 12 in the 

second and third. Each batch of specimens required two concrete placement days, one for the 

bottom section and one for the top.  

 

Formwork Details 

The formwork was designed using pictures of formwork that was utilized by Scott (2010), which 

can be found in the original report [25]. The walls of the formwork are constructed from ¾ in. 

plywood that is supported by 2x4 supports, as seen in Figure 3.6. The top surface of the leg side 

of the bottom form was left open to allow for the formation of the textured surface. The gap 

between the end of the leg of the bottom section and the chimney of the top section was achieved 

by use of foam blocks. Foam insulation board was trimmed to size and stacked to achieve the 4 

in. space. Foam was chosen as it is easy to trim and could be removed in chunks if it had adhered 

to the concrete. The use of wooden blocks to create the gap had been tested, but it was found that 

the wood had swelled during casting and became very hard to remove.  
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Figure 3.6: Formwork for horizontal shear push-off specimens 

Construction Sequence 

The first step taken in constructing the horizontal shear push-off specimens was to tie the 

reinforcing cages. This was done with steel tying wires using a manual wire twister. Both parts 

of the main bars were tied together first, and then they were connected to the leg stirrups. One 

chimney stirrup was installed so that then the center bars could be tied in, and then the last two 

chimney stirrups were connected. After the rebar cages were assembled, the formwork for the 

bottom section was constructed, making sure to thoroughly secure the plywood to the 2x4 

supports. Any exposed screws were covered with duct tape to prevent concrete from filling the 

screw slots. The reinforcing cages were then installed in the forms using chairs to achieve the 

correct cover, and all the forms placed on plastic sheeting to protect the floor. Figure 3.7 shows 

the forms ready for cast day. 
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Figure 3.7: Forms and reinforcing for push-off specimens prepared for placement of bottom section concrete 

The placement of the concrete for the bottom section took place in two steps. First, the leg 

portion of the form was filled and consolidated by use of a vibrator. The level of the concrete 

was ensured to be even across the exposed portion of the leg and within the chimney section. 

This lift of concrete rested for a period of no more than 20 minutes while work continued with 

the other specimens. In the case of specimens that were to receive formed textures, this time was 

used to install the textured plywood on the exposed surface of the leg. The chimney was then 

filled with concrete and consolidated, the extra pressure helping to force the concrete further into 

the textured plywood. In the case of specimens that were treated after casting, such as raked 

surfaces, the resting period helped the concrete to settle such that the chimney could be filled 

without concrete slumping out through the exposed top of the leg. After the chimney was filled 

for these specimens, all the exposed surfaces were finished with a trowel. More information 

about the formation of the surface textures is provided in the Surface Roughening Method 

section. 

 

The bottom sections were moist cured for 7-days after the initial placement. A moist cure was 

achieved by laying wet burlap over each specimen after the concrete had reached initial set and 

rewetting it daily. Plastic was placed over the wet burlap to hold in as much moisture as possible. 

Once the moist cure had finished, the forms were removed from the specimens and they were 

then prepared for the placement of the second section. 
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The forms for the top section placement were constructed around the bottom section and the 

foam blocks inserted. To maintain clear separation between the top and bottom of the specimen, 

the forms for top section were tightened on to the bottom section by use of prestressed pencil 

rod. Small holes were drilled in both wide sides of the formwork and 3/8 in. rod was threaded 

through. It was determined that the area occupied by the foam would be the easiest place to 

thread the rod through as the foam was soft and it would not disturb the specimen itself. One end 

of the pencil rod was secured with an end cap, and the other end had an end cap placed, but not 

tightened, and then the hand tensioner placed. The hand tensioner grips the rod and is rotated 

along its central screw to increase its length, tensioning the rod. The end cap was then secured 

and the hand tensioner removed. The equipment used for prestressing the rods is shown below in 

Figure 3.8. Caulk was also used to seal the bottom section to the wooden formwork. 

             

Figure 3.8: Equipment used for pretensioned pencil rod placement; (left) end caps with securing screw, (center) 

pencil rod inserted through end cap, (right) 1-ton hand tensioning system 

The reinforcing cage was inserted into the form for the second section and chairs were used to 

obtain adequate cover. Figure 3.9 shows the forms ready for the second cast. 
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Figure 3.9: Forms and reinforcing for push-off specimens prepared for placement of top section concrete 

The placement of the concrete for the top section consisted of wetting the previously placed 

concrete to standard surface dry, filling the form with fresh concrete, and consolidating. The 

exposed surface was troweled and then the seven-day moist curing process was commenced after 

initial set was reached. The formwork was removed after the moist cure was finished and the 

specimen was let to cure for at least 28-days before testing occurred. 

 

Surface Roughening Methods 

There were three categories of surface roughening that required different production methods in 

this research: raked surfaces, exposed aggregate, and manufactured textures. The raked surfaces 

were produced by way of handmade rakes constructed from 7-wire prestressing strand, as that is 

what is commonly done at precast concrete plants. The individual wires of the strand served as 

the tines of the rake and were spread out and trimmed to achieve the required spacing. When 

used, the rake was placed at one edge of the finished concrete surface prior to initial set and 

pulled across to create 0.25 in. grooves at the specified spacing. The three rakes that were 

constructed are shown in Figure 3.10. 
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Figure 3.10: Rakes made from 7-wire prestressing strand with one, two, and three in. spacing of tines (left to right) 

The exposed aggregate surfaces were produced using a simple method that only requires a spray 

bottle of water and a soft brush. After the concrete surface was cast and finished, water was 

misted over the surface until the surface looked as if bleed water had collected on the surface. 

The surface was left to rest until there was no water sitting on the surface (concrete was still 

moist), and then the misting was repeated. These steps were iterated until the exposed surfaces 

that were not being treated had stiffened, approximately an hour. The surface was then rinsed 

heavily and softly brushed until the aggregate had been exposed. This process increases the 

water-to-cement ratio of just the very surface layer of concrete paste such that it is easily brushed 

away while the subsurface paste is unaltered. The possible amplitude of the exposed aggregate 

depends greatly upon the size of the aggregate as at least 50% of each aggregate needs to be 

anchored in concrete paste to create a sufficiently strong surface texture. Since the mix design 

used for the bottom section of the specimens in this research was a typical mix used by precast 

plants, the aggregate was smaller and only a 3/16-in. amplitude could be achieved. 

 

The manufactured textures were produced using ¾-in. plywood that was carved with the desired 

pattern. Plywood sheets were cut to be large enough to cover the exposed surface area plus some 

overhang on all sides. The patterns were sketched out on the plywood, leaving a 4 in. gap that 
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corresponds to the area between the end of the top section leg and bottom chimney. A router was 

used to carve out the patterns and a combination of mortising and v-groove router bits, shown in 

Figure 3.11, were used to achieve the correct shapes.  

 

Figure 3.11: (Left) v-groove router bit, (right) mortising router bit 

During casting, these patterned plywood boards were pressed into the exposed portion of the leg 

of the bottom specimen section to form the manufactured textures, but a de-bonding method was 

needed to help release the plywood from concrete after forming. The carved plywood on its own 

has open grains that allow for the ingress of wet concrete, resulting in a significant bond between 

the form and concrete which leads to difficult form removal. One method of closing off these 

open wood grains is to place plastic sheeting between the form and the concrete during 

placement. This method was used by Edwin (2017) and was found to produce the rounded 

textures that were believed to be the cause of a lowered shear strength in a Virginia Inverted T-

Beam sub-assemblage test specimen [8].  

 

An alternative method for closing off the wood grains was devised that uses TuffCoat® from 

Rhino Linings Corporation, a pick-up truck bed liner. The “elastomeric polyurea hybrid lining” 

is applied using an air sprayer and dries within minutes, according to the company’s 

specification sheet which can be found in Appendix C [33]. The coating comes in a dual 

cartridge containing two components that are combined in the mixing straw before being sprayed 
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onto the surface. The application temperature is important to the quality of the coating so it was 

found that the cartridge should be microwaved for 30 to 60 seconds, depending on the storage 

temperature, and shaken thoroughly before being applied. A uniform coating is key to achieving 

the best formwork release, so a twice-over approach was taken to ensure that all the corners in 

each textured surface had been covered. First, the coating was applied at a 45-degree angle to the 

surface where the plywood was set, careful to move the sprayer consistently to achieve a solid 

black coating where the spray could reach. Then, the coating was applied at a 135-degree angle 

to that same surface, coating any corners that had been hidden to the first spray. Before concrete 

placement, formwork release oil was applied to each coated texture. Figure 3.12 shows the 

equipment necessary for the application process and Figure 3.13 shows how the twice-over 

approach. 

 

        

 

Figure 3.12: TuffCoat® application supplies; (top-left) TuffCoat® dual cartridge, (top-center) mixing straw, (top-

right) air sprayer with air hose attachment, (bottom) full assembly 
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Figure 3.13: Method of applying TuffCoat® to coat all corners of textured plywood 

Issues Faced During Construction 

The first issue involved ill-consolidated concrete in the chimney sections of some specimens. 

The concrete that was delivered for the placement of the first set of bottom sections was already 

very stiff when it arrived, most likely due to the delivery being in the afternoon on a very hot 

summer day. Because of this, consolidating the concrete was very difficult especially while we 

were placing the concrete for the chimneys as they were last and the concrete had become more 

stiff as worked progressed. When the formwork was removed from the specimens, it was found 

that some of the chimneys had very severe honeycombing with exposed reinforcing and would 

be unusable for testing purposed. It was decided that the six specimens that had the worst 

honeycombing would be discarded, all of which were from two texture types, and reduce our 

initial scope from 36 specimens to 30 specimens. A few specimens needed patching with high 

strength grout, as shown in Figure 3.14, but the damage was concentrated on parts of the 

chimney that was not going to be in contact with the testing apparatus. The subsequent concrete 

deliveries were always scheduled in the morning as it was cooler then, to try to avoid issues with 

the concrete setting up quickly.  
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Figure 3.14: Specimen prepped for patching with high strength grout 

The second issue was with the creation of the rectangular groove manufactured texture. In the 

past, this texture had been known to be very hard to produce cleanly with the best success taking 

place when the time was spent to chisel out the plywood form from the formed concrete. This 

method is very time consuming and was ruled out as a possible method for this research. It was 

hoped that the addition of a TuffCoat® surface was enough to create a clean removal, but it was 

not. Figure 3.15 shows the bottom section of a specimens during removal of the textured 

plywood. About half of each rectangular groove was torn off with the form, and the plywood was 

left behind in the other half. This occurrence is consistent with the other two specimens with this 

pattern. These specimens were not discarded as about 50 percent of the texture was still intact 

and the question was raised about how differently the damaged texture would perform from 

expected.  
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Figure 3.15: Result of removal of textured plywood form for rectangular grooves 

3.2.4 Testing Apparatus 

To test the horizontal shear strength across the interface of the specimens, two forces need to be 

generated: a lateral force and a normal force, as shown in Figure 3.16. The lateral force is applied 

directly in line with the interface on one end of the specimen and the other end is fixed against a 

support. The normal force is applied orthogonally to the interface over the length of the interface 

and is equal to 10 percent of the lateral force or expected shear strength. This force simulates 

normal dead and live loading on the interface and helps to compensate for any effects from 

eccentricity of the load.  
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Figure 3.16: Loading on a horizontal shear push-off specimen during testing 

The test set-up for this research uses a hydraulic cylinder to apply the lateral force and a steel 

harness for the normal force. To achieve the lateral force, an abutment was secured to the strong 

floor with eight 1 in. diameter A325 bolts and then a 200-ton Enerpac® RR-20013 hydraulic 

cylinder was bolted to the face of the abutment. The cylinder applies pressure directly to a 200 

kip load cell which is suspended from the specimen by way of a fabricated steel “backpack”. The 

bottom section of the specimen is resting on three 2 in. rollers which allow for movement of the 

bottom relative to the top during testing. The top section is resting against the other abutment, 

which was secured to the strong floor with eight 1 in. diameter A325 bolts. The set-up can be 

seen in Figure 3.17. The chimney of the top section is not in contact with the floor. 

 

Figure 3.17: Horizontal shear push-off specimen testing apparatus 
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The normal force was created by a steel harness that was constructed of four one in. threaded 

steel rods and 2 in. x 1 in. x 0.1875 in. A36 steel channels welded in the configuration shown in 

Figure 3.17. Each rod had a strain gauge installed that was calibrated to associate the strain read 

by the gauge with the tension force in the rod. The rods were suspended between the top and 

bottom channels with a nut at either end, and these nuts were tightened to induce tension in the 

rods. They were tightened until one-quarter of the total normal force was generated in each rod. 

During the test, the change in the normal force due to dilation of the crack was tracked to ensure 

that large increases in force weren’t occurring when the interface broke. To reduce any 

translation of the top channel in relation to the bottom channel, which would also result in an 

increase in normal force, greased plates were installed between the specimen and bottom 

channels to allow the channel to slide with the top channel during specimen failure. During 

testing it was found that the channels were excessively deflecting from the rod loads and so 3/8 

in. plate was added to the top of each channel to make them rectangular tubes, which greatly 

increased the stiffness of the harness. 

 

The instrumentation used for this test included the four rod strain gauges, the load cell, and four 

linear variable differential transformers (LVDTs) to measure the relative movement between the 

top and bottom sections. The LVDTs were mounted using two bracket pieces, which were 

attached by drilling into the concrete, inserting a wall hanging anchor, and then screwing the 

brackets into place. The bracket configuration was chosen specifically such that the 

instrumentation would not be crushed in the case of a large deformation. Figure 3.18 shows the 

LVDTs and how they were installed.  
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Figure 3.18: Horizontal Shear Push-off Specimen LVDT configuration and attachment method 

3.2.5 Testing Sequence 

After the specimen had been placed in the apparatus and instrumentation attached, the rods were 

tightened to the specified normal force. In this research, the shear strength of the specimens was 

assumed to be 150 kips, and so the applied normal force was 1.5 kips or 0.375 kips in each rod. 

Readings of instrumentation were commenced then the hydraulic cylinder was engaged with the 

load cell and specimen, and the piston extended gradually so that the load increased at an 

appropriate consistent rate. The specimen was loaded until the interface experienced shear 

failure, which was evident by both the loud popping noise heard and the sudden increase in 

displacement between the sections. After the shear failure, the cylinder was reengaged to 

determine the residual shear strength of the specimen and to observe if any dilation of the crack 

occurred. The cylinder was then disengaged and the interface of the failed specimen was 

inspected. Each test took on average five minutes from the first engagement of the hydraulic 

cylinder to final disengagement.  
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3.3 Virginia Inverted T-Beam Sub-Assemblage Specimen 

3.3.1 Specimen Detailing 

One Virginia Inverted T-Beam sub-assemblage specimen was constructed with the adhesion-

based connection configuration that was tested by both Menkulasi (2014) and Edwin (2017). As 

explained in Menkulasi (2014), the sub-assemblage specimen was designed to test the 

connection between the precast beam’s sloped sides and flanges and the cast-in-place slab [3]. A 

section was selected from a larger bridge assembly which included two precast beams, each with 

a corresponding wheel load, which can be seen in Figure 3.19. The details for the specimen were 

obtained from Edwin (2017) and the only alteration was to the surface roughening method 

selected for the shear interface, which was the 1.5 in. trapezoidal grooves [8]. 

 

Figure 3.19: Virginia Inverted T-Beam sub-assemblage specimen as a section of a larger bridge assembly (Used 

with permission of Dr. Roberts-Wollmann [6]) 

Geometry 

The completed specimen is 12 ft. long, 4 ft. wide, and 25.5 in. deep, and contains three distinct 

sections: two precast beams and a cast-in-place slab. The precast beams have been altered such 

that only one side of each has the sloped web and flange with texture, as only one interface 
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region is to be studied and altering the shape makes for easier construction. The specimen 

geometry is shown in Figure 3.20. When the beams are exposed to harsh weather conditions, a ¾ 

in. chamfer is included on either side of where the beam flanges join as drip guards to prevent 

chloride-laden water droplets from advancing along the underside of the beams and causing 

issues with corrosion. Drip guards are not necessary for the purposes of this research and so were 

not included in the precast beams created for the sub-assemblage specimen. 

 

Figure 3.20: Dimensions of Virginia Inverted T-Beam sub-assemblage specimen sections (Used with permission of 

Dr. Roberts-Wollmann [6]) 

Reinforcing 

The reinforcing design used in this research was consistent with that used by Edwin (2017) [8]. 

Three separate reinforcing cages were constructed for the specimen, two for the precast beams 

and one for the cast-in-place slab, which is shown in Figure 3.21. All reinforcement was A615 

Grade 60. Reinforcing bar lifting loops were also included in the precast beam reinforcing cages 

that penetrated through the cast-in-place slab and stuck out from the top surface of the specimen 

so that it could be maneuvered using an overhead crane. The positions of the lifting loops are 

shown in Figure 3.22. Further information about the reinforcing details and quantities used can 

be found in Appendix A.  

 

Figure 3.21: Reinforcing details for Virginia Inverted T-Beam sub-assemblage specimen (Used with permission of 

Dr. Roberts-Wollmann [6]) 
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Figure 3.22: Location of lifting loops for Virginia Inverted T-Beam sub-assemblage specimen 

Concrete Specifications 

Due to issues with the quality of concrete that was received during the horizontal shear push-off 

specimen construction, the concrete supplier was changed for the sub-assemblage specimen. 

Chandler concrete provided both an 8000 psi mix for the precast beams and a 4000 psi mix for 

the cast-in-place slab. The 8000 psi mix contained slag cement as well as a high range water 

reducer, and the 4000 psi mix contained fly ash. Both mixes were specified to have at least 5% 

air content and between 5 and 7 in. of slump. Mix designs for both concrete mixes can be found 

in Appendix B. 

 

Embedded Instrumentation 

The instrumentation plan for this test was consistent with that of Edwin (2017). A total of six 

strain gauges were installed on the reinforcing cages of the sub-assemblage specimen, two in 

each precast beam and two in the cast-in-place slab. The strain gauges in the precast sections 

were located on the No. 6 hooked bars, 15.5 in. away from the end of the flange on the inner 

legs, and the strain gauges in the cast-in-place slab were on the bent bars, directly over the flange 

joint. The locations of each strain gauge can be seen in Figure 3.23. The strain gauges used were 

type WFLA-6-11-3LT gauges from Tokyo Sokki Kenkyujo Company. Installation of the gauges 

was consistent with the company’s guidelines using cyanoacrylate adhesive. Extra protection 

was provided to the gauges as they can be easily damaged during concrete placement, especially 

when consolidation by vibrator is performed. The strain gauge wires were strung out of the 
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specimen by way of the rebar. The protection and wire stringing process is shown in Figure 3.24. 

Some of the strain gauge wires needed to be extended to reach the data acquisition system, so 

changes in gauge factor were accounted for using the equations provided by the manufacturer, 

which can be found in Appendix C.  

   

Figure 3.23: Locations of embedded strain gauges in Virginia Inverted T-beam sub-assemblage specimen 

 
Figure 3.24: (Top) protecting strain gauge with duct tape, neoprene rubber tape, and foil tape; (bottom) stringing the 

strain gauge wires out of the specimen 
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3.3.2 Specimen Construction 

The specimen was constructed in two casts, one for the precast members, and then one for the 

cast-in-place slab. The time between the cast of the beams and the slab would have ideally been 

seven days, but scheduling issues with the lab space/equipment meant that only four days could 

be provided between placing the concrete for the beam and the slab.  

 

Formwork Details 

The formwork used to construct the specimen was based off formwork used by Edwin (2017) but 

changes were made to prevent the type of formwork rupture that occurred when constructing 

those specimens [8]. The walls and platform were fabricated from ¾ in. plywood and 2x4 studs, 

and secured using mostly 2 ½ in. drywall screws although longer screws were used to secure the 

wall pieces together. The formwork was constructed such that the walls from the first concrete 

placement could be converted into the part of the formwork for the second concrete placement. 

Lateral support was provided by a combination of diagonal kickers and prestressed pencil rod, 

which was used previously for the horizontal shear push-off specimen formwork. The walls and 

kickers were secured to the studs within the platform.  

 

The top of the flange and the sloped web surfaces required special formwork to create the formed 

surface roughening. The formed surfaces were created using the same methods that were used to 

make the textures for the horizontal shear push-off specimens, and then studs were added to the 

backs to support the textured surfaces during casting. A small strip of the form was left open at 

the end of each flange so that it could be ensured that concrete had filled the whole flange. Small 

textured formwork strips were made to cover the gap during placement after concrete had begun 

to flow out through the opening. Small burp-holes were made with a drill bit in the textured 

flange lid to allow for air bubbles to escape during consolidation. Images of the formwork can be 

seen in Figure 3.25 through Figure 3.27. Figure 3.25 shows the fit of the formwork walls being 

checked before the positioning was finalized, Figure 3.26 shows the formwork before the 

placement of the concrete for the precast beams, and Figure 3.27 shows the formwork before the 

placement of the concrete for the cast-in-place slab.  
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Figure 3.25: Testing the sub-assemblage formwork fit without lateral supports; (left) formwork for precast beams; 

(right) formwork for cast-in-place slab  

   

Figure 3.26: Formwork for sub-assemblage specimen before placement of concrete for precast beams; (left) kickers 

and pencil rod have been installed; (right) supported textured form pieces 

Figure 3.27: Formwork for sub-assemblage specimen before placement of concrete for cast-in-place slab after 

installation of upper forms and extra pencil rod 
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Construction Sequence 

After the formwork for the precast beams was constructed as discussed in the previous section 

and coated with form oil, the reinforcement cages were constructed and installed in the 

formwork, using chairs to produce the specified cover. The strain gauges were installed and 

protected as previously discussed. The edges of the formwork were covered in duct tape, the 

removal of which would produce clean edges so that the second level of formwork fit correctly. 

All screws and pencil rod end caps necessary for deconstruction of the formwork were taped 

over and then the textured formwork was installed. The textured formwork for the sloped webs 

was secured with a prestressed pencil rod that connected to the opposite formwork wall as well 

as many long screws into the vertical walls.  

 

On cast day, the concrete was placed in one beam form and consolidated using a vibrator until 

concrete was flowing out all the way across the gap at the end of the flange, then the textured gap 

piece was installed. The specimen was then filled the rest of the way, taking extra care to 

consolidate the sloped web and flange areas to remove as many air bubbles as possible. The 

specimen was leveled off and the exposed surface was raked with a 1 in. spacing. The process 

was repeated for the other specimen.  

 

Twenty-four hours after placing the concrete, the textured forms were removed. The revealed 

surface was well formed and relatively free of bubbles. There was no excessive deflection of the 

formwork, which meant very clean lines. The formed interface surface can be seen in Figure 

3.28.  
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Figure 3.28: Formed interface surface on Virginia Inverted T-Beam sub-assemblage specimen 

The specimen was moist cured with wet burlap and plastic for four days before the cast-in-place 

slab was poured. The beam sections were pushed together, the formwork rebuilt and the extra 

pieces for the cast-in-place slab added, and then the formwork was oiled. The reinforcing cage 

was constructed and installed using chairs, and the strain gauges installed and protected. On cast 

day, the precast concrete was cleaned to ensure a surface free of debris and laitance and was 

moistened to a standard surface dry. The concrete was placed and consolidated with a vibrator. 

The surface was leveled and finished, making sure that there was enough room between the 

lifting loops and the concrete surface to attach the lifting equipment. The cast-in-place slab was 

moist cured for seven days and then allowed to cure at normal air temperature and moisture for 

21 days before testing began.  

3.3.3 Testing Apparatus 

The test frame and load schedule used in this research is the same as that used by Edwin (2017) 

except for the actuator used and changes made to the lateral bracing provided to the actuator [8]. 

 

Test Frame and Load Application 

Two types of loading were performed on the sub-assemblage specimen: cyclic and ultimate 

failure. For the cyclic loading, a 55 kip MTS® 244.31 hydraulic actuator was used to apply a 
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compressive load to a spreader beam which would load two bearing pads evenly. This set-up 

resulted in two point-loads being applied to the specimen through rubber bearing pads, which 

simulates the tires of a loaded semi-truck. For the ultimate failure test, the same set-up was used, 

but the actuator was switched for a 200-ton Enerpac® RR-20013 hydraulic cylinder and 250 kip 

load cell. 

 

Figure 3.29 shows the test set-up. The specimen is supported on two W14x90 stiffened beams, 

spaced 12 ft. center-to-center, which were connected to the strong floor using four 1 in. diameter 

A325 bolts. A ¼ in. rubber bearing pad was placed between the specimen and support beams to 

decrease any wearing or stress concentrations that could occur if the specimen were to bear on 

just the edge of the beams. Two 9 in. by 18 in. by 2.5 in. bearing pads were placed on top of the 

specimen, centered along the short side, 3 ft. from the end and spaced 6 ft. center-to-center. A 

W14x120 stiffened spreader beam was centered on top of the bearing pads to spread the load 

from the actuator. The actuator was supported from the top by two W21x62 columns with two 

W21x62 crossbeams that have parts of the flanges removed to fit along the columns. The 

columns were bolted to the strong floor with four 1 in. diameter A325 bolts, and the crossbeams 

were connected to each column with six 7/8 in. diameter A325 bolts. The actuator was mounted 

to the crossbeams with a custom steel mount, featuring eight 7/8 in. diameter bolts. Two 4x4x3/8 

angles were used to brace the actuator, one on either side of the columns, and shorter pieces of 

2.5x2.5x1/4 angle connected the two long angles to the actuator. The angles were connected to 

the columns with two 7/8 in. bolts on each side, to the shorter pieces with a 7/8 in. bolt on either 

end, and to the actuator with 8 1in. bolts. Four 1 in. plates were placed under the actuator, on the 

crossbeam, and clamped into place. These plates allowed for the extension of the actuator to be 

varied such that damage didn’t occur to the cylinder of the actuator during the cycling.  
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Figure 3.29: Test set-up for Virginia Inverted T-Beam bridge system sub-assemblage specimen 
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Instrumentation 

A total of 18 instruments were used for the sub-assemblage tests: six wire potentiometers (wire 

pots), six LVDTs, and six strain gauges. The wire pots were arranged along the bottom of the 

specimen, along the median, to measure the deflection of the specimen. They were affixed by 

attaching metal sheets to the bottom of the specimen with epoxy and then placing magnetic 

hooks to the end of the wire. The LVDTs were placed on the long side of the specimen to 

measure if and how much the interface cracks and opens during testing. They were attached to 

the specimen using the same method discussed in section 3.2.4 of this report. A diagram of the 

wire pot and LVDT locations can be seen in 

 

 
Figure 3.30, and installation details can be seen in Figure 3.31. The strain gauges were installed 

in the areas previously discussed in section 3.3.1.  
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Figure 3.30: Diagram of wire pot and LVDT locations on sub-assemblage specimen 

  

Figure 3.31: (Left) installation of wire pot with magnetic hook; (right) installation of LVDT 
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3.3.4 Testing Sequence 

Cyclic Testing 

The sub-assemblage specimen underwent 3,650,000 cycles of 30 kips. The cycles were 

performed at 2.75 Hz and the minimum load during the cycles was 3 kips. The minimum was not 

set to zero to prevent uplift of the actuator from the spreader beam. The cycling was stopped at 

certain intervals to perform monotonic tests where a cycle was performed manually and readings 

were taken. Each monotonic test took between three and four minutes to complete, which helped 

to decrease any delays between the applied load and the deflection of the system. The monotonic 

tests were performed at approximately the following amount of cycles: 0, 10, 100, 1000, 10,000, 

100,000, 300,000, and every 200,000 cycles until 3,650,000.  

 

Ultimate Failure Load Testing 

After completion of the cyclic testing, the specimen was tested to ultimate failure. Before loading 

began, the specimen was inspected for any visible cracking. The test then began and the load was 

raised to 30 kips, where the load was held and the specimen was again inspected. The test 

proceeded in 10 kip intervals, pausing to look for cracking each time, until the specimen was no 

longer able to hold additional load. Readings from the instrumentation were taken continuously 

throughout the loading process.
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Organization 

This chapter contains both the results from the tests that were completed and discussions of those 

results. The first section is about the horizontal shear push-off specimens, including the strength 

of the concrete used to construct the specimens, the outcomes from the push-off tests, and a 

discussion of the effectiveness of each surface roughening. Also provided is a comparison of the 

results to those obtained by Scott (2010) and to predicted values from the AASHTO LRFD 

specifications. The second section reviews the Virginia Inverted T-Beam sub-assemblage 

specimen results, including the concrete strengths and readings from both the monotonic testing 

and ultimate failure load test. A discussion of the specimen performance compared to previously 

tested sub-assemblage adhesion-based connection specimens is included. 

4.2 Horizontal Shear Push-off Specimens 

4.2.1 Concrete Strengths 

The horizontal shear push-off specimens were cast in three batches and each had a bottom 

section and top section that were placed at separate times, meaning that concrete was ordered six 

separate times to complete construction. Three of the deliveries were for 8000 psi concrete and 

the other three were 4000 psi concrete. The same mix design was used for all the concrete of 

each strength, but small variations in actual component values lead to variations in the concrete 

strengths.  

 

 

Table 4.1 shows the compressive strength of the top and bottom sections in each batch at the 

time of testing. All three of the cast-in-place concrete mixes reached a compressive strength of 

over 4000 psi, but only one of the precast mixes achieved a compressive strength over 8000 psi. 

Further information about the mix proportions and graphs of the strength over time can be found 

in Appendix B.  
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Table 4.1: Horizontal shear push-off specimens concrete compressive strength for all batches 

Batch 
Included 

Specimens 

Theoretical 

Strength 

Strength at  

28-days 

Strength at 

Time of Testing 

1 

CH-3.5-TC-01 

CH-3.5-TC-02 

CH-3.5-TC-03 

RK-1-01 

RK-1-02 

RK-1-03 

8000 psi 

(Precast) 
8140 psi 8750 psi 

4000 psi 

(Cast-in-place) 
5530 psi 5950 psi 

2 

RG-1-01 

RG-1-02 

RG-1-03 

TG-1.5-01 

TG-1.5-02 

TG-1.5-03 

RK-2-01 

RK-2-02 

RK-2-03 

RK-3-01 

RK-3-02 

RK-3-03 

8000 psi 

(Precast) 
6290 psi 6760 psi 

4000 psi 

(Cast-in-place) 
4100 psi 4400 psi 

3 

TG-3-01 

TG-3-02 

TG-3-03 

SK-2.5-01 

SK-2.5-02 

SK-2.5-03 

CH-3.5-PL-01 

CH-3.5-PL-02 

CH-3.5-PL-03 

EA-01 

EA-02 

EA-03 

8000 psi 

(Precast) 
7220 psi 7800 psi 

4000 psi 

(Cast-in-place) 
4440 psi 4520 psi 
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4.2.2 Push-off Results 

This section provides an analysis of typical data from one horizontal shear push-off test, 

summarize the results of all tests, compare the outcomes to those obtained by other researchers 

and expected values, and discuss the significance of the results. Complete results from the testing 

of each specimen can be found in Appendix D.  

 

Analysis of Typical Results 

Each test proceeded in the same manner, which produced results that appear very similar. An 

example of a load versus time plot is shown in Figure 4.1. This plot, created for specimen TG-

1.5-02, contains data from both the horizontal applied load and the vertical clamping force in the 

harness. The horizontal applied load is just the direct output from the load cell included in the 

test set-up. The vertical clamping force is a sum of the readings from the strain gauges on all four 

rods used in the clamping harness. The plots show that the test initially proceeded with the 

applied load increasing at a steady rate and the clamping force remaining constant. As the load 

reached its peak and the interface failed in shear, the clamping force in the harness increased 

slightly. This was mainly due to dilation of the interface crack and not from the rods elongating 

due to skew, as the harness rods were designed to remain vertical even as the top and bottom 

sections deflected horizontally respective to one another. 
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Figure 4.1: Plot of Load vs. Time for Horizontal Shear Push-off Specimen TG-1.5-02 

Figure 4.2 shows a typical load versus slip plot, also from the test of TG-1.5-02. The slip is 

calculated by averaging all four of the LVDTs that were installed on each specimen. As the 

applied load initially increased, zero movement was induced across the shear interface, although 

a small amount of slip appears as the applied load neared its peak value. A corresponding slight 

increase in the clamping force was observed with the marginal amount of slip, caused by dilation 

of the interface. Once the peak load was surpassed, the load decreased by over 50% while the 

slip increased drastically. As the load was reengaged, the slip increased while the load remained 

constant, showing that the interface could not resist further load. The clamping force increased a 

slight amount when the interface fractured but did not increase further after the load reengaged 

and the slip increased, showing that the harness was designed correctly and only showed increase 

in force when the interface dilated.  
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Figure 4.2: Plot of Load vs. Slip for Horizontal Shear Push-off Specimen TG-1.5-02 

Summary of Results 

As seen in both Figure 4.1 and Figure 4.2, the strength of the specimen drastically decreases 

once the interface fractures and the small residual strength is a function of the normal force 

applied to the specimen. This means that the interface only has a usable horizontal shear strength 

before fracture.  

 

Table 4.2 shows the fracture stress for each specimen and averages for each type. Figure 4.3 is a 

set of box plots which show the mean and spread of the data for each texture type. 
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Table 4.2: Horizontal shear push-off specimen fracture loads 

Texture Type 
Specimen 

Names 

Specimen Fracture 

Stress 

Average Fracture 

Stress for Texture 

Raked 1 in 

RK-1-01 419 psi 

373 psi RK-1-02 354 psi 

RK-1-03 346 psi 

Raked 2 in 

RK-2-01 275 psi 

246 psi RK-2-02 258 psi 

RK-2-03 204 psi 

Raked 3 in 

RK-3-01 303 psi 

321 psi RK-3-02 306 psi 

RK-3-03 353 psi 

Rectangular Grooves 

RG-1-01 328 psi 

298 psi RG-1-02 287 psi 

RG-1-03 279 psi 

Trapezoidal Grooves 1.5 in 

TG-1.5-01 44 psi 

393 psi TG-1.5-02 409 psi 

TG-1.5-03 327 psi 

Trapezoidal Grooves 3 in 

TG-3-01 341 psi 

365 psi TG-3-02 385 psi 

TG-3-03 370 psi 

Cross Hatch TuffCoat® 

CH-3.5-TC-01 473 psi 

414 psi CH-3.5-TC-02 383 psi 

CH-3.5-TC-03 387 psi 

Cross Hatch Plastic 

CH-3.5-PL-01 Data Not Available 

261 psi CH-3.5-PL-02 276 psi 

CH-3.5-PL-03 245 psi 

Square Knobs 

SK-2.5-01 347 psi 

321 psi SK-2.5-02 276 psi 

SK-2.5-03 339 psi 

Exposed Aggregate 

EA-01 272 psi 

302 psi EA-02 282 psi 

EA-03 353 psi 
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Figure 4.3: Interface fracture stress for surface roughening for horizontal shear push-off specimens 

The highest average interface shear stresses were produced by the cross hatch that was de-

bonded with TuffCoat®, 414 psi, and the trapezoidal grooves that were spaced 1.5 in., 393 psi. 

Both textures include sharp angles and were designed such that the surface area of the raised 

areas are equal to those of the lowered. TuffCoat® was utilized for de-bonding in both textures, 

which helped to preserve the sharp edges and keep the pore structure of the concrete more open, 

unlike a plastic coating.  

 

The raked 1 in. texture and the trapezoidal grooves 3 in. both performed well, achieving fracture 

stresses over 350 psi. Closely spaced rakes, even though they do not feature sharp edges, are 

closer to achieving an equal surface area of raised and lowered areas. The trapezoidal grooves, 

although they did not feature equal surface areas of raised and lowered sections, did have sharp 

edges that helped to raise the fracture stress. 
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The rectangular grooves, square knobs, raked 3 in. and exposed aggregate all achieved adequate 

fracture stresses, around 300 psi. The rectangular grooves were damaged during construction, 

and so the fracture stress of the fully intact structure is likely well above the level it obtained 

during these tests. The square knobs featured two specimens that broke at nearly 350 psi with an 

outlier near 280 psi, which means that given further testing this texture might prove to be closer 

in stress to the trapezoidal grooves 3 in. The features of the square knobs, sharp edges but not 

equal in raised and lowered textures, is closer to that of the trapezoidal, so it is a possibility that 

it could display a higher average stress with further refinement of the pattern and testing. The 

raked 3 in. does not have close spacing or equal areas, although it does have defined 0.25 in. 

grooves which meant that it produced a fracture stress higher than that of the exposed aggregate, 

which does not have any regular ridges.  

 

The cross hatch texture with the plastic used for de-bonding, which was used by Edwin (2017), 

produced one of the lowest interface shear stresses at fracture, with an average of only 261 psi. 

This value is very low, especially when compared to the 414 psi average that was achieved by 

the cross hatch texture with TuffCoat® used for de-bonding. Using plastic as a de-bonding agent 

decreased the shear strength of the texture by 150 psi. The effects can also be seen in the state of 

the interface after testing. Figure 4.4 shows the top and bottom sections for a specimen from both 

the plastic de-bonded cross hatch and the TuffCoat® de-bonded cross hatch. It is clearly shown 

that the interface of the TuffCoat® de-bonded cross hatch had much more interaction between 

the sections, whereas the plastic de-bonded cross hatch looks as though the sides merely slid 

apart.  
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Figure 4.4: Interface of bottom and top sections of cross hatch specimens after testing 

The results support the notion that an increase in spacing produces lower horizontal shear 

strength, especially when looking at the trapezoidal grooves textures. The trapezoidal grooves 

1.5 in. achieved an average horizontal shear strength of 393 psi, but the trapezoidal grooves 3 in. 

only reached 365 psi.  

 

The results from the raked textures do not fully support this relationship though. The raked 1 in. 

texture had an average shear stress at fracture of 373 psi, and the raked 3 in. texture had an 

average shear stress at fracture of 321 psi, meaning that the smaller spacing between 0.25 in. 

deep rakes produces a larger shear stress. The raked 2 in. unfortunately does not follow the 

pattern, as its average shear stress at fracture was 246 psi, much lower than that of the raked 3 in. 

All three sets of specimens were produced in the same manner, and the raked 2 in. and raked 3 

in. were both part of Batch 2, so production method nor concrete composition can be to blame. It 

is evident in the pictures of the interfaces after testing for the raked 2 in. and the raked 3 in., 

shown in Figure 4.5, that there was more interaction between the sections in the raked 3 in. 

specimen. There aren’t any features within the raked 2 in. specimen, such as large air bubbles, 

that would explain why it would have interacted less or why the raked 3 in. would have 

interacted more. More data is needed to determine if the discrepancy is a fluke or not. 

 

   Top               Bottom 

CH-3.5-TC-03 

   Top               Bottom 

CH-3.5-PL-03 
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Figure 4.5: Interface of bottom and top sections of raked specimens after testing 

Results Compared to Scott (2010) 

Scott (2010) tested three specimens without reinforcement across the interface constructed from 

roughly 8000 psi concrete on the bottom and roughly 6000 psi concrete on the top. The size and 

shape of the specimens were identical to those tested in this research. The interface was 

described as “raked to an amplitude of 0.25 in.” and, from inspections of the photographs, it 

appears as if the spacing was somewhere between 0.5 and 0.75 in. A normal force of 2.5 kips 

was applied during testing. The three specimens had interface fracture stresses of 398 psi (153 

kips), 417 psi (160 kips), and 406 psi(156 kips), averaging at 407 psi [25]. The 407 psi average 

from Scott is very similar to the 373 psi average stress from the raked 1 in. in this research when 

the smaller spacing and larger normal force are taken into consideration. The results from both 

studies are consistent. 

 

Results Compared to AASHTO LRFD Bridge Design Specifications 

Two situations in AASHTO LRFD section 5.7.4.4 could apply to these specimens, if the 

minimum reinforcing has been provided, which it has not been. The first is for cast-in-place 

concrete slabs placed on intentionally roughened girders, which would mean the following 

predicted strength: 

   Top               Bottom 

RK-2-03 

   Top               Bottom 

RK-3-03 
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Vni = cAcv + μ(Avffy + Pc) = (0.28 ksi)(384 in2) + (1.0)(0 kips + 15 kips) = 𝟏𝟐𝟑 𝐤𝐢𝐩𝐬

≤ min {
K1f ′

cAcv

K2Acv
} = min {

(0.3)(4 ksi)(384 in2)

(1.8 ksi)(384 in2)
} = min {

461 kip
691 kip

} = 461 kips 

 
123 kips

384 in2
= 𝟑𝟐𝟎 𝐩𝐬𝐢 

 

The second is for normal weight concrete placed on an intentionally roughened concrete surface 

and predicts the following strength: 

 

Vni = cAcv + μ(Avffy + Pc) = (0.24 ksi)(384 in2) + (1.0)(0 kips + 15 kips) = 𝟏𝟎𝟕 𝐤𝐢𝐩𝐬

≤ min {
K1f ′

cAcv

K2Acv
} = min {

(0.25)(4 ksi)(384 in2)

(1.5 ksi)(384 in2)
} = min {

384 kip
691 kip

} = 384 kips 

 
107 kips

384 in2
= 𝟐𝟕𝟗 𝐩𝐬𝐢 

 

The first prediction, for normal weight concrete on girders, is at about the average fracture stress 

for all specimens combined (330 psi). Only four textures reached an average fracture stress 

higher than the predicted 320 psi: raked 1 in., trapezoidal grooves 1.5 in. and 3 in., and cross 

hatch de-bonded with TuffCoat®. The second prediction, for normal weight concrete not on 

girders, is conservative for some of the better performing textures but is higher than those that 

underperformed, such at the cross hatch de-bonded with plastic and the raked 2 in.  

 

Selected Texture for Virginia Inverted T-Beam Sub-Assemblage Specimen 

Several factors were considered when selecting the texture to be utilized for the sub-assemblage 

specimen. Looking specifically at the two textures with the highest average shear stresses, the 

cross hatch with TuffCoat® and the trapezoidal grooves 1.5 in., a few differences in the textures 

helped to make the decision. First, two of the three cross hatch specimens failed at about 385 psi 

with an outlier at approximately 470 psi, whereas two out of the three trapezoidal groove 

specimens failed above 400 psi with the outlier at about 330 psi. More tests would need to be 

done to confirm this trend, but it is possible that the trapezoidal grooves texture could outperform 
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the cross hatch texture. Second, the trapezoidal grooves proved to be easier to construct. Lastly, 

trapezoidal grooves have been previously utilized on a constructed Virginia Inverted T-Beam 

bridge, and so the trapezoidal grooves 1.5 in. texture was chosen for use in the sub-assemblage 

specimen. 

4.3 Virginia Inverted T-Beam Sub-Assemblage Specimen 

4.3.1 Concrete Strengths 

The bottom precast beams were constructed using an 8000 psi concrete mix, and the top cast-in-

place slab was constructed using a 4000 psi concrete mix. The plots of the compressive strength 

over time for both mixes are shown in Figure 4.6 and Figure 4.7. The precast mix was just below 

8000 psi when the cyclic tested was started but increased in strength to just above 8000 psi by 

the time of the monotonic test to failure. The cast-in-place mix never reached 4000 psi but was 

very close. 

 

 

Figure 4.6: Compressive strength of Inverted T-Beam 4000 psi concrete mix 
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Figure 4.7: Compressive strength of Inverted T-Beam 8000 psi concrete mix 

4.3.2 Monotonic Test Results 

The cyclic testing was paused at different increments to perform monotonic tests to compare the 

response of the specimen at different times within the life-span in terms of deflection, strain in 

the reinforcement, and interface crack opening. Tests were done after the following number of 

cycles: 0, 10, 100, 1000, 10000, 100000, 300000, 500000… 3500000, 3650000. The monotonic 

tests were not always performed after the exact amount of cycles were performed, but the actual 

number is reported with the data from each individual test in Appendix E. To evaluate the 

changes in response of the specimen at different numbers of cycles, five monotonic tests were 

chosen to be compared: 10000, 500000, 1500000, 2500000, and 3650000. 

 

Four LVDTs were installed on the specimen to track the dilating of the interface between the 

precast and cast-in-place sections of the specimen along the sloped sides. All throughout the 

cyclic tests, these instruments only recorded zero opening meaning that the interface remained 

fully bonded. The data from these is not discussed further in this section, but can be found in 

Appendix E. 

 

After the monotonic test at 3300000 cycles, hairline cracks were observed along the centerline 

on both sides of the specimen, extending from the precast sections flange joint to the top of the 

cast-in-place slab. 
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Figure 4.8: Inverted T-Beam cyclic testing – total vertical load vs. deflection of center of specimen 

The applied load versus the deflection of the center of the specimen, as reported by the north 

middle wire pot, for each of the five cycles is shown in Figure 4.8. The data from all the cycles is 

very similar with most of the data overlapping, and so trend lines have been provided for each 

data set so that they can be more easily discernable. The trend lines vary slightly, with slopes 

ranging from 1000 kip/in to 2000 kip/in. The data with the shallowest slope, and therefore lowest 

stiffness, is from the earliest test which suggests that the small changes in slope are from 

instrument variability, not from stiffness decreasing over time. Essentially, there was no 

discernable change in the deflection response of the specimen between the beginning and end of 

the cyclic testing. 
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Figure 4.9: Inverted T-Beam cyclic testing – total vertical load vs. reinforcement strain, precast 

The applied load versus the reinforcement strain in the precast sections, reported by the precast 

north-east strain gauge, is shown in Figure 4.9. The data is even more consistent across cycles 

than the deflection data, with the data points falling into a tighter band. The distribution has a 

slope of approximately 2 kip/με. This graph shows that the strain levels within the precast 

sections did not change throughout the cyclic testing. 
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Figure 4.10: Inverted T-Beam cyclic testing – total vertical load vs. reinforcement strain, cast-in-place 

The applied load vs. reinforcement strain in the cast-in-place slab, reported by the cast-in-place 

east strain gauge, is shown in Figure 4.10. The data from the first four monotonic tests is still 

very consistent, although each test showed a slight increase in the maximum strain in the 

reinforcement. The test at 10000 cycles has a slope of 0.5 kip/με, and the test at 2500000 cycles 

has a slope of 0.225 kip/με. The values for the test at 3650000 cycles are drastically different; the 

slope is approximately 0.056 kip/με, which is an order of magnitude different from the first four 

tests.  
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Figure 4.11: Inverted T-Beam cyclic testing – total vertical load vs. joint opening between precast sections 

The applied load versus joint opening between the precast sections, reported by the east middle 

LVDT, is shown in Figure 4.11. This plot has the same trend as the previous, showing that the 

central joint between the precast beams began opening approximately five times more than 

during the first four tests. The first four tests have a slope of approximately 40000 kip/in, and the 

last has a slope of 8000 kip/in. The increase in the opening of the joint corresponds to the 

increase in reinforcement strain in the cast-in-place slab.  

 

It is apparent from the data that something changed within the specimen that increased the 

reinforcement strain in the cast-in-place slab and the joint opening. Cracking around the joint 

between the precast beams could have caused the changes as small cracks would affect local 

behavior, such as reinforcing strain in the cast-in-place and crack widths, but would not affect 

global behaviors, like deflection. This is supported by the presence of the hairline cracks found 

along the centerline on both sides of the specimen. 
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4.3.3 Theoretical Cracking Calculations 

To determine if cracking was to be expected in the specimen at service loading, a theoretical 

calculation of the cracking moment was performed. A split tensile test was performed for the 

4000 psi cast-in-place concrete mix after the completion of testing and it was found that the 

tensile strength of the concrete was 320 psi. Using this value, as well as the known compressive 

strength and geometry of the specimen, the cracking moment was calculated using the software 

Response-2000. For the purposes of the analysis, it was assumed that the height of the section 

was from the top of the cast-in-place slab to the top of the precast flanges because the flanges 

were not connected in any manner and thus contributed no strength to the section. All inputs and 

results from Response-2000 can be found in Appendix F. The analysis resulted in a cracking 

moment of 97 kip-ft. By assuming the weight as an uniformly distributed load, (150 lb./ft.3)(4 

ft.)(25.5 in) = 1.275 kip/ft., the moment was calculated as such:  

 

𝑀𝑆𝑒𝑙𝑓 =
(1.275 

𝑘𝑖𝑝
𝑓𝑡

) (6 𝑓𝑡)2

2
= 23 𝑘𝑖𝑝 − 𝑓𝑡 

 

The corresponding cracking load can be solved for using the knowledge that, for this test set-up, 

the moment at the center of the specimen due to the applied load is equal to half of the total load, 

X, multiplied by the distance between the support and the load points. Therefore: 

 

𝑋𝑌𝑖𝑒𝑙𝑑

2
(3 𝑓𝑡) = 97 − 23 𝑘𝑖𝑝 − 𝑓𝑡 

𝑋𝑌𝑖𝑒𝑙𝑑 = 49 𝑘𝑖𝑝 

 

This cracking load is almost 20 kips larger than was applied to the specimen, so the beam would 

not have cracked during the cyclic loading if it had been in original condition. Since cracking did 

occur during service level loading, it is possible that the accumulation of damage throughout the 

cyclic loading allowed for cracks to appear at lower loads than expected. Microcracking at the 

center of the specimen most likely lead to a weakening of the tensile capacity of the concrete and 

the cracking of the specimen. 



 

73 
 

4.3.4 Ultimate Failure Test Results 

After the 3.65 million cycles were completed, the test set-up was altered to include a 200 kip 

hydraulic cylinder and a monotonic test was performed until failure occurred. The ultimate total 

vertical load achieved by the specimen was 130 kips and the failure mode was flexural cracking 

and fracture of the central reinforcing bars in the cast-in-place slab. Figure 4.12 and Figure 4.13 

show the cracking on the east and west sides of the specimen after failure.  

 

  

Figure 4.12: Inverted T-Beam Failure – East Side Figure 4.13: Inverted T-Beam Failure – West Side 

The following observations were made during the test: 

▪ The interface between the precast and cast-in-place sections on the south side of the 

specimen appeared to have cracks along the full surface (including the flange, sloped 

web, and level upper surface) at the 50 kip level. 

▪ The interface between the precast and cast-in-place section on the north side of the 

specimen appeared to have cracks along the full surface at the 70 kip level. 

▪ Small chunks of concrete were observed falling from along the centerline of the specimen 

at 113 kips and 126 kips. 

▪ Several of the wire pots along the bottom of the specimen had failures of their epoxy glue 

towards the end of the test such that there was not a measurement of the deflection of the 

center of the specimen being recorded, so a manual recording was taken at 130 kips. 

▪ The specimen failed by way of a large crack in the cast-in-place slab above the precast 

joint and the failure of center reinforcing within the cast-in-place slab at 130 kips, marked 

by an audible popping noise and a drop of the load to about 80 kips. 
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Figure 4.14: Inverted T-Beam failure – combined vertical load vs. deflection of specimen 

The deflection of the bottom of the specimen during the failure testing is shown in Figure 4.14. 

Several of the wire pots fell during the early stages of the test and others were observed to have 

strings that became stuck while retracting, therefore only two wire pots gave viable data: the 

north support and the north quarter point. The manually recorded deflection taken of the center 

of the specimen, in line with the north middle wire pot, is also included on the plot. The final 

deflection of the specimen in the center is very similar to the final deflection of the quarter point, 

as was found to be true during the monotonic tests, so it can be assumed that the north quarter 

point reading had the same patterns as the mid span deflection. For the first 63 kips of the test, 

the trend was very linear elastic, following the same path even as the load dropped during the 

pauses at every 10 kips. This portion has a slope of 2000 kip/in, which is the same as the upper 

trend line found in the cyclic data. At 63 kips, the deflection increased 0.1 in. while the load 

remained steady then the load and deflection increased together again, but at a less-steep slope. 

The trend remained linear until about 125 kips of load and 0.5 in. of deflection, where the trend 
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rounded out and began to decline. The specimen failed as soon as the load returned to 130 kips 

after the pause for inspection. 

 

 

Figure 4.15: Inverted T-Beam failure – combined vertical load vs. joint opening between precast sections 

The measured opening of the joint between the precast sections, as reported by the east middle 

LVDT, is shown in Figure 4.15. The trend of this graph mirrors that of the deflected shape graph, 

with an initial linear elastic section until 50 kips, a slight decrease in slope until 63 kips, and a 

much less steep section until flattening out and failing at 130 kips. The first slope is very similar 

to the 8000 kip/in that characterized the response during the 3650000-cycle monotonic test. The 

maximum joint opening was 0.75 in. before failure and 0.92 in. after failure.  
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Figure 4.16: Inverted T-Beam failure – combined vertical load vs. reinforcement strain, cast-in-place 

The reinforcement strain in the cast-in-place section, as reported by the cast-in-place east strain 

gauge, is shown in Figure 4.16. The strain shows that the reinforcement is linear elastic until 

about 50 kips when yielding begins. The linear section has a slope of 0.062 kip/με, which is very 

close to the 0.056 kip/με from the 3650000 test. The trend plateaus at about 63 kips and the 

strain increases without a load increase until the strain gauges break at approximately 10800-με. 

εy Maximum strain that gauge 

is capable of reading 
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Figure 4.17: Inverted T-Beam failure – combined vertical load vs. reinforcement strain, precast 

The reinforcement strain in the precast section, as reported by the precast north-east strain gauge, 

is shown in Figure 4.17. Up to about 63 kips, the strain linearly increases to about 24-με a slope 

of 2.5 kip/με. This is very similar to the slope of 2 kip/με that was found for the monotonic tests. 

After 63 kips, the strain decreases to around 22-με until it begins to fall off at around 100 kips. 

This decrease occurs much sooner than the deflection or joint opening begin to change, which 

shows that the load path within the specimen really started to change earlier than the deflection 

would suggest.  

 

The data shows that the specimen behaved in a linear manner until 63 kips, although the 

reinforcement strain in the cast-in-place section and the joint opening data show that the 

reinforcing was beginning to yield at about 50 kips. The specimen began to displace more 

quickly after 120 kips and ultimately failed at 130 kips.  



 

78 
 

4.3.5 Comparison to Previous Adhesion-Based Connection Specimen Tests 

Three adhesion-based connection sub-assemblage specimens with different reinforcing 

configurations were tested by Menkulasi (2014). Those specimens failed at loads that ranged 

from 90 to 240 kips, but the specimen most similar to that tested in this research is the one that 

failed at 240 kips. Both of the specimen tested by Menkulasi and that of this research failed by 

way of a large crack in the cast-in-place topping above the joint of the precast flanges [3]. The 

110 kip difference between the strength of the specimens can be attributed to the effects from the 

cyclic testing.  

 

An adhesion-based connection sub-assemblage specimen, identical to the one tested in this 

research other than the interface roughening, was tested by Edwin (2017) in the same manner as 

conducted in this research. Similar data was collected in this study as was by Edwin and Table 

4.3 summarizes how the values compare. The slopes of the data from the beginning cycles and 

the end cycles, and slopes were estimated where they weren’t given in Edwin (2017) [8]. 

 

Table 4.3: Inverted T-Beam data comparison with Edwin (2017) 

 
Edwin (2017) This Research 

Beginning End Beginning End 

Slope of Load vs. Deflection Curve (kip/in) 2797 1956 1000 2000 

Slope of Load vs. Joint Opening (kip/in) 45000 30000 40000 8000 

Slope of Load vs. Precast Strain (kip/με) 1.5 1.5 2 2 

Slope of Load vs. Cast-in-Place Strain (kip/με) 0.7 0.7 0.5 0.056 

 

The values in the table show many similarities between the specimens. The slopes of the Edwin 

specimen are all steeper than those in this research except for the precast strain. This means that 

the Edwin specimen experienced smaller displacements, joint openings, and reinforcement 

strains in the cast-in-place section, but higher reinforcement strain in the precast section. The 

Edwin specimen also did not have changes in the values between the beginning and end cycles as 

large as this research, showing that it did not suffer the same cracking that the specimen in this 

research did. The values for slope of the load vs. deflection curves the two specimens are 
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especially different at the beginning, but they are very close at the end. This is most likely due to 

a variation in the instrumentation readings.  

 

The failure of the Edwin specimen happened at 63 kips and was due to a shear failure of the 

textured interface between the precast and cast-in-place sections. This value is less than half of 

the strength achieved by the specimen in this research. The shear failure is much less desirable 

than a flexural one as it is much more sudden and brittle. Both specimens featured yielding of the 

central reinforcing in the cast-in-place slab at approximately 63 kips, showing that the nominal 

construction of the specimens was the same and just the response to the yielding varied. As the 

reinforcement yielded, alternate pathways would need to be found for further load to be carried 

and the change in load path exposed the interface of the Edwin specimen as too weak to support 

those paths. The horizontal shear strength of the interface of the specimen in this research was 

enough to allow the alternate load paths which lead to an increase in the failure load over that of 

the Edwin specimen.  

 

Table 5 compares the cracking and failure loads of the three Virginia Inverted T-Beam sub-

assemblage specimens from Menkulasi, Edwin, and this research. The factor of safety for each 

load was calculated by dividing the load by the service load of 30 kip. It is easy to see that the 

only specimen that was not subjected to cyclic loading, Menkulasi (2014) Specimen 5, exhibited 

both a much higher cracking strength and a much higher ultimate strength. The factor of safety 

for the specimen in this research for ultimate is not as high as that of the Menkulasi specimen, 

but is still adequate at 4.3.  

 

Table 4.4: Comparison of loads and factors of safety for Virginia Inverted T-Beam sub-assemblage tests 

 
Cracking Ultimate 

Load (kip) Factor of Safety Load (kip) Factor of Safety 

Menkulasi (2014) Specimen 5 70 2.3 240 8.0 

Edwin (2017) “No Connection” 40 1.3 63 2.1 

This Research 30 1.0 130 4.3 
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4.3.6 Theoretical Yield and Failure Calculations 

To determine if the specimen failure was to be expected at 130 kips and the effects of the cyclic 

loading, a theoretical calculation of the yielding and failure loads was performed. The same 

software that was used for the theoretical cracking calculation, Response-2000, and the same 

inputs were used for these calculations. All inputs and results from Response-2000 can be found 

in Appendix F. The calculation of yield resulted in a value of 173 kip-ft. and the ultimate in a 

value of 253 kip-ft. The self-weight moment that was calculated in the theoretical cracking 

calculation section remains the same, and so the yield load and ultimate load were calculated as 

follows: 

𝑋𝑌𝑖𝑒𝑙𝑑 =
173 − 23 𝑘𝑖𝑝 − 𝑓𝑡

3 𝑓𝑡
2

= 100 𝑘𝑖𝑝 

𝑋𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 =
253 − 23 𝑘𝑖𝑝 − 𝑓𝑡

3 𝑓𝑡
2

= 153 𝑘𝑖𝑝 

 

The actual failure load of 130 kip is directly between the theoretical yield load of 100 kip and 

ultimate load of 153 kip. The difference between the theoretical ultimate and actual failure loads 

is most likely due to the cyclic loading, although the use of an assumed reinforcement load vs. 

strain profile could have also contributed to the difference. 
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CHAPTER 5: SUMMARY, CONCLUSIONS, AND 

RECOMMENDATIONS  

5.1 Summary 

Accelerated Bridge Construction (ABC) is a method of bridge construction or repair that aims at 

decreasing the duration of time that existing traffic patterns are disrupted. One type of ABC is 

the Virginia Inverted T-Beam bridge system, the concept of which started out as a beam-slab 

system being used in France and was refined at the University of Minnesota and Virginia Tech. 

Two variations of the system are in use today, the welded flange connection and the adhesion-

based connection, with the former approved for use in high traffic areas and the latter approved 

for low traffic areas. The adhesion-based connection is much easier and cheaper to construct, and 

so approval for its use in high traffic areas was desired. The approval hinged on the ability of 

tests to prove that the adhesion-based connection could maintain a high ultimate failure strength 

after the fatigue of a 50 year design life.  

 

Cyclic tests were performed on the two different connection configurations. Each specimen 

underwent an equivalent 50 year design life of service loading and then was tested for an 

ultimate failure load. The welded connection specimen performed adequately, but issues with the 

selected surface roughening lead to a premature failure of the adhesion-based connection 

specimen at only 63 kips, roughly 30 kips less than desired. It was suspected that the failure was 

caused by a lack of shear strength across the interface between the precast and cast-in-place 

sections. It was recommended that an investigation be done into what surface roughening 

methods produced adequate shear strength and that the cyclic testing be redone on a new 

specimen with a better interface connection.  

 

The first phase of this research consisted of testing 10 different surface roughening textures to 

determine the attributes that contribute to higher shear strength. A total of 30 horizontal shear 

push-off specimens with an interface area of 384 in2 were constructed and tested. An average 

interface fracture stress was found for each texture type and the values compared. The texture 

utilized for the previous sub-assemblage specimens, a cross hatch pattern de-bonded from the 
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form with plastic, was found to have one of the lowest fracture stresses, and a trapezoidal 

grooves texture with 1.5 in. spacing was recommended for the new sub-assemblage specimen. 

 

The second phase of this research began with the construction of an adhesion-based connection 

sub-assemblage specimen with the trapezoidal grooves texture. The specimen was then subjected 

to 3,650,000 loading cycles to simulate 50 years of design life, followed by an ultimate failure 

load test. The specimen failed by way of a flexural crack in the center of the specimen at 130.4 

kips. The behavior of the specimen up to the previous level of failure is very similar except that 

the previous specimen did not gain strength after the reinforcement began to yield.   

5.2 Conclusions 

5.2.1 Horizontal Shear Push-off Specimens 

The following conclusions were made using the data that was discussed in section 4.2 Horizontal 

Shear Push-off Specimens: 

▪ The surface textures that produced the highest horizontal shear strengths featured sharp 

edges and equal amounts of surface area allotted at the high and low points of the texture. 

▪ The horizontal shear strength is dependent upon the spacing of the grooves; the closer 

they are, the higher the strength. 

▪ For applications where horizontal shear strength is desired in two perpendicular 

directions, a cross hatch type texture can be used without sacrificing the strength in the 

first direction. 

▪ Raked textures are adequate if the spacing is small (1-in) but the nature of the production 

of the texture increases the variability in the quality of the texture and therefore the 

strength. 

▪ Exposed aggregate texture strengths are highly dependent upon the aggregate type and 

size used within the concrete mix. 

▪ The type of de-bonding method used to produce manufactured type textures matters; the 

application of a TuffCoat® spay worked much better than plastic sheeting for textures 

produced out of plywood sheeting, although care must also be taken when producing 

textures with other mediums to ensure that the edges of the texture remain sharp. 
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5.2.2 Virginia Inverted T-Beam Sub-Assemblage Specimen 

The following conclusions were made using the data that was discussed in section 4.3 Virginia 

Inverted T-Beam Sub-Assemblage Specimen: 

▪ The degradation of the interface over a 50 year design life will decrease the ultimate 

failure strength of the Virginia Inverted T-Beam bridge system featuring an adhesion-

based connection as compared to the original strength. 

▪ Flexural type failures occur at higher loads than shear type failures. 

▪ A surface treatment that has an adequate horizontal shear strength is necessary to achieve 

a flexural type failure. 

▪ When an adequate surface treatment is used on the interface between the precast and cast-

in-place sections, the Virginia T-Beam bridge system does have enough strength at the 

end of a 50 year design life to warrant approval for high daily traffic bridges. 

5.3 Recommendations 

5.3.1 Interface Roughening Methods 

Currently, very little guidance is given designers and constructors on how to produce sufficient 

shear strength besides requiring 0.25 in. amplitude of roughening. Suggestions about what 

shapes and spacing of the roughening are adequate for different situations are given below. 

 

For situations where the bond between a precast section and a cast-in-place slab is critical to the 

performance of the system, such as in the adhesion-based connection version of the Virginia 

Inverted T-Beam bridge system, the use of the following interface roughening methods are 

recommended: 

▪ For surfaces cast against formwork, such as sloped webs and flanges (provided that the 

integrity of the texture is preserved during form removal): 

- Trapezoidal grooves, spaced a maximum of 3 in. 

- Cross hatch, spaced 3.5 in. 

- Straight sided grooves, spaced 1 in. 

▪ For the surfaces exposed during casting, such as the tops of the beams: 

- Raked grooves, spaced a maximum of 1 in. 
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For situations where the bond between a precast section and a cast-in-place slab is not critical to 

the performance of the system, such as in the welded connection version of the Virginia Inverted 

T-Beam bridge system, the use of the following interface roughening methods are recommended: 

▪ For surfaces cast against formwork, such as sloped webs and flanges: 

- Square knobs, spaced 2.5 in. 

- Exposed aggregate 

▪ For surfaces exposed during casting, such as the tops of beams: 

- Raked grooves, spaced a maximum of 3 in. 

5.3.2 Virginia Inverted T-Beam Bridge System 

The adhesion-based connection version of the Virginia Inverted T-Beam bridge system is 

recommended for use in high daily traffic areas.  

5.3.3 Future Research 

More data is needed to determine if the non-linear relationship between spacing and shear 

strength that appeared with the raked specimens was in fact a fluke. Testing more specimens 

with different spacing patterns would help reveal if an increase in spacing does cause a decrease 

in shear strength, or if unpredictability is simply an aspect of the texture type. Additional 

research should be conducted to ensure that formed surface textures produced at precast plants 

with metal forms produce the same shear strengths as those produced in the laboratory with 

plywood forms.  
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APPENDIX A: REINFORCEMENT DETAILS 

 

Horizontal Shear Push-off Specimens Reinforcing Cage Specifications 

 

 

 

Each cage (two cages per specimen) requires two of each Main Bars – A, Main Bars – B, and 

Center Bars, and three of each Leg Stirrups and Chimney Stirrups. 
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Virginia Inverted T-Beam Sub-Assemblage Specimen Reinforcing Cage Specifications 
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Mark Size Bend Length 
Wt. 

each, lbs 

No. 

Required 

Total Wt., 

lbs 
Type 

601 #6 601 12’-10.5” 19.34 4 77.4 A615 Gr60 

602 #6 602 12”-5” 18.65 5 93.2 A615 Gr60 

401 #4 401 9’-8” 6.46 8 51.7 A615 Gr60 

402 #4 402 2’-0.5” 1.36 25 34.1 A615 Gr60 

403 #4 STR 11’-8” 7.79 4 31.2 A615 Gr60 

404 #4 STR 3’-8” 2.45 50 122.5 A615 Gr60 

406 #4 406 6’-8.5” 4.48 6 26.9 A615 Gr60 
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APPENDIX B: CONCRETE MIXES AND STRENGTHS 

Horizontal Shear Push-off Specimens Concrete Mix Designs 

 

4000 psi (Conrock Mix No. 2010-02-10) 

 

W/C Ratio – 0.44  

Theoretical Unit Weight – 144.84 lbs./ft3 

Air Content – 6.5% 

Slump – 2 to 4 in 

 

Cement – (Type I/II) 536 lbs. 

Fly Ash – 134 lbs. 

Sand – 1177 lbs. 

No. 57 Aggregate – 1773 lbs. 

Water – (35 gal.) 291.5 lbs. 

Air Entrainment – varies 

Retarder – varies 

Water Reducer - varies 

 

8000 psi (Conrock Mix No. 80003) 

 

W/C Ratio – 0.35  

Theoretical Unit Weight – 147.18 lbs./ft3 

Air Content – 5.5% 

Slump – 5 to 7 in. 

 

Cement – (Type I/II) 675 lbs. 

Microsilica – 53 lbs. 

Sand – 1444 lbs. 

#8 Aggregate – 1544 lbs. 

Water – (31 gal.) 259 lbs. 

Air Entrainment – varies 

Retarder – varies 

Water Reducer – varies  

Horizontal Shear Push-off Specimens Concrete Mix Proportions 

 

6/20/2017   8000 psi mix (3 yd3) 

 

Unit Weight – 144 lbs./ft3 

Air Content – 5.5% 

Slump – 2.5 in (3.5 in after added water) 

 

Note: mix was very stiff due to high 

temperature, so extra water was added 

#8 Aggregate – 4640 lbs. 

Sand – 4560 lbs. 

Cement – 1955 lbs. 

Water – 50 gal. (12 gal. wash, 4 gal. added) 

Air Entrainment – 3 fl. oz. 

Retarder – 68 fl. oz. 

Medium Range Water Reducer – 78 fl. oz. 
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6/20/2017   4000 psi mix (3 yd3) – Not Available  

 

8/2/2017   8000 psi mix (3 yd3) 

 

Unit Weight – NA 

Air Content – 5.2% 

Slump – 6.5 in  

 

 

 

#8 Aggregate – 4640 lbs. 

Sand – 4560 lbs. 

Cement – 1955 lbs. 

Water – 68 gal. (5 gal. wash) 

Air Entrainment – 6 fl. oz. 

Retarder – 68 fl. oz. 

Medium Range Water Reducer – 20 fl. oz. 

 

8/17/2017   4000 psi mix (3 yd3) 

 

Unit Weight – 148.4 lbs./ft3 

Air Content – 5% 

Slump – 3 in (4 in after added water) 

 

 

 

 

#8 Aggregate – 5320 lbs. 

Sand – 3580 lbs. 

Cement – 1610 lbs. 

Fly Ash – 400 lbs. 

Water – 103 gal. (7 gal. wash, added 5 gal.)) 

Air Entrainment – 7 fl. oz. 

Retarder – 101 fl. oz. 

Medium Range Water Reducer – 20 fl. oz.

 

9/12/2017   8000 psi mix (3 yd3) 

 

Unit Weight – NA 

Air Content – 6% 

Slump – 6 in  

 

 

 

#8 Aggregate – 4640 lbs. 

Sand – 4600 lbs. 

Cement – 1955 lbs. 

Water – 50 gal. (5 gal. wash, 10 gal. added) 

Air Entrainment – 3 fl. oz. 

Retarder – 68 fl. oz. 

Medium Range Water Reducer – 20 fl. oz. 
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10/3/2017   4000 psi mix (3 yd3) 

 

Unit Weight – NA 

Air Content – 5.9% 

Slump – 6.5 in 

 

 

 

 

#8 Aggregate – 5320 lbs. 

Sand – 3580 lbs. 

Cement – 1610 lbs. 

Fly Ash – 400 lbs. 

Water – 103 gal. (5 gal. wash) 

Air Entrainment – 7 fl. oz. 

Retarder – 101 fl. oz. 

Medium Range Water Reducer – 20 fl. oz. 

 

Horizontal Shear Push-off Specimens Concrete Compressive Strengths 
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Inverted T-Beam Sub-Assemblage Specimen Concrete Mix Designs 

 

4000 psi (Chandler Mix V40F) 

 

W/C Ratio – 0.42  

Theoretical Unit Weight – 145.7 lbs./ft3 

Air Content – 5% 

Slump – 2 to 4 in 

 

Cement – (Type I/II) 540 lbs. 

Fly Ash – 135 lbs. 

Sand – 1240 lbs. 

No. 57 Aggregate – 1736 lbs. 

Water –283 lbs. 

Air Entrainment – 1.10/C 

Retarder – 4.00/C 

 

 

8000 psi (Chandler Mix V80G) 

 

W/C Ratio – 0.33  

Theoretical Unit Weight – 148.9 lbs./ft3 

Air Content – 5.5% 

Slump – 5 to 7 in. 

 

Cement – (Type I/II) 475 lbs. 

Slag Cement – 317 lbs. 

Sand – 11347 lbs. 

No. 68 Aggregate – 1620 lbs. 

Water –262 lbs. 

Air Entrainment – 0.10/C 

Retarder – 2.00/C 

Water Reducer – 5.00/C  

Inverted T-Beam Sub-Assemblage Specimen Concrete Mix Proportions 

 

2/5/2018   8000 psi mix (3 yd3) 

 

Unit Weight – 150.7 lbs./ft3 

Air Content – 5.5% 

Slump – 6 in 

 

 

 

 

No. 68 Aggregate – 4840 lbs. 

Sand – 4180 lbs. 

Cement – 1430 lbs. 

Slag Cement – 1050 lbs. 

Water – 555 lbs. (141.9 lbs. wash) 

Air Entrainment – 2 fl. oz. 

Retarder – 47 fl. oz. 

Medium Range Water Reducer – 116 fl. oz. 
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2/9/2017   4000 psi mix (3 yd3) 

 

Unit Weight – 145.7 lbs. 

Air Content – 5.2% 

Slump – 2 in (4.5 in after added water) 

 

 

 

No. 57 Aggregate – 5260 lbs. 

Sand – 3780 lbs. 

Cement – 1610 lbs. 

Fly Ash – 410 lbs. 

Water – 570 lbs. (166.9 lbs. wash) 

Air Entrainment – 22 fl. oz. 

Retarder – 81 fl. oz.

 

Inverted T-Beam Sub-Assemblage Specimen Concrete Compressive Strengths 
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APPENDIX C: PRODUCT SPECIFICATIONS 
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APPENDIX D: HORIZONTAL SHEAR PUSH-OFF RESULTS 

 



 

D-104 

RK-1-01 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RK-1-01 

Texture Type Raked 1 in 

Amplitude 0.25 in 

Spacing 1 in 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 8754 psi 

Top: 5948 psi 

Interface Fracture 

Stress 
419 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 

     
 

Photo Not Available 
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RK-1-02 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RK-1-02 

Texture Type Raked 1 in 

Amplitude 0.25 in 

Spacing 1 in 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 8754 psi 

Top: 5948 psi 

Interface Fracture 

Stress 
353 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 

     
 

Photo Not Available 
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RK-1-03 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RK-1-03 

Texture Type Raked 1 in 

Amplitude 0.25 in 

Spacing 1 in 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 8754 psi 

Top: 5948 psi 

Interface Fracture 

Stress 
346 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 

     
 

Photo Not Available 
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RK-2-01 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RK-2-01 

Texture Type Raked 2 in 

Amplitude 0.25 in 

Spacing 2 in 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface Fracture 

Stress 
275 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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RK-2-02 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RK-2-02 

Texture Type Raked 2 in 

Amplitude 0.25 in 

Spacing 2 in 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface Fracture 

Stress 
258 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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RK-2-03 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RK-2-03 

Texture Type Raked 2 in 

Amplitude 0.25 in 

Spacing 2 in 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface Fracture 

Stress 
203 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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RK-3-01 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RK-3-01 

Texture Type Raked 3 in 

Amplitude 0.25 in 

Spacing 3 in 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface Fracture 

Stress 
303 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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RK-3-02 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RK-3-02 

Texture Type Raked 3 in 

Amplitude 0.25 in 

Spacing 3 in 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface Fracture 

Stress 
306 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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RK-3-03 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RK-3-03 

Texture Type Raked 3 in 

Amplitude 0.25 in 

Spacing 3 in 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface Fracture 

Stress 
353 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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RG-1-01 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RG-1-01 

Texture Type Rectangular Grooves 

Amplitude 0.25 in 

Spacing 1 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface Fracture 

Stress 
328 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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RG-1-02 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RG-1-02 

Texture Type Rectangular Grooves 

Amplitude 0.25 in 

Spacing 1 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface Fracture 

Stress 
287 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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RG-1-03 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name RG-1-03 

Texture Type Rectangular Grooves 

Amplitude 0.25 in 

Spacing 1 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface Fracture 

Stress 
279 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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TG-1.5-01 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name TG-1.5-01 

Texture Type Trapezoidal Grooves 1.5 in 

Amplitude 0.25 in 

Spacing 1.5 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface 

Fracture Stress 
443 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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TG-1.5-02 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name TG-1.5-02 

Texture Type Trapezoidal Grooves 1.5 in 

Amplitude 0.25 in 

Spacing 1.5 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface 

Fracture Stress 
409 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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TG-1.5-03 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name TG-1.5-03 

Texture Type Trapezoidal Grooves 1.5 in 

Amplitude 0.25 in 

Spacing 1.5 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 6764 psi 

Top: 4397 psi 

Interface 

Fracture Stress 
327 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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TG-3-01 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name TG-3-01 

Texture Type Trapezoidal Grooves 3 in 

Amplitude 0.25 in 

Spacing 3 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface 

Fracture Stress 
341 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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TG-3-02 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name TG-3-02 

Texture Type Trapezoidal Grooves 3 in 

Amplitude 0.25 in 

Spacing 3 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface 

Fracture Stress 
385 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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TG-3-03 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name TG-3-03 

Texture Type Trapezoidal Grooves 3 in 

Amplitude 0.25 in 

Spacing 3 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface 

Fracture Stress 
370 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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CH-3.5-TC-01 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name CH-3.5-TC-01 

Texture Type Cross Hatch Plastic 

Amplitude 0.25 in 

Spacing 3.5 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 8754 psi 

Top: 5948 psi 

Interface Fracture 

Stress 
473 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 

     
 

Photo Not Available 
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CH-3.5-TC-02 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name CH-3.5-TC-02 

Texture Type Cross Hatch Plastic 

Amplitude 0.25 in 

Spacing 3.5 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 8754 psi 

Top: 5948 psi 

Interface Fracture 

Stress 
383 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 

     
 

Photo Not Available 
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CH-3.5-TC-03 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name CH-3.5-TC-03 

Texture Type Cross Hatch Plastic 

Amplitude 0.25 in 

Spacing 3.5 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 8754 psi 

Top: 5948 psi 

Interface Fracture 

Stress 
387 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 

     
 

Photo Not Available 
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CH-3.5-PL-01 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name CH-3.5-PL-01 

Texture Type Cross Hatch Plastic 

Amplitude 0.25 in 

Spacing 3.5 in 

De-bonding Plastic 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface Fracture 

Stress 
NA 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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Data Not Available 

Data Not Available 
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CH-3.5-PL-02 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name CH-3.5-PL-02 

Texture Type Cross Hatch Plastic 

Amplitude 0.25 in 

Spacing 3.5 in 

De-bonding Plastic 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface Fracture 

Stress 
276 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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CH-3.5-PL-03 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name CH-3.5-PL-03 

Texture Type Cross Hatch Plastic 

Amplitude 0.25 in 

Spacing 3.5 in 

De-bonding Plastic 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface Fracture 

Stress 
245 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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SK-2.5-01 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name SK-2.5-01 

Texture Type Square Knobs 

Amplitude 0.25 in 

Spacing 2.5 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface Fracture 

Stress 
347 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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SK-2.5-02 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name SK-2.5-02 

Texture Type Square Knobs 

Amplitude 0.25 in 

Spacing 2.5 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface Fracture 

Stress 
276 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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SK-2.5-03 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name SK-2.5-03 

Texture Type Square Knobs 

Amplitude 0.25 in 

Spacing 2.5 in 

De-bonding TuffCoat® 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface Fracture 

Stress 
339 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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EA-01 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name EA-01 

Texture Type Exposed Aggregate 

Amplitude 0.1875 in 

Spacing --- 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface Fracture 

Stress 
272 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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EA-02 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name EA-02 

Texture Type Exposed Aggregate 

Amplitude 0.1875 in 

Spacing --- 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface Fracture 

Stress 
282 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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EA-03 
 

Summary Table     Theoretical Surface Treatment  

 

Specimen Name EA-03 

Texture Type Exposed Aggregate 

Amplitude 0.1875 in 

Spacing --- 

De-bonding --- 

Concrete 

Compressive 

Strengths 

Bottom: 7799 psi 

Top: 4516 psi 

Interface Fracture 

Stress 
353 psi 

 

 

Actual Surface Treatment  Bottom Section After Test Top Section After Test 
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APPENDIX E: INVERTED T-BEAM CYCLIC TEST RESULTS 
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Monotonic Test at 0 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 0 cycles 

Central Deflection of Specimen at 30-kips 0.025 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 18 με 

Maximum Reinforcement Strain in Cast-in-Place 68 με 
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Monotonic Test at 10 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 10 cycles 

Central Deflection of Specimen at 30-kips 0.026 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 19 με 

Maximum Reinforcement Strain in Cast-in-Place 40 με 
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Monotonic Test at 100 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 100 cycles 

Central Deflection of Specimen at 30-kips 0.027 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 20 με 

Maximum Reinforcement Strain in Cast-in-Place 41 με 
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Monotonic Test at 1000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 1000 cycles 

Central Deflection of Specimen at 30-kips 0.027 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 19 με 

Maximum Reinforcement Strain in Cast-in-Place 51 με 
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Monotonic Test at 10,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 10000 cycles 

Central Deflection of Specimen at 30-kips 0.027 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 19 με 

Maximum Reinforcement Strain in Cast-in-Place 69 με 
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Monotonic Test at 100,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 100620 cycles 

Central Deflection of Specimen at 30-kips 0.024 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 19 με 

Maximum Reinforcement Strain in Cast-in-Place 91 με 
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Monotonic Test at 300,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 299999 cycles 

Central Deflection of Specimen at 30-kips 0.019 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 18 με 

Maximum Reinforcement Strain in Cast-in-Place 99 με 
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Monotonic Test at 500,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 502737 cycles 

Central Deflection of Specimen at 30-kips 0.019 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 18 με 

Maximum Reinforcement Strain in Cast-in-Place 106 με 
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Monotonic Test at 700,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 700001 cycles 

Central Deflection of Specimen at 30-kips 0.018 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 17 με 

Maximum Reinforcement Strain in Cast-in-Place 111 με 
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Monotonic Test at 900,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 900554 cycles 

Central Deflection of Specimen at 30-kips 0.019 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 19 με 

Maximum Reinforcement Strain in Cast-in-Place 114 με 
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Monotonic Test at 1,100,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 1100000 cycles 

Central Deflection of Specimen at 30-kips 0.021 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 19 με 

Maximum Reinforcement Strain in Cast-in-Place 119 με 
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Monotonic Test at 1,300,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 1301131 cycles 

Central Deflection of Specimen at 30-kips 0.019 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 18 με 

Maximum Reinforcement Strain in Cast-in-Place 123 με 
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Monotonic Test at 1,500,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 1500001 cycles 

Central Deflection of Specimen at 30-kips 0.015 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 18 με 

Maximum Reinforcement Strain in Cast-in-Place 125 με 
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Monotonic Test at 1,700,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 1700000 cycles 

Central Deflection of Specimen at 30-kips 0.018 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 19 με 

Maximum Reinforcement Strain in Cast-in-Place 128 με 
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Monotonic Test at 1,900,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 1901142 cycles 

Central Deflection of Specimen at 30-kips 0.018 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 19 με 

Maximum Reinforcement Strain in Cast-in-Place 130 με 
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Monotonic Test at 2,100,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 2100001 cycles 

Central Deflection of Specimen at 30-kips 0.016 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 20 με 

Maximum Reinforcement Strain in Cast-in-Place 134 με 
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Monotonic Test at 2,300,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 2300000 cycles 

Central Deflection of Specimen at 30-kips 0.018 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 18 με 

Maximum Reinforcement Strain in Cast-in-Place 135 με 
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Monotonic Test at 2,500,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 2500000 cycles 

Central Deflection of Specimen at 30-kips 0.018 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 17 με 

Maximum Reinforcement Strain in Cast-in-Place 139 με 
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Monotonic Test at 2,700,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 2700000 cycles 

Central Deflection of Specimen at 30-kips 0.016 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 18 με 

Maximum Reinforcement Strain in Cast-in-Place 154 με 
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Monotonic Test at 2,900,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 2900001 cycles 

Central Deflection of Specimen at 30-kips 0.018 in 

Maximum Opening of Joint Between Beams 0.001 in 

Maximum Reinforcement Strain in Precast 17 με 

Maximum Reinforcement Strain in Cast-in-Place 170 με 
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Monotonic Test at 3,100,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 3100001 cycles 

Central Deflection of Specimen at 30-kips 0.014 in 

Maximum Opening of Joint Between Beams 0.002 in 

Maximum Reinforcement Strain in Precast 18 με 

Maximum Reinforcement Strain in Cast-in-Place 237 με 
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Monotonic Test at 3,300,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 3300000 cycles 

Central Deflection of Specimen at 30-kips 0.018 in 

Maximum Opening of Joint Between Beams 0.003 in 

Maximum Reinforcement Strain in Precast 17 με 

Maximum Reinforcement Strain in Cast-in-Place 429 με 
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Monotonic Test at 3,500,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 3500000 cycles 

Central Deflection of Specimen at 30-kips 0.02 in 

Maximum Opening of Joint Between Beams 0.004 in 

Maximum Reinforcement Strain in Precast 17 με 

Maximum Reinforcement Strain in Cast-in-Place 514 με 
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Monotonic Test at 3,650,000 Cycles 
 

 

 
 

Summary 

Number of Cycles Performed Before Test 3650001 cycles 

Central Deflection of Specimen at 30-kips 0.02 in 

Maximum Opening of Joint Between Beams 0.004 in 

Maximum Reinforcement Strain in Precast 18 με 

Maximum Reinforcement Strain in Cast-in-Place 546 με 
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APPENDIX F: INVERTED T-BEAM CALCULATIONS 

 

Inputs: 
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Cracking: 
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Yielding: 
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Ultimate: 

 

 

 


