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ABSTRACT 

 

Short to medium span composite bridges constructed with adjacent 

precast inverted T-beams and cast-in-place topping are intended to provide a 

higher degree of resiliency against reflective cracking and time dependent 

effects compared to voided slab and adjacent box girder systems. This paper 

investigates the composite action between the unique precast and cast-in-

place element shapes. A full-scale composite beam has been tested under 

different loading arrangements with the purpose of simulating the service 

level design moment, strength level design shear, strength level design 

moment and nominal moment capacity. To investigate the necessity of 

extended stirrups one half of the span featured extended stirrups whereas the 

other half featured no extended stirrups. It is shown that the system behaved 

compositely at all loading levels and that no slip occurred at the interface. In 

addition to measuring slip at various interface locations full composite action 

has been verified by comparing load displacement curves obtained 

analytically and experimentally. It is concluded that because of the large 

contact surface between the precast and cast-in-place elements, cohesion 

alone appears to provide the necessary horizontal shear strength to ensure 

full composite action. 
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INTRODUCTION 

 

 Most bridge systems that consist of prefabricated elements and feature a jointless 

riding surface rely on some type of composite action. Typically, for concrete bridges, the term 

composite construction refers to the combination of precast girders with a cast-in-place deck 

or topping. The cast-in-place deck meets functional requirements by providing a smooth, 

useful surface and, in addition, substantially stiffens and strengthens the precast unit (Nilson1). 

When superimposed loads are applied to a composite system there is a tendency for the cast-

in-place slab to slip horizontally, the bottom face of the slab tending to move outward with 

respect to the top face of the precast girder, which tends to displace inward (Nilson1). 

Preventing this slip is essential in ensuring full composite action and to do that there must be 

a means for transferring shear forces across the interface between the two components of the 

composite member. Resistance against interface shear forces can be provided by the natural 

adhesion and friction between the cast-in-place and precast components. Deliberately 

roughening the top surface of the precast girder enhances the contribution of adhesion and 

friction to the horizontal shear strength of the composite member. In addition, for composite 

systems that feature a broad interface, no other provisions need to be made to transfer the 

horizontal shear stresses. When the contribution of adhesion and friction are not sufficient, 

extended stirrups are typically provided to enhance slip resistance through dowel action and 

by holding the two components in intimate contact. 

 

To ensure full composite action, the interface shear force must be smaller than the 

horizontal shear strength of the interface. There are various ways to calculate the interface 

shear force, or horizontal shear demand. When a beam is un-cracked and its behavior is linear 

elastic, horizontal shear stresses can be estimated using the following equation: 

 

𝑣ℎ =  
𝑉𝑄

𝐼𝑏𝑣
                                                                                                                                              (1) 

 

where: 

𝑉 = vertical shear force at location under consideration 

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

𝐼 = moment of inertia of composite cross-section 

𝑏𝑣 = width of the interface 

 

Loov2 states that this equation can be used to evaluate the horizontal shear stress for 

cracked beams if Q and I are based on the cracked section. Because it provides a common basis 

for comparison, this equation was adopted in previous studies even though Hanson3 and 

Saeman and Sasha4 recognized that it does not give an exact representation of the horizontal 

shear stress at failure (Loov2). As an alternative to the classical elastic strength of materials 

approach, a reasonable approximation of the factored interface shear force at the strength or 

extreme event limit state for either elastic or inelastic behavior and cracked or uncracked 

sections can be provided by Equations 2 and 35. 
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𝑉𝑢𝑖 =  𝑣𝑢𝑖𝐴𝑐𝑣                                                                                                                                         (2) 
 

where: 

Vui = factored interface shear force on area Acv (kips) 

𝑣𝑢𝑖 = factored interface shear stress (ksi) 

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

 

𝑣𝑢𝑖 =
𝑉𝑢

𝑏𝑣𝑖𝑑𝑣
                                                                                                                                           (3) 

 

𝑉𝑢 = factored vertical shear force at section under consideration (kips) 

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

𝑑𝑣 = the distance between the centroid of the tension steel and the mid-thickness of the 

slab to compute a factored interface shear stress (in.) 

 

The interface shear force can also be calculated based on equilibrium conditions by 

computing the actual change in compressive or tensile force in any segment6. For example if 

the change in the compressive force over a segment of length lv is C, and if the width of the 

interface is bv, then the horizontal shear stress can be computed by Equation 4, which implies 

that the entire length of the shear span can be used to transfer the horizontal shear force: 

 

𝑣𝑢𝑖 =
𝐶

𝑏𝑣𝑙𝑣
                                                                                                                                               (4) 

 

where: 

 C = change in the compressive force over a segment of length 𝑙𝑣  

 

Loov2 explains how Equations 1, 3 and 4 are closely related although they appear 

different. For example in Equation 1 the term VQ/I represents the rate of change of force in 

the flange. Equation 4 represents the average rate of change of force in the flange in segment 

whose lengths is lv. For beams subject to points loads, Equations 1  and 4 would yield the same 

result because the vertical shear diagram between the points loads will be constant. For beams 

subject to uniformly distributed loads Equation 4 misses the locations with the highest 

horizontal shear stress because it reports only the average shear stress in the segment under 

consideration. Also, Equation 3 is similar to Equation 4 because V= dM/dx is the rate of change 

of moment. Loov2 states that if the compression block is entirely within the flange, and the 

small variation in the depth of the stress block is ignored, then the compression force C will be 

equal to M/(d-a/2) and the rate of change of force in the flange will be V/(d-a/2). Therefore 

V/dv is simply a non-conservative simplification of Eq.12. 

 

After the horizontal shear demand has been determined a method for estimating the 

horizontal shear capacity is required to design for composite action. According to AASHTO 

LRFD Specifications5 the nominal shear resistance of the interface plane shall be taken as: 

 

 



Menkulasi, Wollmann, and Cousins                                                      2014 PCI/NBC 
 

3 
 

 

 

𝑉𝑛𝑖 = 𝑐𝐴𝑐𝑣 +  𝜇(𝐴𝑣𝑓𝑓𝑦 +  𝑃𝑐)  ≤ 𝑚𝑖𝑛𝑖𝑚𝑢𝑚                                                            (5)  

 

in which: 

 
𝐴𝑐𝑣 =  𝑏𝑣𝑖𝐿𝑣𝑖  
 

where: 

 

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

          Acv (in.2) 

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

c = cohesion factor specified in Article 5.8.4.3 (ksi) 

μ = friction factor specified in Article 5.8.4.3  

fy = yield stress of reinforcement but design value not to exceed 60 ksi. 

Pc = permanent net compressive force normal to the shear plane; if force is tensile,  

        Pc = 0.0 kip. (kips) 

f’c = specified 28-day compressive strength of the weaker concrete on either side of   

         the interface (ksi) 

K1 = fraction of concrete strength available to resist interface shear, as specified in   

         Article 5.8.4.3 of AASHTO LRFD Specifications5 

K2 = limiting interface shear resistance specified in Article 5.8.4.3 (ksi) 

 

Equation 5 is a modified shear friction model accounting for a contribution, evident in 

the experimental data, from cohesion and/or aggregate interlock depending on the nature of 

the interface under consideration given by the first term5. This equation is similar to the one 

used to estimate the vertical shear capacity of a concrete section, Vc + Vs, where Vc represents 

the shear strength provided by concrete and Vs the shear strength provided by transverse 

reinforcing steel. 

Article 5.8.4.4 of AASHTO LRFD Specifications5 requires a minimum area of 

interface shear reinforcement, which can be estimated by Equation 6. 

 

𝐴𝑣𝑓  ≥  
0.05 𝐴𝑐𝑣

𝑓𝑦
                                                                                                                               (6) 

 

Prior to 2006 AASHTO LRFD Specifications7 and AASHTO Standard Specifications8 

have required a minimum area of reinforcement based on the full interface area; similar to 

Equation 6, irrespective of the need to mobilize the strength of the full interface area to resist 

the applied factored interface shear5. In 2006, additional minimum area provisions, applicable 

only to girder slab interfaces were introduced with the purpose of eliminating the need for 

additional interface shear reinforcement due simply to a beam with a wider top flange being 

utilized in place of a narrower flanged beam5. These additional provisions are provided below 

for convenience: 

 

𝐾1𝑓𝑐
′𝐴𝑐𝑣 

𝐾2𝐴𝑐𝑣 
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 The minimum interface shear reinforcement, Avf, need not exceed the lesser of 

the amount determined using Equation 6 and the amount needed to resist 

1.33Vui/ϕ as determined using Equation 2. 

 The minimum reinforcement provisions specified herein shall be waived for 

girder/slab interfaces with surface roughened to an amplitude of 0.25 in. where 

the factored interface shear stress, vui of Equation 3, is less than 0.210 ksi, and 

all vertical (transverse) shear reinforcement required by the provisions of 

Article 5.8.1.1 is extended across the interface and adequately anchored in the 

slab. 

 

The first bulleted item establishes a rational upper bound for the area of interface shear 

reinforcement required based on the interface shear demand rather than the interface area as 

stipulated by Equation 65. This treatment is analogous to minimum reinforcement provisions 

for flexural capacity where a minimum additional overstrength factor of 1.33 is required 

beyond the factored demand5. The second bulleted item suggests that an intentionally 

roughened surface can be expected to achieve 210 psi of horizontal shear resistance, but still 

requires the vertical shear reinforcing to be extended into the slab. 

 

The inverted T-beam system is a new bridge system that consists of adjacent precast 

inverted T-beams with tapered webs, covered with a cast-in-place topping. This bridge system 

is intended to provide a higher degree of resiliency against reflective cracking and time 

dependent effects compared to voided slab and adjacent box girder systems9,10. This system is 

being implemented for the first time in Virginia, on US 360, near Richmond. Figure 1(a) shows 

the elevation of the US 360 Bridge and Figure 1(b) shows the transverse cross-section of the 

bridge. US 360 Bridge is a two-span continuous bridge. The clear span for the precast inverted 

T-beams is approximately 41 feet. Because of the unique shape of the precast beam, the 

composite action behavior of this bridge system was of interest and was investigated by testing 

a full-scale typical composite cross-section to failure. The purpose of the research presented in 

this paper is to: 

 Investigate whether full composite action can be maintained at service and 

strength level design loads as well as under loads that simulate the nominal 

moment capacity of the composite section, 

 Investigate the necessity of extended stirrups to ensure full composite action 

and determine whether cohesion alone can provide the necessary horizontal 

shear strength to achieve full composite action, 

 Investigate the applicability of cohesion and friction factors stipulated in 

AASHTO5 and those recommended by other researchers to the uniquely shaped 

composite section described herein, 

 Investigate the necessity of minimum horizontal shear reinforcing provisions 

stipulated in AASHTO5 for the interface condition described herein 
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PREVIOUS STUDIES 

 

French et al.11 investigated composite action behavior in composite bridges built with 

adjacent precast inverted T-beams with straight webs and covered with a cast-in-place topping. 

This investigation was carried out by testing two laboratory bridge specimens named Concept 

1 and Concept 2. Concept 1 laboratory bridge specimen consisted of two spans whereas 

Concept 2 laboratory bridge specimen consisted of a single span. The horizontal shear 

reinforcing used in Span 2 of the Concept 1 bridge was based on AASHTO LRFD 

Specifications5, whereas Span 1 was constructed with fewer horizontal shear reinforcing bars 

and did not satisfy the minimum horizontal shear reinforcing requirements of 2005 AASHTO 

LRFD Specifications5. The Concept 2 laboratory bridge was constructed with no horizontal 

shear reinforcing. Both bridge specimens had a standard raked finish (1/4 in. rake) on the top 

horizontal surface of the precast web. Furthermore, each specimen had a roughened diamond 

pattern with approximately 1/8 in. to ¼ in. perturbations on the vertical web surfaces of the 

precast panels11. Likewise, East span of the Concept 1 bridge, which was constructed with the 

5 ¼ in. thick precast flange, also had the tops of the precast flanges roughened with the same 

diamond pattern11.  It should be noted that the inverted T-beam system investigated by French 

et al.11 featured transverse hooked bars in the precast elements that protruded from the precast 

webs into the cast-in-place topping. 

 

 
(a) 

 
(b) 

Figure 1. (a) Elevation of US 360 Bridge, (b) Transverse cross-section of US 360 Bridge 
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In the tests on both spans of Concept 1 laboratory bridge and on Concept 2 laboratory 

bridge, the sections were observed to remain composite well beyond service load levels, 

through the full range of loading to the maximum capacity of the loading system, which was 

in excess of the predicted nominal capacity of the Concept 1 and 2 bridges11. 

 

Longitudinal strains measured throughout the depth of the composite cross-sections 

indicated linear distributions, which evince full composite action. The Kent and Park12 model 

was used to determine the corresponding compressive stress distribution in the CIP section 

assuming unconfined concrete models11. Tested values were used for the maximum 

compressive concrete strength and a corresponding concrete strain assumed to be 0.002 at the 

maximum compressive stress. Integrating the nonlinear stress distribution, resulted in an 

estimate of the maximum compression force achieved in the slab during loading to the ultimate 

capacity11. The horizontal shear stress estimated in the system at the precast-CIP interface was 

subsequently calculated by dividing the total compression force by half of the center-to-center 

of bearing span length and the total width of the bridge structure, and was determined to be 

135 psi11. This method of calculating the horizontal shear stress is based on the approach 

presented by Equation 4 and gives an average horizontal shear stress. In addition, this method 

assumes that the failure mode in horizontal shear consists of a horizontal shear plane. 

 

French et al.11 concluded that AASHTO LRFD Specifications5 should allow for the 

design of composite bridges with adjacent precast inverted T-beams with straight webs without 

horizontal shear ties, and allow the development of a maximum factored horizontal shear stress 

of 135 psi in sections with intentionally roughened surfaces (i.e., ¼ in. rake) unreinforced for 

horizontal shear. The proposed friction factor was based on AASHTO LRFD Specifications5 

for surfaces intentionally roughened to an amplitude of 0.25 in. The K1 and K2 values, which 

provide upper bound estimates of the horizontal shear capacity of a given section, selected to 

be used in the proposed specification modifications are simply the smallest, or most 

conservative of the existing K1 and K2 values11. The proposed specification recommendations 

by French et al.11 are as follows (recommendations are in italics): 

 

5.8.4.3 Cohesion and Friction Factors 

The following values shall be taken for cohesion, c, and friction factor, μ: 

….. 

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

intentionally roughened: 

 

c = 0.075 ksi 

μ = 0.6 ksi 

K1 = 0.2 

K2 = 0.8 ksi 

 

For normal weight concrete placed against a clean concrete surface, free of laitance, 

with surface intentionally roughened to an amplitude of 0.25 in. and no interface shear 

reinforcement provided crossing the shear plane up to the minimum required Avf in Eq. 5.8.4.4-

1: 
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c = 0.135 ksi 

μ = 1.0 

K1 = 0.2 

K2 = 0.8 ksi 

 

5.8.4.4 Minimum Area of Interface Shear Reinforcement 

…… 

 The minimum reinforcement provisions specified herein shall be waived for 

girder/slab interfaces with surface roughened to an amplitude of 0.25 in. where 

the factored interface shear stress, vui of Equation 3, is less than 0.210 ksi, and 

all vertical (transverse) shear reinforcement required by the provisions of 

Article 5.8.1.1 is extended across the interface and adequately anchored in the 

slab. 

 For the cast-in-place concrete of precast-composite slab-span systems that is 

cast on clean precast inverted-T surfaces free of laitance, with a surface 

intentionally roughened to an amplitude of ¼ in., the minimum reinforcement 

provisions specified herein shall be waived. 

 

C5.8.4.4  

…… 

With respect to a girder/slab interface, the intent is that the portion of the reinforcement 

required to resist vertical shear which is extended into the slab also serves as interface shear 

reinforcement. 

In the case of precast-composite slab-span systems, research (French et al. 2010) has 

shown that transverse reinforcement was not required across the CIP-precast interface in 

order to achieve composite action. Similar results were obtained in studies by Naito et al. 

(2008). 

 

Because composite bridges constructed with the precast inverted T-beams with tapered 

webs and cast-in-place topping represent a unique composite cross-sectional shape, the 

applicability of existing provisions in AASHTO LRFD Design Specifications5, and the 

recommendations proposed by French et al. was investigated. 
 

EXPERIMENTAL INVESTIGATION 

 

A full scale composite beam representing a typical transverse section was tested with 

the purpose of investigating its performance under design service level and strength level 

moments and shears. To investigate the necessity of extended stirrups half of the composite 

beam span featured extended stirrups whereas the other half did not. Initially, extended stirrups 

were provided along the entire span of the precast beam, however, prior to the placement of 

the cast-in-place topping half of them were cut off. 

 

Figure 2 (a) shows the cross-sectional dimensions of the composite section. Figure 2 

(b) shows the reinforcing details for half of the span that featured extended stirrups, whereas 

Figure 2 (c) features the reinforcing details for the other half. All precast surfaces in contact 
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with the cast-in-place topping were roughened. The tapered precast webs and the tops of the 

precast flanges were roughened in the longitudinal direction to enhance composite action in 

the transverse direction of the bridge. Full composite action in the transverse direction is 

desired to avoid delamination at the precast beam cast-in-place topping interface because of 

transverse bending caused by wheel loads.  Figure 3 illustrates the roughened precast surfaces.. 

The roughened surface on the tapered webs was created by using steel forms, the inside of 

which featured the pattern shown in Figure 4. The top of the precast flanges was roughened in 

the longitudinal direction by using a traditional ¼ in. rake finish. The top of the precast web 

was roughened in the transverse direction by performing a ¼ in. rake finish to enhance 

composite action in the longitudinal direction.  

 

 
(a) 

 

                       (b)                                                                              (c) 

Figure 2. (a) Composite beam cross-section, (b) half of the span with extended stirrups, (c) 

the other half of the span without extended stirrups. 
 

Figure 5 shows the elevation of the composite beam and some of the instrumentation 

used to verify composite action. A displacement sensor (denoted WP-7) was used at mid-span 

with the purpose of comparing the load versus mid-span deflection curve obtained 

experimentally with that obtained analytically assuming full composite action. Displacements 

sensors were also used at quarter points (denoted WP-8 and WP-6) with the purpose of 
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comparing the load versus quarter span deflection curves, provided that half of the span 

contained extended stirrups whereas the other half had no extended stirrups. Identical load 

versus quarter span deflections curves serve as evidence that the presence of extended stirrups 

is not required to enhance composite action. 
 

 

Figure 3. Roughened precast surfaces 

 
 

 

 

 

A photograph of the test setup is provided in Figure 6 featuring the loading frame near 

mid-span. A 220 kip closed-loop servo controlled hydraulic actuator powered by a 30 gallons 

per minute hydraulic pump was used to load the composite system monotonically. A pin 

support was provided at one end of the beam and a roller support was provided at the other end 

to accommodate any potential longitudinal translation during testing. The pin support was 

provided by a solid circular steel section which rested on an assembly of a semicircular steel 

pipe section and a channel welded together to receive the solid steel section and create an 

assembly that allowed rotation but not longitudinal translation. Similarly, the roller support 

was provided by welding individual quarter circle steel pipe sections to a steel channel to create 

an assembly that allowed rotation and longitudinal translation at the same time (Figure 5 and 

Figure 7). The precast flanges at the ends of the precast beam were terminated one foot short 

from the end of the beam to prevent high flexural stresses in the precast flanges at the bearing 

points (such as abutments and intermediate supports). The cast-in-place topping for the tested 

full scale beam followed the outline of the precast beam at the ends. 

 

In addition to the displacement sensors, ten linear variable differential transformers 

(LVDT’s) were used to ensure that there was no slip during the various loading stages. Loss 

Figure 4. Roughened surface pattern in the longitudinal direction 
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of composite action would be manifested as a relative slip between the precast and the cast-in-

place components. Five LVDT’s were used at each end (Figure 7) to capture any potential slip. 

The LVDT’s at each end consisted of one installed at the interface between the top of the 

precast web and the cast-in-place topping, two installed at the interface between the precast 

flanges and the cast-in-place topping and two others installed near the ends of the composite 

beam but on the sides, at the interface between the precast flanges and the cast-in-place 

topping. 

 

Table 1 provides a summary of the moments and shears that each individual precast 

inverted T-beam in the US 360 Bridge was expected to be subject to. The moments and shears 

due to each load case are tabulated, and that information was used to calculate design moments 

and shears using Service I and Strength I load combinations. Three tests were performed with 

the purpose of simulating the maximum service level positive moment, the maximum strength 

level shear, the maximum strength level positive moment and the nominal moment capacity of 

the composite section. During the first test the simply supported beam was subject to two point 

loads symmetrical about mid-span (Figure 8 (a)). The two point loading was applied by 

attaching a spreader beam to the actuator and by supporting the spreader beam on two tire 

prints 4 ft. apart. The 4 ft. spacing was intended to represent tandem axle spacing. The actuator 

load required to simulate the maximum service level positive moment was estimated to be 40 

kips (20 kips on each tire print). During this test the composite beam was expected to remain 

un-cracked and behave elastically. 

 

 

Figure 5. Drawing of Test Setup  

 

 

Figure 6. Photograph of Test Setup 
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Figure 7. Location of LVDT’s at the ends of the composite beam to measure slip. 

 

Service (Service I) 

Moments (ft-kips) Shears (kips) 

+MinvT 173 VinvT 17 

+Mdeck 231 Vdeck 22 

+Mlive 297 
Vlive 45 

-Mlive 219 

+MsuperD 60 

VsuperD 12 -MsuperD 107 

+Mservice = 761 

Ultimate (Strength I) 

+Mu 1100 
Vucritical 138 

-Mu 516 

 

The purpose of the second test was to simulate the strength level design shear. The loading 

frame was moved from mid-span to the position described in Figure 8 (b). The actuator load 

required to simulate strength level design shear was estimated to be 118 kips (59 kips on each tire 

print). The strength level design vertical shear was simulated on the portion of the composite beam 

without any extended stirrups with the purpose of subjecting the most critical half of the span to 

the design vertical shear force. The underlying logic in this approach was that if the half of the 

span without any extended stirrups could resist the design vertical shear force without incurring 

any slip, then the other half should be able to at least offer a comparable performance. Even though 

the actuator load in this test simulated strength level design shear forces, the behavior of the 

composite beam was expected to be linear elastic when tested material properties were considered.  

Table 1. Design moments and shear for each composite beam at service and at ultimate. 

LVDT’s at beam ends to measure slip 

(5 at each end) 
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During the third and the final test, the loading frame was moved back to the mid-span of 

the composite beam and the load was increased monotonically to simulate strength level design 

positive moment and the nominal positive moment capacity (Figure 8 (c)). 

 

 
                                                              (a) 

 
                                                              (b) 

 

 
                                                             (c)  

Figure 8. Summary of loading arrangements for the three tests, (a) simulation of service level 

design positive moment, (b) simulation of strength level design vertical shear, (c) simulation of 

strength level design positive moment and nominal moment capacity  

 

ANALYTICAL INVESTIGATION 
 

Before the three tests were conducted, an estimation of the vertical and horizontal shear 

capacity of the composite beam was performed based on AASHTO LRFD Design Specifications5 

using several assumptions. These estimations were conducted to ensure that the composite beam 

had adequate vertical and horizontal shear strength to resist the loads induced during the three 

tests. In addition, an estimation of the actuator load versus mid-span deflection curve was 

conducted , assuming full composite action, with the purpose of comparing this curve with the one 

obtained experimentally.  
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ESTIMATION OF VERTICAL SHEAR CAPACITY 
 

The estimation of the vertical shear capacity was performed in accordance with Article 

5.8.3.3 of AASHTO LRFD Design Specifications5 based on Equations 7, 8 and 9. In addition, the 

vertical shear strength provided by concrete was calculated using the entire composite cross-

section and the lower concrete compressive strength (f’c = 4 ksi). Furthermore, this estimation was 

conservatively based on the simplified procedure for non-prestressed sections. Vertical stirrups 

were considered to provide shear strength only if they are extended in the cast-in-place topping. 

The presence of the bent transverse bars in the cast-in-place topping and the closed stirrups that 

encompass the prestressing strands in the precast beam were considered to contribute towards the 

vertical shear resistance of the composite section. Vertical shear demand was calculated at the 

critical section and was based on the loads simulated during Test 2. This information is provided 

in Table 2. The last column in Table 2 gives the ratio of the vertical shear demand to the vertical 

shear capacity. It can be observed that even when the contribution of the extended stirrups is 

ignored the demand to capacity ratio is still considerably lower than one. 

 

 

𝑉𝑛 = 𝑚𝑖𝑛                                                                                                                                 (7)            

 

 

𝑉𝑐 = 0.0316𝛽√𝑓𝑐
′ 𝑏𝑣 𝑑𝑣                                                                                                                       (8) 

 

𝑉𝑠 =  
𝐴𝑣𝑓𝑦 𝑑𝑣 (cot 𝜃 + cot 𝛼) sin 𝛼

𝑠
                                                                                                   (9) 

Table 2 Calculated vertical shear demand and vertical shear strength 

 
 Vertical Shear Strength (kips) Vertical 

Shear 

Demand 

Ratio 

ϕVc
 ϕVs 

ϕVn = ϕVc + ϕVs Vu / ϕVn 

ϕVsextended
 ϕVsinclinedPC ϕVsbentCIP Vu (kips) 

Portion without 

extended stirrups 
168 0 82 62 312 138 0.44 

Portion with 

extended stirrups 
168 82 82 62 394 138 0.35 

 

 

ESTIMATION OF HORIZONTAL SHEAR CAPACITY  

 

To determine whether slip could be prevented a comparison of the horizontal shear demand 

and capacity was performed. Horizontal shear demand was based on the loads simulated during 

Test 2 and was determined using Equations 1, 3 and 4 (Table 3). Because the composite beam 

remained un-cracked during Test 2 the utilization of Equation 1 using transformed un-cracked 

section properties was appropriate. Equation 1 yields higher horizontal shear stresses in Plane 1 

compared to Plane 2 because Plane 1 is closer to the neutral axis, which is where horizontal shear 

stresses are highest in an un-cracked section. A single horizontal shear stress value for Plane 3 

could not be calculated using Equation 1 because Plane 3 consists of sub-planes whose distances 

𝑉𝑐 +  𝑉𝑠 + 𝑉𝑝 

0.25 𝑓𝑐
′𝑏𝑣  𝑑𝑣 +  𝑉𝑝 



Menkulasi, Wollmann, and Cousins                                                      2014 PCI/NBC 
 

14 
 

to the neutral axis vary.  Equation 3, yielded a similar horizontal shear stress value with that 

calculated for Plane 1 using Equation 1, which confirms that it provides a reasonable 

approximation of the horizontal shear stress. An examination of the derivation of Equation 3 

reveals that this equations does not differentiate between horizontal shear stresses in any horizontal 

plane between the internal compression and tension forces. Also, because Equation 3 is a 

reasonable approximation for calculating horizontal shear stresses in horizontal planes, it does not 

apply to Plane 3. For the loading arrangement illustrated in Test 2, Equation 4 yields the average 

horizontal shear stress between the point of maximum moment to the point of zero moment. 

Because the shear diagram between these two points is not constant the horizontal shear stress 

calculated using Equation 4 is lower than that calculated using either Equation 1 or 3, which 

capture the maximum horizontal shear stress or an approximation of it. 

 

Horizontal shear capacity was calculated based on AASHTO LRFD Specifications5 

(Equation 10). In the estimation of the horizontal shear capacity, three potential slip planes were 

considered (Figure 9). Plane 1 consists of the interface between the top of the precast web and the 

cast-in-place topping plus the rest of the width of the composite section. Plane 1 includes an 

intentionally roughened interface in the transverse direction and monolithic planes. Plane 2 

consists of the interfaces between the precast flanges and cast-in-place topping and the bottom 

width of the precast beam web. Plane 2 includes intentionally roughened interfaces in the 

longitudinal direction and a monolithic plane. Plane 3 consists of the entire interface between the 

precast and cast-in-place components and includes roughened interfaces in the transverse and 

longitudinal directions. The horizontal shear capacity for each plane was calculated by using the 

appropriate cohesion and friction factors for the type of interfaces that each plane consisted of. 

The cohesion and friction factors for the assumed interface conditions are provided in Table 4. 

 

Table 3. Horizontal shear stress (Test 2 – Simulation of strength level design shear) 
 

Equation 
Horizontal shear stress (psi) 

Plane 1 Plane 2 Plane 3 

1 99 65 Varies 

3 96 96 NA 

4 46 46 40 

                           NA = not applicable 

 

 

 

𝑉𝑛𝑖 = 𝑐𝐴𝑐𝑣 +  𝜇 (𝐴𝑣𝑓𝑓𝑦 +  𝑃𝑐)  ≤ 𝑚𝑖𝑛                                                                                       (10)  

 

 

 

𝐾1𝑓𝑐
′ 𝐴𝑐𝑣 

 𝐾2 𝐴𝑐𝑣 
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Figure 9. Potential failure planes due to horizontal shear 
 

Table 4. AASHTO LRFD Specification5 cohesion and friction factors 

 Interface A 

(Intentionally roughened) 
Interface B 

(Not intentionally roughened) 
Interface C 

(monolithic) 

Cohesion (c) 0.28 0.075 0.40 

Friction (μ) 1 0.6 1.4 

K1 0.3 0.2 0.25 

K2 1.8 0.8 1.5 

 

In addition, the estimation of the horizontal shear capacity was performed by both 

accounting for the presence of the extended stirrups and ignoring them. The results of this 

estimation are provided in Table 5. The horizontal shear demand and capacity values provided in 

Table 5 were calculated for one foot of length. The horizontal shear demand in terms of force was 

calculated by multiplying the horizontal shear stress values in Table 3 by the corresponding 

interface areas. The last six columns shows the ratio between the horizontal shear demand and 

capacity and suggest that a horizontal shear failure should not occur. As stated earlier, one of the 

goals of this study was to investigate experimentally whether adequate horizontal shear strength 

in such a uniquely shaped composite member can be provided solely by the natural cohesion 

between the two components.  

Table 5. Comparison of estimated design horizontal shear force and horizontal shear capacity 

 

 
Demand (kips) 

(per foot of length) 

Capacity (kips) 

(per foot of length) 
Ratio 

Eq. Plane 1 Plane 2 Plane 3 

Plane 1 Plane 2 Plane 3 Plane 1 Plane 2 Plane 3 

St. No St. St. No St. St. No st. St. No St. St. No St. St. 
No 

st. 

1 86 56 Varies 493 317 368 256 204 124 0.17 0.27 0.15 0.22 Varies 

3 83 83 NA 493 317 368 256 204 124 0.17 0.26 0.23 0.32 NA 

4 46 46 40 493 317 368 256 204 124 0.09 0.15 0.13 0.18 0.2 0.32 

St. = with stirrups, No St. = without stirrups, NA=not applicable 

 

ESTIMATION OF FULL LOAD VERSUS MID-SPAN DISPLACEMENT CURVE 

 

To verify full composite action behavior of the system under various stages of loading, the 

full anticipated load versus mid-span deflection curve of the simply supported beam system was 

Plane 3 
ACV = 1000 in2 

 

 

     Plane 2 
ACV = 864 in2 

 

 

   Plane 1 

ACV = 864 in2 Interface A 

 Interface C 

 

Interface C 

 

Interface C 

 

Interface B 

 

Interface B 
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estimated analytically for comparison with the load versus mid-span deflection curve obtained 

experimentally. To do this, material models defining the stress strain relationships for the two types 

of concrete and the prestressing steel present in the composite system had to be adopted. 

 

Stress-strain relationship  

 

For the precast and CIP concrete materials the Hognestad model was adopted and 

calibrated to match the tested compressive strength at 28 days. The design compressive strengths 

for the precast and cast-in-place components were f’c = 6 ksi and f’c = 4 ksi, respectively. The 

tested compressive strengths for the precast and cast-in-place components were 10.2 ksi and 8.5 

ksi, respectively. The model consists of a second degree parabola with apex at a strain ε0, which is 

the strain when fc reaches f’c. In this case ε0 was taken equal to 0.0025. This model is described 

mathematically in Eq.11 and graphically in Figure 10. The maximum usable concrete strain was 

taken equal to 0.004. This model is convenient for use in analytical studies involving concrete 

because the entire stress-strain curve is given by one continuous function. The material model for 

the prestressing steel consisted of a tri-linear curve, which is mathematically described by the 

piecewise functions in Eq.12 and illustrated in Figure 11. 

 

 

𝑓𝑐 = 𝑓𝑐
′ [

2𝜀𝑐

𝜀0
− (

𝜀𝑐

𝜀0
)2]                                                                                                                               (11) 

 

 

Figure 10. Stress strain relationship for concrete 

 

 

 

 

            𝑓𝑝𝑠 =                                                                                                                              (12) 

 

 

 

 

𝑓𝑝𝑠 =  𝐸𝑝𝑠 𝜀𝑝𝑠   if 𝜀𝑝𝑠  ≤ 0.0084 

𝑓𝑝𝑠 =  240 + 1515(𝜀𝑝𝑠 − 0.0084)    if  0.0084 ≤ 𝜀𝑝𝑠 ≤ 0.015  

𝑓𝑝𝑠 =  250 + 444(𝜀𝑝𝑠 − 0.015)    otherwise 
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Figure 11. Stress strain relationship for prestressing strand 

 
 

Moment Curvature Relationship 

 

To obtain the anticipated full load versus mid-span deflection curve for the simply 

supported composite beam a moment curvature relationship had to be developed for any given 

cross-section of the beam. Because the system consists of a pre-tensioned precast beam with 

straight strands and a cast-in-place topping the moment-curvature relationship was constant 

throughout the span. After the moment curvature relationship is defined, this information can be 

used to relate the moment diagram in the simply supported beam to a curvature diagram, which 

can then be used to calculate deflections at desired locations along the span. 

 

Up to first crack 

 

The moment curvature relationship up until the first crack was calculated using principles 

from linear elastic mechanics of materials. For the non-composite section strain profiles along the 

depth of the section were obtained by first calculating the stresses at the extreme fibers (Eq. 13) 

and then dividing them by the modulus of elasticity of the precast beam (Eq.14). Curvatures were 

calculated based on the slope of the strain diagram (Eq.15) and moments were calculated using 

statics (Eq. 16). For the composite section additional moments and curvatures up to first crack 

were calculated by using the section properties of the composite section (Eq. 18-20). The cracking 

moment due to actuator load was calculated by assuming a modulus of rupture equal to 7.5√𝑓′𝑐 

(Eq. 17). Total curvatures in the composite system up until the first crack were calculated simply 

by adding the additional curvatures due to loads in the composite system to the already calculated 

ones on the precast beam. Total moments were calculated using statics. 

 

The slope of the moment curvature curve defines the flexural stiffness of the precast before 

it was made composite and that of the composite system after the cast-in-place topping was placed. 

The difference in these slopes is illustrated in Figure 14 (a). 
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 Non-composite section 

 

𝜎 =  ∓
𝑃𝑒

𝐴𝑝𝑐
 ∓ 

𝑃𝑒𝑒 𝑦

𝐼𝑝𝑐
 ∓  

(𝑀𝑖𝑛𝑣𝑇 +  𝑀𝑐𝑖𝑝)12 𝑦

𝐼𝑝𝑐
                                                                               (13) 

𝜀 =  
𝜎

𝐸
                                                                                                                                                       (14) 

∅𝑛𝑜𝑛𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =  
𝜀𝑏𝑜𝑡𝑡𝑜𝑚 −  𝜀𝑡𝑜𝑝 

ℎ𝑝𝑐
                                                                                                       (15) 

𝑀𝑛𝑜𝑛𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =  𝑀𝑖𝑛𝑣𝑇 +  𝑀𝑐𝑖𝑝                                                                                                           (16) 

 

 

Composite section 

 

𝑀𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔 =  

1
12 [𝑓𝑟 +

𝑃𝑒

𝐴𝑝𝑐
+

𝑃𝑒𝑒 𝑦𝑏𝑜𝑡𝑐𝑜𝑚𝑝

𝐼𝑝𝑐
−

(𝑀𝑖𝑛𝑣𝑇 + 𝑀𝑐𝑖𝑝)12 𝑦𝑏𝑜𝑡𝑐𝑜𝑚𝑝

𝐼𝑝𝑐
 ] 𝐼𝑐

𝑦𝑏𝑜𝑡𝑐𝑜𝑚𝑝
                         (17) 

∆𝜀 =  ∓
𝑀𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔 12 𝑦

𝐼𝑐𝐸𝑝𝑐
                                                                                                                           (18) 

∆∅ =
∆𝜀𝑏𝑜𝑡 − ∆𝜀𝑡𝑜𝑝

ℎ𝑝𝑐
                                                                                                                                 (19)  

𝑀𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =  𝑀𝑛𝑜𝑛𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 + 𝑀𝑐𝑟𝑎𝑐𝑘𝑖𝑛𝑔                                                                                         (20)  

∅ =  ∅𝑛𝑜𝑛𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 + ∆∅                                                                                                                         (21)  
 

After cracking 

 

An algorithm was used to obtain the moment curvature relationship in the composite 

section after cracking. This algorithm is described in Figure 12 and Figure 13 and consists of 

incrementally increasing the strain in the top of the cast-in-place concrete and finding the 

corresponding depth of the neutral axis. The strain in the top of the cast-in-place concrete and the 

depth to the neutral axis are used to calculate strain and stress profiles in the composite section. 

Compressive stress profiles in concrete are integrated to calculate internal compressive forces and 

the tensile stress in steel is used to calculate the internal tension force. After internal equilibrium 

is satisfied, the internal moment, curvatures and the depth to the neutral axis are reported. Nilson1 

states that the relatively small strain discontinuity at the interface between precast and cast-in-

place concrete, resulting from prior bending of the non-composite precast section,  can been 

ignored without serious error at the overload stage. Because the strain range covered in this 

algorithm is relatively large, the strain discontinuity at the interface was ignored. However, the 

discontinuity of the concrete stress profiles at the interface of the two components was taken into 

account for cases when the neutral axis falls below the thinnest portion of the cast-in-place concrete 

topping. 

  

Because the data from the test will include the superimposed load (actuator load) versus 

the corresponding mid-span deflection the full moment curvature relationship (Figure 14 (a)) is 

adjusted to reflect just the superimposed moment and the corresponding curvature (Figure 14(b)). 

This information is then used to construct a curvature diagram based on the moment diagram in 
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the composite beam caused by the actuator load. Deflection at mid-span of the beam is then 

calculated by multiplying the individual areas in the curvature diagram by the distance between 

their centroids and the support (Eq.22). 

 

 
 

Figure 12. Partial algorithm for calculating Moment Curvature Relationship  

 

Continues on Figure 13 
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Figure 13. Partial algorithm for calculating Moment Curvature Relationship 

 

Continued from Figure 12 
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(a) 

 
(b) 

Figure 14.  (a) Full moment-curvature relationship, (b) Moment-curvature relationship for 

superimposed loads 
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Figure 15. Moment and curvature diagram 
 

∆𝑚𝑖𝑑𝑠𝑝𝑎𝑛=  ∑ 𝐴𝑖𝑦𝑖 

𝑛

𝑖=1

                                                                                                                                 (22) 

 

 

RESULTS 
 

TEST 1 – SIMULATION OF SERVICE LEVEL DESIGN MOMENT 

 

The purpose of the first test was to load the composite beam to simulate the service level 

design positive moment. The actuator load required to cause this moment was estimated to be 40 

kips (PMs). No cracking was observed in the precast beam during this test, which was consistent 

with the design requirements for a fully prestressed member. Figure 16 shows a comparison of the 

estimated and tested load versus mid-span deflection curves for the first test. As can be seen, the 

curves are almost identical which provides evidence that full composite action was maintained up 

until the service level moment. Also, a comparison of the load versus quarter-span deflection 

curves is illustrated in Figure 17. These curves are also almost identical despite the fact that one 

half of the span contained extended stirrups whereas the other half did not. This shows that the 

presence of extended stirrups is not required to ensure composite action up until the service level 

design positive moment. In addition, an examination of the typical load versus slip relationship at 

both ends of the beam, with and without extended stirrups suggests that there is no slip at either 

end (Figure 18 and Figure 19), and confirms the assumption for full composite action. 
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Figure 16. Comparison of predicted and experimental load vs mid-span deflection curves (up to 

PMs) 

 

Figure 17. Comparison of load quarter span deflection curves (up to PMs) 

 

Figure 18. Typical load vs slip relationship – without extended stirrups (up to PMs) 
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Figure 19. Typical load vs slip relationship –with extended stirrups (up to PMs) 

 

TEST 2 – SIMULATION OF STRENGTH LEVEL DESIGN SHEAR (Vu) 
 

The purpose of the second test was to simulate strength level design vertical shear on the 

portion of the beam without the extended stirrups. The actuator load required to simulate this 

condition was estimated to be 118 kips (PVu). Figure 20 and Figure 21 reveal that there was no slip 

at either end of the beam under this load arrangement, which confirmed the hypothesis that the 

composite beam can resist the strength level design shear force without incurring any slip even 

with no extended stirrups. The maximum horizontal shear stress computed using Equation 1 was 

99 psi. This observation leads to the conclusion that the design for horizontal shear of composite 

bridge systems consisting of adjacent precast inverted T-beams with tapered webs and cast-in-

place topping can be confidently based on a cohesion factor equal to at least 99 psi.  

 

 

Figure 20. Typical load vs slip relationship – without extended stirrups (up to PVu) 

 

 

Figure 21. Typical load vs slip relationship – with extended stirrups (up to PVu) 
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TEST 3 – SIMULATION OF NOMINAL MOMENT CAPACITY (Mn) 
 

The purpose of the third test was to simulate moments in the composite section that were 

equal to the strength level design positive moment and the nominal moment capacity of the 

composite section. The actuator load required to simulate the strength level design positive 

moment and nominal moment capacity was 76 kips (PMu) and 200 kips (PMn), respectively. The 

capacity of the actuator was 220 kips. The composite beam was loaded until the capacity of the 

actuator was met. Figure 22 shows a comparison between the estimated actuator load versus mid-

span deflection curve to the experimentally obtained curve. It can be seen that the two curves are 

similar with the experimental curve exhibiting slightly higher strength and stiffness. A part of the 

small difference between the experimental and predicted curve can be attributed to the fact that 

tension stiffening was ignored in the prediction method used herein. Figure 23 shows a comparison 

of the actuator load versus quarter span deflection relationship. As can be seen, the two curves are 

identical, which suggests that the behavior of the half of the span without extended stirrups is 

identical to that of the other half of the span, which features extended stirrups. This observation 

confirms the hypothesis that the presence of extended stirrups is not required to maintain full 

composite action up to the development of the nominal moment capacity of the composite beam. 

  

Figure 24 and Figure 25 show that there is no slip at either end of the composite beam, an 

observation that provides additional evidence about the ability of the composite beam to develop 

its nominal moment capacity without incurring any slip. The maximum vertical shear force at the 

critical section when the actuator load reached 220 kips was equal to 147 kips, which was larger 

than the strength level design vertical shear forces at the critical section (138 kips). Because the 

failure mode of the composite beam under the loading arrangement illustrated in Test 3 was of 

interest, the 220 kip actuator was replaced with a 400 kip actuator, and the composite beam was 

loaded to failure. The composite beam failed in flexure at an actuator load of 272 kips. The 

corresponding vertical shear force at the critical section was 173 kips including the self-weight of 

the composite beam. The horizontal shear stresses computed using Equation 1,2 and 3 in the 

previously investigated planes are provided in Table 6. The maximum computed horizontal shear 

stress was 124 psi in Plane 1 and was based on Equation 1. Although the composite beam at failure 

exhibited significant flexural cracking, the regions near the support, with the highest vertical shear 

did not exhibit cracking. Accordingly, the utilization of Equation 1 for these regions is valid. In 

addition, the horizontal shear stresses computed using Equation 3 in Planes 1 and 2 were 120 psi. 

As expected, horizontal shear stresses computed using Equation 4 were lower and were equal to 

110 psi for Planes 1 and 2 and 95 psi for Plane 3. Because Equation 3 is provided in AASHTO as 

a reasonable approximation of the horizontal shear stress, these results suggest that the design for 

horizontal shear of adjacent precast inverted T-beams with tapered webs and cast-in-place topping 

can be confidently based on the following cohesion and friction factors: 

c = 120      μ = 1.0      K1 = 0.2        K2 = 0.8 
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Figure 22. Comparison of predicted and experimental load vs mid-span deflection curves (Full 

Curve) 

 

Figure 23. Comparison of load quarter span deflection curves (up to PMn) 

 

 

Figure 24. Typical load vs slip relationship – without extended stirrups (up to PMn) 

 

Figure 25. Typical load vs slip relationship – with extended stirrups (up to PMn) 
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Table 6. Horizontal shear stress (based on actuator load that caused failure) 
 

Equation 
Horizontal shear stress (psi) 

Plane 1 Plane 2 Plane 3 

1 124 82 Varies 

3 120 120 NA 

4 110 110 95 
                           NA = not applicable 

Because of the flexural failure mode, the 120 psi horizontal shear stress representing the 

recommended cohesion factor does not constitute the maximum horizontal shear stress that can 

be developed in the composite inverted T-beam system described herein. The flexural failure of 

the composite beam prevented it from achieving higher horizontal shear stresses at the interfaces 

such as those achieved by French et al.11 (135 psi) in their experiments. 
 
 

CONCLUSIONS AND RECOMMENDATIONS 
 

The analytical and experimental results presented in this paper lead to the following 

conclusions and recommendations: 

 The full scale test described in this paper has demonstrated that full composite behavior is 

assured not only at service and strength level design loads, but also up to flexural failure in 

such a uniquely shaped composite system.  

 

 The presence of extended stirrups in one half of the span did not result in any differences 

in behavior between the two halves of the span. Because the composite inverted T-beam 

bridge system with tapered webs and cast-in-place topping features a broad contact surface 

between the precast and cast-in-place components, adequate horizontal shear resistance 

along the interface to develop the nominal moment capacity of the composite section can 

be provided solely by the natural adhesion and friction between the two components. 

 

 The composite bridge system described in this paper and used in the construction of the 

US 360 Bridge was able to develop at least a horizontal shear stress equal to 120 psi without 

the presence of extended stirrups. The failure mode of the composite section was a flexural 

failure. Because Equation 3 is provided in AASHTO as a reasonable approximation of the 

horizontal shear stress, these results suggest that the design for horizontal shear of adjacent 

precast inverted T-beams with tapered webs and cast-in-place topping can be confidently 

based on the following cohesion and friction factors: 

 

c = 120        μ = 1.0        K1 = 0.2         K2 = 0.8 

 

Because of the flexural failure mode, the 120 psi horizontal shear stress representing the 

recommended cohesion factor does not constitute the maximum horizontal shear stress that 

can be developed in the composite inverted T-beam system described herein. The flexural 
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failure of the composite beam prevented it from achieving higher horizontal shear stresses 

at the interfaces such as those achieved by French et al.11 (135 psi) in their experiments. 

 

 Roughening the tapered webs and the tops of the precast flanges in the longitudinal 

direction while providing a transverse rake finish only at the top of the precast web  appears 

to provide adequate horizontal shear resistance in the longitudinal direction to resist at least 

a horizontal shear stress of 120 psi without the presence of extended stirrups. The minimum 

reinforcement requirements for cases in which the horizontal shear stress is smaller than 

120 psi and the precast surfaces are roughened as described above can be waived for 

composite bridges consisting of adjacent precast inverted T-beams with tapered webs and 

cast-in-place topping.  
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