
Abstract 

NAFADI, MOHAMED KHALED MOHAMED. Behavior and Design of Ledges of L-Shaped 
Beams. (Under the direction of Dr. Sami Rizkalla.) 
 
The design procedure presented in the 7th edition of the PCI Design Handbook for ledges of 

L-shaped beams has been called into question by many engineers and researchers. 

Research findings from previous experimental studies have indicated that the current PCI 

ledge design equations can overestimate ledge punching shear capacity. 

This dissertation summarizes the findings of an extensive three-dimensional non-linear finite 

element analysis and a comprehensive experimental program, conducted to develop a design 

procedure for ledges of L-shaped beams. The main objective of this research was to develop 

practical and reliable design guidelines to predict the punching shear capacity of the ledges 

of L-shaped spandrel beams. The research also aimed at investigating possible reinforcement 

details to enhance the ledge capacity without changing the ledge geometry. 

The research was carried out in two phases. Phase 1 included a review of the current 

knowledge and published research related to the behavior of ledges of L-shaped beams. A 

three-dimensional non-linear finite element model was developed and calibrated with the 

experimental data obtained from the reviewed literature. Using the calibrated model, extensive 

finite element modeling was performed to evaluate the significance of several parameters 

believed to affect the behavior of the ledge. The analysis covered not only the parameters that 

are included in the current PCI design procedure but also several additional parameters.  

Based on the results of the Phase 1 study, a comprehensive experimental program was 

proposed for the Phase 2 study to further investigate (1) the effect of selected parameters, (2) 

the shape of the failure surface, and (3) the performance of special reinforcement details. The 

Phase 2 experimental program included 106 tests, conducted through multiple loadings of 21 

short beams of 15 ft. span, 8 long beams of 45 ft. span, and one long beam of 36 ft. span. 

Based on the observed failure surfaces and experimental data, an idealized failure surface 

was selected. Using the output of both the finite element study and the experimental program, 

a simplified procedure is proposed for the punching shear strength of the ledge that accounts 

for the effects of global stresses and prestressing force. Recommendations for improved 

detailing of ledge reinforcement are also introduced. 
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1. Introduction 

1.1. Problem Definition 

Precast concrete L-shaped spandrel beams are commonly used in parking structures to 

support deck members such as double-tee beams. The ledge of an L-shaped spandrel beam 

typically runs along the bottom of one face of the web to transfer the eccentric loads generated 

by the stems of the double-tee (DT) deck resting on the ledge. The stems of the DT can be 

dapped at the end to reduce the overall depth of the floor system, as shown in Figure 1-1. The 

L-shaped spandrel beams are simply supported by column haunches or corbels and are 

connected laterally to the columns to prevent out-of-plane rotation. The deck members are 

typically connected to the inner surface of the web to limit the lateral displacements of the L-

shaped spandrel beam. The eccentric concentrated loads cause vertical deflections as well 

as lateral displacements and rotations of the spandrel beam, as shown in Figure 1-2. 

 

 

Figure 1-1: Typical L-shaped Spandrel Beam used in Parking Structure 
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Figure 1-2: Deformed Shape of L-shaped Spandrel Beam 

 

1.2. Research Need 

If the applied concentrated loads are sufficiently large, they may cause the ledge to fail in a 

localized punching shear mode. Such a failure mode is usually brittle in nature and 

accompanied by the formation of localized, wide, diagonal cracks that develop quickly. The 

exact shape of the failure surface depends on the location of the load within the span of the 

L-shaped beam. The failure can be either a symmetric failure at inner locations along the 

span, or an asymmetric failure at the end of the ledge. The current PCI Design Handbook 

assumes 45-degree failure planes developing from the edges of the bearing pads 

(Precast/Prestressed Concrete Institute, 2010). An idealized rectangular design surface is 

used to formulate equations to determine the punching shear capacity of the ledge. 

To date, there have been no reported ledge failures due to punching shear in practice; 

however, findings from several laboratory tests and finite element modeling have indicated 

that the current ledge design equations could significantly overestimate the ledge capacity. 

The loading demands may increase in some special cases, such as the cases of green roofs 

and/or mixed occupancies. Therefore, the safety margin provided by the current design 
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procedure becomes questionable and there is a need to develop a safer and practical 

procedure to predict more accurately the ledge capacity of L-shaped spandrel beams. 

1.3. Objectives 

The objectives of this research are as follows: 

1. Develop practical and reliable design guidelines to predict the punching shear capacity 

of the ledges of L-shaped spandrel beams. These guidelines should provide for a 

sufficient margin of safety of the ledge capacity under a wide range of loading 

conditions.  

2. Investigate possible reinforcement details to enhance the ledge capacity without 

changing the ledge geometry.  

Research findings of this study would result in proposed revisions of the design procedure 

specified by the current PCI Design Handbook, as well as the current ACI Code. 

1.4. Scope 

The research scope included the following tasks:   

1- Review the current knowledge and published research related to the behavior of 

ledges of L-shaped spandrel beams. 

2- Develop a three-dimensional non-linear finite element model, calibrated by the 

experimental data obtained from the literature review. 

3- Perform an analytical study to evaluate the effects of several parameters believed to 

affect the behavior of the ledge. Results of this analytical study would be used to 

propose a comprehensive experimental program to further investigate the effects of 

selected parameters.  

4- Conduct experimental testing on ledges of short span L-shaped beams to study the 

failure surface and the effects of a large number of parameters on the ledge capacity 

without the influence of significant global stresses.  

5- Conduct experimental testing on ledges of long span L-shaped beams to study the 

effect of the global flexural and shear stresses on the ledge capacity, under different 

loading conditions. 
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6- Use the experimental and the analytical results to develop design guidelines for ledges 

of L-shaped spandrel beams. 

The research was carried out in two phases. Phase 1 included Tasks 1-3, and Phase 2 

included Tasks 4-6. This report documents the work performed and summarizes the findings 

of both Phase 1 and Phase 2 of the research. 

1.5. Terminology and Notations 

Terminology and notations that are used to describe the geometry and reinforcement details 

of a typical ledge of L-shaped beam are shown in Figure 1-3 and Figure 1-4, respectively. 

These figures are reproduced from the current PCI Design Handbook (Precast/Prestressed 

Concrete Institute, 2010). Most of the notations used in this report are the same as given 

Section 5.5 of the current PCI Design Handbook, except the notations for the applied factored 

ledge loads and the ledge projection. Some new notations that are not used by the current 

PCI Design Handbook are also introduced.  
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Figure 1-3: Typical Geometry of L-shaped Beam 

 

 

Figure 1-4: Reinforcement Details of Typical L-shaped Beam Ledge 
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Notations 

𝒉 = height of beam, in.  

𝑨𝒍 = longitudinal reinforcement in ledge, in2   

𝑨𝒔 = transverse flexural reinforcement, in2  

𝑨𝒔𝒉 = hanger reinforcement, in2  

𝒃 = width of web, in.  

𝒃𝒍 = width of web and one ledge, in.  

𝒃𝒕 = minimum of width of bearing area and the stem width, in. 

𝒅𝒆= distance from the first load to end of the ledge, in. 

𝒇′𝒄 = specified compressive strength of concrete, psi  

𝒇𝒑𝒄 = average prestress after losses 

𝒉𝒍 = height of beam ledge, in.  

𝒔 = spacing of concentrated loads, in. 

𝝀= a modification factor for density of concrete 

𝝁= coefficient of friction 

𝝓= a strength-reduction factor 

 

𝒍𝒑= projection of the ledge, in. ((𝒃𝒍 − 𝒃) in Section 5.5) 

𝑵𝒍𝒖= factored ledge friction load, lb. ( 𝑵𝒖 in Section 5.5) 

𝑽𝒍𝒖= factored ledge vertical load, lb. ( 𝑽𝒖 in Section 5.5) 

 

𝒆′ =eccentricity of the factored ledge vertical load to the inner web face, in. (New) 

𝒍𝒃 = length of the bearing area, in. (New) 
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2. Literature Review 

This chapter presents a review of the characteristics of the ledge behavior, followed by the 

previously published research related to ledge failures and, in particular, L-shaped beam 

ledge failures. The chapter also includes a discussion of the current PCI design procedure 

and lessons learned from literature review related to ledge design issues. 

2.1. Characteristics of Ledge Behavior 

L-shaped beams must be designed for the global effects of flexure, shear, and torsion, as well as 

for the local effects in the ledge. The design of the ledge is formulated according to four 

fundamental behaviors: 

1- Punching Shear Strength of the Ledge -- Ledges are vulnerable to punching shear 

failure once the applied concentrated loads are sufficiently high to cause local 

punching failure under the bearing pad. Such failure is usually brittle in nature and is 

accompanied by wide, diagonal, tension cracks that quickly develop from the edges of 

the bearing pad, followed by crushing of the concrete strut within the shear cracks. 

The shape of the failure surface depends on the location of the load within the span of 

the L-shaped beam. It can be either a symmetric failure at inner locations along the 

span, or an asymmetric failure near the end of the ledge, as sketched in Figure 1-3. If 

two loads are closely spaced, one common failure surface can develop underneath 

the two loads. Design for punching shear strength is mainly dependent on the cross-

section of the ledge in addition to the ultimate shear strength of the concrete. 

2- Flexural Strength of the Ledge -- Flexural reinforcement should be provided to resist 

the transverse bending moment on the ledge due to the applied eccentric vertical load 

as well as the inward frictional force from the bearing pads, as shown in Figure 1-4.  

3- Longitudinal Bending of the Ledge -- Longitudinal reinforcement should be provided 

at the top and bottom of the ledge to resist the longitudinal bending of the ledge, as 

part of the spandrel beam. 

4- Attachment of Ledge to Web -- Hanger reinforcement should be provided to prevent 

separation of the ledge from the web, as shown in Figure 1-4. The applied load is 

resisted by a compression strut, which develops underneath the load and extends 

diagonally downwards and backwards to the web. Therefore, the vertical component 
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of this strut must be carried by web stirrups that act as hanger reinforcement. It should 

be noted that the hanger reinforcement is not additive to the shear and torsion 

reinforcement for the ledge beam and the larger of the two amounts should be used. 

Hence, the hanger reinforcement requirement typically controls the required amount 

of stirrups at middle regions of the spandrel beam.  

2.2. Previous Research 

While several researchers have focused on the behavior and design of L-shaped spandrel 

beams under global effects of shear and torsion, very limited research is available related to 

the behavior of the ledges. Full-scale experimental programs on L-shaped beams that 

involved ledge failures include unpublished tests conducted by Krauklis and Guedelhoefer ( 

1985), and tests conducted both by Klein (1986a) and by Lucier et al. (2011a). Several ledge 

failures have been also reported as part of experimental programs conducted on inverted T-

beams (Larson et al., 2013; Mirza and Furlong, 1983). The paper published by Raths (1984) 

on the design of spandrel beams included a design procedure to determine the punching 

shear capacity of the ledges. However, it should be noted that the behavior of the ledges was 

not the primary focus of any of these studies. In 2007, Hassan (2007) published the first known 

analytical study focused on the punching shear strength of ledges of L-shaped beams. Details 

on each of the previous studies are presented below. 

The earliest documented ledge failures were reported by Mirza and Furlong (1983) during 

their testing on inverted T-beams. The primary objective of their research was to investigate 

the behavior of both reinforced and prestressed concrete inverted T-beam bridge bent caps 

in terms of strength and serviceability. The research included 27 tests on seven specimens 

representing one-third scale models of typical inverted T-beams used for bridges. The 

specimens had various reinforcement details and different amounts of hanger reinforcement 

for the same cross section, and approximately the same concrete strength. Of the 27 observed 

failures, four tests resulted in pure punching shear failure of the ledge, six tests resulted in 

failures due to pure hanger failure in the ledge, and four tests resulted in failures due to 

combined hanger failure and punching shear failure of ledge. One example of the punching 

shear failures observed by Mirza and Furlong is shown in Figure 2-1. Except in the case of 

two hanger failures, all observed ledge failures exceeded the capacities predicted by the PCI 
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design procedure. However, it should be noted that the tests were conducted on relatively 

short span beams, where the effect of global stresses was insignificant. Furthermore, the 

loads were applied with relatively small eccentricity with respect to the web face, which 

reduces the tensile and shear stresses developed on the ledge and consequently enhance 

the punching shear strength of the ledge. The amounts of transverse reinforcement used in 

the ledge for all the specimens were relatively large compared to what would be required for 

typical design, which is believed to have contributed to the higher punching shear strength of 

the ledge.   

 

Figure 2-1: Example of a Punching Shear Failure of the Ledge (Mirza and Furlong, 1983) 

 

Raths (1984) documented a comprehensive study on the behavior and design of spandrel 

beams. The main objective of his study was to review common issues related to spandrel 

beams and to develop design recommendations. The issues discussed by Raths included the 

punching shear strength of ledges of L-shaped beams in addition to the design requirements 

for hanger reinforcement to resist the applied vertical loads. A design procedure was 

introduced to determine the punching shear capacity using reduced ultimate shear strength 

on the vertical shear plane along the inside face of the web. Raths classified the failures 

according to their locations: inner and end failures. According to this classification, the end 

failure occurs when the end distance to the first load, 𝑑𝑒, is less than twice the ledge 

height, 2ℎ𝑙 . In addition, a common failure underneath two adjacent loads occurs if the spacing 

between the loads is less than 𝑏𝑡 + 2ℎ𝑙. The equations that Raths proposed are summarized 

in Table 2-1.  
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Table 2-1: Summary of Design Equations Proposed by Raths (1984) 

Idealized Failure Surface and Associated 
Ultimate Shear Stresses 

Ultimate Capacity for Ledge 
Loading (lbs) 

 

Single 
Failures 

 

𝑠 > 𝑏𝑡 + 2ℎ𝑙 

 

𝑑𝑒 ≥ 2ℎ𝑙 
𝑉𝑢 = 3𝜙ℎ𝑙𝜆√𝑓′

𝑐
. (2𝑙𝑝 + 𝑏𝑡 + ℎ𝑙) 

 

𝑑𝑒 < 2ℎ𝑙 𝑉𝑢 = 𝜙ℎ𝑙𝜆√𝑓′
𝑐
. (2𝑙𝑝 +

𝑏𝑡 + ℎ𝑙

2
+ 𝑑𝑒) 

 

 
Common 
Failures 

 

𝑠 ≤ 𝑏𝑡 + 2ℎ𝑙 
 

𝑑𝑒 ≥ 2ℎ𝑙 𝑉𝑢 = 𝜙 𝑠ℎ𝑙𝜆√𝑓′
𝑐
 

 

𝑑𝑒 < 2ℎ𝑙 𝑉𝑢 = 𝜙ℎ𝑙𝜆√𝑓′
𝑐
. (

𝑠

2
+ 𝑑𝑒) 

 

Continuous  𝑉𝑢 = 𝜙12ℎ𝑙𝜆√𝑓′
𝑐
 ,    𝑙𝑏/𝑓𝑡 

* Notations are same as those currently used by PCI except for the ledge projection, which was expressed by 
Raths as  𝑙𝑝, instead of 𝒃𝒍 − 𝒃 used currently by PCI 

 

Table 2-2 compares the ultimate shear strength used by Raths to that used by the PCI design 

procedure at the time (Precast/Prestressed Concrete Institute, 1978). The comparison 

indicates that the modified procedure by Raths results in a more conservative estimation of 

the punching shear capacity of the ledge than the PCI procedure, particularly for the end 

failures. For common failures, the Raths procedure considers the ledge load to be transferred 

to the web by shear along the vertical plane on the inside web face.  While the PCI equations 

specify a spacing that is greater than 𝑏𝑡 + ℎ𝑙 to define a single failure, the Raths procedure 

considers such spacing to be at least 𝑏𝑡 + 2ℎ𝑙. Finally, the Raths procedure specifies a 
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distance from the end load, 𝑑𝑒, of at least twice the ledge height, 2ℎ𝑙, to use the inner failure 

equation. The PCI design procedure, however, does not specify a value for such distance, 

and recommends using the lesser of the end and inner capacities. 

 

Table 2-2: Comparison between Failure Surfaces used by PCI (1978) and Raths (1984) 

 PCI Design Handbook 
(1978) 

Raths (1984) 

Single 
Failures 

 

 

 

 

 

Common 
Failures 

 
 

 

 

 

Continuous 
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While a hanger reinforcement requirement was not explicitly addressed in the PCI Design 

Handbook(1978), Raths recommended using the following equation, which considers the load 

eccentricity based on summation of the moments about the outside face of the web, as shown 

in Figure 2-2: 

𝐴𝑠ℎ =  
𝑉𝑢

𝜙 𝑓𝑦

(𝑏𝑤 + 0.75𝑙𝑝 − 0.5)

(𝑏𝑤 − 𝑑′𝑠 − 0.5)
  

Eq. 5 
(Raths, 1984) 

Where: 

𝑏𝑤  =web width 

𝑑′𝑠 =distance from centroid of hanger reinforcement to the inner web face 

 

 
Figure 2-2: Beam Ledge Attachment in Reinforced Section (Raths, 1984) 

 

In a discussion of Raths’ paper, Krauklis and Guedelhoefer (1985) raised a concern that the 

existing design practice was unconservative with respect to punching shear strength of L-

shaped beam ledges. They presented unpublished results from load tests of pier cap end 

ledges, which documented an unfavorable comparison between their experimental results 

and the PCI predicted failure load. The experimental study was intended to provide more data 

on the behavior of unreinforced and reinforced ledges at free ends. According to the test 
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results provided by Krauklis and Guedelhoefer (1985), the capacity predicted by the PCI 

design procedure for the ledge overestimates the measured failure load by approximately 23 

percent, while the equations proposed by Raths underestimate the measured failure load by 

15 percent. The authors also highlighted the importance of providing sufficient transverse, 

hanger and longitudinal reinforcement within the failure zone to develop the full capacity of 

the ledge.  

Klein (1986a) documented three ledge failures during full-scale testing on three prestressed 

concrete specimens: two L-shaped beams and one pocket spandrel beam. The primary 

objective of the research was to investigate the behavior and design of the spandrel beams. 

The most unexpected result of the research was the premature punching shear failures that 

occurred in the second L-shaped specimen: one near the end and one at an inner location, 

as shown in Figure 2-3. The primary observation was that the PCI design procedure 

significantly overestimates the measured failure loads at both locations. Klein raised a 

concern that the PCI equations do not consider the effect of the eccentricity (between the 

applied load and the centroid of the resisting section of the L-shaped beam) and global flexural 

and shear stresses on the punching shear capacity of the ledge. Klein also pointed out a 

possible positive effect of the ledge flexural reinforcement on the ledge capacity. Klein agreed 

with Krauklis and Guedelhoefer's concerns about the safety provided by PCI provisions to 

predict the punching shear capacity of the ledge, and he recommended further research.  
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Figure 2-3: Punching Shear Failures in the Second Specimen (Klein, 1986a) 

 

One ledge failure took place in the first L-shaped specimen caused by separation between 

the ledge and the web due to hanger reinforcement yielding, as reported by Klein. Prior to the 

Klein research, the PCI design procedure recommended the following equation for hanger 

reinforcement: 

𝐴𝑠ℎ =  
𝑉𝑢

𝜙 𝑓𝑦
  

Eq. 6-13.8 
(Precast/Prestressed Concrete 

Institute, 1985) 

 

This equation neglects the effect of eccentricity of the ledge load. Klein noted that the PCI 

design procedure at that time could be unconservative while Raths’ equation could be overly 

conservative. Therefore, Klein developed a design procedure for the hanger reinforcement 

based on the transverse forces acting on the free body diagram shown in Figure 2-4. The 

following equation was developed by summation of the moments about the outside face of 

the web: 

𝐴𝑠ℎ =  
𝑉𝑢(𝑑 + 𝑎) − ∆𝑉𝑙 .

𝑏𝑙
2 − ∆𝑇𝑙

𝜙 𝑓𝑦. 𝑑
  

Eq. 6 
(Klein, 1986a) 
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Where: 

∆𝑉𝑙 =shear in ledge 

∆𝑇𝑙  =torsion in ledge 

 𝑏𝑙=width of ledge measured along the bottom of the beam 

 
Using the internal shear stress distribution and the torsional strength of the ledge to estimate 

∆𝑉𝑙 and ∆𝑇𝑙, the above equation can be refined to the following formula, which is used by the 

current PCI design procedure: 

𝐴𝑠ℎ =  
𝑉𝑢

𝜙 𝑓𝑦

(𝑚)  

 
 
Where: 

𝑚 =

[(𝑑𝑠 + 𝑎) − (3 − 2
2ℎ𝑙
ℎ

) (
ℎ𝑙
ℎ

)
2

(
𝑏𝑙
2 ) − 𝑒𝛾𝑡

(𝑥2𝑦)𝑙

∑ 𝑥2𝑦
]

𝑑𝑠
 

Eq. 5-51 

(Precast/Prestressed Concrete 

Institute, 2010) 

 

Eq. 5-52 

(Precast/Prestressed Concrete 

Institute, 2010) 

Klein also concluded that all the hanger reinforcement or the transverse flexural reinforcement 

can be considered effective in resisting the applied ledge loads if the punching shear strength 

of the ledge is satisfied. More details and information about the study can be found in the 

comprehensive report submitted by Klein (Klein, 1986b).   

 

Figure 2-4: Transverse Forces Acting on Free Body of Ledge (Klein, 1986a) 
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Hassan (2007) published an analytical study that was mainly focused on the punching shear 

strength of ledges of L-shaped beams, using the non-linear finite element program ANACAP. 

The study investigated different aspects of the ledge design. In his research, Hassan selected 

Klein’s second specimen to calibrate his finite element model to ensure the capability of the 

program to simulate the behavior. The failure predicted by the FE analysis was due to 

punching shear of the ledge, similar to that reported by Klein. Furthermore, the analytical 

model predicted an end reaction at failure that was in good agreement with the measured 

reaction in testing. The distribution of principal compressive strains at failure, predicted by the 

analytical model, is shown in Figure 2-5. The finite element results confirmed the previously 

expressed concerns that the PCI design equations could overestimate the punching shear 

strength of the ledge by a significant amount (Precast/Prestressed Concrete Institute, 2004). 

 

 

Figure 2-5: Distribution of Principal Compressive Strains at Failure (Hassan, 2007) 

 

Based on the calibrated model, Hassan then conducted a parametric study, consisting of 14 

cases, to investigate the influence of different parameters believed to affect the punching 

shear strength of the ledge. The study included the main parameters of the current PCI design 

procedure; namely, ledge height, ledge projection, concrete strength, and bearing width. The 

investigation was extended to other parameters that are not considered by the current PCI 

design procedure, including prestressing level, strand debonding, and hanger steel in the web. 
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Hassan reported that increasing the concrete strength and the ledge height could significantly 

enhance the punching shear capacity of the ledge. However, the increases were not 

proportional to the corresponding increases estimated by current PCI design procedure. On 

the other hand, the finite element analysis indicated that no increase in the ledge capacity 

would be achieved by increasing the ledge projection if it was accompanied by an increase of 

the eccentricity of the applied load. The analysis also indicated a positive contribution of the 

hanger reinforcement to the punching shear capacity of the ledge. Furthermore, the results 

showed that increasing the prestressing level could also improve the ledge capacity. Finally, 

the analysis indicated only slight influence of the bearing width and strand debonding on the 

punching shear capacity of the ledge. In general, the results of Hassan’s study showed that 

the average of the capacities predicted by finite element modeling, were approximately 60 

percent of the predicted capacities using the PCI design equations. The main conclusion of 

the study was that the PCI design equations for ledge punching are unconservative. In 

addition, the study showed that key parameters such as the load eccentricity, the prestressing 

level, and the hanger reinforcement can significantly affect the punching shear capacity of the 

ledge and are not taken into consideration by the current PCI procedure. Based on these 

findings, Hassan recommended a strength reduction factor of 0.60 for the current PCI design 

procedure in order to provide a higher margin of safety for the punching shear capacity of the 

ledge. It should be noted that results of Hassan’s parametric study were limited to ledge 

failures that can take place at the end region, where the global shear stresses are dominant. 

More recently, Lucier et al. (2011a, 2011b) conducted 16 full-scale experimental tests at North 

Carolina State University, accompanied with extensive finite element modeling. The main 

objective of the research was to develop a rational design methodology for the end regions of 

slender spandrel beams and to investigate the performance of open web reinforcement versus 

the conventional closed stirrups. Eight ledge failures were observed in five of the tested 

specimens. Seven failures were due to punching shear of the ledge, as shown in Figure 2-6 

and Figure 2-7, while one failure was due to hanger failure at the end of a beam where the 

ledge detached from the web, as shown in Figure 2-8. All the punching shear ledge failures 

occurred at loads that were less than the predicted values by the current PCI design 

procedure.  
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Figure 2-6: Failure of a Ledge with Embedded Bearing Plates, SP11 (Lucier et al., 2011a, 2011b) 

 

 

 

Figure 2-7: Spandrel Ledge after Punching Shear Failure, SP14 (Lucier et al., 2011a, 2011b) 
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Figure 2-8: Ledge Detachment Failure after Hanger Reinforcement Yielding, SP1 (Lucier et al., 
2011a, 2011b) 

 

 
Four of the seven failures were observed in the same specimen, SP16, as it was reloaded 

with different combinations of applied loads representing different global stresses levels, 

which illustrates the significant influence of global stresses on the punching shear capacity of 

the ledge. The loading configurations used to evaluate the ledge capacity are shown in 

Figure 2-9 and Figure 2-10. Although the initial test and first retest were conducted at identical 

locations, at both ends of the ledge, the failure load for the first retest, which represented a 

lower global stress level, exceeded the initial test by about 25 percent. The same trend was 

observed in the second and third retests which were conducted at inner locations. All 

measured failure loads were less than predicted by current PCI procedure. Hence, Lucier et 

al. concluded that the current PCI equations overestimate the capacity of the ledge, and 

further research was recommended. More details can be found in the comprehensive report 

submitted to the PCI (Lucier et al., 2010).  
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Figure 2-9: Elevation Views of the Conducted Test Configurations, SP16 

 

 

Figure 2-10: View of the Second Retest, SP16 (Lucier et al., 2010) 

 

In a discussion of the ledge failures reported by Klein and Lucier, Logan (2012) re-evaluated 

the test results using the PCI equation for each failure location rather than using the least 

value as required by the current PCI Design Handbook. As an interim precaution, he 

recommended the use of 50 percent reduction of the predicted capacities by the current PCI 
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design equations. Logan highlighted the need for further research that is focused on the 

punching shear strength of the ledges.  

Larson et al. (2013) conducted an extensive experimental study on 33 reinforced concrete 

inverted T-beam specimens. The primary objective of the research was to examine the 

applicability of strut and tie provisions to inverted T-beams. The study investigated the effect 

of different parameters, such as the amount of web reinforcement, the web depth and the 

ledge depth and length, on the behavior and design of reinforced concrete inverted T-beams 

in terms of strength and serviceability. Web shear failure was observed in all specimens 

except in two specimens where flexure failure occurred and in three specimens where local 

ledge failures occurred. The three local ledge failures were evaluated using strut-and-tie 

design method. In one specimen, which had a shallow, cut-off ledge and a single loading 

point, the STM design was controlled by web shear and no indication of local failure was 

anticipated in the design phase. Nevertheless, the measured ledge strength was less than 

what was anticipated by STM. In another specimen, which had less shear span to depth ratio 

but same shallow, cut-off ledge and a single loading point, the STM design was governed by 

web shear. However, since the measured concrete strength was higher than the anticipated 

in the original design, web shear-strength was greater than anticipated and a ledge failure 

took place due to ledge tie yielding (i.e. yield of transverse flexural reinforcement of ledge). 

Finally, the third specimen had a short, shallow ledge that was not able to carry higher than 

anticipated load and the failure was due to punching shear failure of the ledge, as shown in 

Figure 2-11. The failure loads for the three specimens were still higher than the predicted 

ledge capacities using the current PCI design procedure.  It should be noted that using strut-

and-tie method would generally result in higher amounts of transverse and hanger 

reinforcement, which would be concentrated within the failure zone. Furthermore, the tests 

were conducted on relatively short span beams, using single loading points that reflects 

insignificant effect of the global stresses on the punching shear strength of the ledge. Further 

information and details are provided in their report (Larson et al., 2013).  
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Figure 2-11: Punching Shear Failure of Ledge in Inverted T Beam (Larson et al., 2013) 

 

2.3. Current PCI Ledge Design Procedure 

In addition to requirements for design of the beam for global flexure, shear and torsion, several 

potential local failure modes of the ledge must be considered in accordance to Section 5.5 in 

the current PCI design Handbook (2010). These design considerations are summarized as 

follows: 

2.3.1. Punching Shear Strength of Ledges 

The design procedure for punching shear strength of ledges was first introduced in the 2nd 

edition of the PCI Design Handbook (1978), and has been used with no change in the 

subsequent editions up to the current 7th edition of the PCI Design Handbook (2010). The PCI 

design procedure assumes 45-degree failure planes to develop from the edges of the bearing 

pad, which are then idealized as rectangular failure planes for different cases, as shown in 

Figure 2-12 and Figure 2-13. The punching shear strength of the ledge is determined by 

assuming a nominal shear strength of concrete to be developed on the idealized rectangular 

failure surfaces. The current PCI design procedure specifies a nominal shear strength of 

3√f ′
c, for symmetric failures, on the three assumed vertical shear planes. This value is 

reduced to 2√f ′
c on the two assumed vertical shear planes for the asymmetric failures. In the 

special case of continuous loading or closely spaced concentrated loads, a nominal shear 

strength of 2√f ′
c  is assumed along the vertical plane on the inside web face.  For all the 

cases, if the applied factored load exceeds the strength as determined by Equation 5-44, 5-

45, or 5-48, the ledge should be designed for shear transfer and diagonal tension in 

accordance with Sections 5.6.3.2 through 5.6.3.4. A summary of the current PCI design 

equations for punching shear strength of ledge is presented in Table 2-3.  
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Figure 2-12: Single Symmetric and Asymmetric Failures 

 

Figure 2-13: Common Symmetric and Asymmetric Failures 
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Table 2-3: Summary of the Current PCI Design Equations for Shear Strength of Ledge 

Idealized Failure Surface and 
Associated Ultimate Shear 

Stresses 

Design Shear Strength per Stem (lbs) 

 
Single  

Failures 
 

𝑠 > 𝑏𝑡 + ℎ𝑙 

𝜙𝑉𝑛 = 3𝜙𝜆√𝑓′
𝑐
. ℎ𝑙(2(𝑏𝑙 − 𝑏) + 𝑏𝑡 + ℎ𝑙) 

Eq. 
5-44 
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𝜙𝑉𝑛 = 𝜙𝜆√𝑓′
𝑐
. ℎ𝑙(2(𝑏𝑙 − 𝑏) + 𝑏𝑡 + ℎ𝑙 + 2𝑑𝑒)  

 

        = 2𝜙𝜆√𝑓′
𝑐
. ℎ𝑙((𝑏𝑙 − 𝑏) +

𝑏𝑡 + ℎ𝑙

2
+ 𝑑𝑒) 

 

Eq. 
5-45 

 

 
Common 
Failures 

 
𝑠 < 𝑏𝑡 + ℎ𝑙 

 

𝜙𝑉𝑛 = 1.5𝜙𝜆√𝑓′
𝑐
. ℎ𝑙(2(𝑏𝑙 − 𝑏) + 𝑏𝑡 + ℎ𝑙 + 𝑠) 

Eq. 
5-46 
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𝜙𝑉𝑛 = 𝜙𝜆√𝑓′
𝑐
. ℎ𝑙((𝑏𝑙 − 𝑏) +

𝑏𝑡 + ℎ𝑙

2
+ 𝑑𝑒 + 𝑠) 

Eq. 
5-47 

 

Continuous 
Loading 

𝜙𝑉𝑛 = 24𝜙ℎ𝑙𝜆√𝑓′
𝑐
 ,    𝑙𝑏/𝑓𝑡 Eq. 5-48 

 
 

Where: 

∅𝑽𝒏= design shear strength, lb. 

𝒉𝒍= depth of beam ledge, in.  

𝒍𝒑= projection of the ledge, in.  

𝒃𝒕 = width of bearing area, in.  

𝝓= reduction factor = 0.75 

 

𝒔 = spacing of concentrated loads, in. 

𝒅𝒆= distance from the first load to end of the ledge, in. 

𝒇′𝒄 = specified compressive strength of concrete, psi. 

𝝀 = modification factor for density of concrete 
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2.3.2. Transverse Bending of Ledge 

The current PCI design procedure determines the required flexural reinforcement to resist the 

transverse bending moment on the ledge, by considering the critical section for moment at 

the centroid of the hanger reinforcement on the inner web face, as shown in Figure 2-14. Such 

reinforcement may be distributed over a distance of 6ℎ𝑙 on each side of the load, but not to 

exceed half the spacing to the adjacent load. Bar spacing should not exceed the ledge height, 

𝒉𝒍, or 18 in. The required reinforcement can be determined using the following equation: 

𝐴𝑠 ≥
1

𝜙𝑓𝑦
[𝑉𝑢 (

𝑎

𝑑
) + 𝑁𝑢 (

ℎ𝑙

𝑑
)] 

Eq. 5-49  

(Precast/Prestressed Concrete 

Institute, 2010) 

*𝑁𝑢 should be taken as at least 

0.2 times the factored dead 

load portion of 𝑉𝑢 unless it can 

be shown as less by 

calculation 

 

 

Figure 2-14: Design of Transverse Bending of Ledge (Precast/Prestressed Concrete 
Institute, 2010) 

 

2.3.3. Longitudinal Bending of Ledge 

The design details also require longitudinal reinforcement that should be placed at the top and 

bottom of the ledge, as shown in Figure 2-14, and can be determined using the following 

equation: 
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𝐴𝑙 = 200 . 𝑙𝑝 . 𝑑𝑙/𝑓𝑦 
Eq. 5-50  

(Precast/Prestressed Concrete Institute, 2010) 

 

2.3.4. Attachment of Ledge to Web 

The design procedure for hanger reinforcement was first introduced in the 3rd edition of the 

PCI Design Handbook (1985). As previously discussed in section 2.2, the procedure was 

improved by Klein (1986a) to consider the effect of load eccentricity. The modified procedure 

was included in the 4th edition of the PCI Design Handbook (1992) up to the current 7th edition 

(2010). The distribution of such reinforcement follows the same provisions for the transverse 

steel. It should be noted that the hanger reinforcement is not additive to the shear and torsion 

reinforcement. Instead, the larger of the two amounts should be used. The required hanger 

reinforcement can be determined using the following equation: 

 

𝐴𝑠ℎ =  
𝑉𝑢

𝜙 𝑓𝑦

(𝑚)  

 
Where: 

𝑚 =hanger modification factor which considers the effect of the 

load eccentriticity (Klein, 1986a) 

𝑚 =

[(𝑑𝑠 + 𝑎) − (3 − 2
2ℎ𝑙
ℎ

) (
ℎ𝑙
ℎ

)
2

(
𝑏𝑙
2

) − 𝑒𝛾𝑡
(𝑥2𝑦)𝑙

∑ 𝑥2𝑦
]

𝑑𝑠
 

𝑚 ≥ 0.6 for L-shaped beams 

𝑚 ≥ 0.4 for Inverted T-beams 

Eq. 5-51 

(Precast/Prestressed 

Concrete Institute, 2010) 

 
 
 
 

Eq. 5-52 

(Precast/Prestressed 

Concrete Institute, 2010) 

Where: 

𝑥, 𝑦 =shorter and longer sides, respectively, of the component rectangles forming the ledge 

and web parts of the beam, in. 

𝛾𝑡 =0, when closed ties are not used in the ledge 

𝛾𝑡 =1, when closed ties are used in the ledge. 
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Figure 2-15: Ledge Hanger Steel Geometry (Precast/Prestressed Concrete Institute, 2010) 

 

2.4. Ledge Design Issues 

Comparisons of the measured failure loads of the ledge reported by Klein (1986a) and Lucier 

et al. (2011a), with the corresponding PCI predictions are summarized in Table 2-4. Three of 

the reported failures were near the end of the respective beams and six failures were at interior 

locations. The comparisons clearly indicate that the current PCI design procedure significantly 

overestimates the punching shear strength of the ledges. The lowest measured failure load 

reported by Lucier et al. (2011a) was 63 percent of corresponding PCI prediction. Based on 

the literature review presented in this chapter, several issues related to the design of ledges 

can be summarized as follows: 

1. The current PCI design procedure does not account for the effect of global stresses. 

Increasing the flexural or shear global stresses can significantly reduce the punching 

shear strength of the ledge. In most of the reported laboratory tests, the global flexural 

and shear stresses in the ledge were greater than the global stresses associated with 

factored loads. 
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2. Prestressing can enhance the punching shear strength of the ledge. The increase in 

strength is dependent on the level of the prestressing. The current PCI design 

procedure does not consider the effect of prestressing and makes no distinction 

between reinforced and prestressed concrete beams. 

3. While the current PCI design procedure assumes 45-degree failure planes to develop 

from the edges of the bearing pad, several parameters can affect the actual shape of 

the failure surface. 

4. The current PCI design procedure requires that both equations for inner and end 

locations be checked and the minimum value be used for all load locations. Generally, 

the equation for the end location would control the design when the end distance from 

the load, 𝒅𝒆, is small. As this distance increases, the predicted capacity increases 

correspondingly and the equation for inner locations controls. Hence, due to the effect 

of limited end distance, a concentrated load near the end of the ledge is likely to 

control the required ledge cross-section for the full length of the beam, which may not 

be economical. 

5. The current PCI design procedure requires that both equations for inner and end 

locations be checked and the minimum value be used for all load locations. Generally, 

the equation for the end location would control when the end distance from the 

load,𝒅𝒆, is small. As this distance increases, the predicted capacity increases 

correspondingly and the equation for inner locations controls. Hence, due to the effect 

of limited end distance, a concentrated load near the end of the ledge is likely to 

control the required ledge cross-section for the full length of the beam, which may not 

be economical. 

6. The current PCI procedure specifies that a load spacing of 𝑏𝑡 + ℎ𝑙 or more should 

lead to a single failure. However, this parameter needs to be further investigated since 

the actual failure surfaces may overlap with load spacings that are much greater than 

the PCI specified value. 

7. The current PCI design procedure requires both the transverse and hanger 

reinforcements to be distributed over a distance of 6ℎ𝑙 on each side of the applied 

load, but not to exceed half the spacing to the adjacent load. However, the distance 

within which such reinforcement is effective can be much smaller. Contributions of 
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both transverse and hanger reinforcement to the punching shear strength of the ledge 

are not explicitly addressed by the current PCI design procedure. 

8. The strut-and-tie method can be used for proportioning hanger reinforcement and 

ledge flexural reinforcement, but the reinforcement must be placed in the immediate 

vicinity of the ledge load, and global flexural stress should be considered in 

determining the strength of the strut extending diagonally downward from the ledge 

load. Moreover, punching shear cracks must develop before the concentrated hanger 

and ledge reinforcements are mobilized. The appearance of such cracks may be 

considered objectionable and raise concerns as to safety. As such, it is usually 

preferable to proportion the ledge for adequate punching shear strength in the place. 
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Table 2-4: Documented Ledge Failures due to Punching Shear in L-shaped Beams 

Documented Ledge 
Punching Failure 

Ledge Details 

Prestressed 
OR 

Reinforced 

Test 
Failure 
Load 
(kips) 

PCI Nominal Capacity  

𝒇′
𝒄
 

 
psi 

𝒅𝒆 

 
in. 

𝒃𝒕 

 
in. 

𝒉𝒍 

 
in. 

𝒍𝒑 

 
in. 

Equation 
5-44 

(Inner) 

PTest / 
PEq.5-44  

Equation 
5-45 

(End) 
(The 

Lesser) 

PTest / 
PEq.5-45  

Klein (1986a)  

Specimen #2 Inner 5640 23" 4.0" 12" 6" Prestressed 42.8 75.7 0.56 66.7 0.64 

Specimen #2 End 

Lucier et al. (2011a)  

SP11 Inner* 
6800 

21" 

20" 

8" 8" 

Reinforced 51.9 87.0 0.60 56.8 0.91 

SP14 Inner 
6000 

3.75" 

Prestressed 
32.7 

51.6 
0.63 

43.2 
0.76 

SP15 Inner 28.2 0.55 0.65 

SP16 – 1 End  

(High Global Stresses) 

5200 Reinforced 

25.5 

48.0 

0.53 

40.2 

0.63 

SP16 – 2 End 

(Low Global Stresses) 
32.4 0.67 0.81 

SP16 – 3 Inner 

(High Global Stresses) 
36.3 0.76 0.90 

SP16 – 4 Inner 

(Low Global Stresses) 
45.9 0.96 1.14 

* Secondary Failure: The test was terminated before a complete punching shear of the ledge could take place 
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3. Analytical Study 

This chapter describes the fundamental characteristics and modeling techniques of the finite 

element program "ATENA" used to predict the behavior of the ledge of precast concrete L-

shaped beams under different loading conditions. The chapter presents first the calibration 

process undertaken to determine several constants and parameters of the program by using 

test results reported by Lucier et al. (2011a) and Klein (1986a). Also presented are the results 

of a comprehensive parametric study performed to investigate the effect of different 

parameters believed to affect the behavior of the L-shaped beam ledges. Results of this 

parametric study were used to design the experimental program presented in Chapter 4 and 

Chapter 5.  

3.1. Fundamental Characteristics of ATENA 

The finite element program "ATENA 3D V.5" is a commercial software package for three-

dimensional, non-linear, finite element analysis of reinforced concrete structures (Červenka 

et al., 2016). The program offers a wide range of models that are capable of simulating 

different materials and various loading cases including prestressing, temperature, heat 

transfer, creep, shrinkage, and dynamic loads. 

The concrete was modeled using a 20-node brick element, shown in Figure 3-1, and simulated 

by a built-in fracture-plastic model, defined as "CC3DNonLinCementitious2". Such a model 

was developed to combine constitutive models for fracture and for plastic behavior of the 

concrete into a single model that can use plasticity to simulate concrete crushing, and fracture 

mechanics to simulate cracking. The fracture model is formed using a smeared crack 

formulation, where cracks are assumed to be uniformly distributed within the concrete volume, 

that employs Rankine failure criterion, while the plastic model is based on the Menétrey-

Willam failure surface (Menetrey and Willam, 1995; Rankine, 1872).  
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Figure 3-1: 20-Node Brick Element (Červenka et al., 2016) 

 

The model uses an equivalent uniaxial law to represent the nonlinear behavior of concrete in 

the biaxial stress state, where the peak strength of concrete in compression𝑓′𝑐
𝑒𝑓

, and in 

tension 𝑓′𝑡
𝑒𝑓

 are calculated based on biaxial strength failure criteria, as shown in Figure 3-2(a) 

and Figure 3-2(b), respectively (Chen and Saleeb, 1982; Kupfer et al., 1969). The behavior of 

concrete in tension, before cracking, is assumed linear elastic while a crack opening law and 

fracture energy formulations are used to model the concrete in tension after cracking when 

the principal stresses exceed the tensile strength of concrete. The formula recommended by 

CEB-FIP Model Code 90 is adopted to model the concrete in compression before reaching 

the peak strength, and a softening displacement law is used to model the concrete in 

compression after reaching the peak strength (International Federation for Structural 

Concrete, 1993). The shear strength of cracked concrete is determined using the Modified 

Compression Field Theory (Vecchio and Collins, 1986). A reduction of the concrete 

compressive strength is considered in the direction parallel to the cracks. Another feature of 

ATENA's model is its capability to simulate the contribution of the cracked concrete to the 

stiffness of the reinforcement, which is defined as tension stiffening. More details of the 

material properties are available in Červenka and Jendele ( 2016) and Červenka et al. (2016). 
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Figure 3-2: (a) Uniaxial Stress-Strain Law for Concrete, (b) Biaxial Failure Function for 
Concrete (Červenka et al., 2016) 

 

The steel reinforcing bars and prestressing strands were modeled using discrete truss 

elements within the concrete elements. A bilinear law with hardening was used to simulate 

the mild and prestressed reinforcement, while a linear law was used for the steel bearing pads. 

The variables, including yield strength and elastic modulus, were set based on the properties 

of the specified materials used in each case. All reinforcement was assumed to be perfectly 

bonded to concrete. For prestressing strands, the transfer length was modeled using a 

tapered strand technique to simulate the prestressing force being applied gradually at the end 

regions. With this technique, each strand is divided into 10 small segments; each is one-tenth 

of the original cross-sectional area of the strand. The first of the 10 segments starts at the end 

of the beam and the strand is gradually increased segment by segment to the full area of the 

strand at the end of the transfer length as shown in Figure 3-3.  

 

Figure 3-3: Modeling of Transfer Length 

(a) 
(b) 



34 

The modeling took advantage of the symmetry in geometry and loading, and thus, only one-

half of each beam was modeled using a symmetry boundary condition applied at mid-span, 

as shown in Figure 3-4. Considering symmetry in the finite element model significantly 

reduced the required computational time. 

 

Figure 3-4: Symmetry in the Calibrated Modeled Specimens (Lucier et al., 2011a)  

 

The standard Newton-Raphson method was used in the analysis to reach convergence of the 

solution. The method, schematically illustrated in Figure 3-5, is an iterative solution method 

used to determine the nonlinear response of the structure subjected to prescribed load or 

displacement increments up to failure. Load control method was used in this study, wherein 

the load was increased monotonically in a series of discrete steps. Iterations were repeated 

until internal equilibrium conditions were achieved and convergence was obtained. At the end 

of each step, the program adjusts the stiffness matrix to reflect the non-linear geometric 

changes. The analysis terminates whenever convergence cannot be achieved within defined 

residual displacement and energy error tolerances. 

 

Figure 3-5: Newton-Raphson Method (Červenka et al., 2016) 
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3.2. Calibration of the FE Model 

Test results of three specimens were used to calibrate the finite element model. These test 

results were used to determine a number of constants and parameters to ensure the accuracy 

of the program to simulate the behavior of the L-shaped beams. The three beams considered 

in the calibration process were: 

1- SP16, (Lucier et al., 2011a) reinforced concrete 

2- SP14, (Lucier et al., 2011a), prestressed concrete 

3- Specimen #2, (Klein, 1986a), prestressed concrete 

 

Dimensions and details for the three beams can be found in Appendix A. The typical finite 

element model, developed for beams SP14 and SP16, is shown in Figure 3-6. A symmetrical 

boundary condition was assigned to the mid-span of the beam. The end of the beam was 

restrained vertically using a steel bearing pad at the bottom face, which remained plane during 

the analysis. Lateral supports at the end of the beam were located at 12 in. from the top and 

bottom of the web, and 6 in. from the end of the beam, as shown in Figure 3-6. The self-weight 

of the beam and any prestressing forces were introduced at the first loading step of the 

analysis. The concentrated loads, representing the reactions from the stems of the double-

tee beams, were applied and incrementally increased up to failure. Horizontal forces were 

also applied at the location of the vertical loads to represent the friction forces of the bearing 

pads. A coefficient of friction of 0.05 was used in the analysis. Spring elements were used to 

model the deck-ties that connect the double-tee beams to the web of the L-shaped beam.  
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Figure 3-6: Typical Finite Element Mesh and Boundary Conditions for an L-shaped Beam 

 

Typically, a punching shear failure of the ledge occurs in the analysis when the principal 

compressive strain exceeds 0.002 along the diagonal compressive struts developed beneath 

the load, as shown in Figure 3-7(a). A principal compressive strain of 0.002 was chosen by 

several authors as the strain level at which the concrete is crushed between the shear cracks 

of the developed strut (Bentz et al., 2006; Vecchio and Collins, 1982). Such behavior was also 

observed in previous finite element studies on L-shaped beams (Hassan, 2007; Walter, 2008). 

The analysis also indicates that a ledge punching shear failure is accompanied by yielding of 

the ledge reinforcement within the failure zone, as shown in Figure 3-7(b).  
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Red zones have principal 

compressive strains of concrete 
greater than 0.002 

 

Red zones indicate yielding 
of ledge reinforcement 

 
Figure 3-7: (a) Example for the Distribution of Principal Compressive Strains of Concrete at 

Failure, (b) Yielding of Ledge Reinforcement  

 

A total of six parameters of the FE model were calibrated using the test results of beam SP16. 

The optimal values for the calibrated parameters were then validated using the test results of 

beams SP14 and Specimen#2, to ensure sufficient accuracy of the FE model. The parameters 

covered in the calibration study are described in the following sections. 

3.2.1. Fracture Energy 

Fracture energy, 𝐺𝑓, is one of the mechanical characteristics of concrete that is used to define 

post-peak behavior of reinforced concrete in tension, and it depends on the concrete strength 

as well as the aggregate size. The crack model that is used by the finite element program, 

ATENA, is based on the exponential crack opening law, relating the effective tensile 

strength,𝑓′𝑡
𝑒𝑓

 to the crack width, 𝑤, as shown in Figure 3-8 (Hordijk, 1991). However, it should 

be noted that the presence and amount of steel reinforcement can significantly enhance the 

fracture energy by introducing the tension stiffening effect (Nayal and Rasheed, 2006). Thus, 

the value of the fracture energy can vary depending on the amount and the distribution of the 

reinforcement within the structural member. Therefore, the value of fracture energy was found 

to be a key parameter for the analysis and should be investigated, for it affects the 

convergence of the model and, consequently, the failure load. The same conclusion was also 

reached by Mercan et al. (2010) in an analytical modeling of specimen SP4, tested by Lucier 

et al. (2007) using the finite element program "ABAQUS". 
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Figure 3-8: Exponential crack opening law (Červenka et al., 2016) 

 

Three values for the fracture energy were investigated to determine the appropriate value 

capable of providing the best prediction of the behavior measured in beam SP16. The first 

value of the fracture energy used was 4.15 x 10-4 k/in, which is the default value generated by 

the built-in model in ATENA, for the specified concrete strength of the beam. The second 

value of fracture energy was 13.4 x 10-4 k/in which represents the fracture energy that 

corresponds to a crack width of 0.016 in., the maximum allowable crack width under service 

loads, while the third value of 26.4 x 10-4 k/in is twice the second value considered. The 

analysis indicates that the second value for the fracture energy of 13.4 x 10-4 k/in provides the 

optimum prediction of the measured behavior in term of the stiffness and the failure load, as 

shown in Figure 3-9. On the other hand, the analysis indicates that using the lower value of 

the fracture energy resulted in early termination and inability to converge, while using the 

higher value resulted in overestimation of the failure load.  

(Effective Tensile 

Strength) 

(Crack Width) 
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Figure 3-9: Effect of Fracture Energy 

 

3.2.2. Mesh Sensitivity 

Three different meshes, shown in Figure 3-10, were analyzed for beam SP16 to investigate 

their influence on the predicted behavior. In the first mesh, the brick element size for both the 

web and the ledge was 4”x4”x4”. In the second mesh, a coarser element size of 6”x6”x8” was 

used for the web while the element size of the ledge was kept as 4”x4”x4”. In the third mesh 

configuration, a finer element size of 2”x2”x2” was used for the ledge while the element size 

for the web was kept as 4”x4”x4”. The analysis indicates that the three meshes were capable 

of predicting the same failure load; however, the second mesh with the coarser element size 

for the web resulted in a slightly softer response as compared to the other two meshes, as 

shown in Figure 3-11. The analysis also indicates that mesh refinement for the ledge had 

negligible effect on the predicted behavior but rather resulted in a higher cost in terms of the 

computational time and memory. Therefore, it was concluded that an element size of 4”x4”x4” 

for both the web and the ledge provides a sufficient prediction for the measured behavior, with 

optimum computational time. 
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Figure 3-10: Configurations for Mesh Size (a) Mesh Size of 4”x4”x4” for the Web and the 
Ledge, (b) Mesh Size of 6”x6”x8” for the Web and 4”x4”x4” for the Ledge, (c) Mesh Size of 

4”x4”x4” for the Web and 2”x2”x2” for the Ledge 

 

 

 

Figure 3-11: Effect of Mesh Sensitivity 
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3.2.3. Load Increment 

Two load increments were investigated: 1 kip per step and 2 kips per step. The analysis 

indicates that both increments predicted the same behavior with negligible difference in the 

failure load, as shown in Figure 3-12. However, the computational time for using a load 

increment of 2 kips per step was almost half the time consumed for using a load increment of 

1 kip per step. Therefore, it was concluded that using a load increment of 2 kips/step would 

be sufficient to predict the behavior and more advantageous in term of the required 

computational time. 

 

 

Figure 3-12: Effect of Load Increment 
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3.2.4. Tensile Strength of Concrete 

Two expressions were input in modeling to evaluate the tensile strength of the concrete: 

6√𝑓′𝑐  and 7.5√𝑓′𝑐  . The analysis indicates that using both expressions resulted in the same 

failure load. Nevertheless, the analysis indicates that using a tensile strength of 6√𝑓′𝑐   gives 

better correlation between the predicted stiffness prior to cracking and the measured stiffness, 

as shown in Figure 3-13. It was concluded that using a tensile strength of 6√𝑓′𝑐  results in a 

more accurate prediction for the overall behavior. 

 

 

Figure 3-13: Effect of Tensile Strength of Concrete 
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3.2.5. Modeling of Deck Ties 

Lucier et al. (2011a) and Klein (1986a) used deck ties to connect the double-tee beams to the 

webs of the tested beams, to simulate the field conditions. Three different configurations were 

modeled to investigate the effect of the deck ties on the behavior of the L-shaped beams. In 

the first two configurations, deck ties were modeled using two approaches, springs and full 

rigid supports, while in the third configuration, no deck ties were provided. The results of the 

analysis, shown in Figure 3-14, indicate that the deck ties have generally no effect of the 

failure load; however, the analysis demonstrates a significant effect of the deck ties on the 

out-of-plane movement of the beam web. As expected, the results clearly indicate that the 

absence of deck ties resulted in the largest rotation of the beam web. Modeling the deck ties 

as springs or as a rigid lateral supports resulted in almost identical behavior, which was in 

good agreement with that measured in the test. Therefore, it was concluded that modeling the 

deck ties as springs provides a sufficient prediction of the behavior. Hassan et al. (2007) 

reached the same conclusion using ANACAP finite element modeling. 

 
 

 

Figure 3-14: Effect of Modeling of Deck Ties 

  

0

5

10

15

20

25

30

0.0 1.0 2.0 3.0 4.0 5.0

D
T

 S
te

m
 L

o
a
d
, 

k
ip

s

Web Rotation at Mid-span, degrees

Experimental

FE (Deckties as springs)

FE (Deckties as full restraints)

FE (No Deckties)



44 

3.2.6. Friction of the Bearing Pads 

The friction produced under the bearing pads was modeled using horizontal forces acting at 

the same location of the vertical loads and was increased proportionally to the vertical loads. 

The value of such friction is mainly dependent on the type of the bearing pads. In the majority 

of tests conducted by Lucier et al. (2011a), Teflon-coated Capralon bearings pads were used 

to reduce the bearing pad friction as much as possible. Three models were examined for 

beam SP16 to study the effect of the bearing pad friction. In the first model, no friction was 

applied. The second and third models had coefficients of friction of 5 percent and 10 percent, 

respectively. The analysis indicates that the friction significantly affects the stiffness and the 

out-of-plane rotations of the beam web, as shown in Figure 3-15. While the three modeled 

cases resulted in the same failure load, the analysis indicates that increasing the friction 

generally reduces the out-of-plane rotation of the beam web. It was concluded that assuming 

coefficient of friction of 5 percent is sufficient to predict the measured behavior. It should be 

noted that higher values of friction may be yet induced in practice, depending on the type of 

the bearing pads. 

 

 

Figure 3-15: Effect of the Bearing Pads 
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3.2.7. Summary of the Calibration Study 

Based on the calibration study of the FE model, using the test results of beam SP16 (Lucier 

et al. 2011a), the following parameters were used in the subsequent analysis:  

1- Fracture energy of 13.4 x 10-4 k/in  

2- Brick element size of 4”x4”x4” for both web and ledge 

3- Load increments of 2 kips/step 

4- Tensile strength of concrete of 6√𝑓′𝑐    

5- Modeling of deck ties as springs 

6- Coefficient of friction of 5 percent 

3.3. Validation of Finite Element Model  

This section compares the results of the analysis, using the calibrated FE models, to the 

measured behavior of the three selected specimens. The specimens included both 

conventionally reinforced and prestressed concrete L-shaped beams. Table 3-1 summarizes 

the measured material properties reported by Lucier et al.(2011a) and Klein (1986a) that were 

used in modeling each of the three specimens.  

 

Table 3-1: Reported Material Properties used in Modeling 

Property 
(Lucier et al., 2011a) (Klein, 1986a) 

SP16 SP14 Specimen #2 

Beam Type Reinforced Prestressed Prestressed 

Concrete 

Compressive Strength, psi 5,200 6,000 5,640 

Modulus of Elasticity, psi 4.1 x106 2.5 x106 4.3 x106 

Modulus of Rupture, psi 432 464 450 

Conventional 
Reinforcement 

Modulus of Elasticity, psi 29 x106 29 x106 29 x106 

Yield Strength, psi 60,000 76,000 
(ranged from 

64,2000 to 78,900) 

Prestressing 
Strands 

Percent of Losses % --- 15 24 

Yield Strength, psi --- 243,000 243,000 

Modulus of Elasticity, psi 29 x106 29 x106 29 x106 
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3.3.1. SP16, (Lucier et al., 2011a)  

The FE-predicted web deflections and web rotations at mid-span of beam SP16 are compared 

to the experimental values in Figure 3-16 and Figure 3-17, respectively. Generally, the results 

of the FE analysis demonstrate good agreement with the measured behavior in terms of the 

stiffness prior to or after cracking. The FE model was capable of predicting the same failure 

mode of punching shear failure of the ledge, similar to what was observed in the test. The 

failure load predicted by the FE model was 24 kips, which is 6 percent less than the 

experimental value. On the other hand, the ultimate web deflection and rotation at mid-span 

predicted by the FE model was almost the same as that measured in the test. The deformed 

shape, cracking pattern, and distribution of the principal compressive strains at different 

loading stages are shown in Figure 3-18, and Figure 3-19. 

 

 

Figure 3-16: Finite Element vs. Experimental Web Deflections at Mid-span in SP16 
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Figure 3-17: Finite Element vs. Experimental Web Rotations at Mid-span in SP16 

 

 

Figure 3-18: Side View for Beam SP16, Showing the Out-of-Plane Web Rotation at Failure 
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Stem Load = 8.0 kips 
 

 Stem Load = 16 kips 

 

Stem Load = 24 kips 
(Failure) 

Figure 3-19: Cracking Pattern and Distribution of Principal Compressive Strains in SP16 

Red zones have 

principal compressive 
strains greater than 

0.002 

Displayed Cracks > 0.016 in width 
(0.4 mm) 
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3.3.2. SP14, (Lucier et al., 2011a) 

The FE predicted web deflections and rotations at mid-span of the prestressed L-shaped 

beam SP14 are compared to that measured, as shown in Figure 3-20 and Figure 3-21. The 

results of the analysis indicate good agreement between the predicted behavior and the 

measured behavior. The failure mode predicted by the FE model was due to punching shear 

failure of the ledge, similar to what was observed in the test at a stem load level of 30 kips, 

which is 9 percent less than the measured value. Distribution of the principal compressive 

strains at failure is shown in Figure 3-22.  

 

 

Figure 3-20: Finite Element vs. Experimental Web Deflections at Mid-span in SP14 
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Figure 3-21: Finite Element vs. Experimental Web Rotations at Mid-span in SP14 

 

 

 

 

 

Figure 3-22: Principal Compressive Strains at Failure in SP14 
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3.3.3. Specimen #2, (Klein, 1986a) 

The predicted load-rotation relationship at mid-span of the prestressed L-shaped beam, tested 

by Klein (1986a), is compared to the measured behavior in Figure 3-23. The analysis indicated 

that a punching shear failure occurred at the end of the beam, which matched the failure mode 

observed in the test. The FE model predicts stiffer behavior prior to cracking than the 

measured behavior; however, the predicted stiffness after cracking compared well to that 

measured. The failure load predicted by the model was 38 kips, which is 12 percent less than 

the measured value. Figure 3-24 shows the distribution of the principal compressive strains 

at failure. The figure clearly indicates that the principal compressive strains exceeded 0.002 

within the failure location at the end of the beam. 

 

 

Figure 3-23: Finite Element vs. Experimental Rotations at Mid-span in Specimen #2 
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Figure 3-24: Principal Compressive Strains at Failure in Specimen #2 

 

3.3.4. Summary of the Validated FE Models 

The FE results for the predicted failure loads compared to the measured failure loads for three 

tested specimens are summarized in Table 3-2. The results of the FE analysis generally 

demonstrate the capability of ATENA to predict the behavior of both reinforced and 

prestressed L-shaped beams. The FE models show good agreement in terms of the failure 

mode, cracking pattern, and ultimate capacity of the ledge. Therefore, ATENA was found to 

be suitable for performing a parametric study that considers relevant parameters believed to 

affect the behavior and capacity of the ledge, which is presented in the following section. 

 

Table 3-2: Results of Validated FE Models Compared to the Experimental Results 

Beam 
Failure Load (kips) Vln  Experimental / 

Vln FE Experimental FE 

SP16 (RC) 25.5 24.0 1.06 

SP14 (PC) 32.7 30.0 1.09 

Specimen#2 (PC) 42.8 38.0 1.12 

  

Red zones have 

principal compressive 
strains greater than 

0.002 

Displayed Cracks > 0.016 in. 
width (0.4 mm) 
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3.4. Parametric Study 

The parametric study was performed using the calibrated FE models. The study aimed to 

investigate the effects of 13 parameters, believed to affect the behavior of the ledge, that are 

not considered by the current PCI design procedure. In addition, the study investigated the 

effects of 6 other parameters that are considered by the current PCI design procedure. 

Different loading cases were used to evaluate the effect of global stresses on the punching 

shear capacity of the ledge, at three possible failure locations: at mid-span, at quarter span, 

and at the end region. The effect of each parameter was investigated in both reinforced and 

prestressed concrete beams. The beams used in this study were designed for flexure, shear, 

and torsion, based on the nominal PCI predictions for ledge capacities at each selected failure 

location, in addition to the associated factored loads at the auxiliary locations. The amounts 

of ledge reinforcement, including the transverse and the hanger reinforcement, were 

determined based on the nominal PCI prediction for each case. To achieve a localized failure 

at a selected location, other locations were locally strengthened with steel angles at all load 

points (except the selected failure location) to prevent premature failure along the ledge. The 

ledge capacities predicted by the FE model were compared to those predicted by the current 

PCI procedure. It should be noted that the ledge capacity predicted by PCI equations was 

determined using the specified equation for the selected failure location, without considering 

the choice of the lesser of inner and end equations as stipulated by the current PCI design 

procedure.  

The parametric study included a total of 202 modeling cases. Results for each studied 

parameter are presented in the following sections. A brief outline of the parametric study is 

presented in Table 3-3. Full descriptions for all studied cases and their results are given in 

Appendix B. 
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Table 3-3: Brief Outline for the Parametric Study 

Parameter fpc e' 
Strands 
Pattern 

Long. 
Steel in 
Ledge 

C-bars L-bars 
Additional 

Reinf. 
𝜇 b h f'c bt hl lp s de 

13 
parameters 

Not 

considered 
by current 

PCI 
procedure 

Flexural and 
Shear Global 
Stresses 

0.69 6 Pattern 2 2#9 #3@6" #4@6" None 10 8 60 6000 4 8 8 0 27 

Prestressing 
Level, psi 

0.47 6 Pattern  2 ---- #3@6" #4@6" None 10 8 60 6000 4 8 8 0 27 

Load Eccentricity 0.69 4 Pattern  2 2#9 #3@8" #4@8" None 10 8 60 6000 4 8 8 0 27 

Prestressing of 
the Ledge 

0.69 6 Pattern  1 ---- #3@6" #4@6" None 10 8 60 6000 4 8 8 0 27 

Longitudinal 
Reinf. in Ledge 

--- 6 --- 2#6 #3@6" #4@6" None 10 8 60 6000 4 8 8 0 27 

Transverse 
Reinforcement 

0.69 6 Pattern  2 2#9 #5@6" #4@6" None 10 8 60 6000 4 8 8 0 27 

0.69 6 Pattern  2 2#9 #3@2" #4@6" None 10 8 60 6000 4 8 8 0 27 

Hanger 
Reinforcement 

0.69 6 Pattern  2 2#9 #3@6" #4@2" None 10 8 60 6000 4 8 8 0 27 

Combined 
Transverse and 
Hanger 
Reinforcement  

0.69 6 Pattern  2 2#9 #3@2"-5 ft #4@2"-5 ft None 10 8 60 6000 4 8 8 0 27 

Effective Length 0.69 6 Pattern  2 2#9 #3@2"-2ft #4@2"-2ft None 10 8 60 6000 4 8 8 0 27 

Additional Shear 
Reinforcement 

0.69 6 Pattern  2 2#9 #3@6" #4@6" 2C #3@2” 10 8 60 6000 4 8 8 0 27 

Friction of Bearing 
Pads 

0.69 6 Pattern  2 2#9 #3@6" #4@6" None 0 8 60 6000 4 8 8 0 27 

0.69 6 Pattern  2 2#9 #3@6" #4@6" None 20 8 60 6000 4 8 8 0 27 

Web Width 0.57 6 Pattern  2 2#9 #3@6" #4@6" None 10 10 60 6000 4 8 8 0 27 

Web Height 0.48 6 Pattern  2 2#9 #3@6" #4@6" None 10 10 72 6000 4 8 8 0 27 

6 
parameters 
considered 
by current 

PCI 
procedure 

Concrete Strength 0.69 6 Pattern  2 2#9 #3@4.5" #4@4.5" None 10 8 60 12000 4 8 8 0 27 

Bearing Width 0.69 6 Pattern  2 2#9 #3@6" #4@6" None 10 8 60 6000 8 8 8 0 27 

Ledge Height 
0.46 6 Pattern  2 2#9 #3@5" #4@5" None 10 10 72 6000 4 12 8 0 27 

0.41 6 Pattern  2 2#9 #3@4" #4@2" None 10 10 72 6000 4 24 8 24 27 

Ledge Projection 
0.44 6 Pattern  2 2#9 #3@4" #4@4" None 10 10 72 6000 4 12 12 0 27 

0.44 9 Pattern  2 2#9 #3@3" #4@3" None 10 10 72 6000 4 12 12 0 27 

Overlapping 
Spacing 

0.69 6 Pattern  2 2#9 #3@6" #4@6" None 10 8 60 6000 4 8 8 24 27 

0.69 6 Pattern  2 2#9 #3@4.5" #4@4.5" None 10 8 60 6000 4 8 8 36 27 

0.69 6 Pattern  2 2#9 #3@5" #4@5" None 10 8 60 6000 4 8 8 48 27 

Edge Distance 
0.69 6 Pattern  2 2#9 #3@6" #4@6" None 10 8 60 6000 4 8 8 0 4 

0.69 6 Pattern  2 2#9 #3@6" #4@6" None 10 8 60 6000 4 8 8 0 12 
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3.4.1. Global Flexural and Shear Stresses 

The analysis considered three locations for possible punching shear failure of the ledge: mid-

span, end region, and quarter-span. A ledge failure at mid-span is directly affected by the 

maximum global flexural stress, while a ledge failure at the end region is more affected by the 

maximum global shear stress. A ledge failure at quarter-span is subjected to a combined effect 

of both global flexural and shear stresses. For each selected location, different levels of global 

stress were analyzed by varying the magnitude of the applied loads at auxiliary locations. For 

each case, the loads at auxiliary locations were held constant at a specified load level, while 

the load was increased up to failure at the selected location under study. A high global stress 

level occurred when factored loads were applied at the auxiliary locations, while a low global 

stress level occurred when only a single load was applied at the selected failure location 

without any loading at the auxiliary locations. As shown in Figure 3-25, the locations and 

values of the applied loads were determined based on standard 60 foot-long, 10 foot-wide, 

double-tee beams, similar to the configuration used by Lucier et. al. (2011a). A summary of 

the analyzed loading cases for each location is presented in Table 3-4.  

 
Figure 3-25: General View and Load Locations 

 
Table 3-5 presents the percent reductions of the ledge capacity predicted by FE analysis using 

different loading cases at each selected failure location. The results of the analysis clearly 

indicate that increasing the global stresses can significantly reduce the ledge capacity at all 

selected failure locations. At mid-span, increasing the global flexure stress reduced the 

punching shear capacity of the ledge in both reinforced and prestressed concrete beams by 

33 and 38 percent, respectively. Similarly, at the quarter span, increasing the global flexural 

and shear stresses reduced the ledge capacity in both reinforced and prestressed concrete 

beams by up to 35 and 33 percent, respectively. At the end region, the results indicate that 

increasing the global shear stress resulted in a reduction of the ledge capacity by up to 33 
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percent. Such effect was less significant in presstressed concrete beams, where the ledge 

capacity was reduced by up to 17 percent.  

Ratios of the predicted ledge capacities by FE to the values predicted by the current PCI 

design procedure are given in the last column of Table 3-5. The PCI predictions are calculated 

using Equation 5-44 of the current PCI Design Handbook (2010) at mid-span and at the 

quarter span, while Equation 5-45 was used at the end region. The results of the analysis 

clearly demonstrate that the current PCI design procedure can significantly overestimate the 

ledge capacity because it does not consider the effect of global stresses. The lowest failure 

load predicted by FE model was as low as 46 percent of the PCI prediction where high global 

flexural stress was applied to the reinforced concrete beam. The analysis also indicates that 

the PCI predictions at the end location overestimate the ledge capacity to a lesser extent than 

at the interior locations. 
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Table 3-4: Loading Cases to Evaluate Effect of Global Stresses 

Global Flexural Stress at Mid-span 
Global Combined Flexural and Shear 

Stresses at Quarter-span 
Global Shear Stress at End 

   

   

   

   

   

 

* Designation of Loading Case (M# or Q# or E#):   

M – Mid-span  
Q – quarter-span 
E –  End 
# – Load value at auxiliary locations 

M6 

M0* 

M12 

M18 

M24 

E18 

E12 

E6 

E0 Q0 

Q6 

Q12 

Q18 

Q24 E24 

Case 1: Low 

global stress 

Case 2: 
Moderate 

global stress I 

Case 3: 
Moderate 

global stress II 

Case 4: 
Moderate 

 global stress III 

Case 4: High 
global stress 
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Table 3-5: FE Results for Different Global Stress Levels 

Failure 
Location 

Beam Type 
Loading 

Case 

Ledge 
Capacity (Vln), 

kips 

% 
Increase 

OR 
Decrease 
of Ledge 
Capacity  

Vl,n FE / 
Vl,n PCI 

Vln FE Vln PCI 

Mid-span 

Reinforced 

M0 (Low) 36 

52.1 

--- 0.69 

M6 32 -11% 0.61 

M12 28 -22% 0.54 

M18 26 -28% 0.50 

M24 (High) 24 -33% 0.46 

Prestressed 

M0 (Low) 52 

52.1 

---- 1.00 

M6 46 -12% 0.88 

M12 42 -19% 0.81 

M18 34 -35% 0.65 

M24 (High) 32 -38% 0.61 

Quarter-
span 

Reinforced 

Q0 (Low) 40 

52.1 

---- 0.77 

Q6 34 -15% 0.65 

Q12 30 -25% 0.58 

Q18 28 -30% 0.54 

Q24 (High) 26 -35% 0.50 

Prestressed 

Q0 (Low) 54 

52.1 

---- 1.04 

Q6 50 -7% 0.96 

Q12 48 -11% 0.92 

Q18 40 -26% 0.77 

Q24 (High) 36 -33% 0.69 

End 

Reinforced 

E0 (Low) 42 

50.8 

---- 0.83 

E6 40 -5% 0.79 

E12 38 -10% 0.75 

E18 34 -19% 0.67 

E24 (High) 28 -33% 0.55 

Prestressed 

E0 (Low) 58 

50.8 

---- 1.14 

E6 56 -3% 1.10 

E12 54 -7% 1.06 

E18 52 -10% 1.02 

E24 (High) 48 -17% 0.94 

 

  



59 

3.4.2. Prestressing Effect 

3.4.2.1. Prestressed versus Reinforced Concrete Beams 

The finite element predictions for the ledge capacity of prestressed concrete beams are 

compared to those for reinforced concrete beams in Table 3-6, for three selected locations. 

Both beams were designed for the same loading case. While the ledge of the reinforced 

concrete beam had two longitudinal conventional rebars, two prestressing strands were 

provided in the ledge of the prestressed concrete beam. Other ledge characteristics (i.e. 

geometry, concrete strength, bearing width, and ledge reinforcement) were the same in both 

beams. Results of the analysis indicate that the prestressing effect significantly enhanced the 

ledge capacity for all loading cases. It should be noted that the current PCI design procedure 

does not account for the beneficial effect of prestressing. The results also indicate that such 

an effect can generally reduce the overestimation of the PCI predictions compared to the FE 

predictions for the ledge capacity, as shown in Table 3-6.  

 

Table 3-6: FE Results for Ledge Capacities of Reinforced and Prestressed Concrete Beams 

Failure 
Location 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase 
OR Decrease 

of Ledge 
Capacity  

Reinforced (RC) Prestressed (PC) 

FE PCI FE PCI 

Mid-span 

M0 (Low) 36 

52.1 

52 

52.1 

+44% 

M6 32 46 +44% 

M12 28 42 +50% 

M18 26 34 +31% 

M24 (High) 24 32 +33% 

Quarter-
span 

Q0 (Low) 40 

52.1 

54 

52.1 

+35% 

Q6 34 50 +47% 

Q12 30 48 +60% 

Q18 28 40 +43% 

Q24 (High) 26 36 +38% 

End 

E0 (Low) 42 

50.8 

58 

50.8 

+38% 

E6 40 56 +40% 

E12 38 54 +42% 

E18 34 52 +53% 

E24 (High) 28 48 +71% 
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3.4.2.2. Prestressing Level, 𝒇𝒑𝒄 

The beneficial effect of prestressing is dependent on the level of prestressing. Two cases— 

mid-span and the end region—were analyzed to examine the effect of this parameter on the 

punching shear capacity of the ledge. While the two cases had the same strand pattern, the 

applied prestressing force was increased from 21.7 kips per strand to 31.6 kips per strand, an 

increase of 47 percent. The analysis was performed for selected loading cases of low and 

high global flexural and global shear stresses. The results indicate that by increasing the 

prestressing level, the ledge capacity at mid-span and at the end region were increased by 

up to 23 and 20 percent, respectively, as shown in Table 3-7. The increase in ledge capacity 

was not in direct proportion to the increase in prestressing level. Therefore, it can be 

concluded that the ledge capacity in a prestressed concrete beam is dependent on the level 

of prestressing. 

 

Table 3-7: FE Results for Different Prestressing Levels 

Failure 
Location 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase 
OR Decrease 

of Ledge 
Capacity 

fpc=470 psi fpc=690 psi 

FE PCI FE PCI 

Mid-
span 

M0(Low) 48 
52.1 

52 
52.1 

+8% 

M24(High) 28 32 +13% 

End 
E0(Low) 54 

50.8 
58 

50.8 
+7% 

E24(High) 40 48 +20% 
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3.4.3. Load Eccentricity, 𝒆′ 

The current PCI procedure does not explicitly consider the effect of the location of the bearing 

pad with respect to the inner surface of the web (see Figure 3-26). To investigate this 

parameter, two different values for eccentricity were used in the analysis. In the first case, the 

bearing pad was located in the middle of the ledge projection, which induced an eccentricity 

of 4”, while in the second case; the bearing pad was shifted towards the edge of the ledge 

with an eccentricity of 6”. In both cases, the transverse and hanger reinforcement were 

designed for the selected eccentricity, which resulted in less amounts of ledge reinforcement 

for the first case with reduced eccentricity. The effect of the load eccentricity was investigated 

on the ledge capacity at mid-span and at the end, in both reinforced and prestressed concrete 

beams, using selected loading cases. The analysis indicates that increasing the load 

eccentricity reduced the ledge capacity, as presented in Table 3-8. The reduction in ledge 

capacity was more pronounced at the end of the beam, where the applied global shear 

stresses became more critical due to the increase of the applied torsion. It should be noted 

that the current PCI design procedure does not account for the effect of the load eccentricity, 

as presented in Table 3-8.  

 

 

Figure 3-26: Load Eccentricity from Inner Web Face 
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Table 3-8: FE Results for Different Load Eccentricities 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase OR 
Decrease of 

Ledge Capacity 
e'=4" e'=6" 

FE PCI FE PCI 

Mid-span 

RC 
M0(Low) 40 

52.1 

36 

52.1 

-10% 

M24(High) 28 24 -14% 

PC 
M0(Low) 60 52 -13% 

M24(High) 36 32 -11% 

End 

RC 
E0(Low) 54 

50.8 

42 

50.8 

-22% 

E24(High) 40 28 -30% 

PC 
E0(Low) 72 58 -19% 

E24(High) 66 48 -27% 

 

 

3.4.4. Prestressing of the Ledge 

Two cases were considered to investigate the effect of prestressing the ledge. In both cases, 

the same number of strands were used in the beam, but in different arrangements. In the first 

case, two conventional bars were provided at the face of the ledge, while in the second case, 

one of the two bars was replaced by two prestressing strands, as shown in Figure 3-27. The 

analysis indicates that prestressing the ledge did not affect the ledge capacity at mid-span 

while it could increase the ledge capacity at the end region slightly, as presented in Table 3-9. 

Hence, it can be inferred that the prestressing level of the beam is the major contributor to the 

ledge capacity and not the strand pattern within the ledge. 
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Figure 3-27: Different Cases for Strands' Pattern 

 

Table 3-9: FE Results for Different Strands' Patterns 

Failure 
Location 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase OR 
Decrease of 

Ledge 
Capacity 

Case 1 Case 2 

FE PCI FE PCI 

Mid-
span 

M0(Low) 52 
52.1 

52 
52.1 

0% 

M24(High) 32 32 0% 

End 
E0(Low) 52 

50.8 
58 

50.8 
+11% 

E24(High) 44 48 +9% 

 

  

Pattern 1 Pattern 2 
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3.4.5. Longitudinal Reinforcement in the Ledge 

Two different amounts of longitudinal reinforcement in the ledge, shown in Figure 3-28, were 

investigated for reinforced concrete beams. At mid-span, two #6 rebars, provided as part of 

the required reinforcement for the global flexure of the beam, were replaced by two #9 rebars. 

At the end, the hairpin of #3 U-bar, utilized to provide sufficient development for the two #6 

rebars, was replaced by a hairpin of #5 U-bar. This detail induced approximately 127 and 182 

percent increases, respectively, in the amount of longitudinal reinforcement in the ledge at 

mid-span and at the end region. The results of the analysis, given in Table 3-10, indicate that 

increasing the amount of the longitudinal reinforcement slightly increased the ledge capacity 

at mid-span, where the effect of global flexural stresses was dominant; however, such 

increase in ledge capacity was not proportional to the increase of the reinforcement. 

Increasing the longitudinal reinforcement at the end had no effect on the ledge capacity, where 

the effect of global flexural stress was minimal. The current PCI design procedure does not 

account for this parameter, as indicated in Table 3-10. It can be concluded that increasing the 

longitudinal reinforcement in the ledge increases the ledge capacity at mid-span, presumably 

by increasing the resistance to the applied global flexural stress.    

 

 

Figure 3-28: Longitudinal Reinforcement in the Ledge (at Mid-span) 
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Table 3-10: FE Results for Different Amounts of Longitudinal reinforcement in the Ledge 

Failure 
Location 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase 
OR Decrease 

of Ledge 
Capacity 

2#6 (M), 2#3 (E) 2#9 (M), 2#5 (E) 

FE PCI FE PCI 

Mid-
span 

M0(Low) 32 
52.1 

36 
52.1 

+12% 

M24(High) 22 24 +10% 

End 
E0(Low) 42 

50.8 
42 

50.8 
0% 

E24(High) 28 28 0% 

 

3.4.6. Ledge Transverse Reinforcement (C-bars) 

Two different approaches were considered to investigate the effect of the ledge transverse 

reinforcement, shown in Figure 3-29, on the ledge capacity. The amount of the transverse 

reinforcement was increased in the first and second approaches by 180 and 200 percent, 

respectively. In the first approach, the transverse reinforcement amount was increased by 

increasing the bar diameter from #3 to #5, keeping the same spacing of 6 in. In the second 

approach, the transverse reinforcement amount was increased by reducing the spacing 

between the rebars from 6 in. to 2 in., while keeping the same bar diameter of #3. The analysis 

was performed for selected loading cases in both reinforced and prestressed concrete beams. 

Results of the analysis indicate that increasing the bar diameter from #3 to #5 generally 

increased the ledge capacity at mid-span and at the end region for all the loading cases except 

those cases where the global flexural or shear stress in reinforced concrete beams was high, 

as given in Table 3-11. On the other hand, reducing the spacing between the rebars from 6 

in. to 2 in. while keeping the same bar diameter of #3 generally increased the ledge capacities 

at mid-span or at the end region, as presented in Table 3-12. It should be noted that for all the 

cases, the increase in ledge capacity was not directly proportional to the increase in the 

transverse reinforcement amount. It can be concluded that reducing the spacing was more 

effective in increasing the ledge capacity, compared to increasing the bar diameter and using 

the same spacing. This behavior is expected because the cracks were intersected by more 

bars closer spacing. The current PCI design procedure does not account for the effect of this 

parameter, as indicated in Table 3-11 and Table 3-12.  
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Figure 3-29: Transverse Reinforcement (C-bars) 

 

Table 3-11: FE Results for Increasing Bar Diameters for Transverse Reinforcement 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase OR 
Decrease of 

Ledge Capacity 
#3@6" #5@6" 

FE PCI FE PCI 

Mid-
span 

RC 
M0(Low) 36 

52.1 

42 

52.1 

+17% 

M24(High) 24 24 0% 

PC 
M0(Low) 52 62 +19% 

M24(High) 32 36 +13% 

End 

RC 
E0(Low) 42 

50.8 

52 

50.8 

+24% 

E24(High) 28 28 0% 

PC 
E0(Low) 58 70 +21% 

E24(High) 48 54 +13% 

 

Table 3-12: FE Results for Reducing Bar Spacings between Transverse Reinforcement 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase OR 
Decrease of 

Ledge Capacity 
#3@6" #3@2" 

FE PCI FE PCI 

Mid-
span 

RC 
M0(Low) 36 

52.1 

48 

52.1 

+33% 

M24(High) 24 34 +42% 

PC 
M0(Low) 52 66 +27% 

M24(High) 32 38 +19% 

End 

RC 
E0(Low) 42 

50.8 

62 

50.8 

+48% 

E24(High) 28 36 +29% 

PC 
E0(Low) 58 74 +28% 

E24(High) 48 56 +17% 
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3.4.7. Hanger Reinforcement (L-bars) 

Two cases were considered to investigate the effect of the hanger reinforcement, shown in 

Figure 3-30, for both prestressed and reinforced concrete beams. In the first case, the hanger 

reinforcement at mid-span was #4@6”, while at the end, where the hanger reinforcement was 

controlled by the global shear and torsion, the provided amount was #4@4” and #4@5.5” in 

reinforced and prestressed concrete beams, respectively. In the second case, the amount of 

hanger reinforcement was increased to #4@2” at all locations in both reinforced and 

prestressed concrete beams, which was equivalent to a 200 percent increase at mid-span 

and 100 and 175 percent increases at the end region in the reinforced and prestressed 

concrete beams, respectively. Results of the analysis indicate that increasing the hanger 

reinforcement has no effect on the ledge capacity at mid-span, as given in Table 3-13. On the 

other hand, increasing the hanger reinforcement could generally increase the ledge capacity 

at the end, where it could increase the shear strength of the beam and thereby reduce the 

effect of global shear stresses on the ledge capacity. It should be noted that the current PCI 

design procedure does not account for the effect of hanger reinforcement on ledge capacity.  

 

  

 

Figure 3-30: Hanger Reinforcement (L-bars) 
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Table 3-13: FE Results for Different Hanger Reinforcement Amounts 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase OR 
Decrease of Ledge 

Capacity 
#4@6" (M), (E*) #4@2" (M, E) 

FE PCI FE PCI 

Mid-span 

RC 
M0(Low) 36 

52.1 

36 

52.1 

0% 

M24(High) 24 24 0% 

PC 
M0(Low) 52 52 0% 

M24(High) 32 32 0% 

End* 

RC 
E0(Low) 42 

50.8 

44 

50.8 

+5% 

E24(High) 28 32 +14% 

PC 
E0(Low) 58 60 +3% 

E24(High) 48 54 +13% 

 * #4@4” at end for RC beams and #4@5.5” at end for PC beams   

 

3.4.8. Combined Effect of Transverse and Hanger Reinforcement 

Two cases were used to investigate the combined effect of the transverse and hanger 

reinforcement. In the first case, the transverse reinforcement was #3@6” at all locations, and 

the hanger reinforcement was #4@6” at mid-span while it was #4@4” and #4@5.5”, for 

reinforced and prestressed concrete, respectively. In the second case, the transverse and 

hanger reinforcements were increased to #3@2” and #4@2”, respectively, at all locations for 

both reinforced and prestressed concrete beams. Results of the analysis indicate that 

increasing both transverse and hanger reinforcement generally increases the ledge capacity 

by a higher percentage than increasing each independently, as shown in Table 3-14 and Table 

3-15. Furthermore, the analysis also indicates that the increase in ledge capacity was more 

pronounced at mid-span, where full benefit of increasing hanger reinforcement is achieved, 

rather than at the end where only partial benefit is realized because part of the hanger 

reinforcement is engaged in resisting the applied global shear stresses. It should be noted 

that the current PCI design procedure does not account for the effect of this parameter on the 

ledge capacity.  
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Table 3-14: FE Results for Increasing Both Transverse and Hanger Reinforcement  

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips 
% Increase OR 

Decrease of 
Ledge Capacity 

 #3@6", #4@6" * #3@2", #4@2" 

FE  PCI FE  PCI 

Mid-
span 

RC 
M0(Low) 36 

52.1 

54 

52.1 

+50% 

M24(High) 24 38 +58% 

PC 
M0(Low) 52 72 +38% 

M24(High) 32 52 +63% 

End 

RC 
E0(Low) 42 

50.8 

60 

50.8 

+43% 

E24(High) 28 38 +36% 

PC 
E0(Low) 58 76 +31% 

E24(High) 48 62 +29% 

* #4@4” at end for RC beams and #4@5.5” at end for PC beams   

 
Table 3-15: Comparison between the FE Predicted Effect of Increasing Transverse 

Reinforcement, Hanger Reinforcement and Increasing Both Reinforcements 

Failure 
Location 

Beam 
Type 

Loading 
Case 

% Increase OR Decrease of Ledge Capacity 

Increasing 
Transverse 

Reinforcement ONLY 

Increasing Hanger 
Reinforcement ONLY 

Increasing Both 
Transverse and 

Hanger 
Reinforcement 

Mid-
span 

RC 
M0(Low) +33% 0% +50% 

M24(High) +42% 0% +58% 

PC 
M0(Low) +27% 0% +38% 

M24(High) +19% 0% +63% 

End 

RC 
E0(Low) +48% +5% +43% 

E24(High) +29% +14% +36% 

PC 
E0(Low) +28% +3% +31% 

E24(High) +17% +13% +29% 

3.4.9. Effective Length of Transverse and Hanger Reinforcement 

Two cases were used to investigate the length within which the transverse and hanger 

reinforcement would be effective to provide for the ledge capacity. In the first case, the 

transverse and hanger reinforcement of #3@2” and #4@2”, respectively, were distributed 

over a distance of 5 ft., which is equal to the spacing between the applied loads, as shown in 

Figure 3-31(a). In the second case, the same transverse and hanger reinforcements were 

distributed over a distance of only 2 ft., as shown in Figure 3-31(b). Results of the analysis 

indicate that reducing the length from 5 ft. to 2 ft. did not affect the ledge capacity, as shown 

in Table 3-16. It can be concluded that only the reinforcement within the failure zone 

contributes to the ledge capacity.  
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Figure 3-31: (a) Increasing Transverse and Hanger Reinforcement over 5 ft. Distance (b) 
Increasing Transverse and Hanger Reinforcement over 2 ft. Distance 

Table 3-16: Different Distribution Lengths for Transverse and Hanger Reinforcement 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips 
% Increase OR 

Decrease of 
Ledge Capacity 

Distribution 
Length=5 ft.   

Distribution 
Length=2 ft.   

FE  PCI FE  PCI 

Mid-
span 

RC 
M0(Low) 54 

52.1 

54 

52.1 

0% 

M24(High) 38 38 0% 

PC 
M0(Low) 72 72 0% 

M24(High) 52 52 0% 

End 

RC 
E0(Low) 60 

50.8 

60 

50.8 

0% 

E24(High) 38 38 0% 

PC 
E0(Low) 76 76 0% 

E24(High) 62 62 0% 

L-bars #4 

C-bars #3 

C-bars #3 

L-bars #4 

(a) 

(b) 
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3.4.10. Additional Shear Reinforcement 

The effect of additional shear reinforcement on the ledge capacity was investigated. The 

additional shear reinforcement, described in Figure 3-32, was concentrated within 2 ft. at the 

failure location. It should be noted that the use of such shear reinforcement may not be a 

practical option for some producers. Results of the analysis indicate that using additional 

shear reinforcement generally increased the ledge capacity in all cases as presented in Table 

3-17 because the bars intersect the failure planes and consequently increase the ledge 

capacity.  

 

  

Figure 3-32: Detailing of Additional Shear Reinforcement 

 

Table 3-17: FE Results for Additional Shear Reinforcement 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase 
OR Decrease 

of Ledge 
Capacity 

None #3@2" (2 ft) 

FE PCI FE PCI 

Mid-
span 

RC 
M0(Low) 36 

52.1 

44 

52.1 

+22% 

M24(High) 24 34 +42% 

PC 
M0(Low) 52 66 +27% 

M24(High) 32 42 +31% 

End 

RC 
E0(Low) 42 

50.8 

60 

50.8 

+43% 

E24(High) 28 42 +50% 

PC 
E0(Low) 58 74 +28% 

E24(High) 48 62 +29% 

 
  

Two Special C-bars #3 
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3.4.11. Friction of Bearing Pads, 𝝁 

The magnitude of the friction produced under the vertical loads is related to the coefficient of 

friction of the bearing pads, located between the double-tee stem and the ledge. For design 

purposes, the current PCI design procedure recommends the use of a friction equivalent to 

20 percent of the factored dead load portion of the applied load, unless it can be shown to be 

less through a calculation (Precast/Prestressed Concrete Institute, 2010). As previously 

discussed in section 3.2.6, the friction was modeled as horizontal forces at the location of the 

applied loads and was increased in proportion to the vertical loads, as shown in Figure 3-33. 

Three cases were considered to investigate the effect of friction on the punching shear 

capacity of the ledge. In the first case, no friction was assumed, while in the second and third 

cases, coefficients of friction of 10 and 20 percent, respectively, were considered. Results of 

the analysis indicate that increasing the friction would reduce the ledge capacity at mid-span; 

however, the reduction was insignificant, as shown in Table 3-18. The results also indicate 

that increasing the friction may increase the ledge capacity at the end for the loading cases 

with higher induced global shear stress. This is due to the corresponding reduction of the 

applied torsion at end region, which reduced the applied global shear stress. It should be 

noted that the current PCI design procedure does not account for the effect of the friction on 

the ledge capacity.  

 

Figure 3-33: Friction Induced under Bearing Pad 
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Table 3-18: FE Results for Different Coefficients of Friction 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips and % Increase OR Decrease 
of Ledge Capacity 

μ=0% μ=10% μ=20% 

FE PCI FE 
% Increase 
or Decrease  

FE 
% Increase 
or Decrease 

Mid-span 

RC 
M0(Low) 38 

52.1 

36 -5% 34 -10% 

M24(High) 26 24 -8% 24 -8% 

PC 
M0(Low) 56 52 -7% 50 -11% 

M24(High) 32 32 0% 30 -6% 

End 

RC 
E0(Low) 48 

50.8 

42 -12% 42 -12% 

E24(High) 24 28 +16% 28 +16% 

PC 
E0(Low) 62 58 -6% 54 -13% 

E24(High) 42 48 +14% 48 +14% 

 
 

3.4.12. Beam Web Width, 𝒃 

To investigate the effect of the beam web width, shown in Figure 3-34, the width was 

increased from 8 in. to 10 in. Results of the analysis (presented in Table 3-19) indicate that 

increasing the web width had no effect on the ledge capacity at mid-span except for the case 

of high global flexural stress of the prestressed concrete beam, where the ledge capacity was 

reduced. Increasing the web width and using the same number of strands decreased the 

prestressing level and consequently reduced the ledge capacity. The results also indicate that 

increasing the web width could increase the ledge capacity at the end since it increases the 

shear resistance of the beam and consequently reduces the effect of the applied global shear 

stress on the ledge capacity. It should be noted that the current PCI design procedure does 

not account for the effect of the beam web width on the ledge capacity.   
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Figure 3-34: Beam Web Width 

 

 
Table 3-19: FE Results for Different Beam Web Widths 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase 
OR Decrease 

of Ledge 
Capacity 

b=8" b=10" 

FE PCI FE PCI 

Mid-
span 

RC 
M0(Low) 36 

52.1 

36 

52.1 

0% 

M24(High) 24 24 0% 

PC 
M0(Low) 52 52 0% 

M24(High) 32 28 -12% 

End 

RC 
E0(Low) 42 

50.8 

42 

50.8 

0% 

E24(High) 28 32 +14% 

PC 
E0(Low) 58 58 0% 

E24(High) 48 52 +8% 

 

3.4.13. Beam Web Height, 𝒉  

To investigate the effect of the beam web height (see Figure 3-35) the height was increased 

from 60 in. to 72 in. Results of the analysis (shown in Table 3-20) indicate that increasing the 

web height increased the ledge capacity at mid-span for the high global flexural stress cases. 

The increase in ledge capacity was more pronounced for prestressed concrete beams. The 

results also indicate that increasing the web height increased the ledge capacity at the end, 
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particularly for the high global shear stress cases. Such increase of the ledge capacity is due 

to the reduction of the induced global flexural and global shear stresses. It should be noted 

that the current PCI design procedure does not account for the effect of the beam web height 

on the ledge capacity.  

 

Figure 3-35: Beam Web Height 

 

 
Table 3-20: FE Results for Different Beam Web Heights 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase 
OR Decrease 

of Ledge 
Capacity 

h=60" h=72" 

FE PCI FE PCI 

Mid-
span 

RC 
M0(Low) 36 

52.1 

36 

52.1 

0% 

M24(High) 24 26 +8% 

PC 
M0(Low) 52 52 0% 

M24(High) 28 36 +29% 

End 

RC 
E0(Low) 42 

50.8 

42 

50.8 

0% 

E24(High) 32 34 +6% 

PC 
E0(Low) 58 58 0% 

E24(High) 52 54 +4% 
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3.4.14. Concrete Strength, 𝒇′𝒄  

The concrete strength is one of the major parameters used by the current PCI design 

procedure to predict the ultimate shear strength of the ledge. To investigate the effect of 

concrete strength on the ledge capacity, the concrete strength was increased from 6,000 psi 

to 12,000 psi, which represents a 100 and 41 percent increase of 𝒇′𝒄 and √𝒇′𝒄, respectively. 

It should be noted that for the higher concrete strength case, the applied stem loads were 

increased from 24 kips to 36 kips. Results of the analysis, given in Table 3-21, indicate that 

increasing the concrete strength increased the ledge capacity at mid-span and at the end. 

The increase of the ledge capacity was generally proportional to the percent increase of√𝒇′𝒄, 

as implied by the current PCI design procedure. The percent increase in ledge capacity was 

consistently higher for reinforced concrete beams than for prestressed concrete beams, 

where the prestressing level of the beam was kept constant.   

 

Table 3-21: FE Results for Different Concrete Strengths 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase OR 
Decrease of 

Ledge Capacity f'c=6000 psi f'c=12000 psi 

FE PCI FE PCI FE PCI 

Mid-
span 

RC 
M0(Low) 36 

52.1 

50 

73.6 

+39% 

+41% 
M(High)* 24 34 +42% 

PC 
M0(Low) 52 68 +31% 

M(High)* 32 40 +25% 

End 

RC 
E0(Low) 42 

50.8 

60 

71.9 

+43% 

+41% 
E(High)* 28 38 +36% 

PC 
E0(Low) 58 76 +31% 

E(High)* 48 58 +21% 

* Associated factored load of 24 kips for 6000 psi concrete strength and 36 kips for 12000 psi concrete strength   

     

3.4.15. Bearing Width, 𝒃𝒕  

To investigate the effect of the bearing width (see Figure 3-36) on the ledge capacity, the 

bearing width was increased from 4 in. to 8 in., which is equivalent to 100 percent increase. 

Results of the analysis, shown in Table 3-22, indicate that increasing the bearing width 

increased the ledge capacity for all cases due to the increase of the failure surface area. The 
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FE prediction of the percent increase of ledge capacity at mid-span was generally close to the 

value predicted by the current PCI design procedure; however, it was consistently higher at 

the end. These results can be attributed to the fact that using a large edge distance at the end 

load results in full development of a symmetric failure and therefore an increase of the failure 

surface on both sides. Such behavior is not captured by the current PCI procedure, which only 

considers an asymmetric ledge failure at the end.   

 

Figure 3-36: Bearing Width 

 

 
Table 3-22: FE Results for Different Bearing Widths 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase OR 
Decrease of Ledge 

Capacity bt=4 in. bt=8 in. 

FE PCI FE PCI FE PCI 

Mid-
span 

RC 
M0(Low) 36 

52.1 

40 

59.5 

+11% 

+14% 
M24(High) 24 28 +17% 

PC 
M0(Low) 52 58 +12% 

M24(High) 32 36 +13% 

End 

RC 
E0(Low) 42 

50.8 

48 

53.3 

+14% 

+5% 
E24(High) 28 32 +14% 

PC 
E0(Low) 58 64 +10% 

E24(High) 48 54 +13% 
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3.4.16. Ledge Height, 𝒉𝒍  

The ledge height, shown in Figure 3-37, is considered a key parameter that has significant 

effect on the ledge capacity. The ledge height was increased from 8 in. to 12 in. to evaluate 

the effect of this parameter on the ledge capacity. It should be noted that the factored loads 

from the DT stem for the beam with the larger ledge height were increased from 24 kips to 36 

kips. Results of the analysis indicate that increasing the ledge height could generally increase 

the ledge capacity at mid-span and at the end for all loading cases, as given in Table 3-23. 

The percent increase of ledge capacity was consistently reduced by increasing the global 

stresses. Such behavior suggests that the ledge capacity is more influenced by the effect of 

the global stresses rather than by the geometry of the failure surface. The results also indicate 

that the percent increase of ledge capacity predicted by the FE model was generally less than 

the predicted values by the current PCI design procedure.   

 

Figure 3-37: Ledge Height 
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Table 3-23: FE Results for Different Ledge Heights 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase OR 
Decrease of 

Ledge Capacity hl=8 in. hl=12 in. 

FE PCI FE PCI FE PCI 

Mid-
span 

RC 
M0(Low) 36 

52.1 

58 

89.2 

+61% 

+71% 
M(High)* 26 38 +46% 

PC 
M0(Low) 52 80 +54% 

M(High)* 36 46 +28% 

End 

RC 
E0(Low) 42 

50.8 

70 

79.9 

+67% 

+57% 
E(High)* 34 44 +29% 

PC 
E0(Low) 58 90 +55% 

E(High)* 54 64 +19% 

* Associated factored load of 24 kips for 8 in. ledge height and 36 kips for 12 in. ledge height   

 

3.4.17. Ledge Projection, 𝒍𝒑 

The ledge projection, as shown in Figure 3-38, was increased from 8 in. to 12 in. to investigate 

the effect of such parameter on the ledge capacity, using two approaches. In the first 

approach, a fixed load eccentricity of 6 in. from the inner web face was used for both ledge 

projections. In the second approach, the increase in ledge projection was accompanied by a 

corresponding increase of the load eccentricity from 6 in. to 9 in., by moving the bearing pad 

towards the edge of the ledge, to reflect a more practical use for the higher ledge projection. 

It should be noted that the ledge reinforcement was increased accordingly in the second 

approach as would be required for the larger load eccentricity. The factored stem loads, used 

in the beam with the larger ledge projection, were increased from 24 kips to 36 kips. Results 

of the analysis indicate that the first approach of increasing the ledge projection, with fixed 

load eccentricity, increased the ledge capacity for all cases, as given in Table 3-24. The results 

also indicate that the percent increase in the ledge capacity was less for the second approach 

compared to the first approach, as given in Table 3-25. Such effect was more pronounced at 

the end, where increasing the load eccentricity would increase the applied global shear 

stresses due to torsion. The results also indicate that, for both reinforced and prestressed 

concrete beams, the percent increase of ledge capacity predicted by FE, whether at mid-span 

or at end, was generally higher than the values predicted by the current PCI design procedure 

for loading cases where induced global stresses were low, while the opposite was true.  
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Figure 3-38: Ledge Projection  

 
Table 3-24: FE Results for Different Ledge Projections (Same Load Eccentricity) 

 Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase OR 
Decrease of Ledge 

Capacity lp=8 in. lp=12 in. 

FE PCI FE PCI FE PCI 

Mid-span 

RC 
M0(Low) 58 

89.2 

80 

111.5 

+38% 

+25% 
M(High) 38 44 +16% 

PC 
M0(Low) 80 110 +38% 

M(High) 46 56 +22% 

End 

RC 
E0(Low) 70 

79.9 

98 

87.4 

+40% 

+9% 
E(High) 44 50 +14% 

PC 
E0(Low) 90 126 +40% 

E(High) 64 84 +31% 

 

 
Table 3-25: FE Results for Different Ledge Projections (Maximum Load Eccentricity) 

 Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase OR 
Decrease of Ledge 

Capacity lp=8 in. lp=12 in. 

FE PCI FE PCI FE PCI 

Mid-
span 

RC 
M0(Low) 58 

89.2 

78 

111.5 

+34% 

+25% 
M(High) 38 42 +11% 

PC 
M0(Low) 80 100 +25% 

M(High) 46 54 +17% 

End 

RC 
E0(Low) 70 

79.9 

80 

87.4 

+14% 

+9% 
E(High) 44 46 +5% 

PC 
E0(Low) 90 100 +11% 

E(High) 64 64 0% 
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3.4.18. Overlapping Spacing, 𝐬 

The current PCI design procedure predicts a common failure to take place underneath two 

adjacent loads if the two loads are spaced less than 𝑏𝑡 + ℎ𝑙. To evaluate the effect of this load 

spacing, three different values were considered in the analysis: 24 in. (𝑏𝑡 + 2.5ℎ𝑙), 36 in. (𝑏𝑡 +

4ℎ𝑙 ) and 48 in. (𝑏𝑡 + 5.5ℎ𝑙). The analysis was performed for L-shaped beams with 8 in. high 

ledges with 4 in. bearing pads, using the load configurations associated with punching shear 

ledge failures at mid-span and at the end, as shown in Table 3-26. Results of the analysis 

(shown in Table 3-27) clearly indicate that increasing the load spacing increased the ledge 

capacity in all cases due to the increase in the corresponding failure surface area. The current 

PCI design procedure predicts a single common failure to take place for all three load 

spacings. However, the FE analysis demonstrates that a load spacing of 24 in. would produce 

a common failure, while a load spacing of 48 in. would produce single failures in all loading 

cases. On the other hand, the failure mode associated with a load spacing of 36 in., was found 

to be dependent on the state of global stresses, as demonstrated in Table 3-27 and 

Figure 3-39. Such phenomenon suggests a possible effect of the global stresses as well as 

the prestressing on the failure surface. The results also indicate that the percent increases of 

the ledge capacity predicted by the FE model were consistently higher than the values 

predicted by the current PCI design procedure.  
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Table 3-26: Load Configurations to Study the Effect of Overlapping Spacings  

s (a) Mid-span Failures (b) End Failures 

 

24 in 
(2 ft.) 

  

36 in 
(3 ft.) 

  

48 in 
(4 ft.) 

  

 
 

Additional analysis was performed to investigate whether the parameter s is dependent on the 

ledge height, as suggested by the current PCI design procedure. The ledge height was 

increased from 8 in. to 12 in., while using a load spacing of 36 in. between two single loads at 

mid-span of the reinforced concrete beam (i.e. low global flexural stress). The analysis clearly 

indicates that despite the increased ledge height, two individual single failures took place in 

both cases, as shown in Figure 3-40. It can be concluded that the load spacing at which single 

failures or one common failure may occur, does not depend on the ledge height.  
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Table 3-27: FE Results for Different Load Spacings 

Failure 
Loc. 

Beam 
Type 

Loading 
Case 

Ledge Capacity / Location (Vln), kips % Increase 
OR Decrease 

of Ledge 
Capacity 

s=24 in. s=36 in. s=48 in. 

FE Failure PCI FE Failure PCI FE Failure PCI FE PCI 

Mid-
span 

RC 

M0(Low) 28 common 48.3 36 single 52.1 36 single 52.1 +29% 

+8% 

M0(Low)* -- -- -- 44 single 89.2 -- -- -- -- 

M24(High) 24 common 48.3 30 single 52.1 30 single 52.1 +25% 

PC 
M0(Low) 38 common 

48.3 
50 common 59.5 52 single 

52.1 
+37% 

M24(High) 26 common 36 single 52.1 38 single +46% 

End 

RC 
E0(Low) 34 common 

40.3 

42 common 47.7 44 single 

50.8 

+29% 

+26
% 

E24(High) 22 common 28 single 50.8 30 single +36% 

PC 
E0(Low) 42 common 52 common 

47.7 
56 single +33% 

E24(High) 32 common 38 common 40 single +25% 

* Ledge height=12 in.   

 

  

Figure 3-39: Load Spacing=36 in. at Mid-span, Low Global Flexural Stress (a) Single Failures at 
Mid-span in Reinforced Concrete Beam, (b) Common Failure in Prestressed Concrete Beam 

 

 

 
Figure 3-40: Load Spacing=36 in. at Mid-span, Low Global Flexural Stress in Reinforced 

Concrete Beams (Single Failures with Ledge Height=12 in.) 

  

(a) (b) 
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3.4.19. Edge Distance, 𝒅𝒆 

Three edge distances, 4 in., 12 in. and 27 in., were used to investigate the effect of the edge 

distance of the end load (shown in Figure 3-41). Results of the analysis clearly indicate that 

increasing the edge distance increased the ledge capacity in all cases, as demonstrated in 

Table 3-28. The analysis also indicates that increasing the edge distance changed the failure 

surface from an asymmetric failure for the smallest edge distance of 4 in., to a symmetric 

failure for a large edge distance of 27 in., as shown in Figure 3-42(a), (b), and (c), respectively. 

The analysis indicates that by increasing the edge distance from 12 in. to 27 in., there was a 

negligible effect on the ledge capacity of reinforced concrete beams, while it could 

considerably increase the ledge capacity of prestressed concrete beams. This can be 

attributed to the effect of prestressing which is expected to increase the width of the failure 

surface in comparison to reinforced concrete beams, and consequently developing a full 

symmetric failure. Finally, by comparing the FE predicted ledge capacities to those predicted 

by the current PCI design procedure, it can be inferred that the PCI predictions would 

significantly overestimate the ledge capacity as the edge distance increases. 

 

Figure 3-41: Edge Distance of End Load 

Table 3-28: FE Results for Different Edge Distances 

Failure 
Location 

Beam 
Type 

Loading 
Case 

Ledge Capacity (Vln), kips % Increase OR 
Decrease of 

Ledge Capacity de=4 in. de=12 in. de=27 in. 

FE PCI FE PCI FE PCI FE PCI 

End 

RC 
E0(Low) 24 

22.3 

40 

32.2 

42 

50.8 

+75% 

+128% 
E24(High) 22 26 28 +27% 

PC 
E0(Low) 32 48 58 +81% 

E24(High) 26 38 48 +85% 
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Figure 3-42: Failure Mode for Different Edge Distances in Reinforced Concrete Beams (a) de=4 
in., (b) de=12 in., (c) de=27 in. 

 

3.4.20. Findings of the Parametric Study 

The ledge capacities predicted by FE analysis in comparison to those predicted by the current 

PCI design procedure are shown in Figure 3-43. The average ratios for each location are 

given in Table 3-29. The findings of the parametric study can be summarized as follows: 

1. The PCI design procedure is unconservative to predict the punching shear capacity of the 

ledge, especially at mid-span, as demonstrated in Figure 3-43 and Table 3-29.  

2. The analysis indicates that the level of global stress is the most dominant factor affecting 

the ledge capacity. Increasing the flexural or shear global stresses significantly reduces the 

punching shear capacity of the ledge at all locations along the span.  

3. The use of prestressing enhances the ledge capacity. The effect of prestressing is mainly 

dependent on the level of prestressing in the beam, rather than the strand pattern in the 

ledge. 

4. Increasing the eccentricity of the applied load reduces the ledge capacity. The reduction in 

ledge capacity is more pronounced at the end of the beam, where the applied global shear 

stresses becomes more critical due to the increase of applied torsion.  

5. Increasing the transverse reinforcement enhances the ledge capacity, while increasing 

both transverse and hanger reinforcement further enhances the percent increase of ledge 

capacity. The ledge reinforcement is more effective if concentrated within the failure zone. 

Using additional shear reinforcement generally enhances the ledge capacity. 

6. Increasing the friction reduces the ledge capacity at mid-span; however, the reduction is 

insignificant. Increasing the friction enhances the ledge capacity at the end region, due to 

(a) (b) (c) 
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the corresponding reduction in applied torsion and, consequently, the global shear 

stresses.  

7. Both the width and the height of the beam web affect the ledge capacity. The effect is 

dependent on their contribution to resist the global flexural and global shear stresses. 

8. Several parameters were found to affect the failure surface. Increasing the load spacing 

increases the ledge capacity and changes the failure mode from a common failure to single 

failures. Increasing the edge distance could also increase the ledge capacity and change 

the failure mode from an asymmetric failure to a symmetric failure. The effect of 

prestressing is expected to widen the failure zone. 

Based on the findings of the analytical parametric study, the following parameters were 

identified as the most significant with respect to the punching shear capacity of the ledge. 

These parameters were selected for the experimental program, presented in Chapter 4 and 

Chapter 5. 

1. Global flexural and shear stresses 

2. Prestressed versus reinforced concrete beams 

3. Load eccentricity 

4. Longitudinal reinforcement in the ledge 

5. Transverse reinforcement 

6. Concentrated ledge reinforcement 

7. Concrete strength 

8. Bearing width 

9. Ledge height 

10. Ledge projection 

11. Overlapping spacing 

12. Edge distance of end load 
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Figure 3-43: FE to PCI Ledge Capacities 

 

 
Table 3-29: Average, Minimum and Maximum Ratios of FE to PCI Ledge Capacities 

Failure 

Location 

Beam 

Type 

Vln (FE) / Vln (PCI) 

Average Min. Max. 

Mid-span 
RC 0.61 0.38 1.04 

PC 0.83 0.48 1.38 

Quarter-

span 

RC 0.60 0.50 0.77 

PC 0.88 0.69 1.04 

End 
RC 0.80 0.46 1.24 

PC 1.11 0.72 1.50 
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4. Behavior of Short Span L-shaped Beam Ledges 

This chapter presents the experimental program conducted on 21 short span L-shaped beams 

to study the behavior of ledges, with minimum effect of the global stresses. Descriptions of 

the experimental program, followed by the observed ledge behavior are presented. The 

chapter also includes discussions of the effects of various parameters as indicated in Chapter 

3, with comparisons of measured ledge capacities to the values predicted by finite element 

analysis and the current PCI design procedure. 

4.1. Experimental Program 

4.1.1. Overview 

All test beams were 15.5 ft. span to minimize the effect of global stresses and the cost, thus 

allowing for a larger number of parameters to be examined. Reinforcement was designed to 

prevent any premature failure of the beams. The test results of this experimental program 

were used to refine the design of a second testing program using full-scale long span L-

shaped beams. 

The geometry of the tested short span beams was representative for typical L-shaped beams, 

currently used by precast industry. All the beams had the same web dimensions of 8 in. x 60 

in. as shown in Figure 4-1. Most of the beams had an 8 in. x 8 in. continuous ledge running 

along the bottom of the inner face of the web, except for a few selected beams where the 

geometry of the ledge was varied to investigate certain parameters. In all tested beams, the 

ledge was cut back 12 in. from the end of the beam at each end to replicate a typical field 

detail, which allows the beam to be bolted to the column. Two holes through the web thickness 

were provided at each end of all beams. These holes were set at 6 in. from the ends and 12 

in. from the top and bottom of the beam, as shown in Figure 4-1. The holes were sized to 

accommodate high-strength threaded rods that were used to bolt the beams to the test frame, 

similar to the field conditions. 

A total of 21 reinforced concrete L-shaped short span beams were tested. The investigation 

included testing of 17 beams to study the effect of different parameters that were selected 

based on the results of the analytical study. Four additional beams were also tested to 

investigate the performance of special reinforcement details, believed to affect the behavior 
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of the ledge. For each beam, the ledge was tested using single applied load at mid-span, 

followed by loads at each end, for a total of three tests per beam, as illustrated in Figure 4-2. 

Thus, the total number of tests was 63, including 21 tests at mid-span and 42 tests at the ends 

of the ledge. 

 

 

Figure 4-1: Typical Configuration for Short Span L-shaped Beams 

 

1st Test at Mid-span 
(Symmetric Failure) 

 

2nd Test at Left End 
(Asymmetric Failure) 

 

3rd Test at Opposite Right End 
(Asymmetric Failure) 

 

Figure 4-2: Testing Sequence for Each Short Span Beam 
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4.1.2. Test Parameters 

Eleven parameters were investigated in the experimental program, using 17 short span 

beams, as well as four short span beams with special reinforcement details.  

While most of the parameters were investigated at both mid-span and end locations, some 

parameters were examined only at selected locations as illustrated in Table 4-1. The 

parameters under study include concrete strength, ledge geometry (i.e. ledge height and 

projection), reinforcement details of ledge (i.e. transverse reinforcement and longitudinal 

reinforcement in ledge), location of the load (i.e. load eccentricity from inner web face and the 

edge distance of the end load), bearing dimensions (i.e. the bearing width and length), type 

of bearing pad material, and loading conditions (i.e. monotonic versus sustained). Some of 

the parameters are considered by the current PCI procedure while others are not. It should 

be noted that six out of the 17 beams were duplicates tested to enhance statistical confidence 

on the test results and the observed ledge behavior. 

  
Table 4-1: Summary of Selected Parameters in 17 Short Span Beams 

Parameter 
Failure Location 

Mid-span End 

NOT 
considered 
by current 

PCI 
procedure 

1. Load Eccentricity, 𝑒′ X X 

2. Longitudinal Reinforcement in Ledge X X 

3. Transverse Steel (C bars) X X 

4. Bearing Length, 𝑙𝑏 X  

5. Bearing Pad Material  X 

6. Loading Conditions  X 

Considered 
by current 

PCI 
procedure 

7. Concrete Strength, 𝑓′
𝑐
 X X 

8. Bearing Width, 𝑏𝑡 X X 

9. Ledge Height, ℎ𝑙 X X 

10. Ledge Projection, 𝑙𝑝 X X 

11. Edge Distance, 𝑑𝑒  X 

 

The first of the four additional beams included welding the transverse reinforcement (c-bars) 

to the longitudinal bottom bar in the ledge to examine possible enhancement for the 

development length of the C-bars reinforcement in the ledge, as shown in Figure 4-3(a). The 

second beam included bending the hanger reinforcement (L-bars) towards the ledge to 
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intercept the critical punching shear crack, as shown in Figure 4-3(b). In the third beam, shown 

in Figure 4-3(c), the conventional transverse and hanger reinforcements were replaced by 

custom-made welded wire fabric as a possible substitute. The fourth beam, shown in 

Figure 4-3(d), was used to investigate the effect of concentrating the required transverse and 

hanger reinforcements near the load with minimum amounts of reinforcement between the 

test locations. 

The details of 21 tests at mid-span and 42 tests at the ends, conducted on the 21 short span 

beams, are summarized in Table 4-2 and Table 4-3, respectively. 

 

 

 

 

 

 

 

  

Figure 4-3: Special Reinforcement Details (a) Welding C-bars to Longitudinal Bottom Bar (b) 
Bending Hanger Reinforcement towards Ledge (c) Welded Wire Fabric Reinforcement (d) 

Concentrating the Ledge Reinforcement  

(a) 
(b) 

(c) (d) 
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Table 4-2: Mid-span Tests in Short Span Beams 

Specimen* Test** 

Concrete 
Strength, 

𝒇′
𝒄
 

Ledge 
Height,  

𝒉𝒍 

Ledge 
Projection,  

𝒍𝒑 

Transverse 
Reinf., C 

bars 

Longitudinal 
Reinf. in 
Ledge 

Hanger 
Reinf., L 

bars 

Load 
Eccentricity, 

𝒆′ 

Bearing 
Length,

 𝒍𝒃  

Bearing 
Width,

 𝒃𝒕 

Special 
Reinf. 
Detail 

RS1 RS1-M 
7000 psi 

8" 

8" 

#3@6" 

2#4 

#4@6” 

6” 

4” 

4” 

None 

RS1-D RS1-D-M 

RS2 RS2-M 5000 psi #3@7" #4@7” 12” 

RS3 RS3-M 
10000 psi #3@5" #4@5” 

4” 

RS3-D RS3-D-M 

RS4 RS4-M 

7000 psi 

12” #4@8" 

2#5 

#4@4” 

RS5 RS5-M 
10” #3@5" #4@5” 

RS5-D RS5-D-M 4.5” 

RS6 RS6-M 

10” 

6" #3@7" 2#4 #4@7” 

6” 

RS7 RS7-M 
10" #4@8" 2#5 #4@4” 

RS7-D RS7-D-M 8” 

RS8 RS8-M 

8" 8" 

#5@6" 

2#4 

#4@6” 4” 

RS9 RS9-M 
#4@6" 

RS9-D RS9-D-M 8” 

RS10 RS10-M 

#3@6" 

3#6 

4” RS11 RS11-M 
2#6 

RS11-D RS11-D-M 

EX-RS1 EX-RS1-M 

7000 psi 8" 8" 

#3@6" 2#4 #4@6” 

6” 4” 4” 

Detail (a) 

EX-RS2 EX-RS2-M Detail (b) 

EX-RS3 EX-RS3-M D10xD5 
2#5 

D10xD5 Detail (c) 

EX-RS4 EX-RS4-M #4@3 " #5@3” Detail (d) 

 

* Designation of the test specimens follows:   

R – Reinforced concrete beam 
S – Short span beam 
# – Unique number for each specimen: RS1, RS2, RS3, etc. 
D – for Duplicated beam 
EX – for Extended study 

 

** Designation of the test location follows:   

M – Mid-span 
E1 – 1st End Location 
E2 – 2nd End Location 
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Table 4-3: End Tests in Short Span Beams 

SP. Test 

Concrete 
Strength, 

𝑓′
𝑐
 

Ledge 
Height

, ℎ𝑙 

Ledge 
Projection

, 𝑙𝑝 

Transverse 
Reinf., C 

bars 

Long. 
Reinf. in 
Ledge 

Hanger 
Reinf., L 

bars 

Edge 
Distance, 

𝑑𝑒 

Load 
Eccentricity

, 𝑒′ 

Bearing 
Type 

Bearing 
Width,

 𝑏𝑡 

Loading 
Condition  

Special 
Reinf. 
Detail 

RS1 
RS1.E1 

7000 psi 

8" 

8" 

#3@6" 

2#4 

#4@6” 

16" (=2h) 

6" 

Steel 
4" 

Monotonic 

None 

RS1.E2 24" (=3h) 

RS1-D 
RS1-D.E1 16" (=2h) 

RS1-D.E2 8" (=h) 

RS2 
RS2.E1 

5000 psi #3@7" #4@7” 
16" (=2h) 

RS2.E2 20" (=2.5h) 

RS3 
RS3.E1 

10000 psi #3@5" #4@5” 

16" (=2h) 

RS3.E2 24" (=3h) 

RS3-D 
RS3-D.E1 16" (=2h) 

RS3-D.E2 8" (=1h) 

RS4 
RS4.E1 

7000 psi 

12” #4@8" 

2#5 

#4@4” 
16" 

RS4.E2 24" (=2h) 

RS5 
RS5.E1 

10” #3@5" #4@5” 

16" (=2h) 

RS5.E2 4.5” 

RS5-D 
RS5-D.E1 6” 

RS5-D.E2 3" 

RS6 
RS6.E1 

10” 

6" #3@7" 2#4 #4@7” 
4.0" 

RS6.E2 3.0" 

RS7 
RS7.E1 

10" #4@8" 2#5 #4@4” 

6” 

RS7.E2 4.5” 

RS7-D 
RS7-D.E1 7.5" 

RS7-D.E2 3.0" 

RS8 
RS8.E1 

8" 8" 

#5@6" 

2#4 

#4@6” 6" 

RS8.E2 Masticord 

RS9 
RS9.E1 

#4@6" 

Steel 

RS9.E2 8" 

RS9-D 
RS9-D.E1 4” 

RS9-D.E2 12” 

RS10 
RS10.E1 

#3@6" 

3#6 
4" RS10.E2 Sustained  

RS11 
RS11.E1 

2#6 Monotonic 
RS11.E2 8" 

RS11-D 
RS11-D.E1 4” 

RS11-D.E2 12” 

EX-RS1 
RS1-D.E1 

7000 psi 8" 8" 

#3@6" 

2#4 

#4@6” 

16" (=2h) 6" Steel 4" Monotonic 

Detail 
(a) RS1-D.E2 

EX-RS2 
RS3-D.E1 Detail 

(b) RS3-D.E2 

EX-RS3 
RS5-D.E1 

D10xD5 D10xD5 
Detail 

(c) RS5-D.E2 

EX-RS4 
RS7-D.E1 #4@3" #5@3” Detail 

(d) RS7-D.E2 #4@4.5” #5@4.5” 
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4.1.3. Design Criteria for Short Span Beams 

The design of the test specimens was based on the current PCI procedures for the ledge 

capacities. Detailed shop drawings for all the specimens are provided in Appendix C. The 

design was based on the following criteria: 

I. Transverse and hanger reinforcements were designed based on concentrated loads at 

mid-span and at the end using the current PCI design equations 5-44 and 5-45, 

respectively. 

II. Flexural and shear designs of the beam were based on 50 percent increase of the loads 

used for the ledge reinforcement in order to avoid any premature global failure of the beam 

and to minimize the effect of the global flexural and shear reinforcement. The design of L-

shaped beams follows the PCI Handbook for flexure and the procedure proposed by Lucier 

et al. (2011b) for shear and torsion. 

 

4.1.4. Fabrication of Short Span Beams 

All tested beams were produced by Metromont Corporation at two separate plants. All beams 

were cast on flat table forms, lying on their outer face, as shown in Figure 4-4(a) and 

Figure 4-4(b). Four specimens were cast at a time to ensure similar material properties. 

Samples of the concrete and steel used to produce the specimens were taken and tested for 

each casting. The outer-face web reinforcement (WWR) was typically placed in the form first, 

then the required longitudinal web reinforcement were placed in the form near their final 

locations. Finally, the other components of the open reinforcing cage were placed in the form 

at the correct locations and tied into place. L-shaped or C-shaped bars on the inner spandrel 

face were placed so that they rested on the web longitudinal bars and were hooked around 

them and securely tied to the bars. 
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Figure 4-4: (a) Reinforcement Cages prior to Casting (b) After Casting the Specimens 

 

  

(a) 

(b) 
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4.1.5. Test Setup  

A schematic view of the test setup for the short span beams is shown in Figure 4-5. An overall 

view of the test setup is shown in Figure 4-6. All the beams were supported vertically at both 

ends on steel stands, which were fit tightly against the test frame columns that were post-

tensioned to the floor with large diameter Dywidag bars. To maintain the torsional equilibrium, 

the beams were tied laterally at each end to the test frame columns using two threaded rods 

that passed through lined holes in both the beam and the columns, as shown in Figure 4-5. 

The top rods were used to prevent the beams from tipping away from the column. Stiffeners 

were used to reinforce the test frame columns at the location of the lateral connections and 

steel beams were used to connect the two columns for bracing. For all the tests, the load was 

applied to the ledge using a steel beam spanning between the ledge at one end and a system 

of supporting concrete blocks at the other end. The steel loading beam was reinforced with 

stiffeners at the load points as well as at the ends to prevent any localized beam buckling. To 

apply external load on the steel beam, a hydraulic jack was used in conjunction with a 

spreader beam and Dywidag bars, and the load was monitored by a load cell, as shown in 

Figure 4-5. The load was transferred to the ledge through a system of rollers to allow 

horizontal movement of the loading steel beam to minimize the effect of friction. A pin was 

also used to allow rotation of the steel beam and to ensure uniform load distribution under the 

bearing plate, as shown in Figure 4-7. Typically, the first test was conducted at mid-span to 

achieve a symmetric ledge failure. The loading system was then moved to one end to achieve 

an asymmetric ledge failure, and lastly to the opposite end to achieve a second asymmetric 

ledge failure, as shown in Figure 4-8. 
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Figure 4-5: Schematic View for Test Setup 

 

Figure 4-6: Overall View for Test Setup 
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Figure 4-7: Bearing System on Ledge 

 

 

Figure 4-8: Testing Sequence for a Short Span Beam 

1st Test at Mid-span 
(Symmetric Failure) 

 
 

  

2nd Test at Left End 
(Asymmetric Failure) 

 

 

Pin 

Rollers 

Steel Plate  
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3rd Test at Opposite 
Right End 

(Asymmetric Failure) 

 
 

 

4.1.6. Instrumentation 

Different types of instruments were used to monitor the beam behavior for each test and the 

instruments were connected to an electronic data acquisition system. For each test, cracks 

were marked at incremental loading steps and photographs and videos were taken. The 

instruments used can be summarized as follows: 

1- Load cells were used under the hydraulic jacks, as previously shown in Figure 4-5, to 

monitor the applied load on the loading beam so that the applied load on the ledge could 

be calculated. 

2- Two string potentiometers were used to monitor the vertical deflection of the ledge and 

the web at the location of the test, as shown in Figure 4-9. Additional two string 

potentiometers were used to monitor the lateral displacements of the top and bottom of 

the web at the location of the test, as shown in Figure 4-9. 

3- An inclinometer was used in selected tests to monitor the rotation of the beam at mid-

span, as shown in Figure 4-9. 

4- PI gauges were used in selected tests to monitor the concrete strains at different locations. 

PI gauges were applied in orthogonal pairs on the front face of the ledge on one side of 

the bearing plate to capture the strains resulting from the punching shear cracks, as shown 

in Figure 4-10(a). PI gauges were also used to monitor the shear strains at the end region, 

as shown in Figure 4-10(b). Two PI gauges were used at the top and the bottom of the 

beam to monitor the flexural strains, as shown in Figure 4-10(c) and (d). 
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Figure 4-9: String Potentiometers and Inclinometer 

 

 

Figure 4-10: Locations of PI Gauges (a) At front Face of Ledge (b) At End Region (c) At Top of 
the Beam at Mid-span (d) At Bottom of the Beam at Mid-span  

 

 
 

 

String Potentiometers 

Inclinometer 

PI Gauges 

(a) (b) 

PI Gauges 
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4.1.7. Material Testing 

Concrete cylinders (4”x8”) were molded at the time of casting and field-cured with each test 

beam, as shown in Figure 4-11(a). The concrete used to fabricate the beams was a typical 

normal weight concrete mixture, used by the precast plants. Total of 17 beams were cast in 

one plant and four beams were cast in another plant. Typically, one batch was used to cast 

four test beams at a time, unless different concrete strengths were specified. Therefore, the 

concrete properties varied according to where and when each beam was produced. Cylinders 

were tested in compression in accordance with ASTM C39 Compressive Strength of 

Cylindrical Concrete Specimens close to the time of testing each beam, as shown in 

Figure 4-11(b). Cylinders for selected batches were also tested according to ASTM C469 to 

determine the concrete modulus of elasticity. The elastic modulus of the concrete was 

measured using the average of three extensometer readings, as shown in Figure 4-11(c). The 

average measured value for the modulus of elasticity was found to be 79 to 82 percent of the 

value recommended by the standard ACI equation Ec = 57,000√𝑓′𝑐. Measured values for 

concrete strengths at the time of testing for all the beams, density of concrete, and modulus 

of elasticity for selected batches, are given in Table 4-4. 

 

(c) 
(d) 

PI Gauge 
PI Gauge 
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Figure 4-11: (a) Molding Concrete Cylinders at Time of Casting (b) Compressive Strength Test  
(c) Modulus of Elasticity Test 

 

 

  

(a) (b) 

(c) 
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Table 4-4: Measured Concrete Properties  

Batch 
# 

Specimen 

Concrete Strength, psi Density 
of 

Concrete, 
lb/ft3 

Modulus of 
Elasticity, ksi 

Design 
Strength 

Strength at 
Time of 
Testing 

Ec 
Ec / 

57,000√𝑓′𝑐 

1 

RS1 

7000 7310 146.9 3850 0.79 RS1-D 

RS4 

2 RS2 5000 7010 147.6 -- -- 

3 
RS3 

10000 8800 147.3 4390 0.82 
RS3-D 

4 
RS5 

7000 

7890 146.5 

-- -- 

RS5-D 

5 

RS6 

8640 148.0 
RS7 

RS7-D 

RS8 

6 

RS9 

7730 143.8 
RS9-D 

RS10 

RS11-D 

7 RS11 7910 143.2 

8 

EX-RS1 

10500 148.5 
EX-RS2 

EX-RS3 

EX-RS4 

 
 

Samples of the steel reinforcement were also collected from each precast plant to determine 

the mechanical properties of the steel for all the reinforcing bars sizes and welded wire 

reinforcement types used in the beams. Steel samples were tested by using a 220-kip capacity 

Universal Testing Machine to determine the material properties in accordance with ASTM 

A370, as shown in Figure 4-12. The measured properties for the steel samples are 

summarized in Table 4-5. 
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Figure 4-12: Steel Bar Testing 

 

Table 4-5: Measured Steel Properties 

Specimen Sample Description Measured Yield Strength, ksi 

RS1 through 
RS11 and RS1-D 
through RS11-D  

(17 beams) 

#3 bars 69 

#4 bars 67 

#5 bars 68 

#6 bars 72 

W4.0xW4.0 Welded Wire Mesh 92 

EX-RS1 through  
EX-RS4 

(4 beams) 

#3 bars 70 
#4 bars 62 
#5 bars 62 
#6 bars 64 

W4.0xW4.0 Welded Wire Mesh 88 
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4.2. Test Results 

The measured ledge capacities and concrete compressive strength for all tested short span 

beams are given in Table 4-6 and Table 4-7. The tables specify the parameter that was 

investigated for each location. The observed failure mode for all the tests was punching shear 

failure of the ledge.  

 

Table 4-6 Mid-span Test Results of Short Span Beams 

Specimen Test 
Description for Studied 

Parameter  

Measured 
Concrete 

Strength, 𝒇′
𝒄
 , psi 

Measured 
Ledge 

Capacity, (Vl,n), 
kips 

RS1 RS1-M 
Control 7310  

47.4 

RS1-D RS1-D-M 47.3 
RS2 RS2-M Bearing Width (𝑏𝑡=12”) 7010  52.8 

RS3 RS3-M 
Concrete Strength (𝑓′

𝑐
=8800 psi) 8800  

50.6 

RS3-D RS3-D-M 53.2 

RS4 RS4-M Ledge Height (ℎ𝑙=12”) 7310  90.5 

RS5 RS5-M Ledge Height (ℎ𝑙=10”) 
7890  

72.7 

RS5-D RS5-D-M Load Eccentricity (𝑒′=4.5”) 81.3 

RS6 RS6-M Ledge Projection (𝑙𝑝=6”) 

8640  

71.9 

RS7 RS7-M Ledge Projection (𝑙𝑝=10”) 80.1 

RS7-D RS7-D-M Bearing Length (𝑙𝑏=8”) 77.6 

RS8 RS8-M Transverse Reinforcement (#5@6”) 54.7 

RS9 RS9-M Transverse Reinforcement (#4@6”) 

7730  

46.4 

RS9-D RS9-D-M Bearing width ( 𝑏𝑡=8”) 51.1 
RS10 RS10-M Longitudinal Reinforcement (3#6) 52.5 

RS11 RS11-M 
Longitudinal Reinforcement (2#6) 

7910  50.1 

RS11-D RS11-D-M 7730  46.0 

EX-RS1 EX-RS1-M Special Reinforcement Detail (a) 

10530  

49.4 

EX-RS2 EX-RS2-M Special Reinforcement Detail (b) 61.1 

EX-RS3 EX-RS3-M Special Reinforcement Detail (c) 53.4 

EX-RS4 EX-RS4-M Special Reinforcement Detail (d) 77.0 

  



106 

Table 4-7: End Test Results of Short Span Beams 

SP. Test Description for Studied Parameter 

Measured 
Concrete 

Strength, 𝒇′
𝒄
 , psi 

Measured Ledge 

Capacity, (Vl,n), 
kips 

RS1 
RS1.E1 Control 

7310 

42.2 
RS1.E2 Edge Distance, (𝑑𝑒=24”) 45.4 

RS1-D RS1-D.E1 Control 45.0 
RS1-D.E2 Edge Distance (𝑑𝑒=8” ) 31.2 

RS2 RS2.E1 Concrete Strength (𝑓′
𝑐
=7010 psi) 7010 45.1 

RS2.E2 Edge Distance (𝑑𝑒=20”) 42.9 

RS3 
RS3.E1 Concrete Strength (𝑓′

𝑐
=8800 psi) 

8800 

47.5 
RS3.E2 Edge Distance (𝑑𝑒=24”) 50.1 

RS3-D 
RS3-D.E1 Concrete Strength (𝑓′

𝑐
=8800 psi) 45.3 

RS3-D.E2 Edge Distance (𝑑𝑒=8”) 38.5 

RS4 
RS4.E1 Ledge Height (ℎ𝑙=12”) 

7310 
74.8 

RS4.E2 Edge Distance (𝑑𝑒=24”) 84.6 

RS5 
RS5.E1 Ledge Height (ℎ𝑙=10”) 

7890 

67.7 
RS5.E2 Load Eccentricity (𝑒′=4.5”) 87.4 

RS5-D 
RS5-D.E1 Ledge Height (ℎ𝑙=10”) 66.5 
RS5-D.E2 Load Eccentricity (𝑒′=3”) 95.7 

RS6 
RS6.E1 Ledge Projection (𝑙𝑝=6”) 

8640 

71.8 
RS6.E2 Load Eccentricity (𝑒′=3”) 78.7 

RS7 
RS7.E1 Ledge Projection (𝑙𝑝=10”) 63.6 
RS7.E2 Load Eccentricity (𝑒′=4.5”) 75.5 

RS7-D 
RS7-D.E1 Load Eccentricity (𝑒′=7.5”) 60.3 
RS7-D.E2 Load Eccentricity (𝑒′=3”) 94.4 

RS8 
RS8.E1 Transverse Reinforcement (#5@6”) 49.8 
RS8.E2 Bearing Type (Masticord) 49.4 

RS9 
RS9.E1 Transverse Reinforcement (#4@6”) 

7730 

40.3 
RS9.E2 Bearing width ( 𝑏𝑡=8”) 52.4 

RS9-D 
RS9-D.E1 Transverse Reinforcement (#4@6”) 46.5 
RS9-D.E2 Bearing width ( 𝑏𝑡=12”) 51.6 

RS10 
RS10.E1 Longitudinal Reinforcement (3#6) 45.6 
RS10.E2 Loading Type (Sustained Load) 48.0 

RS11 
RS11.E1 Longitudinal Reinforcement (2#6) 

7910 
43.5 

RS11.E2 Bearing width ( 𝑏𝑡=8”) 50.2 

RS11-D 
RS11-D.E1 Longitudinal Reinforcement (2#6) 

7730 
42.5 

RS11-D.E2 Bearing width ( 𝑏𝑡=12”) 48.5 

EX-RS1 
RS1-D.E1 

Special Reinforcement Detail (a) 

10530 

52.0 
RS1-D.E2 52.0 

EX-RS2 RS3-D.E1 
Special Reinforcement Detail (b) 

53.3 
RS3-D.E2 54.8 

EX-RS3 
RS5-D.E1 

Special Reinforcement Detail (c) 
53.1 

RS5-D.E2 53.1 

EX-RS4 

RS7-D.E1 
Special Reinforcement Detail (d)  

(C-bars #4@4.5”, L-bars #5@4.5”) 
75.2 

RS7-D.E2 
Special Reinforcement Detail (d)  

(C-bars #4@3.0”, L-bars #5@3.0”) 
86.5 
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4.2.1. Ledge Behavior 

The following sections present a description of a typical ledge behavior observed at mid-span 

(Tests RS3-M, RS3-D-M) and at the end (Tests RS3-E1, RS3-D-E1). The measured ledge 

capacities at each test location are compared to the values predicted by finite element analysis 

and the current PCI design procedure.  

4.2.1.1. Ledge Behavior at Mid-span (Tests RS3-M, RS3-D-M) 

Two tests were conducted at mid-span for two identical beams, RS3 and RS3-D. The two 

beams had concrete strength of 8800 psi at the time of testing, and same ledge geometry of 

8” in height and 8” in projection. For both beams, the bearing plate used to transfer the load 

to the ledge was 4” in width and 4” in length, and the load eccentricity was 6”. with respect to 

the inner web face. Further details can be found in Table 4-2.  

For test RS3-I, when the load was at 35 kips, the first initiated crack was observed at the ledge 

to web junction due to bending of the ledge as shown in Figure 4-13(a). By increasing the 

applied load to 41 kips, the cracks extended in length along the length of the ledge and 

propagated on the top face of the ledge with an angle towards the front face of the ledge, as 

shown in Figure 4-13(b). Prior to failure, at load of 47 kips, additional cracks were observed 

to initiate at the back of the bearing plate and extended diagonally on the horizontal surface 

of the ledge, as shown in Figure 4-13(c). Failure occurred suddenly at load level of 50.6 kips, 

with diagonal tension cracks propagating from the back and the sides of the bearing plate into 

the front face of the ledge, as shown in Figure 4-13(d). Some narrow flexural cracks (less than 

0.005” wide) were observed on the front and back face of the web of the beam due to the 

overall global flexural stress, as shown in Figure 4-14.  
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(a)  At Load=35 kips 

Cracks at Ledge to Web Junction  

 

(b)  At Load=41 kips 

Diagonal Cracks at Top and Front 
Face of Ledge 

 

(c)  At Load=47 kips 

Diagonal Cracks from Back of the 
Bearing Plate 

 

(d)  At Load=50.6 kips 

Failure Occurred 

Figure 4-13: Cracking Pattern at Different Load Levels up to Failure, for Test RS3-I 
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Figure 4-14: Flexural Cracks at Mid-span, on the Back of the Web, for Test RS3-I 

 

Same test was duplicated for beam, RS3-D, which had the same characteristics of beam RS3. 

The observed ledge behavior in the duplicated test was similar to that observed in the original 

test. The failure load in the duplicated test was 53.2 kips which was 5 percent higher than that 

of the original test. The observed failure surface configuration was similar for both tests, as 

shown in Figure 4-15(a) and Figure 4-15(b). Notably, the bottom view of a typical failure 

surface, after chipping away cracked concrete, indicates that the crack extended into the 

bottom of the beam and bypassed the hanger bars, as shown in Figure 4-15(c).  

The load-deflection diagrams for both tests indicate similar behavior up to failure, as shown 

in Figure 4-16. The measured concrete strains at the front face of the ledge clearly indicate a 

sudden increase of the strains once the diagonal tension cracks occurred at failure, as shown 

in Figure 4-17, which indicates the brittle nature of the failure. The measured concrete strains 

at top and bottom of the web at mid-span indicate low global flexural stress, as evidenced by 

the fact that the measured strains at bottom face of the web were less than the yield strain of 

2000 microstrain for the steel, as shown in Figure 4-18. 
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Figure 4-15: Observed Failure Surface (a) Test RS3-M, (b) Test RS3-D-M (c) Bottom View after 
Chipping Cracked Concrete for Test RS3-M 

 
Figure 4-16: Measured Ledge Vertical Deflections at Mid-span for Tests RS3-I and RS3-D-I 
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Figure 4-17: Measured Ledge Strains at Distance 12” from the Bearing Plate 

 

Figure 4-18: Measured Flexural Concrete Strains at Top and Bottom of Web, for Tests RS3-I 
and RS3-D-I 
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4.2.1.2. Ledge Behavior at End (Tests RS3-E1, RS3-D-E1) 

Two tests were also conducted at end for the two identical beams, RS3 and RS3-D. In both 

tests, the load was applied at 16 in. from the edge of the ledge, which was expected to result 

in an asymmetric failure for both tests.  

The behavior for end tests was similar to that observed for mid-span tests. For test RS3-E1, 

the first crack initiated at load level of 35 kips, at the ledge to web junction, as shown in 

Figure 4-19(a). When the load reached 43 kips, diagonal cracks propagated on the top face 

of the ledge towards the front face of the ledge, as shown in Figure 4-19(b). Prior to failure, at 

load level of 46 kips, a crack initiated from the back of the bearing plate with an angel into the 

front face of the ledge. The crack continued to propagate on the front face of the ledge from 

one side; however, the crack extended from the other side along the length of the beam until 

it reached the end of the ledge. The crack then extended on the side of the ledge until it 

reached the web as shown in Figure 4-19(c). The failure occurred suddenly at load level of 

47.5 kips, accompanied by diagonal tension cracks propagating from the back of the bearing 

plate on one side into the front face of the ledge, and on the other side into the top face of the 

ledge towards the end of the ledge, as shown in Figure 4-19(d) and Figure 4-19(e). No shear 

cracks were observed on the inner face of the web because the applied global shear stresses 

were quite low. 

 

Figure 4-19: Cracking Pattern at Different Load Levels up to Failure, for Test RS3-E1 

 

(a)  At Load=35 kips 

Cracks at Ledge to Web 
Junction  
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(b)  At Load=43 kips 

Diagonal Crack at Top and 
Front Face of Ledge 

 

(c)  At Load=46 kips 

Diagonal Cracks from Back of 
the Bearing Plate 

 

(d)  At Load=50.6 kips 

Failure Occurred 
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(e)  At Load=50.6 kips 

Side View for the Failure 

 
 
Same test was duplicated at one end for the identical beam, RS3-D. The cracking pattern up 

to failure in the duplicated test was similar to that observed in the original test. The failure load 

was 45.3 kips, which was 5 percent less than the measured failure load of the original test. 

The observed failure surface configuration was similar for both tests, as shown in 

Figure 4-20(a) and Figure 4-20(b). The load-deflection diagrams for both tests clearly indicate 

similar ledge behavior up to failure. 

 

 

Figure 4-20: Observed Failure Surface (a) Test RS3-E1 (b) Test RS3-D-E1 

(a) 

(b) 
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Figure 4-21: Measured Vertical Ledge Deflections at End for Tests RS3-E1 and RS3-D-E1 

 

4.2.1.3. Comparison of Experimental to Finite Element Ledge Behavior 

Finite element models were developed for the mid-span and end tests of beams RS3 and 

RS3-D using the previously calibrated models. The results of FE analysis indicate good 

agreement with the cracking pattern observed experimentally at different load levels up to 

failure, as shown in Figure 4-22(a) through Figure 4-22(d). Notably, the FE model accurately 

predicts the sudden initiation of cracks on the back of the bearing plate prior to failure at a 

load of 50 kips with a crack width of 0.0789”, which was increased to 0.486” quickly at a failure 

load 0f 52 kips. Comparisons of the measured ledge capacities to FE predictions for mid-span 

and end tests for beams RS3 and RS3-D are summarized in Table 4-8. The comparisons 

clearly demonstrate the capability of the calibrated FE model to predict the ledge capacity at 

both mid-span and at the end. 
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(a) Load=36 kips 

Maximum Crack Width=0.0046” 

(at the ledge to web junction) 

 

(b) Load=40 kips 

Maximum Crack Width=0.0059” 

(at the ledge to web junction) 

 

(c) Load=50 kips (Prior to Failure)  

Maximum Crack Width=0.0789” 

(on the back of bearing plate) 

 

(d) Load=52 kips (Failure) 

Maximum Crack Width=0.486” 

Figure 4-22: Cracking Pattern Predicted by FE for Tests RS3-I, RS3-D-I 
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4.2.1.4. Comparison of Measured Ledge Capacities to Current PCI Design 

Procedure 

Comparisons of the measured ledge capacities to the values predicted by the current PCI 

design procedure are summarized in Table 4-8. The measured ledge capacities for the tests 

performed at mid-span were 80 and 84 percent of the value predicted by the current PCI 

design procedure, respectively, which indicates that the current PCI design procedure is 

unsafe for predicting the ledge capacity at mid-span. For the two tests performed at the end, 

the measured ledge capacities were 5 percent and 1 percent higher than the value predicted 

by the current PCI design procedure (45 kips). Therefore, the current PCI design procedure 

provides a safe prediction for the ledge capacity at the end locations. However, it should be 

noted that these tests are for short span beams, in which the effect of the global stress is 

minimum. 

 

Table 4-8: Experimental Results Compared to FE and PCI Predicted Ledge Capacities 

Failure 
Location 

Test 
Ledge Capacity (Vln), kips Vln  Experimental 

/ Vln FE 
Vln  Experimental / 

Vln PCI Experimental FE PCI 

Mid-span 
RS3-M 50.6 

52.0 63.0 
0.97 0.80 

RS3-D-M 53.2 1.02 0.84 

End 
RS3-E1 47.5 

50.0 45.0 
0.95 1.05 

RS3-D-E1 45.3 0.91 1.01 

 

4.2.2. Effect of Various Parameters 

The following sections present the results of the parametric study conducted on 17 short span 

beams. For each parameter, the measured ledge capacities are compared to the values 

predicted by the FE analysis and the current PCI design procedure. Due to the variation of 

concrete strengths among the tested specimens, the results are normalized to highlight the 

effect of each parameter independently, except for the effect of concrete strength. The 

normalization was by expressing the results in term of 𝑉𝑙𝑛/√𝑓′𝑐, where 𝑉𝑙𝑛 is the nominal ledge 

capacity and  𝑓′𝑐 is the measured concrete strength at the time of testing. 
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4.2.2.1. Load Eccentricity, 𝒆′ 

The effect of load eccentricity from the inner web face was investigated at mid-span in beams 

RS5 and RS5-D, where the ledge projection was 8 in., by increasing the load eccentricity from 

4.5 in. for beam RS5-D to 6 in. for beam RS5. At end locations of the same two beams, the 

effect of load eccentricity was investigated by increasing the load eccentricity was increased 

from 3 in. to 6 in. The effect of load eccentricity was also investigated at end locations of 

beams RS7 and RS7-D, where the ledge projection was 10 in., by increasing the load 

eccentricity from 3 in. to 7.5 in.  

Test results indicate that increasing the load eccentricity by 33 percent at mid-span reduced 

the ledge capacity by 11 percent, as shown in Figure 4-23. The test results also indicate that 

increasing the load eccentricity at the end location by 100 percent for beams RS5 and RS5-

D, and by 150 percent for beams RS7 and RS7-D, reduced the ledge capacity by 30 and 35 

percent as shown in Figure 4-24(a) and Figure 4-24(b), respectively. Similar results were 

predicted by the FE analysis, which indicated good agreement with the experimental results. 

Nevertheless, the current PCI design procedure does not account for the effect of the load 

eccentricity on the ledge capacity, as shown by the dotted line in Figure 4-23, Figure 4-24(a) 

and Figure 4-24(b). 

 

 

Figure 4-23: Effect of Load Eccentricity at Mid-span in Beams RS5, RS5-D 

0

200

400

600

800

1000

1200

1400

3 4.5 6 7.5

V
ln

/ 
s

q
rt

(f
'c

)

Load Eccentricity, in.

-11%



119 

 
 

 

Figure 4-24: Effect of Load Eccentricity at End (a) Beams RS5, RS5-D, (b) Beams RS7, RS7-D 

  

0

200

400

600

800

1000

1200

1400

1.5 3 4.5 6 7.5

V
ln

/ 
s

q
rt

(f
'c

)

Load Eccentricity, in.

-30%

duplicated tests

0

200

400

600

800

1000

1200

1400

1.5 3 4.5 6 7.5

V
ln

/ 
s

q
rt

(f
'c

)

Load Eccentricity, in.

-36%

(a) 

(b) 



120 

4.2.2.2. Longitudinal Reinforcement in Ledge 

The effect of longitudinal reinforcement in the ledge was investigated using three different 

steel areas. The longitudinal reinforcement amount was increased from two #4 rebars, for 

beams RS1 and RS1-D, to two #6 rebars in beams RS11 and RS11-D, as shown in 

Figure 4-25(a) and Figure 4-25(b), respectively. The longitudinal reinforcement amount was 

further increased to three #6 rebars in beam RS10, where two #6 rebars were directly located 

under the bearing plate, as shown in Figure 4-25(c).  

Test results indicate that increasing the area of longitudinal reinforcement in the ledge slightly 

increased the ledge capacity at mid-span and at the end, but such an increase was not 

proportional to the percent increase of steel area, as shown in Figure 4-26 and Figure 4-27. It 

should be noted that using additional rebars did not influence the brittleness of the failure. The 

measured ledge capacities compared well to the values predicted by the finite element 

analysis, while no effect was captured by the current PCI design procedure, as shown in 

Figure 4-26 and Figure 4-27. 

  

 

Figure 4-25: Different Amounts of Longitudinal Reinforcement in Ledge 

 

(a) (b) (c) 
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Figure 4-26: Effect of Longitudinal Reinforcement in Ledge at Mid-span 

 

 

Figure 4-27: Effect of Longitudinal Reinforcement in Ledge at End 
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4.2.2.3. Transverse Reinforcement (C-bars) 

The effect of transverse reinforcement was investigated using three different reinforcement 

areas. In beams RS1 and RS1-D, the amount of transverse reinforcement was #3@6” (total 

reinforcement area of 0.22 in2/ft.), while the amount was increased for beams RS9 and RS9-

D to #4@6” (total reinforcement area of 0.4 in2/ft.). The amount of transverse reinforcement 

in beam RS8 was increased to #5@6” (total reinforcement area of 0.62 in2/ft.).  

Test results indicate that increasing the transverse reinforcement by181 percent only 

increased the ledge capacity at mid-span by 8 percent and at the end by 9 percent as shown 

in Figure 4-28 and Figure 4-29, respectively. Observations made during the tests indicated 

that increasing the C-bars amount had no effect on the brittleness of the failure. It should be 

noted that the results of FE analysis overestimated the measured ledge capacities, particularly 

for the end locations, as shown in Figure 4-29. This may be attributed to the fact that the finite 

element analysis assumes perfect bond between the transverse reinforcement and the 

concrete. The current PCI design procedure does not account for the effect of such parameter 

on the ledge capacity, as shown by the dotted lines in Figure 4-28 and Figure 4-29. 

  

 

Figure 4-28: Effect of Transverse Reinforcement at Mid-span 
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Figure 4-29: Effect of Transverse Reinforcement at End 

 

 

4.2.2.4. Bearing Length, 𝒍𝒃  

The effect of the bearing length was investigated only on the ledge capacity at mid-span, by 

increasing the length from 4” for beam RS7 to 8” for beam RS7-D. It should be noted that the 

load was applied in the same manner, using the same loading eccentricity for both cases, as 

shown in Figure 4-30.  

Test results indicate that increasing the bearing length while using the same load eccentricity 

did not affect the ledge capacity, as shown in Figure 4-31. The results of FE analysis indicate 

a slight increase of the ledge capacity due to the increase of the bearing length, while the 

current PCI design procedure does not account for the effect of bearing length.  
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Figure 4-30: Different Bearing Lengths (a) Bearing Length=4 in. (b) Bearing Length=8 in. 

 
 

 

Figure 4-31: Effect of Bearing Length at Mid-span 
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4.2.2.5. Bearing Pad Material 

The effect of bearing pad material was investigated only at the end location, using two different 

approaches. At one end of beam RS8, a steel plate of 2” thick was used as bearing plate, 

while at the other end of the same beam, a 0.5“ thick Masticord pad was placed underneath 

the steel bearing plate, as shown in Figure 4-32(a) and Figure 4-32(b). 

Test results suggest that the variation of bearing pad material had no effect on the ledge 

capacity at the end, as shown in Figure 4-33. This can be attributed to the relatively high 

stiffness of the 2” thick steel plate compared to the relatively low stiffness of the 0.5” thick 

Masticord pad. To further examine this parameter by finite element analysis, no friction was 

considered for the first test where a steel plate was used. A coefficient of friction of 5 percent 

was assumed for the second test where a Masticord pad was used. The results of FE analysis 

indicate a slight decrease of only 3 percent in the ledge capacity due to the applied friction. 

For both cases, the results of FE analysis overestimate the measured ledge capacities, since 

the beam had an increased amount of transverse reinforcement, for which the effect was not 

fully captured by the FE analysis, as previously discussed in section 4.2.3.3.  The current PCI 

design procedure does not account for the effect of the bearing type.  

 

 

 

Figure 4-32: (a) Steel Bearing Plate (b) Masticord Pad under Steel Bearing Plate 

(a) (b) 
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Figure 4-33: Effect of Bearing Pad Material at End 

 

4.2.2.6. Loading Conditions 

The effect of loading conditions was investigated only at the end location, by using an applied 

monotonic load at one end of beam RS10 and a 24-hour sustained factored load for the other 
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failure. It should be noted that the service and factored load levels for the sustained loading 

test were estimated based on the measured nominal ledge capacity from the first end test. 
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was also performed using the same cycles of unloading and reloading, similar to the 

procedure used for the test. The results of FE analysis also indicated that there was no effect 

due to the two different loading conditions. It should be noted that the current PCI design 

procedure does not account for such parameter on the ledge capacity. 

 

 

 

Figure 4-34: Sustained Load Cycle 

 

 

 

Figure 4-35: Cracking Pattern at Top Face of Ledge (a) for Monotonic Loading (b) For 
Sustained Load 

(a) 

(b) 
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Figure 4-36: Effect of Sustained Load on Ledge Capacity at End 

 

4.2.2.7. Concrete Strength, 𝒇′𝒄  

The effect of concrete strength was investigated by comparing the test results of beams RS1 

and RS1-D, which had a measured concrete strength of 7310 psi, to the test results of beams 

RS3 and RS3-D, which had a measured concrete strength of 8800 psi.  

The measured ledge capacities, the finite element predictions, and the predicted values based 

on the current PCI design procedure, at mid-span and at the end, are shown in Figure 4-37 

and Figure 4-38, respectively. Test results indicate that increasing the concrete strength could 

increase the ledge capacity at mid-span and at the end by 9 and 6 percent, respectively, which 

are proportional to the percent increase of √𝒇′𝒄. The same effect was also confirmed by the 

FE analysis, performed for a wider range of concrete strengths varied from 5000 psi to 10000 

psi. The FE analysis indicated that by increasing the value of √𝒇′𝒄 by 41 percent, the ledge 

capacity at both mid-span and at the end would be increased by 42 percent. Similar effects 

were also predicted by the current PCI design procedure. 
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Figure 4-37: Effect of Concrete Strength at Mid-span 

 

 

 

Figure 4-38: Effect of Concrete Strength at End 
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4.2.2.8. Bearing Width, 𝒃𝒕  

The effect of bearing width on the ledge capacity was investigated using three values. At mid-

span, the bearing width was increased from 4” for beams RS1 and RS1-D to 8” for beam RS9-

D and to 12” for beam RS2. The effect of bearing width was also investigated at the end for 

beams RS9 and RS9-D and for beams RS11 and RS11-D, where the bearing width was 

increased from 4” to 8” and 12”. It should be noted that at end locations, the distance of the 

load to the ledge end was kept the same while the bearing width was increased.  

The test results indicated that by increasing the bearing width by 200 percent, the ledge 

capacity at mid-span was increased by 14 percent, as shown in Figure 4-39. The results also 

showed that the same increase of bearing width caused the ledge capacity at end locations 

of beams RS9 and RS9-D to increase by 13 percent and the ledge capacity at end locations 

of beams RS11 and RS11-D to increase by 19 percent as shown in Figure 4-40(a) and 

Figure 4-40(b), respectively. The results of FE analysis provided good agreement with the 

measured ledge capacities. A similar effect was also predicted by the current PCI design 

procedure at mid-span and the end. 

  

 

Figure 4-39: Effect of Bearing Width at Mid-span 
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Figure 4-40: Effect of Bearing Width at End (a) Beams RS9, RS9-D (b) Beams RS11, RS11-D 
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Figure 4-42, respectively. As would be expected, the results clearly indicate that the ledge 

height is the most influential parameter on the punching shear capacity of the ledge. Test 

results showed that when the ledge height was increased by 50 percent, the ledge capacity 

at mid-span and at end was increased by 91 and 77 percent, respectively. The results of FE 

analysis showed good agreement with the test results. Similar trend for the effect of ledge 

height was also predicted by the current PCI design procedure at mid-span and at the end.  

 

Figure 4-41: Effect of Ledge Height at Mid-span 

 

Figure 4-42: Effect of Ledge Height at End 
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4.2.2.10. Ledge Projection, 𝒍𝒑 

The ledge projection was investigated using different approaches. At mid-span, the ledge 

projection was increased from 6” (beam RS6) to 8” (beam RS5), while placing the bearing 

plate at the edge to achieve maximum load eccentricity. At the end, two approaches were 

used to investigate the effect of ledge projection. The first approach included increasing the 

ledge projection from 6” (beam RS6) to 8” (beam RS5) and 10” (RS7), while placing the 

bearing plate at the edge. The second approach included fixing the load eccentricity at 3” from 

the inner web face, for all investigated ledge projections.  

Test results showed that increasing the ledge projection at mid-span by 33 percent, 

accompanied with increasing the load eccentricity, caused the ledge capacity to increase 

slightly by 6 percent as shown in Figure 4-43. At the end, the test results indicated that 

increasing the ledge projection by 67 percent, accompanied with increasing the load 

eccentricity, caused the ledge capacity to decrease by 16 percent as shown in Figure 4-44(a). 

On the other hand, the test results indicated that the same increase of ledge projection could 

increase the ledge capacity at the end by 20 percent, when the load eccentricity was kept at 

3” from the inner web face as shown in Figure 4-44(b). Similar effects were predicted by the 

FE analysis, which showed good agreement with the test results. Nevertheless, these effects 

are not captured by the current PCI design procedure since it does not account for the effect 

of the load eccentricity. 

 

 

Figure 4-43: Effect of Ledge Projection at Mid-span 
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Figure 4-44: Effect of Ledge Projection at End (a) With Increasing the Load Eccentricity (b) 
With Fixing the Load eccentricity at 3 in. from the Inner Web Face  
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4.2.2.11. Edge Distance, 𝒅𝒆 

The effect of edge distance of the load at the end was investigated using beams RS1, RS1-

D, and RS2, where the edge distance was increased from 8” to 16", 20”, and 24”. This 

parameter was also investigated using beams RS3 and RS3-D, where the edge distance was 

increased from 8” to 16” and 24”. 

Test results indicated that increasing the edge distance would increase the ledge capacity as 

shown in Figure 4-45(a) and Figure 4-45(b). However, when the edge distance was increased 

to more than 16”, the effect on the ledge capacity was shown to be negligible and the 

configuration of the failure surface changed from an asymmetric failure to a symmetric failure 

as shown in Figure 4-46. The results of FE analysis showed good agreement with the 

measured ledge capacities. It is worth noting that the ledge capacities predicted by the current 

PCI design procedure were generally conservative when the edge distance was less than 16”, 

while the procedure overestimated the measured ledge capacities when the edge distance 

was greater than 16”.  
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Figure 4-45: Effect of Edge Distance of End Load (a) In Beams RS1, RS1-D and RS2 (b) In 
Beams RS3, RS3-D 
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Figure 4-46: Effect of Edge Distance on Failure Surface 

 
 

  

𝑑𝑒= 8 in. 

𝑑𝑒= 16 in. 

𝑑𝑒= 20 in. 

𝑑𝑒= 24 in. 
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4.2.3. Performance of Special Reinforcement Details 

The following sections present a description for each detail and its effect on the ledge behavior 

in terms of the ultimate ledge capacity and the nature of the failure mode. Comparisons with 

the predicted ledge capacities by finite element analysis and current PCI design procedure 

are also presented for each detail. 

4.2.3.1. Welding C-bars to Longitudinal Bar  

Beam EX-RS1 was intended to examine possible enhancement for the development of the 

transverse reinforcement (C-bars) in the ledge. The provided development length may be 

insufficient if the critical section is considered to be at the location of the applied load, as was 

observed in previous tests and illustrated in Figure 4-47. The C-bars were welded to the 

longitudinal bottom bar, at all locations, to provide better anchorage, as shown in 

Figure 4-48(a) and Figure 4-48(b). It should be noted that using such a detail could increase 

the fabrication time and cost. 

The effect of this detail was examined by comparing the test results of beam EX-RS1 to the 

test results of beams RS1 and RS1-D. Observations made during the tests showed no effect 

on the brittleness of the failure. Test results also indicated a negligible effect for such detail 

on the ledge capacity, whether at mid-span or at the end, as shown in Figure 4-49 and 

Figure 4-50. The same conclusion was obtained by the FE analysis, which considered the 

longitudinal bottom bar to coincide with the bottom of the C-bars. The current PCI design 

procedure does not consider any effect for the reinforcement details on the ledge capacity.  

 

Figure 4-47: Developed Failure Plane 

Critical Section 
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Figure 4-48: Welding C-bars to Longitudinal Bottom Bar (a) General View for the 
Reinforcement Cage (b) Close View to the Welding Detail 

(a) 

(b) 
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Figure 4-49: Effect of Welding C-bars to Longitudinal Bar at Mid-span 

 

 

 

Figure 4-50: Effect of Welding C-bars to Longitudinal Bar at End 
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4.2.3.2. Bending Hanger Reinforcement towards the Ledge 

Beam EX-RS2 was utilized to study the influence of bending all hanger reinforcement (L-bars) 

towards the ledge to intercept the critical punching crack, as shown in Figure 4-51. Such a 

detail was expected to provide better resistance to the strut from the applied load and to 

intersect the critical crack, shown in Figure 4-51. The detail should also provide better 

configuration of the strut-and-tie mechanism within the disturbed zone of the ledge. Execution 

of such detail was found to be no different from that of the typical configuration of bending the 

hanger reinforcement towards the web. A photograph showing the reinforcement cage is 

shown in Figure 4-52.  

The effect of such detail was investigated by comparing the test results of beam EX-RS2 to 

those of beams RS1 and RS1-D using the existing detail. Test results indicated that bending 

the hanger reinforcement towards the ledge did reduce the brittleness of the failure which did 

not occur suddenly. Instead, the ledge exhibited higher ductility up to failure. The test results 

also indicated that by using such detail the ledge capacity was increased slightly by 7 percent 

at mid-span, and 3 percent at the end, as shown in Figure 4-53 and Figure 4-54. On the other 

hand, results of finite element analysis indicate a negligible effect on the ledge capacity by 

using such detail.  

 
Figure 4-51: Hanger Reinforcement Bent towards Ledge 
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Figure 4-52: Reinforcement Cage indicating Hanger Reinforcement Bent towards Ledge 

 

 
Figure 4-53: Effect of Bending Hanger Reinforcement towards Ledge at Mid-span 
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Figure 4-54: Effect of Bending Hanger Reinforcement towards Ledge at End 

 
4.2.3.3. Welded Wire Fabric Reinforcement 

Beam EX-RS3 was used to study the effect of using special welded deformed wire fabric 

reinforcement to replace the typical transverse reinforcement (C-bars) and the hanger 

reinforcement (L-bars) currently in use. Photographs for the WWF are shown in Figure 4-55(a) 

and Figure 4-55(b). It should be noted that a significant advantage of using such WWF was 

the reduced fabrication time for the transverse and hanger reinforcements.  

The effect of the WWF was investigated by comparing the test results of beam EX-RS3 to 

those of beams RS1 and RS1-D. No effect was observed for using such detail on the 

brittleness of the failure, despite the fact that the hanger reinforcement was bent towards the 

ledge. This can be attributed to the absence of the vertical legs of the conventional transverse 

reinforcement (C-bars), leading to a brittle failure. Nevertheless, the test results clearly 

indicated negligible differences between the measured ledge capacities associated with the 

WWF and those with the conventional reinforcement, whether at mid-span or at the end, as 

shown in Figure 4-56 and Figure 4-57. The same conclusion was obtained by the FE analysis. 
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Figure 4-55:(a) General View for WWF (b) Placing the WWF in Form 

(b) 

(a) 
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Figure 4-56: Effect of WWF Reinforcement at Mid-span 

 
 

 

Figure 4-57: Effect of WWF Reinforcement at End 
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4.2.3.4. Concentrating Ledge Reinforcement 

Beam EX-RS4 was used to examine the effect of concentrating the required ledge 

reinforcement (C-bars and L-bars) near the location of applied loads. The reinforcements in 

this beam were distributed within 2 ft. of the load point at mid-span, and within 2 ft. and 3 ft. 

of the load point at the ends, as shown in Figure 4-58. The hanger reinforcement was bent 

towards the ledge at all locations. A minimum amount of ledge reinforcement was provided 

in-between the test locations as required by the current PCI design procedure. 

The effect of concentrating the ledge reinforcement was investigated by comparing the test 

results of beam EX-RS4 to those of beams RS1 and RS1-D, where the ledge reinforcement 

was distributed in 6 ft. and 4.25 ft. at mid-span and at the end, respectively. Unlike the ledge 

failures typically observed in previous tests, the diagonal tension cracks on the top and front 

faces of the ledge of beam EX-RS4 initiated at load levels that were much lower than the 

failure load, as shown in Figure 4-59(a) and Figure 4-59(b). The test results indicated that 

concentrating the ledge reinforcement within 2 ft. of the load location could increase the ledge 

capacity at mid-span by 35 percent, as shown in Figure 4-60. At the end location, the test 

results clearly indicated that concentrating the ledge reinforcement within 3 ft. and 2 ft. near 

the load could significantly increase the ledge capacity by 44 and 65 percent, respectively, as 

shown in Figure 4-61. The results were confirmed by the FE analysis.  

Load-deflection diagrams for mid-span and end tests conducted for the four reinforcement 

details are shown in Figure 4-62 and Figure 4-63, respectively. 
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Figure 4-58: Ledge Reinforcement Details in Beam EX-RS4 

 

 

(a)  At Load=60 kips 

Diagonal Crack at Top and Front 
Face of Ledge 

 

(b)  At Load=77.0 kips 

Failure Occurred 

Figure 4-59: Cracking Pattern up to Failure for Test EX-RS4-M 

 

C-bars 
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L-bars 
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Figure 4-60: Effect of Concentrating Ledge Reinforcement at Mid-span 

 

 

 
Figure 4-61: Effect of Concentrating Ledge Reinforcement at End  
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Figure 4-62: Ledge Vertical Displacements at Mid-span for Various Reinforcement Details  

 

 
Figure 4-63:  Ledge Vertical Displacements at End for Various Reinforcement Details 

* For beams with typical configuration (RS1, RS1-D), measured concrete strength =7310 psi, while for the rest 
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4.3. Findings of Short Span Beams Study 

The findings from the short span beams study are summarized as follows: 

1. The current PCI design procedure overestimates the ledge capacities, especially at 

mid-span, as clearly demonstrated in Figure 4-64. 

 

2. The results of FE analysis show good agreement with the measured ledge capacities. 

The average ratio between the experimental and FE results is 0.95±0.02, based on 

95% confidence level.   

 

3. The percent increase or decrease of the measured ledge capacity with respect to the 

different parameters investigated suggests that the following four parameters have 

significant effect on the ledge capacity, as shown in Figure 4-65: 

(a) Ledge height 

(b) Concrete compressive strength 

(c) Load eccentricity from inner web face 

(d) Edge distance of the load 

 

4. The following observations can be made based on the performance of the four special 

reinforcement details: 

(a) Welding the C-bars to the longitudinal bottom bar in the ledge has no effect 

on the ledge capacity.  

(b) Bending the hanger reinforcement towards the ledge reduces the brittleness 

of the failure but has a negligible effect on the ledge capacity.  

(c) The WWF reinforcement performs the same as the conventional ledge 

reinforcement but is more advantageous in terms of the fabrication time. 

(d) Concentrating the ledge reinforcement can significantly enhance the ledge 

capacity, which can serve as a practical alternative for increasing the ledge 

height for extreme loading cases.  
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Figure 4-64: Experimental to PCI Nominal Ledge Capacities in Short Span Beams 

 

Figure 4-65: Effect of Selected Parameters in Short Span Beams 
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5. Behavior of Long Span L-shaped Beam Ledges 

This chapter presents the results of the experimental program conducted on seven long span 

L-shaped beams to investigate the behavior of the ledge when subjected to different levels of 

global stresses. The chapter presents the observed ledge behavior, followed by a discussion 

on the influence of various parameters, including the effect of global stresses and the 

prestressing. Measured ledge capacities are compared to the values predicted by FE analysis 

and the current PCI design procedure.  

5.1. Experimental Program 

5.1.1. Overview 

The experimental program comprised of seven long span L-shaped beams of 45.5 ft., 

including six prestressed concrete beams and one reinforced concrete beam. All the beams 

were designed to avoid any premature global failure of the beam before a failure of the ledge. 

The cross sections of the tested long span beams were similar to the tested short span beams. 

All beams had the same web dimensions of 60” in height and 8” in width, as shown in 

Figure 5-1. The ledge was 8” high with an 8” projection for six beams, while the ledge height 

was increased to 10” for the seventh beam. For all tested beams, the ledge was cut back 12” 

from both ends of the beam, and two holes through the web thickness were provided at each 

end to accommodate high-strength threaded rods to tie the beam to the testing frame.  

The main objective of the experimental program was to study the effects of various parameters 

that were proposed by the analytical study, and to investigate the performance of a special 

reinforcement detail and its effect on the behavior of the ledge. Each long span beam was 

tested at various locations along the span, with additional loading assemblies at other 

locations to produce different levels of global stresses. For each beam, the ledge was tested 

at five locations along the span, including one test at mid-span, two tests at quarter-span 

locations, and two tests at the end locations. The total number of tests was 35, which included 

seven tests at mid-span, 14 tests at quarter-span locations and 14 tests at end locations. A 

summary of the experimental program is given in Table 5-1.  
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Figure 5-1: Typical Configuration for Long Span L-shaped Beams 

 
 

Table 5-1: Summary of Experimental Program on Long Span Beams 

Sp. 
Design Concrete 

Strength, f'c 
Ledge 

Height, hl 
Prestressed 
/ Reinforced 

Special Detail 

LB1 

6000 psi 
8 in. 

Prestressed Typical L-bars hanger 
reinforcement turned towards 

the back face of the web 

LB2 

LB3 

LB4 10000 psi 

LB5 

6000 psi 

10 in. 

LB6 
8 in. 

Reinforced 

LB7 Prestressed L-bars turned towards the ledge 

 

 

5.1.2. Test Parameters and Testing Sequence 

A total of five parameters were investigated in six long span beams, in addition to the 

performance of one special reinforcement detail in one long span beam. The parameters can 

be summarized as follows: 

1- Global flexural and shear stresses: As demonstrated by the findings of the analytical 

study and previous tests reported by Lucier et al. (2011a), the global stresses are 

considered to be the most influential parameter that affect the punching shear capacity 

of the ledge. The effect of global stresses was investigated using three identical 

beams: LB1, LB2 and LB3. The beams were tested at different locations to investigate 

the effect of global flexural stress at mid-span, global combined flexural and shear 

stresses at the quarter-span, and global shear stress at end region, including 

symmetric and asymmetric failure surfaces. For each selected location, three levels of 
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global stress were induced by varying the magnitude of the applied loads at auxiliary 

locations. For each case, the loads at auxiliary locations were held constant at the 

specified load level, while the load was increased up to failure at the selected test 

location. A high or low global stress level was obtained when the beam was fully 

loaded to factored loads at the auxiliary locations or when a single load was applied at 

the selected failure location. A moderate global stress level was achieved when the 

beam was partially loaded to service loads at auxiliary locations. The locations and 

values of the applied loads were determined based on standard 60 ft. long, 10 ft. wide 

double-tee beams being supported on the ledge, as previously shown in Figure 3-25. 

A summary of the loading cases for each location is given in Figure 5-2. 

 
2- Prestressed versus reinforced concrete beams: The results of FE analysis indicate 

that the prestressing effect can significantly enhance the ledge capacity. Such effect 

was investigated experimentally by comparing the results of the reinforced concrete 

beam LB6 to those of three identical control prestressed concrete beams. 

 
3- Concrete strength: FE analysis also indicates that the compressive strength of the 

concrete is a key parameter affecting ledge capacity. Beam LB4 was designed with a 

higher concrete strength of 10,000 psi as compared with a strength of 6,000 psi used 

for the remaining beams to investigate the effect of this parameter. 

 
4- Ledge height: Results of FE analysis as well as the experimental program on short 

span beams indicate that the ledge height has significant effect on the ledge capacity. 

To study the effect of this parameter, the ledge height was increased to 10” for beam 

LB5, compared to 8” for the remaining beams.  

 
5- Overlapping spacing: The current PCI procedure specifies that a load spacing of 

𝑏𝑡 + ℎ𝑙 or more should lead to a single failure; however, results of the FE analysis 

indicate that common failures can take place at spacings that are much larger than the 

PCI specified value. The effect of overlapping spacing was investigated for the three 

identical concrete beams, LB1 through LB3, and for beam LB7. 
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In addition to these parameters, the experimental program was extended to investigate the 

effect of a special reinforcement detail, where the hanger reinforcement (L-bars) was turned 

towards the ledge. Previous test results on short span beams indicate that using such 

reinforcement detail was effective in reducing the brittleness of the failure. This detail was 

used in beam LB7 to investigate its effect on the ledge behavior for long span beams. 

The testing matrix for all the tests conducted at each location is given in Table 5-2 through 

Table 5-4. The testing sequence for each beam, to achieve the targeted study cases, is 

illustrated in Figure 5-3. It should be noted that the testing sequence was varied among the 

beams to accommodate different loading cases, used to study the effect of global stresses as 

well as various overlapping spacings. 
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 (a) Global Flexural Stresses at Mid-span (b) Global Combined Flexural and Shear 
Stresses at Quarter-span 

 

Low 

 

 

Mod-
erate 

 

High 

  

  

(c) Global Shear Stress at End  
(Symmetric Failure) 

 

(d) Global Shear Stress at End  
(Asymmetric Failure) 

 

 

Low 

 

 

Mod-
erate 

 

High 
  

Figure 5-2: Loading Cases to Investigate the Effect of Global Stresses in Long Span Beams 
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Table 5-2: Mid-span Tests for Long Span Beams 

Sp. Test 
Global 

Flexural 
Stress 

Design 
Concrete 

Strength, f’c 

Ledge 
Height, hl 

Prestressed / 
Reinforced 

Special Detail 

LB1 LB1-M* High 

6000 psi 
8 in. 

Prestressed 

Typical L-bars 
configuration (L-

bars turned 
towards the back 
face of the web) 

LB2 LB2-M Moderate 

LB3 LB3-M Low 

LB4 LB4-M 

Moderate 

10000 psi 

LB5 LB5-M 

6000 psi 

10 in. 

LB6 LB6-M 

8 in. 

Reinforced 

LB7 LB7-M Prestressed 
L-bars turned 

towards the ledge 

  

 

Table 5-3: Quarter-span Tests for Long Span Beams 

Sp. Test 

Global 
Flexural 

and Shear 
Stress 

Overlapping 
Spacing, s 

Design 
Concrete 
Strength, 

f’c 

Ledge 
Height, 

hl 

Prestressed / 
Reinforced 

Special Detail 

LB1 
LB1-RQ* Low N/A 

6000 psi 

8 in. 

Prestressed 

Typical L-bars 
configuration 
(L-bars turned 
towards the 
back face of 

the web) 

LB1-LQ 

N/A 

s=36 in. 

LB2 
LB2-RQ s=20 in. 

LB2-LQ s=28 in. 

LB3 
LB3-RQ High 

N/A 
LB3-LQ Moderate 

LB4 
LB4-RQ 

N/A 

s=20 in. 
10000 psi 

LB4-LQ s=28 in. 

LB5 
LB5-RQ s=36 in. 

6000 psi 

10 in. 
LB5-LQ s=28 in. 

LB6 
LB6-RQ s=36 in. 

8 in. 

Reinforced 
LB6-LQ s=28 in. 

LB7 
LB7-RQ s=52 in. 

Prestressed 
L-bars turned 
towards the 

ledge LB7-LQ s=44 in. 
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Table 5-4: End Tests for Long Span Beams 

Sp. Test 

Global 
Shear 
Stress 

Failure 
Surface 

Design 
Concrete 
Strength, 

f’c 

Ledge 
Height, 

hl 

Prestressed / 
Reinforced 

Special Detail 

LB1 
LB1-RE* 

Low 
Symmetric 

6000 psi 

8 in. 

Prestressed 

Typical L-bars 
configuration 
(L-bars turned 
towards the 
back face of 

the web) 

LB1-LE Asymmetric 

LB2 
LB2-RE 

High 
Symmetric 

LB2-LE Asymmetric 

LB3 
LB3-RE 

Moderate 
Symmetric 

LB3-LE Asymmetric 

LB4 
LB4-RE 

High 

Symmetric 
10000 psi 

LB4-LE Asymmetric 

LB5 
LB5-RE Symmetric 

6000 psi 

10 in. 
LB5-LE Asymmetric 

LB6 
LB6-RE 

Moderate 
Symmetric 

8 in. 

Reinforced 
LB6-LE Asymmetric 

LB7 
LB7-RE 

High 
Symmetric 

Prestressed 
L-bars turned 
towards the 

ledge LB7-LE Asymmetric 

* Designation of the test specimens follows:   

LB – Long beam 
R OR L – Right or Left 
M – Mid-span 
Q – Quarter-span 
E –End Location 
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Figure 5-3: Testing Sequence for Long Span Beams 

 

(a) Beam LB1 (b) Beams LB2, LB4 

 
 

  

(c) Beam LB3 (d) Beam LB5 

 

  

  

s=36” s=28” 

s=20” 

s=36” 

s=28” 
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(e) Beam LB6 (f) Beam LB7 

  

 

5.1.3. Design Criteria for Tested Long Span Beams 

The locations and magnitudes of the applied loads at auxiliary locations were determined 

based on standard 60 foot long, 10 foot wide double-tee beams, with stem reaction of 18.6 

kips under service load and stem reaction of 24.7 kips under factored loads. Detailed shop 

drawings of all the beams are provided in Appendix C. The design was based on the following 

criteria: 

I. Transverse and hanger reinforcements were determined based on nominal PCI predictions 

at mid-span and at the end, using the current PCI equations 5-44 and 5-45, respectively 

(Precast/Prestressed Concrete Institute, 2010). 

 
II. The flexural and shear designs of the beams were based on the nominal PCI predictions 

for the ledge capacities applied at mid-span and at the ends, respectively, while factored 

loads were applied at the auxiliary locations, as shown in Figure 5-4. Use of the nominal 

PCI predictions was considered to be sufficient to avoid premature global failure, since the 

measured ledge capacities of short span beams were generally less than or equal to the 

s=28” 

s=36” s=52” 

s=44” 
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predicted values by current PCI procedure. Such an approach was used to avoid over- 

reinforcing the beam, which would affect the typical state of global stresses. 

 

Figure 5-4: Design Cases for Long Span Beams 

 

 

5.1.4. Fabrication of Long Span Beams 

Four beams were produced by Tindall Corporation, where two beams were cast at a time, 

while three beams were produced at one time by Gate Corporation. Concrete cylinders and 

steel samples were taken and tested to evaluate the material properties for each beam. The 

beams were cast on long-line flat table forms, lying on their outer face. The outer-face web 

reinforcement (WWR) was typically placed in the form before stressing the strands, as shown 

in Figure 5-5(a). After the strands were stressed, the other components of the reinforcement 

cage, such as the L-bars and the C-bars, were placed into the form, rested on the strands, 

and tied into place, as shown in Figure 5-5(b).  
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Figure 5-5: (a) Stressed Strands and WWR on Outer Web Face (b) Complete Reinforcement Cage  

(a) 

(b) 
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5.1.5. Test Setup 

The beams were simply supported at each end and laterally tied back to support columns. 

Each support column was reinforced with plates and stiffeners to prevent localized 

deformations of the column and provide sufficient rigidity. The columns were also connected 

by heavy steel beams to additional interior columns for bracing. Lateral tie-backs consisting 

of two rods, a system of rollers, and bearing beams were used in conjunction with the interior 

columns to tie the beam at the location of typical deck ties. Such an arrangement was used 

to prevent excessive lateral displacements of the beam during test, while allowing its vertical 

deflection, as illustrated in Figure 5-6 and Figure 5-7. For each test, one location was selected 

as the punching shear test site. The loading assembly placed at this location was similar to 

that used for the short span beams, where a steel loading beam was used between system 

of a steel blocks and the ledge. The steel loading beam was bearing on the ledge through a 

system of rollers, standard size bearing steel plate of 4” wide and 4” long, and a pin to minimize 

the effect of friction and to ensure uniform distribution of the load under the bearing plate. A 

separate series of auxiliary loading assemblies were spaced along the ledge to apply loads 

associated with the desired global stresses level for each test. Each auxiliary loading 

assembly consisted of two steel loading beams, spanning between the ledge and supporting 

steel blocks, while the loads were applied using a system of hydraulic jacks and spreader 

beams. The auxiliary loads on the ledge were distributed through wide bearing beams, to 

prevent any unintended ledge failures at locations away from the selected test location. The 

auxiliary loads were held constant while the load was slowly increased at the selected test 

location. Figure 5-6 shows the test setup, where the test location was selected at the end, 

while high global shear stress was induced. Different components for the test setup are shown 

in Figure 5-8.  
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Figure 5-6: General View for the Test Setup (High Global Shear Stress) 

  

Figure 5-7: Different Views for the Lateral Tie-backs 
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Figure 5-8: Different Components for Test Setup for Long Span Beams 

 

5.1.6. Instrumentation 

Different types of instrumentation were used to monitor the beam behavior during the tests. 

All the instruments were connected to an electronic data acquisition system. The instruments 

used for the tests are summarized as follows: 

1- For each test, a load cell was used to record the applied load on the loading beam at 

the selected failure location, while another load cell was used to record the applied 

loads on the loading beams at the auxiliary locations. Hence, the applied loads on the 

ledge could be calculated. For selected tests, an additional load cell was used to record 

the main vertical reaction at one end to verify the measured applied loads, while two 

load cells were used at one end to measure the top and bottom lateral reactions. Finally, 
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a load cell was also used to monitor the lateral reaction at the lateral tie-backs. The 

locations of the load cells are shown in Figure 5-9.  

2- Three string potentiometers were used for each test to monitor the vertical deflections 

of the web at different locations along the span (i.e. mid-span, quarter-span and at end), 

as shown in Figure 5-10. An additional string potentiometer was used to monitor the 

vertical deflection of the ledge at the selected failure location. Two string potentiometers 

were also used to monitor the lateral displacements of the top and bottom of the web 

at mid-span.  

3- PI gauges were used in orthogonal pairs for selected tests to monitor the concrete 

strains at the end region, whereas two PI gauges were used at the top and the bottom 

of the beam to monitor the concrete strains, as shown in Figure 5-11. Finally, one PI 

gauge was used at one side of the bearing plate at each failure location to monitor the 

strains resulting from the diagonal shear cracks during testing.  

4- For one selected test (LB1-M), a strain gauge was welded to a single C-bar to monitor 

the steel strain under the bearing plate up to failure, as shown in Figure 5-12. The 

strains were monitored during casting and testing.  

 

Figure 5-9: Locations of Different Load Cells (Test LB1-M) 

 



167 

 

Figure 5-10: Locations of String Potentiometers (Test LB1-M) 

 

 

Figure 5-11: Locations of PI Gauges 

 

 

Figure 5-12: Location of Strain Gauge (Test LB1-M) 
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5.1.7. Material Testing 

Standard normal weight concrete was used to fabricate beams LB1 through LB4, while self-

consolidating normal weight concrete was used for beams LB5, LB6 and LB7.  Concrete 

cylinders (4”x8”) were cast and field cured with each beam. Cylinders were tested for 

compressive strength according to ASTM C39 at the time of testing for each beam. The design 

and measured concrete strengths are summarized in Table 5-5.  

Table 5-5: Measured Concrete Properties  

Specimen 

Concrete Strength, psi Density 
of 

Concrete, 
lb/ft3 

Design 
Strength 

Strength at 
Time of 
Testing 

LB1 6000 10190 142.3 

LB4 10000 14850 148.8 

LB2 

6000 

8730 137.2 

LB3 9820 139.6 

LB5 9320 136.3 

LB6 9440 136.7 

LB7 8670 140.2 

 

Samples of the steel reinforcement and welded wire reinforcement used for the beams were 

collected from each plant. The steel samples were tested using a 220-kips capacity Universal 

Testing Machine to determine the material properties in accordance with ASTM A370. 

Measured properties of steel samples are given in Table 5-6. 

Table 5-6: Measured Steel Properties 

Specimen Sample Description Measured Yield Strength, ksi 

LB1 through LB4  
(4 beams) 

#3 bars 75 

#4 bars 62 

#5 bars 66 

W2.9xW2.9 Welded Wire Mesh 92 

LB5 through  
LB7 

(3 beams) 

#3 bars 76 
#4 bars 63 
#5 bars 68 
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5.2. Test Results 

The results of all the tests conducted on long span beams are summarized in Table 5-7 

through Table 5-9. Presented in the following sections are the typical observed ledge 

behavior, for selected tests, in addition to a discussion of the effects of the studied parameters.  

 
Table 5-7: Mid-span Test Results for Long Span Beams 

Sp. Test 
Global 

Flexural 
Stress 

Measured 
Concrete 

Strength, f’c 

Ledge 
Height, hl 

Prestressed / 
Reinforced 

Special Detail 

Measured 
Ledge 

Capacity, 
(Vln), kips 

LB1 LB1-M High 10190 psi 

8 in. 
Prestressed 

Typical L-bars 
configuration (L-

bars bent 
towards the 

back face of the 
web) 

44.1 

LB2 LB2-M Moderate 8730 psi 49.0 

LB3 LB3-M Low 9820 psi 67.0 

LB4 LB4-M 

Moderate 

14850 psi 59.4 

LB5 LB5-M 9320 psi 10 in. 61.9 

LB6 LB6-M 9440 psi 

8 in. 

Reinforced 41.0 

LB7 LB7-M 8670 psi Prestressed 
L-bars bent 
towards the 

ledge 
47.4 

  

Table 5-8: Quarter-span Test Results for Long Span Beams 

Sp. Test 

Global 
Flexural 

and Shear 
Stress 

Overlapping 
Spacing, s 

Measured 
Concrete 
Strength, 

f’c 

Ledge 
Height, 

hl 

Prestressed / 
Reinforced 

Special 
Detail 

Measured 
Ledge 

Capacity, 
(Vln), kips 

LB1 
LB1-RQ Low N/A 

10190 psi 

8 in. 

Prestressed 

Typical L-
bars 

configuration 
(L-bars bent 
towards the 
back face of 

the web) 

72.1 

LB1-LQ 

N/A 

s=36 in. 51.3 

LB2 
LB2-RQ s=20 in. 

8730 psi 
44.1 

LB2-LQ s=28 in. 46.0  

LB3 
LB3-RQ High 

N/A 9820 psi 
47.6 

LB3-LQ Moderate 54.4 

LB4 
LB4-RQ 

N/A 

s=20 in. 
14850 psi 

51.3 

LB4-LQ s=28 in. 53.0 

LB5 
LB5-RQ s=36 in. 

9320 psi 10 in. 
56.6 

LB5-LQ s=28 in. 55.2 

LB6 
LB6-RQ s=36 in. 

9440 psi 

8 in. 

Reinforced 
34.8 

LB6-LQ s=28 in. 33.8 

LB7 
LB7-RQ s=52 in. 

8670 psi Prestressed 

L-bars bet 
towards the 

ledge 

48.2 

LB7-LQ s=44 in. 45.7 
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Table 5-9: End Test Results for Long Span Beams 

Sp. Test 
Global 
Shear 
Stress 

Failure 
Surface 

Measured 
Concrete 
Strength, 

f’c 

Ledge 
Height, 

hl 

Prestressed / 
Reinforced 

Special 
Detail 

Measured 
Ledge 

Capacity, 
(Vln), kips 

LB1 
LB1-RE 

Low 
Symmetric 

10190 psi 

8 in. 

Prestressed 

Typical L-
bars 

configuration 
(L-bars bent 
towards the 
back face of 

the web) 

69.5 

LB1-LE Asymmetric 46.5 

LB2 
LB2-RE 

High 
Symmetric 

8730 psi 
55.1 

LB2-LE Asymmetric 46.0 

LB3 
LB3-RE 

Moderate 
Symmetric 

9820 psi 
57.5 

LB3-LE Asymmetric 41.7 

LB4 
LB4-RE 

High 

Symmetric 
14850 psi 

69.5 

LB4-LE Asymmetric 50.5 

LB5 
LB5-RE Symmetric 

9320 psi 10 in. 
60.1 

LB5-LE Asymmetric 53.4 

LB6 
LB6-RE 

Moderate 
Symmetric 

9440 psi 

8 in. 

Reinforced 
33.9 

LB6-LE Asymmetric 25.4 

LB7 
LB7-RE 

High 
Symmetric 

8670 psi Prestressed 

L-bars bent 
towards the 

ledge 

56.0 

LB7-LE Asymmetric 43.5 

 

5.2.1. Ledge Behavior  

The following sections include a description of typical observed ledge behavior for a selected 

beam, LB2, tested at five locations, with the testing sequence as shown in Figure 5-3(b). The 

concrete strength of the beam at the time of testing was 8,730 psi. The ledge height was 8” 

and the ledge projection was also 8”. The bearing plate, used to transmit the applied load, 

was 4” by 4”, which provided a load eccentricity of 6” from the inner face of the beam web. 

The measured ledge capacities for each location are compared to the values predicted by FE 

analysis and the current PCI design procedure.  

5.2.1.1. 1st Test at Right End (Symmetric Failure) 

In the first test, all auxiliary locations were loaded to a factored DT stem reaction of 24.7 kips 

while the load at the right end was increased up to failure, as illustrated in Figure 5-6. The test 

was designed to study the effect of high global shear stress on a symmetric ledge failure at 

the end region. The edge distance of the first load was 27 in., which was envisioned to provide 

sufficient space for a full symmetric failure at the end region to develop. 

At applied load equivalent to dead load stem reaction of 10.7 kips at all locations, no cracks 

were observed in the ledge or the web. By increasing the load up to service stem reaction of 
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18.6 kips, a longitudinal crack was observed at the ledge to web junction, while diagonal shear 

cracks were observed, as shown in Figure 5-13(a) and Figure 5-13(b). All observed shear 

cracks were 0.01 in. wide or less at this load level. In addition, flexural cracks of 0.005 in. wide 

or less were also observed at mid-span, as shown in Figure 5-13(c). The cracks gradually 

increased in width and extended in length as the applied loads were increased up to factored 

stem reaction of 24.7 kips at all locations, as shown in Figure 5-13(d) and Figure 5-13(e). At 

an applied load of 54 kips at the selected end location, associated with applied loads of 24.7 

kips at auxiliary locations, additional cracks initiated at the back of the bearing plate and 

extended diagonally at the top face of the ledge into the front face of the ledge, as shown in 

Figure 5-13(f). Failure occurred suddenly at a load level of 55.1 kips, with diagonal tension 

cracks propagating from the back and the sides of the bearing plate into the front face of the 

ledge, as shown in Figure 5-13(g).  

 

Figure 5-13: Cracking Pattern at Different Load Levels up to Failure, for Test LB2-RE 

 

 

(a)  At Load=18.6 kips 
Longitudinal Crack at Ledge to 
Web Junction 
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(b)  At Load=18.6 kips 
Shear Cracks at Inner Web 
Face 

 

(c)  At Load=18.6 kips 
Flexural Cracks at Mid-span 

 

(d)  At Load=24.7 kips 
Shear Cracks at End 
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(e)  At Load=24.7 kips 
Extending Flexural Cracks at 
Mid-span 

 
 

(f)  At Load=54 kips 
Diagonal Cracks from the Back 
of the Bearing Plate 

 

(g)  At Load=55.1 kips 
Failure Occurred 
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Vertical deflections at different locations along the span and lateral displacements of the beam 

at mid-span are plotted versus the applied load at the selected failure location, as shown in 

Figure 5-14 and Figure 5-15, respectively. It should be noted that the change of the slope of 

the measured behavior is attributed to increasing the applied load at the selected failure 

location while maintaining the auxiliary loads constant at 24.7 kips. The measured strains of 

the concrete at the front face of the ledge were very low up to failure, as shown in Figure 5-16, 

which reflect the sudden and brittle nature of the failure. The measured concrete shear strains 

at the inner web face became very high near the service load level, at which shear cracks 

were observed to initiate along the full depth of the web, as shown in Figure 5-17.  

 
Figure 5-14: Measured Vertical Displacements for Test LB2-RE 
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Figure 5-15: Measured Lateral Displacements at Mid-span for Test LB2-RE 

 

Figure 5-16: Measured Ledge Strains for Test LB2-RE 
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Figure 5-17: Measured Concrete Shear Strains at End Region for Test LB2-RE 

5.2.1.2. 2nd Test at Left End (Asymmetric Failure) 

In the second test, the selected failure location was shifted to the other end of the ledge, while 

one auxiliary loading assembly was removed near the location of the first ledge failure, as 

shown in Figure 5-18. The auxiliary loads were equivalent to a factored DT stem reaction of 

24.7 kips while the load at the selected location was increased up to failure. The test was 

designed  to study the effect of high global shear stress on an asymmetric ledge failure at the 

end region. Therefore, the edge distance of the load was reduced from 27 in. for the first test 

to 12 in., which was expected to develop an asymmetric failure. It should be noted that pre-

existing shear cracks from the first test were observed at the location of the second test, as 

shown in Figure 5-19. Such cracks were approximately 0.015 in. wide at the ledge to web 

junction, but the cracks were less than 0.005 in. on the inner web face.  
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Figure 5-18: Test Setup Configuration for Test LB2-LE 

 

Figure 5-19: Pre-existing Cracking from 1st Test 

 

When the applied loads at all locations were increased to a factored stem reaction of 24.7 

kips, all pre-existing cracks re-opened as shown in Figure 5-20(a).  At an applied load of 44 

kips at the expected failure location, a diagonal crack was observed to initiate from the back 

of the bearing plate on the top face of the ledge as well as another diagonal crack at the front 

face of the ledge, as shown in Figure 5-20(b). Failure occurred suddenly at a load level of 46 

kips, accompanied with diagonal tension cracks propagating from the back of the bearing 

plate on one side toward the front face of the ledge, and on the other side on the top face of 
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the ledge towards the edge of the ledge, as shown in Figure 5-20(c). The observed failure 

surfaces for the first and second tests are shown in Figure 5-21. The configuration for both 

failures was similar to that observed earlier in short span beams. Using a larger edge distance 

was sufficient to develop a full symmetric failure and resulted in higher failure load of 55.1 

kips, compared to a failure load of 46.0 kips associated with the smaller edge distance. 

Figure 5-20: Cracking Pattern at Different Load Levels for Test LB2-LE 

 

 

(a)  At Load=24.7 kips 
 

 

(b)  At Load=44 kips 
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(c)  At Load=46.0 kips 
Failure occurred 

 

  
 
 
 

 

 
 
Figure 5-21: Observed Failure Surface (a) Symmetric Failure (LB2-RE), (b) Asymmetric Failure 

(LB2-LE) 

  

(a) 

(b) 
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5.2.1.3. 3rd Test at Mid-span 

This test was designed to achieve moderate global flexural stress, as illustrated in Figure 5-2 

and shown in Figure 5-22. The auxiliary locations were loaded to a service stem reaction of 

18.6 kips while the load at mid-span was increased up to failure. Pre-existing flexural cracks 

of less than 0.005 in. wide were observed prior to the start of the test. 

 

Figure 5-22: Test Setup Configuration for Test LB2-M 

 

When the applied loads at all locations were increased to a service stem reaction of 18.6 kips, 

a longitudinal crack was observed at the ledge-to-web junction, while all pre-existing cracks 

re-opened as shown in Figure 5-23(a). The flexural cracks increased in width and extended 

in length when the applied load at mid-span was further increased up to a factored stem 

reaction of 24.7 kips, with the loads at other auxiliary locations being held at 18.6 kips, as 

shown in Figure 5-23(b). By increasing the applied load at mid-span to 48 kips, additional 

cracks were observed initiating at both sides of the bearing plate and extending diagonally 

towards the front face of the ledge, as shown in Figure 5-23(c). Failure occurred suddenly at 

load level of 49 kip, with diagonal tension cracks propagating from the back and the sides of 

the bearing plate towards the front face of the ledge, as shown in Figure 5-23(d).  
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Figure 5-23: Cracking Pattern at Different Load Levels for Test LB2-M 

 

 

(a)  At Load=18.6 kips 
Longitudinal Crack at 
Ledge to Web Junction 

 

(b)  At Load=24.7 kips 
 
Extending Flexural Cracks 
at Mid-span 

 

 

(c)  At Load=48.0 kips 
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(d)  At Load=49.0 kips 
Failure Occurred 
 

 

 

Vertical deflections at selected locations along the span and lateral displacements of the beam 

at mid-span versus the applied load are shown in Figure 5-24 and Figure 5-25, respectively. 

Concrete tensile strains were measured at bottom face of the web at failure, indicating 

relatively moderate level of global flexural stress, as shown in Figure 5-26. Measured lateral 

reactions versus the applied load at mid-span are given in Figure 5-27. The inequality of the 

lateral reactions at top and bottom reflects the effect of friction resistance of the bearing pads 

at the auxiliary locations. Such behavior was also observed and discussed in detail by Lucier 

et al. (2011). Minimal lateral reactions were measured at the lateral tie-backs locations, as 

presented in Figure 5-28. The observed failure surface configuration for this third test was 

consistent with what was observed in previous tests, as shown in Figure 5-29. 
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Figure 5-24: Measured Vertical Displacements for Test LB2-M 

 

 
Figure 5-25: Measured Lateral Displacements at Mid-span for Test LB2-M 
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Figure 5-26: Measured Flexural Concrete Strains at Top and Bottom of Web for Test LB2-M  

 

 

Figure 5-27: Measured Lateral Reactions at End for Test LB2-M 
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Figure 5-28: Measured Lateral Reaction at Deck Tie Location for Test LB2-M 

 

 

Figure 5-29: Observed Failure Surface Configuration for Test LB2-M 
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5.2.1.4. 4th and 5th Tests at Quarter-span 

In the fourth and fifth tests, two adjacent concentrated loads were applied at the right and left 

quarter-span, with loading spacing of 20 in. and 28 in., respectively, and the loads were 

increased at each location up to failure, as illustrated in Figure 5-3(b) and shown in 

Figure 5-30. The two load spacings were intended to develop one common failure under the 

effect of the two adjacent loads.  

At a service stem reaction of 18.6 kips applied at each location, a longitudinal crack was 

observed at the ledge-to-web junction and extended behind the two load locations, as shown 

in Figure 5-31(a). At a load level of 35 kips at each location, additional cracks initiated 

diagonally on the top face of the ledge towards the front face of the ledge, as shown in 

Figure 5-31(b). Failure occurred suddenly at a load level of 44.1 and 46 kips/location for the 

fourth and fifth test, respectively, with diagonal tension cracks propagating from the back and 

the sides of the two bearing plates towards the front face of the ledge, as shown in 

Figure 5-31(c). In both cases, one common failure was developed due to the two adjacent 

applied concentrated loads. Configuration of the failure surface was similar for both tests, as 

shown in Figure 5-32. 

 

Figure 5-30: Test Setup Configuration for Test LB2-RQ at Right Quarter-Span 
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(a)  At Load=18.6 kips at each 
location 
 
Longitudinal Crack at Ledge to Web 
Junction 

 

(b)  At Load=35 kips at each location 
 
Diagonal Cracks at Top Face of the 
Ledge  
 

 

 

(c)  At Load=44.1 kips at each location 
 
(Failure Occurred)  
 

Figure 5-31: Cracking Pattern at Different Load Levels up to Failure for Test LB2-RQ 
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Figure 5-32: Observed Failure Surface (a) Test LB2-RQ, s=20 in. (b) Test LB2-LQ, s=28 in. 

 

5.2.1.5. Comparison of Measured Ledge Capacities to the Values 

Predicted by Finite Element and Current PCI Design Procedure  

Table 5-10 presents a comparison of the measured ledge capacities to the values predicted 

by the FE analysis and the current PCI design procedure for the five tests conducted on beam 

LB2. The comparison between the observed ledge behavior and that predicted by FE analysis 

generally indicates good agreement in term of the failure mode and the ledge capacity, as 

given in Figure 5-33 and Table 5-10. 

The measured ledge capacities ranged from 70 to 118 percent of the value predicted by the 

current PCI design procedure. The comparison indicates that the current PCI design 

procedure overestimates the ledge capacity at interior locations while providing conservative 

predictions for the ledge capacity close to the end. It should be noted that the current PCI 

design procedure predicts single failure surface for the load spacings of 20 in. and 28 in. 

However, the experimental results demonstrate that using such spacings could also produce 

common failures. 

  

(a) 

(b) 
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1st Test: High 
Shear Stress (symmetric 
failure) 
 

 

 
 
 
 
2nd Test: High 
Shear Stress (asymmetric 
failure) 
 

 

 
 
 
 
3rd Test: Moderate  
Flexural Stress 
 

 

 
 
 
4th Test: Overlapping 
Spacing 
s=20”  (bt+2hl) 
 
common failure 

 

 
 
 
5th Test: Overlapping 
Spacing 
s=28”  (bt+3hl) 
 
common failure 
 

Figure 5-33: Failure Modes Predicted by FE Analysis for Tests of Beam LB2 
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Table 5-10: Comparison of Measured Ledge Capacities to the Values Predicted by FE and PCI  

# Loading Case 
Ledge Capacity (𝑽𝒍𝒏), 

kips 
𝑽𝒍𝒏,𝑬𝑿𝑷  
/𝑽𝒍𝒏,𝑭𝑬   

𝑽𝒍𝒏,𝑬𝑿𝑷  
/𝑽𝒍𝒏,𝑷𝑪𝑰   

EXP. FE PCI 

1st 

 

55.1 58.0 61.3 0.95 0.89 

2nd 

 

46.0 48.0 38.9 0.95 1.18 

3rd 

 

49.0 48.0 62.8 1.02 0.78 

4th 

 

44.1 44.0 62.8 1.00 0.70 

5th 

 

46.0 46.0 62.8 1.00 0.73 

 

5.2.2. Effect of Various Parameters 

The following sections present test results of the long span beams in light of various 

parameters considered by the experimental program. For each parameter, the measured 

ledge capacities are compared to the values predicted by the FE analysis and the current PCI 

design procedure. Due to the variation of concrete strengths among the tested specimens, 

the nominal ledge capacity,𝑉𝑙𝑛, was normalized in terms of √𝑓′𝑐 for each parameter, where 

𝑓′𝑐 is the measured concrete strength at the time of testing.  

5.2.2.1. Global Flexural and Shear Stresses 

The effect of global flexural and shear stresses was investigated using test results of the first 

three prestressed concrete beams, LB1, LB2, and LB3. The three beams had the same 

geometry and reinforcement details. Four different locations were selected to investigate the 

effect of the global stresses, including mid-span for global flexural stress, the quarter-spans 

for global combined flexural and shear stress, and the end region where the effect of global 

s=20” 

s=28” 
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shear stress was studied on symmetric and asymmetric failure surfaces. For each location, 

the global stress was varied from a low level, where a single load was applied at this location, 

to a high level where the beam was loaded to factored loads at the auxiliary locations. 

Test results clearly indicate that increasing the global stresses significantly reduces the ledge 

capacity, as presented in Table 5-11 through Table 5-14. At mid-span, increasing the global 

flexure stress reduced the punching shear capacity of the ledge by up to 35 percent. Similarly, 

at the quarter span, increasing the global flexural and shear stresses reduced the ledge 

capacity by up to 32 percent. At the end region, where the edge distance was large enough 

to develop a full symmetric failure, the test results indicate that increasing the global shear 

stress resulted in a reduction of the ledge capacity by up to 15 percent, while the test results 

were not consistent for cases where edge distance was small enough to develop an 

asymmetric failure. This can be attributed to the effect of pre-existing cracking from previous 

tests, which is more critical for small edge distances. The presence of cracks certainly reduces 

the ledge capacity at small edge distances, and the reduction depends on the degree and 

width of the pre-existing cracking. Increasing the edge distance of the load reduces the effect 

of pre-existing cracking. The measured ledge capacities compared well to the predicted 

values by the finite element analysis, except for the cases with small edge distances, as the 

effect of pre-existing cracking is not captured by the FE analysis. It should be noted that the 

current PCI design procedure does not account for the effect of global stresses. 

  



192 

Table 5-11: Effect of Global Flexural Stress at Mid-span in Long Beams  

Case Loading Configuration 

Ledge Capacity 

(𝑽𝒍𝒏), kips 

% Increase OR 
Decrease of  

𝑽𝒍𝒏/√𝒇′𝒄  

EXP. FE PCI EXP. FE 

Low 
 

(LB3-M) 
𝑓′𝑐=9820 

psi 
 

67.1 64.0 66.6 - - 

Moderate 

 
(LB2-M) 

𝑓′𝑐=8730 
psi 

 

49.0 48.0 62.8 -22% -20% 

High 
 

(LB1-M) 
𝑓′𝑐=10190 

psi 
 

44.1 38.0 67.8 -35% -42% 

 

Table 5-12: Effect of Global Flexural and Shear Stress at Quarter-span in Long Beams  

Case Loading Configuration 

Ledge Capacity 

(𝑽𝒍𝒏), kips 

% Increase OR 
Decrease of  

𝑽𝒍𝒏/√𝒇′𝒄  

EXP. FE PCI EXP. FE 
Low 

 
(LB1-RQ) 

𝑓′𝑐=10190 
psi 

 
72.1 70.0 67.8 - - 

Moderate 
 

(LB3-LQ) 

𝑓′𝑐=9820 
psi 

 
54.4 58.0 66.6 -23% -16% 

High 
 

(LB3-RQ) 
𝑓′𝑐=9820 

psi 

 
47.6 44.0 66.6 -33% -36% 

 

  



193 

Table 5-13: Effect of Global Shear Stress at End in Long Beams (Symmetric Failures)  

Case Loading Configuration 

Ledge Capacity 

(𝑽𝒍𝒏), kips 

% Increase OR 
Decrease of  

𝑽𝒍𝒏/√𝒇′𝒄  

EXP. FE PCI EXP. FE 
Low 

 
(LB1-RE) 
𝑓′𝑐=10190 

psi  

69.5 74.0 66.2 - - 

Moderate 

 
(LB3-RE) 
𝑓′𝑐=9820 

psi  

57.5 68.0 65.0 -16% -7% 

High 
 

(LB2-RE) 
𝑓′𝑐=8730 

psi  

55.1 56.0 61.3 -15% -18% 

 

 

Table 5-14: Effect of Global Shear Stress at End in Long Beams (Asymmetric Failures)  

Case Loading Configuration 

Ledge Capacity 

(𝑽𝒍𝒏), kips 

% Increase OR 
Decrease of  

𝑽𝒍𝒏/√𝒇′𝒄  

EXP. FE PCI EXP. FE 

Low 
 

(LB1-LE) 
𝑓′𝑐=10190 

psi 
 

46.5 58.0 42.0 - - 

Moderate 

 
(LB3-LE) 
𝑓′𝑐=9820 

psi  

41.7 54.0 41.2 -8% -5% 

High 
 

(LB2-LE) 
𝑓′𝑐=8730 

psi  

46.0 48.0 38.9 +6% -11% 
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5.2.2.2. Effect of Prestressing 

The effect of prestressing was investigated by comparing the test results of reinforced 

concrete beam LB6 to prestressed concrete beams LB1 through LB3. It should be noted that 

the beams were designed using the same loading criteria. Other characteristics of the ledge, 

such as geometry and ledge reinforcement, were the same in all the beams.  

Test results indicate that prestressing significantly enhanced the ledge capacity at all 

locations, as given in Table 5-15. The increase ranged from 24 to 66 percent, depending on 

the location and the loading case for each test. Results of FE analysis generally indicate good 

agreement with the test results, while the current PCI design procedure does not account for 

the effect of prestressing. 

 

Table 5-15: Effect of Prestressing in Long Beams 

Loading Configuration 

Ledge Capacity (𝑽𝒍𝒏), kips % Increase OR 
Decrease of  

𝑽𝒍𝒏/√𝒇′𝒄  Reinforced Prestressed  

EXP FE PCI EXP. FE PCI EXP. FE 

 

LB6-RE, 𝑓′𝑐=9440 psi LB3-RE, 𝑓′𝑐=9820 psi 

+66% +66% 
33.9 40.0 63.7 57.5 68.0 65.0 

 

LB6-LE, 𝑓′𝑐=9440 psi LB3-LE, 𝑓′𝑐=9820 psi 

+61% +40% 25.4 38.0 40.4 41.7 54.0 41.2 

 

LB6-M, 𝑓′𝑐=9440 psi LB2-M, 𝑓′𝑐=8730 psi 

+24% +31% 41.0 36.0 65.3 49.0 48.0 62.8 

 

LB6-RQ, 𝑓′𝑐=9440 psi LB1-LQ, 𝑓′𝑐=10190 psi 

+42% +36% 34.8 
(per 

location) 

38.0 65.3 51.3 54.0 67.8 

 

LB6-LQ, 𝑓′𝑐=9440 psi LB2-LQ, 𝑓′𝑐=8730 psi 

+42% +39% 33.8 
(per 

location) 
36.0 65.3 46.0 48.0 62.8 

 
  

s=36” 

s=28” 
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5.2.2.3. Concrete Strength, 𝒇′𝒄 

The effect of concrete strength was investigated by comparing the results of the five tests 

conducted for beam LB4, with a measured concrete strength of 14,850 psi, to the results of 

the corresponding tests for beam LB2, with a measured concrete strength of 8,730 psi. The 

increase of concrete strength was 70 percent and the corresponding increase of √𝒇′𝒄 was 30 

percent. 

The measured ledge capacities, the finite element predictions, and the predicted values based 

on the current PCI design procedure for all the tests are given in Table 5-16. Test results 

indicated that increasing the concrete strength could generally increase the ledge capacity for 

all the cases. The increase of the ledge capacity ranged from 10 to 25 percent, which is 

proportional to the percent increase of √𝒇′𝒄. Similar effects were also predicted by the FE 

analysis, while a constant increase of 30 percent of the ledge capacity was predicted by the 

current PCI design procedure for all the cases. 

 

Table 5-16: Effect of Concrete Strength in Long Beams 

Loading Configuration 

Ledge Capacity (𝑽𝒍𝒏), kips 
% Increase OR 

Decrease of 𝑽𝒍𝒏 𝒇′𝒄=8730 psi 𝒇′𝒄=14850 psi 

EXP FE PCI EXP. FE PCI EXP. FE PCI 

 

LB2-RE LB4-RE 

+25% +32% +30% 
55.1 56.0 61.3 69.0 74.0 79.9 

 

LB2-LE LB4-LE 

+10% +25% +30% 
46.0 48.0 38.9 50.5 60.0 50.7 

 

LB2-M LB4-M 

+21% +17% +30% 
49.0 48.0 62.8 59.4 56.0 81.9 

 

LB2-RQ LB4-RQ 

+16% +13% +30% 44.1 
per 

location 

46.0 62.8 51.3 52.0 81.9 

 

LB2-LQ LB4-LQ 

+15% +13% +30% 46.0 
per 

location 

48.0 62.8 53.0 54.0 81.9 

 

s=20” 

s=28” 
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5.2.2.4. Ledge Height, 𝒉𝒍 

The effect of ledge height was investigated by comparing the test results of beam LB5, with 

ledge height of 10”, to the results of beams LB1 and LB2, with ledge height of 8”. The induced 

increase of the ledge height was 25 percent. 

Test results indicated that increasing the ledge height generally increased the ledge capacity 

at all locations, as given in Table 5-17. The percent increase of ledge capacity varied from 6 

to 22 percent. The results of FE analysis were generally in agreement with the measured 

experimental values except for the end tests for beam LB5, where the failure loads were less 

than the values predicted by the FE. The percent increases of ledge capacity, measured 

experimentally or predicted by FE, were generally less than the predicted percent increase by 

the current PCI design procedure. 

 

Table 5-17: Effect of Ledge Height in Long Beams 

Loading Configuration 

Ledge Capacity (𝑽𝒍𝒏), kips % Increase OR 

Decrease of 𝑽𝒍𝒏/√𝒇′𝒄 𝒉𝒍=8” 𝒉𝒍=10” 

EXP FE PCI EXP. FE PCI EXP. FE PCI 

 

LB2-RE, 𝑓′𝑐=8730 psi LB5-RE, 𝑓′𝑐=9320 psi 

+6% +21% +28% 
55.1 56.0 61.3 60.1 70.0 81.1 

 

LB2-LE, 𝑓′𝑐=8730 psi LB5-LE, 𝑓′𝑐=9320 psi 

+12% +21% +30% 
46.0 48.0 38.9 53.4 60.0 52.1 

 

LB2-M, 𝑓′𝑐=8730 psi LB5-M, 𝑓′𝑐=9320 psi 

+22% +21% +34% 
49.0 48.0 62.8 61.9 60.0 86.9 

 

LB1-LQ, 𝑓′𝑐=10190 psi LB5-RQ, 𝑓′𝑐=9320 psi 

+15% +16% +34% 
51.3 54.0 67.8 56.6 60.0 86.9 

 

LB2-LQ, 𝑓′𝑐=8730 psi LB5-LQ, 𝑓′𝑐=9320 psi 

+16% +17% +34% 46.0 
per 

location 

48.0 62.8 55.2 58.0 86.9 

 
  

s=36” 

s=28” 
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5.2.2.5. Overlapping Spacing, 𝒔 

The effect of overlapping spacing was investigated in prestressed concrete beams, LB1 

through LB3, and in beam LB7, using five different load spacings varying from 20”(𝑏𝑡 + 2ℎ𝑙) 

to 52”(𝑏𝑡 + 6ℎ𝑙). For the reinforced concrete beam LB6, the load spacing was varied from 

28”(𝑏𝑡 + 3ℎ𝑙) to 36”(𝑏𝑡 + 4ℎ𝑙). It should be noted that all selected spacings were greater than 

that specified by current PCI design procedure, (𝑏𝑡 + ℎ𝑙), for single failure surface to occur. 

Therefore, the predicted ledge capacities by current PCI design procedure were determined 

according to the lesser of Equation 5-44 and Equation 5-45. 

Comparison between test results and corresponding predictions by FE and current PCI design 

procedure are summarized in Table 5-18 and Table 5-19. For prestressed concrete beams, 

the test results clearly indicate that one common failure occurred for all selected spacings up 

to 44”(𝑏𝑡 + 5ℎ𝑙), while single failure occurred when the spacing was increased to 52”(𝑏𝑡 +

6ℎ𝑙), as shown in Figure 5-34. The increase in load spacing generally increased the ledge 

capacity by up to 10 percent. On the other hand, test results indicate that for the reinforced 

concrete beam, a common failure could develop with a load spacing of 28”(𝑏𝑡 + 3ℎ𝑙), while 

single failure occurred when the load spacing was increased to 36”(𝑏𝑡 + 4ℎ𝑙), as shown in 

Figure 5-35. The corresponding increase in ledge capacity was only 5 percent. The test results 

show clearly the effect of prestressing in widening the failure zone, thus requiring a larger 

spacing between two loads for single failure to occur. Results of FE analysis generally 

compared well to the test results, while the predicted ledge capacities by current PCI design 

procedure overestimated the test results in all the cases. 
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Table 5-18: Effect of Overlapping Spacing in Prestressed Long Beams  

Case Loading Configuration 

Ledge Capacity 

(𝑽𝒍𝒏), 
kips/Location 

% Increase OR 

Decrease of 𝑽𝒍𝒏/√𝒇′𝒄  

EXP. FE PCI EXP. FE PCI 

s=20 in. 
(LB2-RQ) 
𝑓′𝑐=8730 

psi  
44.1 46.0 62.8 - - - 

s=28 in. 
(LB2-LQ) 
𝑓′𝑐=8730 

psi 
 

46.0 48.0 62.8 +4% +4% 0% 

s=36 in. 
(LB1-LQ) 

𝑓′𝑐=10190 
psi 

 
51.3 54.0 67.8 +8% +9% 0% 

s=44 in. 
(LB7-LQ) 

𝑓′𝑐=8670 
psi 

 
45.7 52.0 62.6 +4% +13% 0% 

s=52 in. 
(LB7-RQ) 

𝑓′𝑐=8670 
psi 

 
48.2 54.0 62.6 +10% +18% 0% 

Table 5-19: Effect of Overlapping Spacing in Reinforced Long Beams  

Case Loading Configuration 

Ledge Capacity 

(𝑽𝒍𝒏), kips / 
Location 

% Increase OR 

Decrease of 𝑽𝒍𝒏/√𝒇′𝒄  

EXP. FE PCI EXP. FE PCI 

s=28 in. 
(LB6-LQ) 
𝑓′𝑐=8730 

psi  
33.8 36.0 65.3 - - - 

s=36 in. 

(LB6-RQ) 
𝑓′𝑐=8730 

psi  

34.8 38.0 65.3 +3% +5% 0% 
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Figure 5-34: Effect of Overlapping Spacing on Prestressed Concrete Beam (a) Common 
Failure (b) Single Failure 

 

 

 

Figure 5-35: Effect of Overlapping Spacing on Reinforced Concrete Beam (a) Common Failure, 
(b) Single Failure 

  

(b) 

(a) 

(a) 

(b) 
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5.2.3. Performance of Special Reinforcement Detail: Bending Hanger 

Reinforcement (L-bars) towards the Ledge 

The performance of bending hanger reinforcement (L-bars) towards the ledge was 

investigated by comparing test results of beam LB7, where the hanger reinforcement was 

turned towards the ledge, to beam LB2 with the usual orientation of the hanger reinforcement 

being turned  towards the web. 

The tests indicate that this detail was efficient in reducing the brittleness of the ledge failure 

with negligible effect on the ledge capacity, as given in Table 5-20. These effects were similar 

to what was observed in previously tested short span beam, EX-RS2. The results of FE 

analysis also indicate no effect on the ledge capacity with this reinforcing detail, while the 

predictions by the current PCI design procedure are independent of this particular 

reinforcement detail. 

 

Table 5-20: Effect of Bending Hanger Reinforcement towards Ledge in Long Beams 

Loading Configuration 

Ledge Capacity (𝑽𝒍𝒏), kips % Increase OR 
Decrease of 

𝑽𝒍𝒏/√𝒇′𝒄 
L-bars bent to 

web 
L-bars bent to 

ledge 
EXP FE PCI EXP. FE PCI EXP. FE 

 

LB2-RE, 𝑓′𝑐=8730 psi LB7-RE, 𝑓′𝑐=8670 psi 

+2% +4% 
55.1 56.0 61.3 56.0 58.0 61.1 

 

LB2-LE, 𝑓′𝑐=8730 psi LB7-LE, 𝑓′𝑐=8670 psi 

-5% +4% 
46.0 48.0 38.9 43.5 50.0 38.7 

 

LB2-M, 𝑓′𝑐=8730 psi LB7-M, 𝑓′𝑐=8670 psi 

-3% +4% 
49.0 48.0 62.8 47.4 50.0 62.6 
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5.3. Findings of Long Span Beams Study 

The findings of long span beams study can be summarized as follows: 

1. The current PCI design procedure can significantly overestimate the ledge capacity. 

The overestimation is more pronounced at mid-span, as clearly demonstrated in 

Figure 5-36. 

2. The results of FE analysis generally indicate good agreement with the experimental 

results. The average ratio between the experimental and FE results is 0.94±0.03, 

based on 95% confidence level.  

3. The configuration of the failure surface in long span beams was similar to that 

observed with previously tested short span beams. Punching shear failure of ledges 

typically occurs suddenly, with propagation of diagonal tension cracks from the back 

and the sides of the bearing plates into the front face of the ledge. 

4. Pre-existing shear cracking at end regions can reduce the punching shear capacity of 

the ledge. This effect becomes less critical with increased edge distance of the load 

from the end of the ledge. 

5. Increasing the level of global flexural and shear stresses can significantly reduce the 

punching shear capacity of the ledge. The reduction is more pronounced at mid-span 

than at the ends. 

6. The use of prestressing can significantly enhance the ledge capacity compared to 

reinforced concrete beams.  

7. Increasing the concrete strength and the ledge height can also increase the ledge 

capacity. The amount of increase is dependent on the location of the failure and the 

level of the induced global stresses. 

8. The spacing between two adjacent loads, at which a combind failure can occur, is 

dependent on the beam type, whether reinforced or prestressed concrete beam. 

Prestressing widens the failure zone, which in turn requires a larger spacing between 

two loads for a single failure to occur. Therefore, the load spacing of 𝑏𝑡 + ℎ𝑙 or more, 

specified by current PCI design procedure for a single failure to occur may not be 

accurate in various conditions. 

9. Turning the hanger reinforcement towards the ledge can reduce the brittleness of the 

failure but has negligible effect on the ledge capacity.  
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Figure 5-36: Experimental to PCI Nominal Ledge Capacities in Long Span Beams 
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6. Development of Design Procedure 

This chapter presents the development of the proposed procedure to evaluate the punching 

shear strength of the ledges of L-shaped beams, based on the results of the analytical study 

and the experimental program. The proposed procedure is intended to provide a sufficient 

margin of safety of the ledge capacity under a wide range of loading conditions. Consideration 

is given to ensure simplicity and practicality of the proposed design procedure. The chapter 

also presents the results of a supplementary experimental program, conducted on two beams 

to examine the validity of the proposed procedure for deep ledges of 12 in. and 18 in., and to 

investigate the efficiency of concentrating all required ledge reinforcement at the load location.  

6.1. Idealized Failure Surface 

The following sections introduce idealization of the failure surface under the effect of 

concentrated loads producing a punching shear failure of the ledge. The proposed idealized 

failure surface is compared to the one that is currently used by the PCI procedure.  

6.1.1. Observed Failure Surface 

A typical configuration for a single symmetric failure surface, observed from the experimental 

program, and the one assumed by the current PCI design procedure are shown in 

Figure 6-1(a). The current PCI procedure assumes 45-degree failure planes developing from 

the sides of the bearing pads. The observed failure planes are generally inclined less than 

that assumed by PCI, resulting in a larger failure surface. Under the effect of the concentrated 

load, the failure surface typically starts by initiation of cracks at the back of the bearing plate 

and extends diagonally on the top face of the ledge to the front face of the ledge, with an angle 

ranging from 18 to 45 degrees. The failure crack then extends on the front face of the ledge 

with an angle ranging from 26 to 45 degrees. By chipping the cracked concrete off, it was 

observed that the back failure plane extends into the beam web and bypasses the hanger 

reinforcement. If the applied load is sufficiently close to the end of the ledge, there will be a 

potential to develop an asymmetric failure, as illustrated in Figure 6-1(b). Similarly, a typical 

failure surface initiates by formation of crack at the back of the bearing plate, and extends 

horizontally towards the end of the ledge on the top face. In the opposite direction, the crack 

at the back of the bearing area extends diagonally on the top face of the ledge, with an angle 
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ranging from 18 to 45 degrees, to the front face of the ledge and extends on the front face of 

the ledge with an angle ranging from 26 to 45 degrees. 

 

Figure 6-1: (a) Single Symmetric Failure (b) Single Asymmetric Failure 

 

In the case of two closely spaced concentrated loads, the failure planes may overlap. In such 

a case, one common failure will develop and the potential failure surface generally follows the 

same configuration as the single failures, whether for symmetric or asymmetric failures, as 

illustrated in Figure 6-2(a) and Figure 6-2(b), respectively. 

 

Figure 6-2: (a) Common Symmetric Failure (b) Common Asymmetric Failure 

(a) (b) 

(a) (b) 
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The various parameters that influenced the configuration and size of the failure surface are 

discussed as follows: 

1- Global Flexural and Shear Stresses: Observations from the experimental program 

indicate that increasing the global stresses resulted in an increase of the slope of shear 

cracks and, consequently, a decrease of the overall size of the failure surface, as 

demonstrated in Figure 6-3 and Figure 6-4. Such a feature is consistent with the 

modified compression field theory, where the angle of shear cracks is a function of the 

axial normal strain and the applied shear stress at the section. Thus, increasing the 

applied global flexural stress at mid-span or increasing the applied global shear stress 

at the end region generally results in steeper angles of shear cracking in the ledge. 

 

 

 

Figure 6-3: Effect of Global Flexural Stress on Observed Failure Surface (a) Low Global 
Flexural Stress, Test LB3-M (b) High Global Flexural Stress, Test LB1-M 

 

 

 
Figure 6-4: Effect of Global Shear Stress on Observed Failure Surface (a) Low Global Shear 

Stress, Test LB1-RE (b) High Global Shear Stress, Test LB2-RE  

(a) 

(b) 

(a) 

(b) 
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2- Prestressing Effect: Contrary to the effect of increasing the tensile strain produced 

by increasing the global flexural stress, the normal compression strain produced by 

the prestressing effect generally results in flatter angles of shear cracking, 

consequently, increasing the overall size of the failure surface, as shown in Figure 6-5. 

As a result, a larger spacing between two adjacent concentrated loads is required in 

prestressed concrete beams to produce a single failure at each load rather than a 

common failure, as previously shown in Figure 5-34 and Figure 5-35. 

 

 

 

Figure 6-5: Effect of Prestressing on Observed Failure Surface (a) Reinforced Concrete 
Beam, Test LB6-M (b) Prestressed Concrete Beam, Test LB1-M 

  

(a) 

(b) 
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3- Load Eccentricity from Inner Web Face: Results of the experimental program 

indicate that reducing the load eccentricity from the inner web face has little effect on 

the angles of the shear cracks propagating from the back of the bearing plate on the 

top face of the ledge. However, reducing the load eccentricity from inner web face 

increases the overall size of the failure surface, as shown in Figure 6-6. 

 

 

 

Figure 6-6: Effect of Load Eccentricity on Observed Failure Surface (a) Eccentricity=6 in., Test 
RS5-M (b) Eccentricity=4.5 in., Test LB2-RE 

  

(a) 

(b) 
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4- Concentrating Ledge Reinforcement: The effect of concentrating ledge 

reinforcement on the configuration of the failure surface was observed by comparing 

the failures of beam EX-RS2, where the reinforcement was uniformly distributed, to 

beam EX-RS4, where the ledge reinforcement was concentrated within the failure 

region. Test results indicate that concentrating the ledge reinforcement within the 

failure zone results in steeper angles of the shear cracks and consequently a decrease 

of failure surface size, as shown in Figure 6-7. 

 

 

 
Figure 6-7: Effect of Concentrating Ledge Reinforcement on Observed Failure Surface 

(a) Typical Uniform Distribution of Ledge Reinforcement, Test EX-RS2-M (b) 
Concentrated Ledge Reinforcement within Length of 24 in., Test EX-RS4-M  

  

(b) 

(a) 
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5- Ledge Height: Test results indicate that increasing the ledge height has little or no 

effect on the angles of the shear cracks propagating from the back of the bearing plate 

on the top face of the ledge. However, increasing the ledge height increases the angle 

of the shear cracks on the front face of the ledge, as shown in Figure 6-8.  

 

 

 

Figure 6-8: Effect of Ledge Height on Observed Failure Surface (a) Ledge Height=8 in., Test 
RS1-M (b) Ledge Height=10 in., Test RS5-M (c) Ledge Height=12 in., Test RS4-M 

  

(a) 

(b) 

(c) 
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6.1.2. Proposed Change to Idealized Failure Surface 

To evaluate the punching shear strength of the ledge, the current PCI design procedure uses 

an idealized rectangular failure surface, based on the assumption of 45-degree failure planes 

to develop from both side edges of the bearing pad, as previously illustrated in Figure 2-12 

and Figure 2-13. As such, the idealized failure surface for a symmetric failure is as shown in 

Figure 6-9. The width of the idealized rectangular failure surface is assumed to equal the ledge 

projection 𝑙𝑝, regardless of the load eccentricity from the inner web face, while the depth is 

considered to be equal to the full ledge height, ℎ𝑙. 

 

Figure 6-9: Idealized Failure Surface by Current PCI Procedure (Single Symmetric Failure) 

 

A similar approach was used to determine the length of the idealized rectangular failure 

surface based on the observed failure surfaces for 98 tests of this experimental program. In 

each case, the average of the bottom projections of the failure surface from each side of the 

bearing area was measured and divided by the ledge height ℎ𝑙 . These ratios are plotted as 

shown in Figure 6-10. Results of the statistical analysis of these plotted data indicate that the 

average extension of the idealized rectangular failure surface on each side of the bearing area 
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is 1.1 ℎ𝑙, with a coefficient of variation of 19 percent. Therefore, for simplicity, the average is 

taken as 1.0 ℎ𝑙. 

 

Figure 6-10: Ratios of the Extension of Idealized Pattern to Ledge Height for 98 Observed 
Failure Surface 

 

Given these results, a modification to the current PCI design procedure for the length of the 

idealized rectangular failure surface is proposed to reflect the increase in the overall size of 

the failure surface observed throughout this experimental program. The extension of the 

idealized rectangular pattern from each side of the bearing area is therefore proposed to equal 

1.0 ℎ𝑙 instead of 0.5 ℎ𝑙, and hence idealizations for different cases of the failure surface can 

be derived, as summarized in Figure 6-11 and Figure 6-12. No change is proposed for either 

the width or the height of the idealized rectangular failure surfaces.  
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Figure 6-11: Proposed Idealization for (a) Single Symmetric Failure (b) Single Asymmetric 
Failure 

 

 

Figure 6-12: Proposed Idealization for (a) Common Symmetric Failure (b) Common 
Asymmetric Failure 

(a) (b) 

(b) (a) 
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6.2. Nominal Shear Stress  

This section presents a description of the nominal shear stresses due to the applied eccentric 

ledge loads on the idealized failure surface. The section also presents a proposed approach 

to account for the effect of global flexural and shear stresses, for reinforced concrete beams, 

and for the effect of prestressing.  

6.2.1. Components of Nominal Shear Stresses 

The shear stresses on the ledge are comprised of two main components:  

 Shear stress due to direct shear generated by the vertical applied load 

 Shear stress due to torsion generated by the eccentric location of the applied load with 

respect to the centroid of the critical section of the idealized failure surface, as shown 

for symmetric and asymmetric failures in Figure 6-13(a) and Figure 6-13(b), 

respectively. 

For symmetric failures, the distribution of the shear stresses on the back surface due to the 

vertical ledge load is typically uniform. However, the presence of the torsional moment, 𝑀𝑛𝑦  

induces a non-uniform distribution of shear stresses on side surfaces with a minimum shear 

stress at the back plane and a maximum shear stress at the edge of the ledge, as illustrated 

in Figure 6-14(a). For asymmetric failures, the distribution of the shear stresses on both the 

back surface and the two side surfaces is non-uniform due to the presence of the torsional 

moments on two directions, 𝑀𝑛𝑦 and 𝑀𝑛𝑥, as illustrated in Figure 6-14(b). To simplify this 

complex stress distribution, the shear stress is assumed to be uniform whether for symmetric 

or asymmetric failures. The value of this uniform shear stress can be expressed in terms of 

𝛽√𝑓′
𝑐, where 𝛽 is a shear strength coefficient that is dependent on the level of global stresses. 

The analysis performed to evaluate this coefficient 𝛽 is presented in the following sections. 
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Figure 6-13: Applied Torsional Moments in (a) Symmetric Failure (b) Asymmetric Failure 

 

  

Figure 6-14: Shear Stress Distribution for (a) Symmetric Failure (b) Asymmetric Failure 

  

(a) 
(b) 

(b) 
(a) 
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6.2.2. Effect of Global Stresses in RC Beams 

6.2.2.1. Effect of Global Flexural Stress in RC Beams  

Results of the analytical and experimental studies indicate that increasing the level of the 

global flexural stress reduces the nominal punching shear strength of the ledge. To account 

for such effect, the level of global flexural stress at a given location along the span is 

represented by the ratio of applied moment, 𝑀, at this location to the nominal moment 

capacity, 𝑀𝑛, of the beam at this location (𝑀/𝑀𝑛). Using the idealized rectangular failure 

surface, the applied ledge load, and the concrete strength, the shear strength coefficient 𝛽 

can be determined as will be shown below. 

Selected results of the FE analysis, presented in section 3.4.1 for two selected locations, mid-

span and the quarter span, are summarized in Table 6-1. Both locations are highly influenced 

by the global flexural stress. For each location, different loading cases were used, where loads 

at auxiliary locations were held constant at a specified load level and the load at the selected 

location was increased to failure. By varying the magnitude of the auxiliary loads, different 

levels of global flexural stress were achieved. Using the failure load predicted by the FE 

analysis for each case, and the ratio of applied moment to nominal moment capacity  𝑀/𝑀𝑛, 

the shear strength coefficient 𝛽 was determined for each case, as shown in Figure 6-15. Such 

correlation indicates that increasing the ratio 𝑀/𝑀𝑛 reduces the shear strength coefficient 𝛽  

from 2.0 down to 1.0. Most of the reduction of shear strength occurred within the range of the 

ratio 𝑀/𝑀𝑛 from 0.2 to 0.6, while it becomes insignificant for ratios higher than 0.6.  

Using the results of the parametric study in section 3.4., performed to study the effects of 

various parameters on the ledge capacity at mid-span for selected loading cases, similar 

correlations can be achieved, as shown in Figure 6-15. The presented data represent typical 

cases with uniformly distributed ledge reinforcement and maximum eccentricity induced by 

placing the bearing pad at the edge of the ledge. 
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Table 6-1: Effect of Global Flexural Stress in RC Beams (FE Analysis) 

Location Loading Configuration 
Ledge 

Capacity 

(𝑽𝒍𝒏), kips 
𝑴/𝑴𝒏 

Shear 
Strength 

Coefficient,  𝛽  

Mid-span 
(Control) 

 

36 0.28 1.61 

 
32 0.39 1.43 

 
28 0.49 1.26 

 
26 0.60 1.17 

 
24 0.72 1.08 

Quarter-
span 

(Control) 

 

40 0.24 1.79 

 
34 0.31 1.52 

 
30 0.40 1.34 

 
28 0.50 1.26 

 
26 0.59 1.17 
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Figure 6-15: Effect of Global Flexural Stress in RC Beams (FE Analysis) 

 

6.2.2.2. Effect of Global Shear Stress in RC Beams 

Similar analysis was performed to correlate the level of global shear stress to the uniform 

shear stress on the idealized failure surface of the ledge. In such a case, the level of global 

shear stress is represented by the ratio 𝑉/𝑉𝑛 , where 𝑉 is the applied shear at a given location 

and 𝑉𝑛 is the nominal shear capacity of the beam at this location, determined by the procedure 

developed by Lucier et al. (2011b).  

Selected results of the FE analysis, for two selected locations at the end region and the quarter 

span, are summarized in Table 6-2. Both locations are highly influenced by the global shear 

stress. Different loading cases were analyzed for each location, representing different levels 

of global shear stress. Using the failure load predicted by the FE analysis for each loading 

case, both the ratio of applied shear to nominal shear capacity 𝑉/𝑉𝑛 and the shear strength 

coefficient 𝛽 were determined for each loading case and plotted in Figure 6-16. The correlation 

clearly indicates that increasing the ratio 𝑉/𝑉𝑛 reduces the shear strength coefficient 𝛽 from 

2.0 down to 1.0, similar to the reduction associated with increasing the global flexural stress. 

Similarly, most of such reduction occurs in the range of the ratio 𝑉/𝑉𝑛 from 0.2 to 0.6, while it 

becomes insignificant for ratios higher than 0.6. As shown in Figure 6-16, similar trends can 
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be obtained by plotting the results of the parametric study presented in section 3.4., which 

was performed to study the effect of various parameters on the ledge capacity at the end 

region for selected loading cases.  

 
Table 6-2: Effect of Global Shear Stress in RC Beams (FE Analysis) 

Location Loading Configuration 
Ledge 

Capacity 

(𝑽𝒍𝒏), kips 
𝑽/𝑽𝒏 

Shear 
Strength 

Coefficient,  𝛽  

End 
(Control) 

 

42 0.23 1.88 

 
40 0.32 1.79 

 
38 0.41 1.70 

 
34 0.49 1.52 

 
28 0.56 1.26 

Quarter-
span 

(Control) 

 

40 0.32 1.70 

 
34 0.38 1.43 

 
30 0.46 1.34 

 
28 0.55 1.26 

 
26 0.64 1.17 
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Figure 6-16: Effect of Global Shear Stress in RC Beams (FE Analysis) 

 

6.2.2.1. Proposed Idealized Relationship for Effects of Global Stresses 

Results of the FE analysis indicate that the relationships between the ratios 𝑀/𝑀𝑛 and 𝑉/𝑉𝑛 

and the shear strength coefficient 𝛽 are almost identical. Therefore, one bilinear idealized 

relationship can be used to estimate the shear strength coefficient 𝛽 at a given location, based 

on the larger of the two ratios (𝑀/𝑀𝑛 and 𝑉/𝑉𝑛). The results of both the FE analysis and the 

experimental program are overlaid on the proposed relationship between the larger of 

𝑀/𝑀𝑛 and 𝑉/𝑉𝑛, and the corresponding shear strength coefficient, 𝛽, as shown in 

Figure 6-17(a) and Figure 6-17(b), respectively. It should be noted that the proposed 

relationship was selected based on statistical analysis, performed to optimize the correlation 

with a coefficient of determination (R-squared) of 0.66. 
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Figure 6-17: (a) FE Results and (b) Experimental Results Overlaid on Proposed Idealization for 
the Effect of Global Stresses in RC Beams 
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6.2.3. Effect of Prestressing 

The analytical and experimental studies clearly indicate that the use of prestressing generally 

enhances the punching shear strength of the ledge. The influence of prestressing is 

dependent on the level of prestressing in the beam. 

Using the same approach as for reinforced concrete beams, the results of FE analysis for the 

ledge capacities of prestressed concrete beams were used to determine the relationship 

between the larger ratio of 𝑴/𝑴𝒏 and 𝑽/𝑽𝒏, and the corresponding shear strength coefficient, 

𝜷, as shown in Figure 6-18(a). The data used to establish the relationship were based on 

beams with the same prestressing level and same concrete strength. The figure clearly 

indicates that prestressing increases the shear strength coefficient for the analyzed cases for 

different levels of global stresses, at all locations along the beam.  

To account for the effect of prestressing, it is proposed to magnify the shear strength 

coefficient, 𝛽, by the coefficient 𝛾, where 𝛾 is a factor that is dependent on the level of 

prestress. The coefficient 𝛾 was derived based on the increase of the principal tensile stress 

of concrete in the prestressed section, subjected to the combined effect of shear and torsion 

(Hsu, 1968; Zia and McGee, 1974; Zia and Hsu, 2004). For reinforced concrete beams, the 

coefficient 𝛾 equals 1.0, and for prestressed concrete beams, the following equation can be 

used:  

𝛾 = √1 + 10
𝑓𝑝𝑐

𝑓′𝑐
 

Where, 

𝑓𝑝𝑐 = average prestress after losses 

𝑓′𝑐  = design compressive strength of the concrete, psi 

For the data presented in Figure 6-18(a), the coefficient 𝜸 was 1.47, using average 

prestressing level after losses, 𝒇𝒑𝒄  of 690 psi and concrete strength, 𝒇′𝒄 of 6000 psi. The 

comparison between the magnified shear strength coefficients, 𝜸𝜷, using the proposed 

approach and those predicted by FE analysis indicates the validity of the proposed approach 

to predict the punching shear strength of the ledge. The same conclusion can be inferred by 

examining the validity of this approach to the experimental results for beams with an average 
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coefficient  𝜸 equal to 1.32, where the average prestress level after losses, 𝒇𝒑𝒄, was 690 psi, 

while the concrete strength 𝒇′𝒄 ranged from 8670 psi to 10190 psi, as shown in Figure 6-18(b). 

Based on statistical analysis, the proposed approach to consider the effect of prestressing 

can be used to predict the magnified shear strength coefficient 𝛾𝛽 with a coefficient of 

determination (R-squared) of 0.56, with much of the variation on the conservative side. 

 
  

 

Figure 6-18: (a) FE Results, 𝛄=1.47 and (b) Experimental Results, 𝛄=1.34 Overlaid on Proposed 
Idealization for the Effect of Prestressing 
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6.3. Proposed Punching Shear Strength Evaluation Procedure 

1. For a given load location along the span of the L-shaped beam, the ratios 𝑀𝑢/𝑀𝑛 and 

𝑉𝑢/𝑉𝑛 are determined, where: 

𝑀𝑢= factored moment at the given location,  

𝑉𝑢 = factored shear at the given location,  

𝑀𝑛= nominal flexural strength of the L-shaped beam at the given location, determined 

in accordance with section 5.2 of the 7th edition of PCI Design Handbook. 

𝑉𝑛= nominal shear strength of the L-shaped beam at the given location, 

= 𝑉𝑐 + 𝑉𝑠 

𝑉𝑐= nominal shear strength of concrete, determined in accordance with section 5.3 of 

the 7th edition of PCI Design Handbook. 

𝑉𝑠= nominal shear strength of shear reinforcement, determined in accordance with the 

slender spandrel procedure, developed by Lucier et al. (2011b) 

= 2 (
𝐴𝑠𝑜

𝑠
) . 𝑓𝑦. 𝑑 

𝐴𝑠𝑜/𝑠= vertical shear reinforcement on the outer web face (i.e. non-ledge web face), 

in2/in.   

𝑑= distance from extreme compression fiber to centroid of longitudinal tension 

reinforcement (ACI), but need not be less than 0.8h for prestressed components 

(𝑑𝑝 is used for prestressed components when a distinction from 𝑑 for non-

prestressed reinforcement is relevant) 

𝑓𝑦= specified yield strength of shear reinforcement, psi 

  
2. Consider the larger of the two ratios (𝑀𝑢/𝑀𝑛 and 𝑉𝑢/𝑉𝑛), as 𝑅 ratio to determine the 

shear strength coefficient of the ledge, 𝛽, based on the following conditions, presented 

in Figure 6-19. 
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for  𝑅 ≤ 0.2,   𝛽 = 2 

for 0.2 ≤ 𝑅 ≤ 0.6,  𝛽 = 1 + 2.5(0.6 − 𝑅) 

for  𝑅 ≥ 0.6,   𝛽 = 1 

 

 

Figure 6-19: Shear Strength Coefficient of Ledges of L-shaped Beams 

 

For typical designs, it is reasonable and conservative to take 𝛽 as 1.0 based on the 

likelihood that 𝑅 will exceed 0.6 in regions of maximum shear or flexure. Generally, 

the ledge punching shear strength near the support or mid-span will control the design. 

 
3. For interior concentrated loads, where 𝒅𝒆 > 𝟎. 𝟓𝒃𝒕 + 𝒉𝒍 + 𝒍𝒑, a symmetric failure 

would control the design punching shear strength of the ledge, 𝜙𝑉𝑙𝑛. The design 

strength should be taken as the lesser of the values given by Equations (1) and (2). 

Typically, Equation (1) controls the strength for single interior ledge loads, while 

Equation (2) controls the strength for closely spaced interior ledge loads, 
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strength should be taken as the lesser of the values given by Equations (3) and (4). 

Typically, Equation (3) controls the strength for single ledge loads close to the end of 

the ledge, while Equation (4) controls the strength for closely spaced ledge loads close 

to the end of the ledge, 

𝜙𝑉𝑙𝑛 = 𝜙𝜆𝛾𝛽√𝑓′
𝑐  ℎ𝑙(0.5𝑏𝑡 + ℎ𝑙 + 𝑑𝑒 + 𝑙𝑝)    (3) 

𝜙𝑉𝑙𝑛 = 𝜙0.5𝜆𝛾𝛽√𝑓′𝑐  ℎ𝑙(0.5𝑏𝑡 + ℎ𝑙 + 𝑑𝑒 + 𝑠 + 𝑙𝑝)   (4) 

Where 

𝜙𝑉𝑙𝑛 = design punching shear strength, lb. 

ℎ𝑙 = height of ledge, in. 

𝑙𝑝 = ledge projection, in. 

𝑏𝑡  = the width of the DT stem or the width of the bearing pad, whichever is less, in. 

𝑑𝑒  = distance from the center of an applied concentrated load to end of the ledge, in. 

𝑓′𝑐  = design compressive strength of the concrete, psi 

𝑠   = spacing between applied concentrated loads, in. Minimum load spacing along the 

ledge should be used to determine the design punching shear strength. 

𝛾   = a factor accounting for the level of prestress 

    =√1 + 10
𝑓𝑝𝑐

𝑓′𝑐
 

    = 1.0 for non-prestressed sections 

𝑓𝑝𝑐 = average prestress after losses at a given location, psi. If the distance of the load 

to end of the ledge, 𝑑𝑒, is less than the transfer length of the strands, the average 

prestress should be reduced accordingly. 

𝜆 = modification factor for density of concrete (section 5.3.3 in 7th edition of PCI Design 

Handbook) 

𝜙  = strength reduction factor, 0.75 

 
It should be noted that the research did not consider a case where ledges support a 

continuous load (such as cored slabs or boxed beams), or a continuous series of closely 

spaced concentrated loads (such as channel beams). 

This condition is addressed by Equation 5-48 of the 7th Edition of the PCI Design Handbook: 
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𝜙𝑉𝑙𝑛 = 24𝜙ℎ𝑙𝜆√𝑓′𝑐           

𝜙𝑉𝑙𝑛 = design shear strength, lb/ft. 

PCI Equation 5-48 assumes a shear stress of 2√𝑓′𝑐 over the height of the ledge. The observed 

behavior of ledges under concentrated loads in this research suggests that PCI Equation 5-

48 overestimates ledge strength. As such, it is recommended to reduce the shear strength to 

√𝑓′𝑐 and the following equation can be conservatively used: 

𝜙𝑉𝑙𝑛 = 𝜙12𝜆√𝑓′𝑐ℎ𝑙           (5) 

 

6.4. Reliability of the Proposed Procedure 

Comparison of the experimentally measured ledge capacities to the values predicted by the 

7th Edition of the PCI Design Handbook is shown in Figure 6-20(a). The measured capacities 

are also compared to the capacities predicted by the proposed procedure in Figure 6-20(b). 

The presented data represent typical cases where ledge reinforcement is uniformly distributed 

and maximum eccentricity is induced by placing the bearing pad at the edge of the ledge. The 

comparisons clearly reveal that the proposed procedure can be conservatively applied to 

predict the punching shear strength of ledges of L-shaped beams. The average ratio between 

the measured and the predicted values using the proposed design procedure is 1.15±0.03, 

based on 95% confidence level, with much of the variation on the conservative side.  
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Figure 6-20: (a) Comparison of Measured Nominal Ledge Capacities and Predicted Values by  
(a)  7th Edition of the PCI Design Handbook (b) Proposed Design Procedure 
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6.5. Supplementary Experimental Program 

This section presents the supplementary experimental program conducted to examine the 

validity of the proposed design procedure for deeper ledge heights subjected to heavy loading 

conditions as well as to investigate the effect of concentrating ledge reinforcement within the 

failure region. The section provides a description of the experimental program, followed by 

comparisons of measured ledge capacities to the values predicted by both current PCI design 

procedure and the proposed design procedure, as well as the effect of concentrating ledge 

reinforcement.  

6.5.1. Description of Experimental Program 

The experimental program comprised of two prestressed long span L-shaped beams: beam 

LB8 with a span of 45.5 ft., and beam LB9 with a span of 36.5 ft. The configuration and 

geometries of beams LB8 and LB9 are shown in Figure 6-21(a) and Figure 6-21(b), 

respectively. The thickness of the web was 10 in. for both beams, while the height of the web 

was 60 in. and 72 in. for beam LB8 and beam LB9, respectively. The ledge projection was of 

8 in. for both beams, while the ledge height was 12 in. and 18 in. for beam LB8 and beam 

LB9, respectively. The ledge was notched back 12 in. from the two ends of the beam for both 

beams and three holes through the web thickness were provided at each end to accommodate 

high-strength threaded rods to tie the beam to the testing frame.  

Each beam was tested at multiple locations. Beam LB8 was tested at five different locations, 

including one test at mid-span, two tests at quarter-span locations, and two tests at end 

locations, while beam LB9 was tested at three locations including one test at mid-span and 

two tests at each end location.  
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Figure 6-21: Configuration and Geometry of (a) Beam LB8 (b) Beam LB9

(a) 

(b) 
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The main objective of this experimental program was to examine the validity of the proposed 

design procedure for the following cases: 

1- Deep ledge heights: Most of the beams tested throughout the original experimental 

programs, including short and long span beams, had a ledge height of 8”, which is 

typically used by precast industry for parking garages. Therefore, the supplementary 

experimental program considered increasing the ledge height to 12” and 18”, to mimic 

heavy loading cases on the ledge. 

 
2- Prestressing strand pattern: Results of the FE analysis show that the effect of 

prestressing is mainly dependent on the prestressing level rather than the orientation 

of strand pattern. All the prestressed concrete beams tested in the experimental 

program had two strands at the face of the ledge. Therefore, the supplementary 

experimental program considered moving the ledge strands backwards to the web to 

investigate the effect without providing strands at the face of the ledge, as shown in 

Figure 6-22. 

  
3- Prestressing level: The prestressing level ranged from 670 to 690 psi for all previously 

tested prestressed beams. Beam LB8 and beam LB9 were prestressed with lower 

level of 500 and 470 psi, respectively.  

 

The supplementary experimental program also investigated the effect of concentrating ledge 

reinforcement (ledge flexural and hanger reinforcement). The ledge reinforcement at two 

selected locations at one side of beam LB8 was concentrated within the applied load locations. 

Results of the two tests were compared to the corresponding tests at the other side of the 

beam where the ledge reinforcement was uniformly distributed. At the locations with 

concentrated ledge reinforcement, the hanger reinforcement was bent towards the ledge to 

reduce the brittleness of the failure. In such a case, the bend region was positioned to 

“capture” the diagonal compression strut extending diagonally downward from the ledge load 

and intercept the inclined crack parallel to this stress field, hence improving both strength and 

ductility. 
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Figure 6-22: Strands' Pattern for (a) Beam LB8 (b) Beam LB9 

 

For all the tests, a high level of global stresses was induced at all locations. For each test, 

factored loads were applied at auxiliary locations, while load at selected locations was 

increased up to failure. For beam LB8, the values and locations of the applied loads were 

determined based on standard 60-foot long, 12-foot wide, double-tee beams, as shown in 

Figure 6-23(a). For beam LB9, the values and locations of applied loads were determined to 

mimic a special loading configuration, for which the ledge is used to support closely spaced 

stems of 60-foot long, 8-foot wide, double-tee beams, where the flanges are cut back, as 

shown in Figure 6-23(b). The testing matrix for all the tests conducted at each location is given 

in Table 6-3 through Table 6-5. The testing sequence performed for each beam to achieve 

the targeted cases is illustrated in Figure 6-24. 

  

(a) (b) 
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Figure 6-23: Load Configuration for (a) Beam LB8 (b) Beam LB9 

 
 Table 6-3: Mid-span Tests for Beams LB8 and LB9 

Sp. Test 
Design 

Concrete 
Strength 

Failure 
Ledge 

Height, hl 
Distribution 

Length 
Special Detail 

LB8 LB8-M* 

8000 psi 

Single 
Symmetric 

12 in. 
6 ft. (Typical 
Distribution) 

Typical L-bars 
configuration 

LB9 LB9-M 
Common 

Symmetric 
18 in. 

  
Table 6-4: Quarter-span Tests for Beams LB8 and LB9 

Sp. Test 
Design 

Concrete 
Strength 

Failure 
Ledge 
Height, 

hl 
Distribution Length Special Detail 

LB8 
LB8-RQ* 

8000 psi 
Single 

Symmetric 
12 in. 

72 in. (Typical 
Distribution) 

Typical L-bars 
configuration 

LB8-LQ 
21 in.  (Concentrated 
ledge reinforcement) 

L-bars are bent towards 
the ledge  

 

 
 Table 6-5: End Tests for Beams LB8 and LB9 

Sp. Test 
Design 

Concrete 
Strength 

Edge 
distance, 

de 
Failure 

Ledge 
Height, 

hl 
Distribution Length Special Detail 

LB8 

LB8-
RE* 

8000 psi 

15 in. 
Single 

Asymmetric 
12 in. 

72 in. (Typical 
Distribution) 

Typical L-bars 
configuration 

LB8-
LE 

24 in.  (Concentrated 
ledge reinforcement) 

L-bars are bent 
towards the ledge  

LB9 

LB9-
RE 

39 in. Common 
Symmetric 

18 in. 
72 in. (Typical 
Distribution) 

Typical L-bars 
configuration LB9-

LE 
15 in. Common 

Asymmetric 

(a) 

(b) 
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(a) Beam LB8 

 

 
(b) Beam LB9 

 

Figure 6-24: Testing Sequence for (a) Beam LB8 (b) Beam LB9 
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6.5.2. Design Criteria 

For beam LB8, the applied loads at auxiliary locations were determined based on standard 

60-foot long, 12-foot wide, double-tee beams, with a service stem reaction of 27.5 kips and a 

factored stem reaction of 36.6 kips. For beam LB9, the applied loads at auxiliary locations 

were determined based on standard 60-foot long, 8-foot wide, double-tee beams, with a 

service stem reaction of 36.5 kips and a factored stem reaction of 48.1 kips. Detailed shop 

drawings of all the beams are provided in Appendix C. 

The flexural and shear designs of the beam were based on applied loads at each test location 

that are equivalent to the predicted nominal ledge capacities using the proposed equations. 

At selected locations with concentrated ledge reinforcement, the flexural and shear designs 

were based on loads that are 50 percent higher than the predicted nominal ledge capacities. 

The design of ledge reinforcement is based on the predicted nominal ledge capacity, at each 

location. 

6.5.3. Test Setup and Instrumentation 

The test setups for selected tests in beams LB8 and LB9 are shown in Figure 6-25 and 

Figure 6-26, respectively. The test setup was similar to that used for the long span beams 

study. To simulate the targeted load configuration of closely spaced stems, different sets, 

each consisting of two adjacent steel loading beams spaced at 24”, were spanned between 

the ledge and a system of supporting steel blocks, as shown in Figure 6-27. The loads were 

applied using a system of hydraulic jacks and spreader beams; however, for the selected 

failure location, a special configuration of hydraulic jacks was used to achieve the expected 

high failure load for the 18-inch deep ledge, as shown in Figure 6-26. The loads at auxiliary 

locations were held constant while the load was increased at the selected test location up to 

failure. String potentiometers were used to measure vertical deflections at different locations 

along the span (at mid-span, the quarter-span and the end of the beam), as well as the lateral 

displacements of the beam at mid-span, as previously shown in shown in Figure 5-9. For 

selected tests, PI gauges were used to measure strains at the concrete surface at end region, 

at the top and bottom of the beam at mid-span, and at the front face of the ledge at selected 

failure locations. Load cells were used under the hydraulic jacks to monitor the applied loads 

and hence the ledge reaction was calculated.    
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Figure 6-25: Test Setup for Beam LB8 (Test LB8-RE) 

 

 

Figure 6-26: Test Setup for Beam LB9 (Test LB9-RE) 
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Figure 6-27: Load Configuration at Selected Failure Location (Test LB9-RE) 

 

6.5.4. Test Results 

Test results and measured concrete compressive strength at time of testing for beams LB8 

and LB9 are summarized in Table 6-6 through Table 6-8. All the failures were due to punching 

shear failure of the ledge. The ledge behavior up to failure for all the tests was similar to that 

observed in previous short span and long span beam studies. The configurations of observed 

failure surface for selected tests in beams LB8 and LB9 are shown in Figure 6-28(a) and 

Figure 6-28(b), respectively. Similar to observations from previously tested beams, the 

formation of the failure surface included initiation of a crack at the back of the bearing plate, 

which extended diagonally on the top face of the ledge into the front face of the ledge.  
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Table 6-6: Mid-span Test Results for Beams LB8 and LB9 

Sp. Test 

Measured 
Concrete 
Strength 

Failure 
Ledge 

Height, hl 
Distribution 

Length 
Special 
Detail 

Measured Ledge 

Capacity, (Vln), kip 

LB8 LB8-M* 

8840 psi 

Single 
Symmetric 

12 in. 
6 ft. (Typical 

Distribution) 
Typical L-bars 
configuration 

61.4 

LB9 LB9-M 
Common 

Symmetric 
18 in. 

81.5 (per 
location) 

  

 

Table 6-7: Quarter-span Test Results for Beams LB8 and LB9 

Sp. Test 

Measured 
Concrete 
Strength 

Failure 
Ledge 
Height, 

hl 
Distribution Length Special Detail 

Measured 
Ledge Capacity, 

(Vln), kip 

LB8 

LB8-RQ* 

8840 psi 
Single 

Symmetric 
12 in. 

72 in. (Typical 
Distribution) 

Typical L-bars 
configuration 

73.2 

LB8-LQ 
21 in.  (Concentrated 
ledge reinforcement) 

L-bars are bent 
towards the ledge  

91.5 

 

 

 Table 6-8: End Test Results for Beams LB8 and LB9 

Sp. Test 

Measured 
Concrete 
Strength 

Edge 
distance, de Failure 

Ledge 
Height, 

hl 
Distribution Length Special Detail 

Measured 
Ledge Capacity, 

(Vln), kip 

LB8 

LB8-
RE* 

8840 psi 

15 in. 
Single 

Asymmetric 
12 in. 

72 in. (Typical 
Distribution) 

Typical L-bars 
configuration 

75.2 

LB8-
LE 

25 in.  (Concentrated 
ledge reinforcement) 

L-bars are bent 
towards the ledge  

107.3 

LB9 

LB9-
RE 

39 in. Common 
Symmetric 

18 in. 
72 in. (Typical 
Distribution) 

Typical L-bars 
configuration 

84.7 (per 
location) 

LB9-
LE 

15 in. Common 
Asymmetric 

84.3 (per 
location) 
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Figure 6-28: Observed Failure Surface (a) Test LB8-RQ (b) Test LB9-M 

 

6.5.4.1. Comparison with Current PCI and Proposed Design Procedures 

Comparisons between the measured ledge capacities and the values predicted by the current 

PCI design procedure and the proposed design procedure are shown in Figure 6-29(a) and 

Figure 6-29(b), respectively. The data represent typical cases where ledge reinforcement was 

uniformly distributed (6 tests). The comparison clearly shows that the current PCI design 

procedure significantly overestimates the ledge capacity, particularity at mid-span, while the 

proposed design procedure provides acceptable conservative predictions for the ledge 

capacity at all locations. It should be noted that in all the tests, high levels of global stresses 

were induced, where the larger of the two ratios (𝑀𝑢/𝑀
𝑛

 and 𝑉𝑢/𝑉
𝑛
) for each test was greater 

than 0.6. Therefore, the shear strength coefficient, 𝛽, was limited to 1.0 according to the 

proposed design procedure. These comparisons demonstrate the validity of the proposed 

design procedure to cover all examined conditions including deep ledges up to 18 in., ledges 

without strands provided at the face of the ledge, and beams with prestressing level as low as 

470 psi. 

(a) 

(b) 
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Figure 6-29: Comparison between Measured Ledge Capacities for Beams LB8 and LB9, and (a) 
Predictions by the 7th Edition of the PCI Design Handbook (b) Predictions by Proposed Design 

Procedure 
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6.5.4.2. Effect of Concentrating Ledge Reinforcement 

The effect of concentrating ledge flexural and hanger reinforcement with the hanger 

reinforcement being turned towards the ledge was investigated by comparing the results of 

the end and quarter-span tests on the left side of beam LB8 to those of corresponding 

locations on the right side. At the left end, the ledge reinforcement was concentrated within 

25 in. at the load location, while at the left quarter-span, the ledge reinforcement was 

concentrated within 21 in. at the load location. Minimum ledge reinforcement was maintained 

between these two locations, in accordance with the current PCI design procedure. Test 

results indicate that concentrating ledge reinforcement increased the ledge capacity at the 

end and at the quarter span by 43 percent and 25 percent, respectively, as given in Table 6-9. 

Observations for the two tests indicate that diagonal tension cracks on the top and front face 

of the ledge, for both tests, initiated at load levels that were lower than the failure load, which 

was consistent with previous observations of the short span beams study.  

 

Table 6-9: Effect of Concentrating Ledge Reinforcement in Beams LB8 and LB9 

Loading Configuration 

Uniformly 
Distributed 

Ledge 
Reinforcement 

Concentrated 
Ledge 

Reinforcement 

% Increase 
OR 

Decrease 

of 𝑽𝒍𝒏  

 

Test LB8-RE Test LB8-LE 

+43% 
75.2 107.3 

 

Test LB8-RQ Test LB8-LQ 

+25% 
73.2 91.5 
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6.6. Proposed Evaluation Procedure for the Effect of Concentrating 

Ledge Reinforcement 

This section presents a discussion on the effect of concentrating ledge reinforcement within 

an effective length rather than the uniform distribution of the ledge reinforcement, typically 

used by the precast industry. The section presents the results of FE analysis, followed by the 

results of the experimental program, conducted on one reinforced concrete short span beam 

and one prestressed long span beam, to study the effect of this parameter. Based on the 

findings of the FE analysis and limited test results, a simplified approach is proposed to predict 

the percent increase of ledge capacity due to concentrating ledge reinforcement. 

6.6.1. Results of FE Analysis 

Findings of the analytical study indicate that concentrating the required transverse and hanger 

reinforcement within the region of the applied load generally enhances the punching shear 

strength of the ledge. Finite element models were developed for reinforced and prestressed 

concrete beams, considering selected loading cases, where a punching shear failure was 

located at mid-span and factored loads were applied at auxiliary locations, as shown in 

Figure 6-30. For all analyzed cases, the required transverse and hanger reinforcements were 

determined using the design equations provided by the 7th edition of PCI Design Handbook, 

to resist an applied factored load of 24.7 kips. However, the distribution length of the required 

reinforcements was reduced from 60 in., which is the spacing between DT stems as required 

by current PCI procedure, to four different lengths, given in the first column of Table 6-10. For 

all the cases, minimum reinforcements were provided between the loads, as required by 

current PCI design procedure, and the hanger reinforcement was turned towards the web at 

all locations, as would typically be used by precast industry.  

 
Figure 6-30: Considered Loading Case to Investigate Effect of Concentrating Ledge 

Reinforcement 
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Results of the FE analysis for reinforced and prestressed concrete beams are summarized in 

Table 6-10. The ledge punching shear strengths using a reduced distribution length were 

compared to the values predicted with uniform distribution of ledge reinforcement, as given 

for reinforced and prestressed concrete beams as a ratio in Table 6-10. The results show that 

reducing the distribution length of the ledge reinforcement proportionally increases the ledge 

capacity. Reducing such length to 21 in., which approximately corresponds to the length of 

the idealized rectangular pattern for a symmetric single failure surface, 𝑏𝑡 + 2ℎ𝑙 , increases 

the ledge capacity for both reinforced and prestressed concrete beams, by up to 54 and 50 

percent, respectively. However, no further increase of the ledge capacity is predicted for 

reducing the distribution distance to 14 in. 

 
Table 6-10: Effect of Concentrating Ledge Reinforcement in RC and PC Beams (FE Analysis) 

Distribution 
length of 

Required Ledge 
Reinforcement 

Provided 
Transverse 

Reinforcement

, 𝑨𝒔 

Provided 
Hanger 

Reinforcement, 

𝑨𝒔𝒉 

RC PC 

𝑽𝒍 𝒏 𝑭𝑬 
% Increase 
of Ledge 
Capacity 

𝑽𝒍 𝒏 𝑭𝑬 
% Increase 
of Ledge 
Capacity 

L=60” (PCI) 
#3@8” 

(𝐴𝑠 = 0.82 𝑖𝑛2) 

#4@8” 

(𝐴𝑠ℎ = 1.5 𝑖𝑛2) 
22 k -- 32 k -- 

L=42” 
#3@6” 

(𝐴𝑠 = 0.82 𝑖𝑛2) 

#4@6” 

(𝐴𝑠ℎ = 1.5 𝑖𝑛2) 
26 k 18% 36 k 12% 

L=32” 
#3@4” 

(𝐴𝑠 = 0.88 𝑖𝑛2) 

#4@4” 

(𝐴𝑠ℎ = 1.60 𝑖𝑛2) 
30 k 36% 42 k 31% 

L=21” 

≅ 𝑏𝑡 + 2ℎ𝑙 

#3@3” 

(𝐴𝑠 = 0.77 𝑖𝑛2) 

#4@3” 

(𝐴𝑠ℎ = 1.40 𝑖𝑛2) 
34 k 54% 48 k 50% 

L=14” 
#3@2” 

(𝐴𝑠 = 0.77 𝑖𝑛2) 

#4@2” 

(𝐴𝑠ℎ = 1.40 𝑖𝑛2) 
34 k 54% 48 k 50% 

 

 

The percent increases of ledge capacity for both reinforced and prestressed concrete beams 

are plotted against the different distribution lengths considered in the analysis, as shown in 

Figure 6-31. Results of the FE analysis indicate that the correlation follows the same trend 

whether for reinforced or prestressed concrete beams. Therefore, one bilinear idealization 

may be used to determine the percent increase of ledge capacity by reducing the distribution 

length of the ledge reinforcement, as shown in Figure 6-31. The analysis indicates that a 

maximum percent increase of the ledge capacity of 50 percent may be achieved by 
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concentrating the ledge reinforcement at length equals to the length of the idealized 

rectangular pattern of the failure surface, 𝑏𝑡 + 2ℎ𝑙.  

 

 
Figure 6-31: Results of FE Analysis for Effect of Concentrating Ledge Reinforcement   
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6.6.2. Results of Experimental Program 

Results of five tests conducted on one reinforced concrete short span beam, with a ledge 

height of 8 in. and on one prestressed concrete long span beam with a ledge height of 12 in., 

indicate that concentrating ledge reinforcement could increase the ledge capacity by 25 to 66 

percent. For all the tests, the hanger reinforcement was turned towards the ledge at the 

selected failure locations to lessen the brittle nature of the failure. Figure 6-32 shows how the 

measured percent increases of ledge capacity for the five tests compare to the values 

predicted by the bilinear idealization developed by the FE analysis.  

 

 
Figure 6-32: Test Results for Effect of Concentrating Ledge Reinforcement 
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6.6.3. Proposed Idealized Relationship for the Effect of Concentrating 

Ledge Reinforcement 

It can be inferred that measured percent increase of ledge capacity at three locations (at ends) 

was close to that predicted by the bilinear idealization developed by FE analysis; however, it 

was overestimated for two locations (at the quarter-span and at mid-span). Therefore, due to 

the limited number of tests, it is recommended to limit the maximum predicted percent 

increase of ledge capacity by concentrating the ledge reinforcement within length 𝑏𝑡 + 2ℎ𝑙 to 

25 percent for all locations, as shown in Figure 6-33. Further experimental investigation is 

recommended to validate the findings of the FE analysis and to develop detailed design 

guidelines to account for the effect of concentrating ledge reinforcement.  

 

 

Figure 6-33: Proposed Idealization for Effect of Concentrating Ledge Reinforcement 
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7. Summary and Conclusions 

Based on extensive finite element analysis and a comprehensive experimental program, 

included testing of 21 short span beams and 9 long span L-shaped beams, for a total of 106 

tests, the following conclusions can be drawn for the evaluation of the punching shear strength 

of ledges of L-shaped beams. 

1- The current PCI design procedure, provided by the 7th edition of PCI Design 

Handbook, significantly overestimates the punching shear strength of the ledge, 

especially for interior locations. 

2- The level of global stress is the most influential parameter affecting the ledge capacity. 

Increasing the global flexural or shear stresses significantly reduces the punching 

shear strength of the ledge. 

3- The use of prestressing enhances the punching shear strength of the ledge. Such 

effect is mainly dependent on the level of prestressing of the beam, rather than the 

strands pattern of placement in the ledge.  

4- Increasing the eccentricity of the applied load from the inner web face reduces the 

punching shear strength of the ledge. Therefore, it is conservative to evaluate the 

punching shear strength of the ledge, considering the bearing plate to be placed at the 

edge of the ledge. Such placement typically creates a load eccentricity from the inner 

web face equal to 75 percent of the ledge projection. 

5- Increasing the friction at the bearing pad can reduce the punching shear strength of 

the ledge, depending on the location along the span; however, the reduction is found 

to be insignificant.  

6- Increasing the concrete compressive strength or the ledge height enhances the ledge 

capacity. Such improvement is dependent on the location of the failure and the level 

of the induced global stresses. 

7- Pre-existing shear cracking at end regions can reduce the punching shear capacity of 

the ledge. Such effect becomes less critical by increasing the distance between the 

load to the end of the ledge. 

8- The spacing between two adjacent loads, at which a common failure can occur, is 

dependent on the beam type, whether reinforced or prestressed concrete beam, as 

well as the level of global stresses. Test results indicate that the specified load spacing 
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of 𝑏𝑡 + ℎ𝑙 by the current PCI design procedure for a single failure to occur is not 

accurate.  

9- For typical ledges, the observed failure surface has smaller crack angles than the 

assumed 45o surface by current PCI.  

7.1. Proposed Punching Shear Strength Evaluation for Ledges of L-

shaped Beams 

An idealized failure surface was selected based on the observed failure surfaces. By 

assuming a uniform nominal shear stress acting on the idealized failure surface, a procedure 

to evaluate the punching shear strength of the ledge is introduced. The procedure is applicable 

for the following cases, considered by this research: 

- Varying levels of global flexure and shear stresses 

- Reinforced and prestressed concrete beams 

- Ledge heights from 8 to 18 in. 

- Ledge projections from 6 to 10 in. 

- Concrete strengths from 5000 to 15000 psi  

- Bearing widths from 4 to 12 in. 

- Edge distances from 4 to 36 in. 

The proposed procedure may be summarized by the following steps: 

Step 1: For a given load location along the span of the L-shaped beam, the ratios 𝑀𝑢/𝑀𝑛 and 

𝑉𝑢/𝑉𝑛 are determined, where: 

 
𝑀𝑢= factored moment at the given location,  

𝑉𝑢 = factored shear at the given location,  

𝑀𝑛= nominal flexural strength of the L-shaped beam at the given location, determined 

in accordance with section 5.2 of the 7th edition of PCI Design Handbook. 

𝑉𝑛= nominal shear strength of the L-shaped beam at the given location, 

= 𝑉𝑐 + 𝑉𝑠 

𝑉𝑐= nominal shear strength of concrete, determined in accordance with section 5.3 of 

the 7th edition of PCI Design Handbook. 
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𝑉𝑠= nominal shear strength of shear reinforcement, determined in accordance with the 

slender spandrel procedure, developed by Lucier et al. (2011b) 

= 2 (
𝐴𝑠𝑜

𝑠
) . 𝑓𝑦. 𝑑 

𝐴𝑠𝑜/𝑠= vertical shear reinforcement on the outer web face (i.e. non-ledge web face), 

in2/in.   

𝑑= distance from extreme compression fiber to centroid of longitudinal tension 

reinforcement (ACI), but need not be less than 0.8h for prestressed components 

(𝑑𝑝 is used for prestressed components when a distinction from 𝑑 for non-

prestressed reinforcement is relevant) 

𝑓𝑦= specified yield strength of shear reinforcement, psi 

Step 2: Take the larger of the two ratios (𝑀𝑢/𝑀𝑛 and 𝑉𝑢/𝑉𝑛), calling this value 𝑅. Using 𝑅, 

determine the shear strength coefficient of the ledge, 𝛽, based on the following conditions: 

for  𝑅 ≤ 0.2,   𝛽 = 2 

for 0.2 ≤ 𝑅 ≤ 0.6,  𝛽 = 1 + 2.5(0.6 − 𝑅) 

for  𝑅 ≥ 0.6,   𝛽 = 1 

For typical designs, it is reasonable and conservative to take 𝛽 as 1.0 based on the likelihood 

that 𝑅 will exceed 0.6 in regions of maximum shear or flexure. Generally, the ledge shear 

strength near the support or mid-span will control the design. 

Step 3: For interior concentrated loads, where 𝒅𝒆 > 𝟎. 𝟓𝒃𝒕 + 𝒉𝒍 + 𝒍𝒑, a symmetric failure 

would control the design punching shear strength of the ledge, 𝜙𝑉𝑙𝑛. The design strength 

should be taken as the lesser of the values given by Equations (1) and (2). Typically, Equation 

(1) controls the strength for single interior ledge loads, while Equation (2) controls the strength 

for closely spaced interior ledge loads, 

𝜙𝑉𝑙𝑛 = 𝜙𝜆𝛾𝛽√𝑓′𝑐 ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 2𝑙𝑝)               (1) 

𝜙𝑉𝑙𝑛 = 𝜙0.5𝜆𝛾𝛽√𝑓′𝑐 ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 𝑠 + 2𝑙𝑝)   (2) 

For end concentrated loads, where 𝒅𝒆 < 𝟎. 𝟓𝒃𝒕 + 𝒉𝒍 + 𝒍𝒑,  an asymmetric failure would 

control the design punching shear strength of the ledge, 𝜙𝑉𝑙𝑛. The design strength should be 
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taken as the lesser of the values given by Equations (3) and (4). Typically, Equation (3) 

controls the strength for single ledge loads close to the end of the ledge, while Equation (4) 

controls the strength for closely spaced ledge loads close to the end of the ledge, 

𝜙𝑉𝑙𝑛 = 𝜙𝜆𝛾𝛽√𝑓′
𝑐  ℎ𝑙(0.5𝑏𝑡 + ℎ𝑙 + 𝑑𝑒 + 𝑙𝑝)    (3) 

𝜙𝑉𝑙𝑛 = 𝜙0.5𝜆𝛾𝛽√𝑓′𝑐  ℎ𝑙(0.5𝑏𝑡 + ℎ𝑙 + 𝑑𝑒 + 𝑠 + 𝑙𝑝)   (4) 

Where 

𝜙𝑉𝑙𝑛 = design shear strength, lb. 

ℎ𝑙= height of ledge, in. 

𝑙𝑝= ledge projection, in. 

𝑏𝑡  = the width of the DT stem or the width of the bearing pad, whichever is less, in. 

𝑑𝑒  = distance from the center of an applied concentrated load to end of the ledge, in. 

𝑓′𝑐  = design compressive strength of the concrete, psi 

𝑠   = spacing between applied concentrated loads, in. Minimum load spacing along the 

ledge should be used to determine the design punching shear strength. 

𝛾   = a factor accounting for the level of prestress 

    =√1 + 10
𝑓𝑝𝑐

𝑓′𝑐
 

    = 1.0 for non-prestressed sections 

𝑓𝑝𝑐 = average prestress after losses at a given location, psi. If the distance of the load 

to the end of the ledge, 𝑑𝑒, is less than the transfer length of the strands, the 

average prestress should be reduced accordingly.  

𝜆 = modification factor for density of concrete (section 5.3.3 in 7th edition of PCI Design 

Handbook) 

𝜙  = strength reduction factor, 0.75 

 

It should be noted that the research did not consider a case where ledges support a 

continuous load or a continuous series of closely spaced concentrated loads; however, this 

condition is considered by Equation 5-48 of the 7th Edition of the PCI Design Handbook: 

𝜙𝑉𝑙𝑛 = 24𝜙ℎ𝑙𝜆√𝑓′𝑐           

𝜙𝑉𝑙𝑛 = design shear strength, lb/ft. 
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Equation 5-48 assumes a shear stress of 2√𝑓′𝑐 over the height of the ledge. The observed 

behavior of ledges under concentrated loads in this research suggests that Equation 5-48 

overestimates ledge strength. As such, it is recommended to reduce the shear strength to 

√𝑓′𝑐 and the following equation can be used: 

𝜙𝑉𝑙𝑛 = 𝜙12𝜆√𝑓′𝑐ℎ𝑙           (5) 

7.2. Special Detailing 

The ledge shear resistance mechanism is primarily governed by concrete. However, detailing 

of the ledge reinforcement can influence the ledge behavior.   

1. Test results indicate that turning the bottom leg of the hanger reinforcement into the 

ledge may improve the ledge shear failure mechanism by capturing the diagonal 

compressive stress extending downward from the ledge load and reducing the 

brittleness of the failure. In such cases, it is recommended to provide a bar or strand 

at the inside corner of vertical bars turned out towards the ledge. 

2. Limited test results indicate that the nominal shear capacity of the ledge can be 

increased by 25 percent or more by concentrating the required ledge flexure and 

hanger reinforcement over a length of 𝑏𝑡 + 2ℎ𝑙  at the location of the applied 

concentrated load and by turning the bottom leg of the hanger reinforcement into the 

ledge. Reinforcement between the load locations should follow the guidelines in 

Section 5.5.2 and Section 5.5.4 in the 7th Edition of the PCI Design Handbook. 

Because ledge height is usually kept the same throughout a project, this approach 

may be particularly useful for unusual or isolated conditions that would otherwise 

control the ledge height for the entire project. 

3. Limited test results indicate that the use of WWF reinforcement performs similarly to 

the conventional ledge reinforcement; however, it can benefit from reduced steel 

placement and production time. 
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7.3. Recommended Future Research 

The research findings suggest a necessity for further research to study the effect of 

concentrating ledge reinforcement on the nominal shear capacity of the ledge compared to 

the uniform distribution of ledge reinforcement currently recommended by current PCI design 

procedure. Further research can also extend to evaluate the shear strength of the ledge for 

cases where the ledge is supporting continuous loads. 

While it is true that the experimental program was conducted using normal weight concrete 

beams only, the proposed design equations are equally applicable to lightweight concrete if 

the factor, 𝜆, is included, since the values for the factor, 𝜆 were conservatively chosen. 

However, additional research to include the lightweight concrete is recommended. 

Further research is recommended to validate the research findings for the ledges of inverted 

T-beams. In addition, since the research findings were developed for ledges supporting thin-

stemmed precast members such as double tees, additional research is recommended to verify 

that the proposed design procedure can be safely used for designing ledges of bridge piers 

and similar members supporting precast I-beams. In the author’s opinion, given the success 

of the analytical methods used in this research, similar methods can be used to validate the 

findings for inverted T-beams and ledges of bridge piers. 

  

  



252 

References 

Bentz, E.C., Vecchio, F.J., and Collins, M.P. (2006). Simplified Modified Compression Field 
Theory for Calculating Shear Strength of Reinforced Concrete Elements. ACI Structural 
Journal 103, 614. 

Červenka, J., and Jendele, L. (2016). ATENA Input File Format (Prague). 

Červenka, V., Jendele, L., and Červenka, J. (2016). ATENA Theory (Prague). 

Chen, W.-F., and Saleeb, A.F. (1982). Constitutive Equations for Engineering Materials: 
Elasticity and modeling (Wiley). 

Hassan, T. (2007). Finite Element Study of Shear Behavior of Spandrel Ledges and 
Comparison with PCI Shear Design Provisions. Advances in Structural Engineering 10, 475–
485. 

Hassan, T., Lucier, G., Rizkalla, S., and Zia, P. (2007). Modeling of L-shaped, Precast, 
Prestressed Concrete Spandrels. PCI Journal 52, 78-92. 

Hordijk, D.A. (1991). Local Approach to Fatigue of Concrete. Delft University of Technology. 

Hsu, T.T. (1968). Torsion of Structural Concrete-Uniformly Prestressed Rectangular Members 
Without Web Reinforcement. PCI Journal 13, 34-44. 

International Federation for Structural Concrete (1993). CEB-FIP Model Code 1990: Design 
Code. 

Klein, G.J. (1986a). Design of Spandrel Beams. PCI Journal 31, 76–124. 

Klein, G. J. (1986b). Design of Spandrel Beams. PCI Specially Funded R & D Program 
Research Project No. 5 (PCISFRAD #5), Prestressed Concrete Institute, Chicago, IL, 95 pp. 

Krauklis, A.T., and Guedelhofer, O.C. (1985). Comments on “Spandrel Beam Behavior and 
Design.” PCI Journal 30, 171–174. 

Kupfer, H., Hilsdorf, H.K., and Rusch, H. (1969). Behavior of Concrete under Biaxial Stresses. 
ACI Journal Proceedings 66, 656-666. 

Larson, N., Gomez, E.F., Garber, D., Bayrak, O., and Ghannoum, W. (2013). Strength and 
Serviceability Design of Reinforced Concrete Inverted-T Beams (University of Texas, Austin: 
Texas Department of Transportation).  

Logan, D.R. (2012). Discussion on "Development of a Rational Design Methodology for 
Precast Slender Spandrel Beams." PCI Journal 57, 182–187 

Lucier, G., Rizkalla, S., Zia, P., and Klein, G. (2007). Precast Concrete, L-Shaped Spandrels 
Revisted: Full-Scale Tests. PCI Journal 52, 62-76. 



253 

Lucier, G., Walter, C., Rizkalla, S., Zia, P., and Klein, G. (2010). Development of a Rational 
Design Methodology for Precast Slender Spandrel Beams (North Carolina State University: 
Precast/Prestressed Concrete Institute). 

Lucier, G., Walter, C., Rizkalla, S., Zia, P., and Klein, G. (2011a). Development of a Rational 
Design Methodology for Precast Concrete Slender Spandrel Beams: Part 1, Experimental 
Results. PCI Journal 56, 88–112. 

Lucier, G., Walter, C., Rizkalla, S., Zia, P., and Klein, G. (2011b). Development of a Rational 
Design Methodology for Precast Concrete Slender Spandrel Beams: Part 2, Analysis and 
Design Guidelines. PCI Journal 56, 106–133. 

Menetrey, P., and Willam, K.J. (1995). Triaxial Failure Criterion for Concrete and its 
Generalization. ACI Structural Journal 92, 311–318. 

Mercan, B., Schultz, A.E., and Stolarski, H.K. (2010). Finite Element Modeling of Prestressed 
Concrete Spandrel Beams. Engineering Structures 32, 2804–2813. 

Mirza, S.A., and Furlong, R.W. (1983). Serviceability Behavior and Failure Mechanisms of 
Concrete Inverted T-Beam Bridge Bentcaps. ACI Journal 80, 294–304. 

Nayal, R., and Rasheed, H. (2006). Tension Stiffening Model for Concrete Beams Reinforced 
with Steel and FRP Bars. Journal of Materials in Civil Engineering 18, 831–841. 

Precast/Prestressed Concrete Institute (1978). PCI Design Handbook 2nd Edition (Chicago, 
IL). 

Precast/Prestressed Concrete Institute (1985). PCI Design Handbook 3rd Edition (Chicago, 
IL). 

Precast/Prestressed Concrete Institute (2004). PCI Design Handbook 6th Edition (Chicago, 
IL). 

Precast/Prestressed Concrete Institute (2010). PCI Design Handbook 7th Edition (Chicago, 
IL). 

Rankine, W.J.M. (1872). A Manual of Civil Engineering (Charles Griffin). 

Raths, C.H. (1984). Spandrel Beam Behavior and Design. PCI Journal 29, 62–131. 

Vecchio, F.J., and Collins, M.P. (1982). The Response of Reinforced Concrete to In-Plane 
Shear and Normal Stresses. University of Toronto. 

Vecchio, F.J., and Collins, M.P. (1986). The Modified Compression-Field Theory for 
Reinforced Concrete Elements Subjected to Shear. ACI Journal. 83, 219–231. 

Walter, C. (2008). Behavior of Slender, Precast L-Shaped Spandrel Beams. North Carolina 
State University. 



254 

Zia, P., and Hsu, T.T.C. (2004). Design for Torsion and Shear in Prestressed Concrete 
Flexural Members. PCI Journal 49, 34-42. 

Zia, P., and McGee, W. D. (1974).  Torsion Design of Prestressed Concrete, PCI Journal 19, 
46-65.



 

255 

Appendices 

  



 

256 

Appendix A: Detailed Drawings for L-shaped Beams Tested by Lucier et 

al. (2011a) and Klein (1986a) 
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Figure A- 1: Reinforced Concrete Beam, SP16, (Lucier et al., 2011a) 
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Figure A- 2: Prestressed Concrete Beam, SP14 (Lucier et al., 2011a) 
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Figure A- 3: Prestressed Concrete Beam, Speciment#2 (Klein, 1986a) 
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Appendix B: Results of the FE Parametric Study 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

261 
 

Table B- 1: FE Results for Mid-span Ledge Capacities in RC Beams 

   

#strands Size F

1 RL1 M0(L) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 0 45.5 36 single 0 N/A 0

2 M6 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 6 45.5 32 single 0 N/A 0

3 M12 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 12 45.5 28 single 0 N/A 0

4 M18 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 18 45.5 26 single 0 N/A 0

5 M24(H) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 24 45.5 24 single 0 N/A 0

6 RL2 M(L) 4 0 2#9 N/A # 3 @ 8 # 4 @ 8 None 10 8 60 6000 4 8 60 8 0 45.5 40 single 0 N/A 0

7 M(H) 4 0 2#9 N/A # 3 @ 8 # 4 @ 8 None 10 8 60 6000 4 8 60 8 24 45.5 28 single 0 N/A 0

8 RL3 M(L) 6 0 2#6 N/A # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 0 45.5 32 single 0 N/A 0

9 M(H) 6 0 2#6 N/A # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 24 45.5 22 single 0 N/A 0

10 RL4 M(L) 6 0 2#9 N/A # 5 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 0 45.5 42 single 0 N/A 0

11 M(H) 6 0 2#9 N/A # 5 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 24 45.5 24 single 0 N/A 0

12 RL5 M(L) 6 0 2#9 N/A # 3 @ 2 # 4 @ 6 None 10 8 60 6000 4 8 60 8 0 45.5 48 single 0 N/A 0

13 M(H) 6 0 2#9 N/A # 3 @ 2 # 4 @ 6 None 10 8 60 6000 4 8 60 8 24 45.5 34 single 0 N/A 0

14 RL6 M(L) 6 0 2#9 N/A # 3 @ 6 # 4 @ 2 None 10 8 60 6000 4 8 60 8 0 45.5 36 single 0 N/A 0

15 M(H) 6 0 2#9 N/A # 3 @ 6 # 4 @ 2 None 10 8 60 6000 4 8 60 8 24 45.5 24 single 0 N/A 0

16 RL7 M(L) 6 0 2#9 N/A # 3 @ 2 # 4 @ 2 None 10 8 60 6000 4 8 60 8 0 45.5 54 single 0 N/A 0

17 M(H) 6 0 2#9 N/A # 3 @ 2 # 4 @ 2 None 10 8 60 6000 4 8 60 8 24 45.5 38 single 0 N/A 0

18 RL7(a) M(L) 6 0 2#9 N/A # 3 @ 2 # 4 @ 2 None 10 8 60 6000 4 8 60 8 0 45.5 54 single 0 N/A 0

19 (2 ft.) M(H) 6 0 2#9 N/A # 3 @ 2 # 4 @ 2 None 10 8 60 6000 4 8 60 8 24 45.5 38 single 0 N/A 0

20 RL8 M(L) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 2C #3@2"-2ft 10 8 60 6000 4 8 60 8 0 45.5 44 single 0 N/A 0

21 M(H) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 2C #3@2"-2ft 10 8 60 6000 4 8 60 8 24 45.5 34 single 0 N/A 0

22 RL9 M(L) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 0 8 60 6000 4 8 60 8 0 45.5 38 single 0 N/A 0

23 M(H) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 0 8 60 6000 4 8 60 8 24 45.5 26 single 0 N/A 0

24 RL10 M(L) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 20 8 60 6000 4 8 60 8 0 45.5 34 single 0 N/A 0

25 M(H) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 20 8 60 6000 4 8 60 8 24 45.5 24 single 0 N/A 0

26 RL11 M(L) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 10 60 6000 4 8 60 8 0 45.5 36 single 0 N/A 0

27 M(H) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 10 60 6000 4 8 60 8 24 45.5 24 single 0 N/A 0

28 RL12 M(L) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 10 72 6000 4 8 60 8 0 45.5 36 single 0 N/A 0

29 M(H) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 10 72 6000 4 8 60 8 24 45.5 26 single 0 N/A 0

30 RL13 M(L) 6 0 2#9 N/A # 3 @ 4.5 # 4 @ 4.5 None 10 8 60 12000 4 8 60 8 0 45.5 50 single 0 N/A 0

31 M(H) 6 0 2#9 N/A # 3 @ 4.5 # 4 @ 4.5 None 10 8 60 12000 4 8 60 8 36 45.5 34 single 0 N/A 0

32 RL14 M(L) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 8 60 6000 8 8 60 8 0 45.5 40 single 0 N/A 0

33 M(H) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 8 60 6000 8 8 60 8 24 45.5 28 single 0 N/A 0

34 RL15 M(L) 6 0 2#9 N/A # 3 @ 5 # 4 @ 5 None 10 10 72 6000 4 12 60 8 0 45.5 58 single 0 N/A 0

35 M(H) 6 0 2#9 N/A # 3 @ 5 # 4 @ 5 None 10 10 72 6000 4 12 60 8 36 45.5 38 single 0 N/A 0

36 RL16 M(L) 6 0 2#9 N/A # 3 @ 4 # 4 @ 4 None 10 10 72 6000 4 12 60 12 0 45.5 80 single 0 N/A 0

37 M(H) 6 0 2#9 N/A # 3 @ 4 # 4 @ 4 None 10 10 72 6000 4 12 60 12 36 45.5 44 single 0 N/A 0

38 RL17 M(L) 9 0 2#9 N/A # 3 @ 3 # 4 @ 3 None 10 10 72 6000 4 12 60 12 0 45.5 78 single 0 N/A 0

39 M(H) 9 0 2#9 N/A # 3 @ 3 # 4 @ 3 None 10 10 72 6000 4 12 60 12 36 45.5 42 single 0 N/A 0

40 RL18 M(L) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 24 8 0 45.5 28 common 0 N/A 0

41 M(H) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 24 8 24 45.5 24 common 0 N/A 0

42 RL19 M(L) 6 0 2#9 N/A # 3 @ 4.5 # 4 @ 4.5 None 10 8 60 6000 4 8 36 8 0 45.5 36 single 0 N/A 0

43 M(H) 6 0 2#9 N/A # 3 @ 4.5 # 4 @ 4.5 None 10 8 60 6000 4 8 36 8 24 45.5 30 single 0 N/A 0

44 RL20 M(L) 6 0 2#9 N/A # 3 @ 5 # 4 @ 5 None 10 8 60 6000 4 8 48 8 0 45.5 36 single 0 N/A 0

45 M(H) 6 0 2#9 N/A # 3 @ 5 # 4 @ 5 None 10 8 60 6000 4 8 48 8 24 45.5 30 single 0 N/A 0

% 

Friction 
# Beam

Loading 

Case
e' fpc

Longitudinal 

Steel in Ledge

Strands 

Pattern
C-bars L-bars
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Reinf.
b h f' c b t h l s l p V , Aux Span FailureV l, FE

Prestressing
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Table B- 2: FE Results for Mid-span Ledge Capacities in PC Beams 

 

#strands Size F

46 PL1 M0(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 0 45.5 52 single 14 1/2SP 31.6

47 M6 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 6 45.5 46 single 14 1/2SP 31.6

48 M12 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 12 45.5 42 single 14 1/2SP 31.6

49 M18 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 18 45.5 34 single 14 1/2SP 31.6

50 M24(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 24 45.5 32 single 14 1/2SP 31.6

51 PL1(a) M(L) 6 0.47 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 0 45.5 48 single 14 1/2SP 21.7

52 M(H) 6 0.47 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 24 45.5 28 single 14 1/2SP 21.7

53 PL2 M(L) 4 0.69 N/A Pattern 2 # 3 @ 8 # 4 @ 8 None 10 8 60 6000 4 8 60 8 0 45.5 60 single 14 1/2SP 31.6

54 M(H) 4 0.69 N/A Pattern 2 # 3 @ 8 # 4 @ 8 None 10 8 60 6000 4 8 60 8 24 45.5 36 single 14 1/2SP 31.6

55 PL3 M(L) 6 0.69 N/A Pattern 1 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 0 45.5 52 single 14 1/2SP 31.6

56 M(H) 6 0.69 N/A Pattern 1 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 24 45.5 32 single 14 1/2SP 31.6

57 PL4 M(L) 6 0.69 N/A Pattern 2 # 5 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 0 45.5 62 single 14 1/2SP 31.6

58 M(H) 6 0.69 N/A Pattern 2 # 5 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 60 8 24 45.5 36 single 14 1/2SP 31.6

59 PL5 M(L) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 6 None 10 8 60 6000 4 8 60 8 0 45.5 66 single 14 1/2SP 31.6

60 M(H) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 6 None 10 8 60 6000 4 8 60 8 24 45.5 38 single 14 1/2SP 31.6

61 PL6 M(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 2 None 10 8 60 6000 4 8 60 8 0 45.5 52 single 14 1/2SP 31.6

62 M(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 2 None 10 8 60 6000 4 8 60 8 24 45.5 32 single 14 1/2SP 31.6

63 PL7 M(L) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 2 None 10 8 60 6000 4 8 60 8 0 45.5 72 single 14 1/2SP 31.6

64 M(H) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 2 None 10 8 60 6000 4 8 60 8 24 45.5 52 single 14 1/2SP 31.6

65 PL7(a) M(L) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 2 None 10 8 60 6000 4 8 60 8 0 45.5 72 single 14 1/2SP 31.6

66 (2 ft.) M(H) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 2 None 10 8 60 6000 4 8 60 8 24 45.5 52 single 14 1/2SP 31.6

67 PL8 M(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 2C #3@2"-2ft 10 8 60 6000 4 8 60 8 0 45.5 66 single 14 1/2SP 31.6

68 M(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 2C #3@2"-2ft 10 8 60 6000 4 8 60 8 24 45.5 42 single 14 1/2SP 31.6

69 PL9 M(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 0 8 60 6000 4 8 60 8 0 45.5 56 single 14 1/2SP 31.6

70 M(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 0 8 60 6000 4 8 60 8 24 45.5 32 single 14 1/2SP 31.6

71 PL10 M(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 20 8 60 6000 4 8 60 8 0 45.5 50 single 14 1/2SP 31.6

72 M(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 20 8 60 6000 4 8 60 8 24 45.5 30 single 14 1/2SP 31.6

73 PL11 M(L) 6 0.57 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 10 60 6000 4 8 60 8 0 45.5 52 single 14 1/2SP 31.6

74 M(H) 6 0.57 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 10 60 6000 4 8 60 8 24 45.5 28 single 14 1/2SP 31.6

75 PL12 M(L) 6 0.48 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 10 72 6000 4 8 60 8 0 45.5 52 single 14 1/2SP 31.6

76 M(H) 6 0.48 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 10 72 6000 4 8 60 8 24 45.5 36 single 14 1/2SP 31.6

77 PL13 M(L) 6 0.69 N/A Pattern 2 # 3 @ 4.5 # 4 @ 4.5 None 10 8 60 12000 4 8 60 8 0 45.5 68 single 14 1/2SP 31.6

78 M(H) 6 0.69 N/A Pattern 2 # 3 @ 4.5 # 4 @ 4.5 None 10 8 60 12000 4 8 60 8 36 45.5 40 single 14 1/2SP 31.6

79 PL14 M(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 8 8 60 8 0 45.5 58 single 14 1/2SP 31.6

80 M(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 8 8 60 8 24 45.5 36 single 14 1/2SP 31.6

81 PL15 M(L) 6 0.46 N/A Pattern 2 # 3 @ 5 # 4 @ 5 None 10 10 72 6000 4 12 60 8 0 45.5 80 single 14 1/2SP 31.6

82 M(H) 6 0.46 N/A Pattern 2 # 3 @ 5 # 4 @ 5 None 10 10 72 6000 4 12 60 8 36 45.5 46 single 14 1/2SP 31.6

83 PL16 M(L) 6 0.44 N/A Pattern 2 # 3 @ 4 # 4 @ 4 None 10 10 72 6000 4 12 60 12 0 45.5 110 single 14 1/2SP 31.6

84 M(H) 6 0.44 N/A Pattern 2 # 3 @ 4 # 4 @ 4 None 10 10 72 6000 4 12 60 12 36 45.5 56 single 14 1/2SP 31.6

85 PL17 M(L) 9 0.44 N/A Pattern 2 # 3 @ 3 # 4 @ 3 None 10 10 72 6000 4 12 60 12 0 45.5 100 single 14 1/2SP 31.6

86 M(H) 9 0.44 N/A Pattern 2 # 3 @ 3 # 4 @ 3 None 10 10 72 6000 4 12 60 12 36 45.5 54 single 14 1/2SP 31.6

87 PL18 M(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 24 8 0 45.5 38 common 14 1/2SP 31.6

88 M(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None 10 8 60 6000 4 8 24 8 24 45.5 26 common 14 1/2SP 31.6

89 PL19 M(L) 6 0.69 N/A Pattern 2 # 3 @ 4.5 # 4 @ 4.5 None 10 8 60 6000 4 8 36 8 0 45.5 50 common 14 1/2SP 31.6

90 M(H) 6 0.69 N/A Pattern 2 # 3 @ 4.5 # 4 @ 4.5 None 10 8 60 6000 4 8 36 8 24 45.5 36 single 14 1/2SP 31.6

91 PL20 M(L) 6 0.69 N/A Pattern 2 # 3 @ 5 # 4 @ 5 None 10 8 60 6000 4 8 48 8 0 45.5 52 single 14 1/2SP 31.6

92 M(H) 6 0.69 N/A Pattern 2 # 3 @ 5 # 4 @ 5 None 10 8 60 6000 4 8 48 8 24 45.5 38 single 14 1/2SP 31.6

% 
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Table B- 3: FE Results for Quarter-span Ledge Capacities in RC Beams 

 
 
 

Table B- 4: FE Results for Quarter-span Ledge Capacities in PC Beams 

   

#strands Size F

93 RL1 Q0(L) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None Typical 10 8 60 6000 4 8 0 8 0 45.5 40 single 0 N/A 0

94 Q6 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None Typical 10 8 60 6000 4 8 0 8 6 45.5 34 single 0 N/A 0

95 Q12 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None Typical 10 8 60 6000 4 8 0 8 12 45.5 30 single 0 N/A 0

96 Q18 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None Typical 10 8 60 6000 4 8 0 8 18 45.5 28 single 0 N/A 0

97 Q24(H) 6 0 2#9 N/A # 3 @ 6 # 4 @ 6 None Typical 10 8 60 6000 4 8 0 8 24 45.5 26 single 0 N/A 0

f' c# Beam
Loading 

Case
e' fpc

Longitudinal 

Steel in Ledge

Strands 

Pattern
C-bars L-bars

Additional 

Reinf.

Special 

Details

% 

Friction 
b h b t h l s l p V , Aux Span V l, FE Failure

Prestressing

#strands Size F

98 PL1 Q0(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None Typical 10 8 60 6000 4 8 0 8 0 45.5 54 single 14 1/2SP 31.6

99 Q6 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None Typical 10 8 60 6000 4 8 0 8 6 45.5 50 single 14 1/2SP 31.6

100 Q12 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None Typical 10 8 60 6000 4 8 0 8 12 45.5 48 single 14 1/2SP 31.6

101 Q18 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None Typical 10 8 60 6000 4 8 0 8 18 45.5 40 single 14 1/2SP 31.6

102 Q24(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None Typical 10 8 60 6000 4 8 0 8 24 45.5 36 single 14 1/2SP 31.6

# Beam
Loading 

Case
f' ce' fpc

Longitudinal 

Steel in Ledge

Strands 

Pattern
C-bars L-bars

Additional 

Reinf.

Special 

Details

% 

Friction 
b h b t h l s l p V , Aux Span V l, FE Failure

Prestressing
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#strands Size F

103 RL1 E0(L) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 42 single sym 0 N/A 0

104 E6 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 27 6 45.5 40 single sym 0 N/A 0

105 E12 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 27 12 45.5 38 single sym 0 N/A 0

106 E18 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 27 18 45.5 34 single sym 0 N/A 0

107 E24(H) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 28 single sym 0 N/A 0

108 RL2 E(L) 4 0 2#5 N/A # 3 @ 8 # 4 @ 4 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 54 single sym 0 N/A 0

109 E(H) 4 0 2#5 N/A # 3 @ 8 # 4 @ 4 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 40 single sym 0 N/A 0

110 RL3 E(L) 6 0 2#3 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 42 single sym 0 N/A 0

111 E(H) 6 0 2#3 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 28 single sym 0 N/A 0

112 RL4 E(L) 6 0 2#5 N/A # 5 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 52 single sym 0 N/A 0

113 E(H) 6 0 2#5 N/A # 5 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 28 single sym 0 N/A 0

114 RL5 E(L) 6 0 2#5 N/A # 3 @ 2 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 62 single sym 0 N/A 0

115 E(H) 6 0 2#5 N/A # 3 @ 2 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 36 single sym 0 N/A 0

116 RL6 E(L) 6 0 2#5 N/A # 3 @ 6 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 44 single sym 0 N/A 0

117 E(H) 6 0 2#5 N/A # 3 @ 6 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 32 single sym 0 N/A 0

118 RL7 E(L) 6 0 2#5 N/A # 3 @ 2 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 60 single sym 0 N/A 0

119 E(H) 6 0 2#5 N/A # 3 @ 2 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 40 single sym 0 N/A 0

120 RL7(a) E(L) 6 0 2#5 N/A # 3 @ 2 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 60 single sym 0 N/A 0

121 (2 ft) E(H) 6 0 2#5 N/A # 3 @ 2 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 38 single sym 0 N/A 0

122 RL8 E(L) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 2C #3@2"-2ft Typical 10 8 60 6000 4 8 60 8 27 0 45.5 60 single sym 0 N/A 0

123 E(H) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 2C #3@2"-2ft Typical 10 8 60 6000 4 8 60 8 27 24 45.5 42 single sym 0 N/A 0

124 RL9 E(L) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 0 8 60 6000 4 8 60 8 27 0 45.5 48 single sym 0 N/A 0

125 E(H) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 0 8 60 6000 4 8 60 8 27 24 45.5 24 single sym 0 N/A 0

126 RL10 E(L) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 20 8 60 6000 4 8 60 8 27 0 45.5 42 single sym 0 N/A 0

127 E(H) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 20 8 60 6000 4 8 60 8 27 24 45.5 28 single sym 0 N/A 0

128 RL11 E(L) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 10 60 6000 4 8 60 8 27 0 45.5 42 single sym 0 N/A 0

129 E(H) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 10 60 6000 4 8 60 8 27 24 45.5 32 single sym 0 N/A 0

130 RL12 E(L) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 10 72 6000 4 8 60 8 27 0 45.5 42 single sym 0 N/A 0

131 E(H) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 10 72 6000 4 8 60 8 27 24 45.5 34 single sym 0 N/A 0

132 RL13 E(L) 6 0 2#5 N/A # 3 @ 4.5 # 4 @ 2.5 None Typical 10 8 60 12000 4 8 60 8 27 0 45.5 60 single sym 0 N/A 0

133 E(H) 6 0 2#5 N/A # 3 @ 4.5 # 4 @ 2.5 None Typical 10 8 60 12000 4 8 60 8 27 36 45.5 38 single sym 0 N/A 0

134 RL14 E(L) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 8 8 60 8 27 0 45.5 48 single sym 0 N/A 0

135 E(H) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 8 8 60 8 27 24 45.5 32 single sym 0 N/A 0

136 RL15 E(L) 6 0 2#5 N/A # 3 @ 5 # 4 @ 3.5 None Typical 10 10 72 6000 4 12 60 8 27 0 45.5 70 single sym 0 N/A 0

137 E(H) 6 0 2#5 N/A # 3 @ 5 # 4 @ 3.5 None Typical 10 10 72 6000 4 12 60 8 27 36 45.5 44 single sym 0 N/A 0

138 RL16 E(L) 6 0 2#5 N/A # 3 @ 5 # 4 @ 3.5 None Typical 10 10 72 6000 4 12 60 12 27 0 45.5 98 single sym 0 N/A 0

139 E(H) 6 0 2#5 N/A # 3 @ 5 # 4 @ 3.5 None Typical 10 10 72 6000 4 12 60 12 27 36 45.5 50 single sym 0 N/A 0

140 RL17 E(L) 9 0 2#5 N/A # 3 @ 4 # 4 @ 3 None Typical 10 10 72 6000 4 12 60 12 27 0 45.5 80 single sym 0 N/A 0

141 E(H) 9 0 2#5 N/A # 3 @ 4 # 4 @ 3 None Typical 10 10 72 6000 4 12 60 12 27 36 45.5 46 single sym 0 N/A 0

142 RL18 E(L) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 24 8 27 0 45.5 34 common sym 0 N/A 0

143 E(H) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 24 8 27 24 45.5 22 common sym 0 N/A 0

144 RL19 E(L) 6 0 2#5 N/A # 3 @ 4.5 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 36 8 27 0 45.5 42 common sym 0 N/A 0

145 E(H) 6 0 2#5 N/A # 3 @ 4.5 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 36 8 27 24 45.5 28 single sym 0 N/A 0

146 RL20 E(L) 6 0 2#5 N/A # 3 @ 5 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 48 8 27 0 45.5 44 single sym 0 N/A 0

147 E(H) 6 0 2#5 N/A # 3 @ 5 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 48 8 27 24 45.5 30 single sym 0 N/A 0

148 RL21 E(L) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 12 0 45.5 40 single asym 0 N/A 0

149 E(H) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 12 24 45.5 26 single asym 0 N/A 0

150 RL22 E(L) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 4 0 45.5 24 single asym 0 N/A 0

151 E(H) 6 0 2#5 N/A # 3 @ 6 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 60 8 4 24 45.5 22 single asym 0 N/A 0

# Beam
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Table B- 5: FE Results for End Ledge Capacities in RC Beams 
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#strands Size F

152 PL1 E0(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 58 single sym 14 1/2SP 31.6

153 E6 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 6 45.5 56 single sym 14 1/2SP 31.6

154 E12 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 12 45.5 54 single sym 14 1/2SP 31.6

155 E18 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 18 45.5 52 single sym 14 1/2SP 31.6

156 E24(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 48 single sym 14 1/2SP 31.6

157 PL1(a) E(L) 6 0.47 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 54 single sym 14 1/2SP 21.7

158 E(H) 6 0.47 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 40 single sym 14 1/2SP 21.7

159 PL2 E(L) 4 0.69 N/A Pattern 2 # 3 @ 8 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 72 single sym 14 1/2SP 31.6

160 E(H) 4 0.69 N/A Pattern 2 # 3 @ 8 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 66 single sym 14 1/2SP 31.6

161 PL3 E(L) 6 0.69 N/A Pattern 1 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 52 single sym 14 1/2SP 31.6

162 E(H) 6 0.69 N/A Pattern 1 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 44 single sym 14 1/2SP 31.6

163 PL4 E(L) 6 0.69 N/A Pattern 2 # 5 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 70 single sym 14 1/2SP 31.6

164 E(H) 6 0.69 N/A Pattern 2 # 5 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 54 single sym 14 1/2SP 31.6

165 PL5 E(L) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 74 single sym 14 1/2SP 31.6

166 E(H) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 56 single sym 14 1/2SP 31.6

167 PL6 E(L) 6 0.69 N/A Pattern 2 # 4 @ 6 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 60 single sym 14 1/2SP 31.6

168 E(H) 6 0.69 N/A Pattern 2 # 4 @ 6 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 54 single sym 14 1/2SP 31.6

169 PL7 E(L) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 76 single sym 14 1/2SP 31.6

170 E(H) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 66 single sym 14 1/2SP 31.6

171 PL7(a) E(L) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 0 45.5 76 single sym 14 1/2SP 31.6

172 (2 ft.) E(H) 6 0.69 N/A Pattern 2 # 3 @ 2 # 4 @ 2 None Typical 10 8 60 6000 4 8 60 8 27 24 45.5 62 single sym 14 1/2SP 31.6

173 PL8 E(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 2C #3@2"-2ft Typical 10 8 60 6000 4 8 60 8 27 0 45.5 74 single sym 14 1/2SP 31.6

174 E(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 2C #3@2"-2ft Typical 10 8 60 6000 4 8 60 8 27 24 45.5 62 single sym 14 1/2SP 31.6

175 PL9 E(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 0 8 60 6000 4 8 60 8 27 0 45.5 62 single sym 14 1/2SP 31.6

176 E(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 0 8 60 6000 4 8 60 8 27 24 45.5 42 single sym 14 1/2SP 31.6

177 PL10 E(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 20 8 60 6000 4 8 60 8 27 0 45.5 54 single sym 14 1/2SP 31.6

178 E(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 20 8 60 6000 4 8 60 8 27 24 45.5 48 single sym 14 1/2SP 31.6

179 PL11 E(L) 6 0.57 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None Typical 10 10 60 6000 4 8 60 8 27 0 45.5 58 single sym 14 1/2SP 31.6

180 E(H) 6 0.57 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None Typical 10 10 60 6000 4 8 60 8 27 24 45.5 52 single sym 14 1/2SP 31.6

181 PL12 E(L) 6 0.48 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None Typical 10 10 72 6000 4 8 60 8 27 0 45.5 58 single sym 14 1/2SP 31.6

182 E(H) 6 0.48 N/A Pattern 2 # 3 @ 6 # 4 @ 6 None Typical 10 10 72 6000 4 8 60 8 27 24 45.5 54 single sym 14 1/2SP 31.6

183 PL13 E(L) 6 0.69 N/A Pattern 2 # 3 @ 4.5 # 4 @ 4.5 None Typical 10 8 60 12000 4 8 60 8 27 0 45.5 76 single sym 14 1/2SP 31.6

184 E(H) 6 0.69 N/A Pattern 2 # 3 @ 4.5 # 4 @ 4.5 None Typical 10 8 60 12000 4 8 60 8 27 36 45.5 58 single sym 14 1/2SP 31.6

185 PL14 E(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 8 8 60 8 27 0 45.5 64 single sym 14 1/2SP 31.6

186 E(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 8 8 60 8 27 24 45.5 54 single sym 14 1/2SP 31.6

187 PL15 E(L) 6 0.46 N/A Pattern 2 # 3 @ 5 # 4 @ 4.5 None Typical 10 10 72 6000 4 12 60 8 27 0 45.5 90 single sym 14 1/2SP 31.6

188 E(H) 6 0.46 N/A Pattern 2 # 3 @ 5 # 4 @ 4.5 None Typical 10 10 72 6000 4 12 60 8 27 36 45.5 64 single sym 14 1/2SP 31.6

189 PL16 E(L) 6 0.44 N/A Pattern 2 # 3 @ 5 # 4 @ 4.5 None Typical 10 10 72 6000 4 12 60 12 27 0 45.5 126 single sym 14 1/2SP 31.6

190 E(H) 6 0.44 N/A Pattern 2 # 3 @ 5 # 4 @ 4.5 None Typical 10 10 72 6000 4 12 60 12 27 36 45.5 84 single sym 14 1/2SP 31.6

191 PL17 E(L) 9 0.44 N/A Pattern 2 # 3 @ 4 # 4 @ 3.5 None Typical 10 10 72 6000 4 12 60 12 27 0 45.5 100 single sym 14 1/2SP 31.6

192 E(H) 9 0.44 N/A Pattern 2 # 3 @ 4 # 4 @ 3.5 None Typical 10 10 72 6000 4 12 60 12 27 36 45.5 64 single sym 14 1/2SP 31.6

193 PL18 E(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 24 8 27 0 45.5 42 common sym 14 1/2SP 31.6

194 E(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 24 8 27 24 45.5 32 common sym 14 1/2SP 31.6

195 PL19 E(L) 6 0.69 N/A Pattern 2 # 3 @ 4.5 # 4 @ 4.5 None Typical 10 8 60 6000 4 8 36 8 27 0 45.5 52 common sym 14 1/2SP 31.6

196 E(H) 6 0.69 N/A Pattern 2 # 3 @ 4.5 # 4 @ 4.5 None Typical 10 8 60 6000 4 8 36 8 27 24 45.5 38 common sym 14 1/2SP 31.6

197 PL20 E(L) 6 0.69 N/A Pattern 2 # 3 @ 5 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 48 8 27 0 45.5 56 single sym 14 1/2SP 31.6

198 E(H) 6 0.69 N/A Pattern 2 # 3 @ 5 # 4 @ 3.5 None Typical 10 8 60 6000 4 8 48 8 27 24 45.5 40 single sym 14 1/2SP 31.6

199 PL21 E(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 12 0 45.5 48 single asym 14 1/2SP 31.6

200 E(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 12 24 45.5 38 single asym 14 1/2SP 31.6

201 PL22 E(L) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 4 0 45.5 32 single asym 14 1/2SP 31.6

202 E(H) 6 0.69 N/A Pattern 2 # 3 @ 6 # 4 @ 5.5 None Typical 10 8 60 6000 4 8 60 8 4 24 45.5 26 single asym 14 1/2SP 31.6
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Table B- 6: FE Results for End Ledge Capacities in PC Beams 
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Appendix C: Detailed Drawings for Test Beams 

C.1. Drawings for Short Span Beams
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Figure C- 1: Beam RS1/RS1-D 
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Figure C- 2: Beam RS2 



 

269 
 

 
Figure C- 3: Beam RS3/RS3-D 
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Figure C- 4: Beam RS4 
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Figure C- 5: Beam RS5/RS5-D 
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Figure C- 6: Beam RS6 
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Figure C- 7: Beam RS7/RS7-D 
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Figure C- 8: Beam RS8 
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Figure C- 9: Beam RS9/RS9-D 
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Figure C- 10: Beam RS10 
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Figure C- 11: Beam RS11/RS11-D 
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Figure C- 12: Beam EX-RS1 
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Figure C- 13: Beam EX-RS2 
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Figure C- 14: Beam EX-RS3 
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Figure C- 15: Details of Special WWF for Beam EX-RS3 
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Figure C- 16: Beam EX-RS4 
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C.2. Drawings for Long Span Beams
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Figure C- 17: Beam LB1/LB2/LB3 
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Figure C- 18: Beam LB4 
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Figure C- 19: Beam LB5 
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Figure C- 20: Beam LB6 
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Figure C- 21: Beam LB7 
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Figure C- 22: Beam LB8 
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Figure C- 23: Beam LB9
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Appendix D: Design Examples 

 

D.1. Example 1 

For the precast, prestressed concrete spandrel beam and loading outlined below, 

 

Prestressing: 

(6) ½ in. diameter, 270 ksi low relaxation strands 

𝐴𝑝𝑠=0.918 in2 

Pertinent results: 

𝑀𝑛 = 1328 kip.ft.   (at first stem, near support)  

     = 1915 kip.ft.    (at third stem, near mid-span) 

𝑉𝑐   = 204 kip          (at first stem, near support) 

     = 83 kip            (at third stem, near mid-span) 

𝐴𝑠𝑜/𝑠= 0.058 in2/ft.    (continuous)         

Additional information: 

ℎ = 81 in.  

𝑑 = 78 in. 

𝑉𝑙𝑢  = 24.8 kip/stem 

ℎ𝑙     = 11.5 in.  

𝑙𝑝    = 8 in. 

𝑏𝑡    = 3.75 in. 

𝑠     = 60 in. 

𝑓′𝑐 = 6000 psi 

𝑑𝑠   = 6.75 in. 

𝑑𝑙   = 10 in. 

𝜆=1.0 

 

Problem:  

Investigate the shear strength of the ledge and determine the required ledge reinforcement. 
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Figure D- 1: Details of Prestressed Concrete Beam of Example 1 

 

Check the shear strength of the ledge 

1- Calculate the ratios 𝑉/𝑉𝑛 and 𝑀/𝑀𝑛 at the stem location of maximum shear (first stem) 

and at the stem location of maximum moment (third stem)  
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At stem location of maximum shear (first stem)  

𝑉𝑢   = 86 kip,  𝑀𝑢   = 174 kip.ft 

to calculate 𝑉𝑠:  

𝑉𝑠  = 2(𝐴𝑠𝑜/𝑠). 𝑓𝑦. 𝑑/12 =2x0.058x60x78/12 = 45 

kip 

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠=204+45 =249 kip 

 

𝑉𝑢/𝑉𝑛=86/249=0.35 (larger) 

𝑀𝑢/𝑀𝑛=174/1328 =0.13 

 

At stem location of maximum moment (third 

stem) 

𝑉𝑢   = 27 kip,  𝑀𝑢   = 616 kip.ft 

to calculate 𝑉𝑠: 

𝑉𝑠  = 2(𝐴𝑠𝑜/𝑠). 𝑓𝑦. 𝑑/12 =2x0.058x60x78/12 = 45 

kip 

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠=83+45 =128 kip 

 

𝑉𝑢/𝑉𝑛=27/128=0.21  

𝑀𝑢/𝑀𝑛=616/1915 =0.32 (larger) 

 

 

2- Determine the coefficient of shear strength of the ledge, 𝛽 

At stem location of maximum shear (first stem) 

𝑅 = 𝑉𝑢/𝑉𝑛=0.35  

for 0.2 ≤ 𝑅 ≤ 0.6   ,  𝛽 = 1 + 2.5(0.6 − 𝑅) = 1 + 2.5(0.6 − 0.35) = 1.625 

At stem location of maximum moment (third stem) 
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𝑅 = 𝑀𝑢/𝑀𝑛=0.32  

for 0.2 ≤ 𝑅 ≤ 0.6   ,  𝛽 = 1 + 2.5(0.6 − 𝑅) = 1 + 2.5(0.6 − 0.32) = 1.7 

 
3- Determine the design shear strength of the ledge 

At stem location of maximum shear (first stem) 

From Design Aid 15.3.4, strand develops 170 ksi at 28.3 in. (<30 in.) 

𝑓𝑝𝑐 =
𝑃𝑝𝑑

𝐴
=

0.918 × 170

740
= 0.211 𝑘𝑠𝑖 

𝛾 = √1 + 10
𝑓𝑝𝑐

𝑓′𝑐
= √1 + 10

0.211

6
= 1.16 

𝑑𝑒 = 30 𝑖𝑛. >0.5𝑏𝑡 + ℎ𝑙 + 𝑙𝑝= 21.37 in. 

Use the lesser of equations (1) and (2) 

𝜙𝑉𝑙𝑛 = 𝜙𝜆𝛾𝛽√𝑓′𝑐 ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 2𝑙𝑝)  (1)            

        = 0.75 × 1.0 × 1.16 × 1.625√6000 × 11.5(3.75 + 2 × 11.5 + 2 × 8)/1000 

         = 𝟓𝟑. 𝟖 kip (lesser) 

   𝜙𝑉𝑙𝑛 = 𝜙0.5𝜆𝛾𝛽√𝑓′𝑐  ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 𝑠 + 2𝑙𝑝) (2) 

 = 0.75 × 0.5 × 1.0 × 1.16 × 1.625√6000 × 11.5(3.75 + 2 × 11.5 + 60 + 2 × 8)/1000 

        = 𝟔𝟒. 𝟕 kip  

At stem location of maximum moment (third stem) 

𝑑𝑒 = 150 𝑖𝑛. > 21.37 in. 

Use the lesser of equations (1) and (2) 

𝜙𝑉𝑙𝑛 = 𝜙𝜆𝛾𝛽√𝑓′𝑐 ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 2𝑙𝑝)     (1)             

        = 0.75 × 1.0 × 1.16 × 1.7√6000 × 11.5(3.75 + 2 × 11.5 + 2 × 8)/1000 

         = 𝟓𝟔. 𝟑 kip (lesser)     
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𝜙𝑉𝑙𝑛 = 𝜙0.5𝜆𝛾𝛽√𝑓′𝑐 ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 𝑠 + 2𝑙𝑝) (2) 

        = 0.75 × 0.5 × 1.0 × 1.16 × 1.7√6000 × 11.5(3.75 + 2 × 11.5 + 60 + 2 × 8)/1000 

        = 𝟔𝟕. 𝟕 kip   

∴ 𝝓𝑽𝒍𝒏 = 𝟓𝟑. 𝟖 kip >24.8 kip/stem  (OK) 

Determine the transverse reinforcement  

𝑈𝑠𝑖𝑛𝑔 𝑁𝑙𝑢 = 15% 𝑜𝑓 𝑉𝑙𝑢 = 3.72 𝑘𝑖𝑝 

Assuming the maximum load eccentricity from the inner web face of 0.75𝑙𝑝 

𝑎 = 0.75𝑙𝑝 + (𝑐𝑜𝑣𝑒𝑟)   

    = 0.75 × 8 + 1.25 = 7.25 𝑖𝑛.    

𝑑 = 10.25 𝑖𝑛 

6ℎ𝑙 = 69 𝑖𝑛. >
𝑠

2
= 30 𝑖𝑛. 

Distribute reinforcement over  
𝑠

2
 on each side of the load 

𝐴𝑠 =
1

𝜙𝑓𝑦
[𝑉𝑙𝑢 (

𝑎

𝑑
) + 𝑁𝑙𝑢 (

ℎ𝑙

𝑑
)] =

1

0.75 × 60
[24.8 (

7.25

10.25
) + 3.72 (

11.5

10.25
)] = 0.483 𝑖𝑛2 

 

𝐴𝑠

𝑠
=

0.483

5
= 0.097 𝑖𝑛.2/𝑓𝑡 

Maximum bar spacing = 11.5 in. 

Use #3 @ 10 in., 𝐴𝑠 = 0.13 in.2/ft. at all locations  

 

Check longitudinal bending of the ledge 

𝐴𝑙 = 200 . 𝑙𝑝 .
𝑑𝑙

𝑓𝑦 
= 200 × 8 ×

10

60000
= 0.292 𝑖𝑛.2 

Use (1) #5 bar in the top and the bottom of the ledge, providing 0.31 in2.  
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Determine hanger reinforcement  

𝛾𝑡 = 0 (𝑜𝑝𝑒𝑛 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡) 

 

𝑚 =

[(𝑑𝑠 + 𝑎) − (3 − 2
ℎ𝑙
ℎ

) (
ℎ𝑙
ℎ

)
2

(
𝑏𝑙
2

) − 𝑒𝛾𝑡
(𝑥2𝑦)𝑙

∑ 𝑥2𝑦
]

𝑑𝑠

=

[(6.75 + 7.25) − (3 − 2
2 × 11.5

81
) (

11.5
81

)
2

(
16
2

) − 0]

6.75
= 2.00 

 

𝐴𝑠ℎ =  
𝑉𝑙𝑢

𝜙 𝑓𝑦

(𝑚) =
24.8

0.75 × 60
(2.00) = 1.102  𝑖𝑛2   

 

𝐴𝑠ℎ

𝑠
=

1.102

5
= 0.22 𝑖𝑛.2/𝑓𝑡 

 

Use #4 @ 10 in., 𝐴𝑠ℎ  = 0.24 in.2/ft.  
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D.2. Example 2 

For the precast, prestressed concrete spandrel beam and loading outlined below, 

 

Prestressing: 

 

(14) ½ in. Sb diameter, 270 ksi low relaxation strands 

𝐴𝑝𝑠=2.338 in2 

Pertinent results: 

𝑀𝑛 = 1405 kip.ft.   (at first stem, near support) 

             = 2138 kip.ft.   (at fifth stem, mid-span) 

𝑉𝑐   = 215 kip       (at first stem, near support) 

     = 66 kip         (at fifth stem, mid-span) 

𝐴𝑠𝑜/𝑠= 0.06 in2/ft.    (continuous)         

Additional information: 

ℎ =60 in. 𝑑 =48 in. 

𝑉𝑙𝑢  = 24.8 kip/stem 

ℎ𝑙     = 8 in.  

𝑙𝑝    = 8 in. 

𝑏𝑡    = 4 in. 

𝑠     = 60 in. 

𝑓′𝑐 = 10000 psi 

𝑑𝑠   = 6.75 in. 

𝑑𝑙   = 6 in. 

𝜆=1.0 

 

Problem:  

 

Investigate the shear strength of the ledge and determine the required ledge reinforcement. 
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Figure D- 2: Details of Prestressed Concrete Beam of Example 2 

 
Check the shear strength of the ledge 

1- Calculate the ratios 𝑉/𝑉𝑛 and 𝑀/𝑀𝑛 at the stem location of maximum shear (first stem) 

and at the stem location of maximum moment (fifth stem)  
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At stem location of maximum shear (first 

stem)  

𝑉𝑢   = 123 kip,  𝑀𝑢   = 340 kip.ft 

to calculate 𝑉𝑠:  

𝑉𝑠  = 2(𝐴𝑠𝑜/𝑠). 𝑓𝑦. 𝑑/12 =0.06x2x60x48/12  

= 28.8 kip 

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠=215+28.8 =243.8 kip 

 

𝑉𝑢/𝑉𝑛=123/243.8=0.50 (larger) 

𝑀𝑢/𝑀𝑛=340/1405 =0.24 

 

 
At stem location of maximum moment (fifth 

stem) 

𝑉𝑢   = 12 kip,  𝑀𝑢   = 1446 kip.ft 

to calculate 𝑉𝑠: 

𝑉𝑠=2(𝐴𝑠𝑜/𝑠). 𝑓𝑦. 𝑑/12 =2x0.060.12x60x48/12  

= 28.8 kip 

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠=66+28.8 =94.8 kip 

 

𝑉𝑢/𝑉𝑛=12/94.8=0.13  

𝑀𝑢/𝑀𝑛=1446/2138 =0.68 (larger) 

 

 
2- Determine the coefficient of shear strength of the ledge, 𝛽 

At stem location of maximum shear (first stem) 

𝑅 = 𝑉𝑢/𝑉𝑛=0.50  
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for 0.2 ≤ 𝑅 ≤ 0.6   ,  𝛽 = 1 + 2.5(0.6 − 𝑅) = 1 + 2.5(0.6 − 0.5) = 1.25 

 

At stem location of maximum moment (fifth stem) 

𝑅 = 𝑀𝑢/𝑀𝑛=0.68  

for 𝑅 > 0.6   ,  𝛽 = 1.0 

 

3- Determine the design shear strength of the ledge 

At stem location of maximum shear (first stem) 

From Design Aid 15.3.4, strand develops 170 ksi at 29.6 in. (<27+12=39 in.) 

𝑓𝑝𝑐 =
𝑃𝑝𝑑

𝐴
=

2.338 × 170

544
= 0.73 𝑘𝑠𝑖 

𝛾 = √1 + 10
𝑓𝑝𝑐

𝑓′𝑐
= √1 + 10

0.73

10
= 1.31 

𝑑𝑒 = 27 𝑖𝑛. >0.5𝑏𝑡 + ℎ𝑙 + 𝑙𝑝= 18 in. 

Use the lesser of equations (1) and (2)  

𝜙𝑉𝑙𝑛 = 𝜙𝜆𝛾𝛽√𝑓′𝑐 ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 2𝑙𝑝)             (1) 

        = 0.75 × 1.0 × 1.31 × 1.25√10000 × 8(4 + 2 × 8 + 2 × 8)/1000 

         = 𝟑𝟓. 𝟒 kip (lesser)      

 

𝜙𝑉𝑙𝑛 = 𝜙0.5𝜆𝛾𝛽√𝑓′
𝑐  ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 𝑠 + 2𝑙𝑝)   (2) 

        = 0.75 × 0.5 × 1.0 × 1.31 × 1.25√10000 × 8(4 + 2 × 8 + 60 + 2 × 8)/1000 

        = 𝟒𝟕. 𝟐 kip  

 

At stem location of maximum moment (fifth stem) 

𝑑𝑒 = 267 𝑖𝑛. > 0.5𝑏𝑡 + ℎ𝑙 + 𝑙𝑝 =  18 in. 

Use the lesser of equations (1) and (2)  
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𝜙𝑉𝑙𝑛 = 𝜙𝜆𝛾𝛽√𝑓′𝑐 ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 2𝑙𝑝)             (1) 

        = 0.75 × 1.0 × 1.31 × 1.0√10000 × 8(4 + 2 × 8 + 2 × 8)/1000 

         = 𝟐𝟖. 𝟑 kip (lesser)      

 

𝜙𝑉𝑙𝑛 = 𝜙0.5𝜆𝛾𝛽√𝑓′
𝑐  ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 𝑠 + 2𝑙𝑝)   (2) 

        = 0.75 × 0.5 × 1.0 × 1.31 × 1.0√10000 × 8(4 + 2 × 8 + 60 + 2 × 8)/1000 

        = 𝟑𝟕. 𝟕 kip  

 

∴ 𝝓𝑽𝒍𝒏 = 𝟐𝟖. 𝟑 kip >24.7 kip/stem    (OK) 

 

Determine the transverse reinforcement  

𝑈𝑠𝑖𝑛𝑔 𝑁𝑙𝑢 = 15% 𝑜𝑓 𝑉𝑙𝑢 = 3.72 𝑘𝑖𝑝 

Assuming the maximum load eccentricity from the inner web face of 0.75𝑙𝑝 

𝑎 = 0.75𝑙𝑝 + (𝑐𝑜𝑣𝑒𝑟)   

    = 0.75 × 8 + 1.25 = 7.25 𝑖𝑛.    

𝑑 = 6.75 𝑖𝑛 

6ℎ𝑙 = 48 𝑖𝑛. >
𝑠

2
= 30 𝑖𝑛. 

 

Distribute reinforcement over  
𝑠

2
 on each side of the load 

𝐴𝑠 =
1

𝜙𝑓𝑦
[𝑉𝑙𝑢 (

𝑎

𝑑
) + 𝑁𝑙𝑢 (

ℎ𝑙

𝑑
)] =

1

0.75 × 60
[24.8 (

7.25

6.75
) + 3.72 (

8

6.75
)] = 0.69 𝑖𝑛2 

 

𝐴𝑠

𝑠
=

0.69

5
= 0.138 𝑖𝑛.2/𝑓𝑡 

Maximum bar spacing = 8 in. 

Use #3 @ 8 in., 𝐴𝑠 = 0.165 in.2/ft. at all locations  
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Check longitudinal bending of the ledge 

𝐴𝑙 = 200 . 𝑙𝑝 .
𝑑𝑙

𝑓𝑦 
= 200 × 8 ×

6

60000
= 0.16 𝑖𝑛.2 

Use (1) 1/2” Sb strand at top of the ledge providing 0.167 in2 and use (1) #5 bar at the bottom 

of the ledge, providing 0.31 in2.  

 

Determine hanger reinforcement  

𝛾𝑡 = 0 (𝑜𝑝𝑒𝑛 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡) 

 

𝑚 =

[(𝑑𝑠 + 𝑎) − (3 − 2
ℎ𝑙
ℎ

) (
ℎ𝑙
ℎ

)
2

(
𝑏𝑙
2

) − 𝑒𝛾𝑡
(𝑥2𝑦)𝑙

∑ 𝑥2𝑦
]

𝑑𝑠

=

[(6.75 + 7.25) − (3 − 2
2 × 8

60
) (

8
60

)
2

(
16
2

) − 0]

6.75
= 2.02 

 

𝐴𝑠ℎ =  
𝑉𝑙𝑢

𝜙 𝑓𝑦

(𝑚) =
24.8

0.75 × 60
(2.02) = 1.11  𝑖𝑛2   

 

𝐴𝑠ℎ

𝑠
=

1.11

5
= 0.22 𝑖𝑛.2/𝑓𝑡 

 

 

Use #4 @ 8 in., 𝐴𝑠ℎ  = 0.30 in.2/ft.  
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D.3. Example 3 

For the precast, prestressed concrete spandrel beam and loading outlined below, 

Prestressing: 

(15) ½ in. Sb diameter, 270 ksi low relaxation strands 

𝐴𝑝𝑠=2.505 in2 

Pertinent results: 

        𝑀𝑛 = 1930 kip.ft. (at first stem, near support) 

  = 2775 kip.ft.  (at fifth stem, near mid-span) 

 

         𝑉𝑐   = 263 kip       (at first stem, near support) 

  = 88 kip         (at fifth stem, mid-span) 

        𝐴𝑠𝑜/𝑠= 0.08 in2/ft.    (continuous)   

     + 0.13 in2/ft. (at end region to second stem)   

Additional information: 

ℎ =72 in. 𝑑 =57.6 in. 

𝑉𝑙𝑢  = 48.1 kip/stem 

ℎ𝑙     = 18 in.  

𝑙𝑝    = 8 in. 

𝑏𝑡    = 4 in. 

𝑠1     = 24 in.,   𝑠2 = 72 in. 

𝑓′𝑐 = 8000 psi 

𝑑𝑠   = 8.75 in. 

𝑑𝑙   = 16 in. 

𝜆=1.0 

 

Problem:  

Investigate the shear strength of the ledge and determine the required ledge reinforcement. 
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Figure D- 3: Details of Prestressed Concrete Beam of Example 3 

 

Check the shear strength of the ledge 

1- Calculate the ratios 𝑉/𝑉𝑛 and 𝑀/𝑀𝑛 at the stem location of maximum shear (first 

stem) and at the stem location of maximum moment (fifth stem)  
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At stem location of maximum shear (first 

stem)  

𝑉𝑢   = 256 kip,  𝑀𝑢   = 449 kip.ft 

to calculate 𝑉𝑠:  

2(𝐴𝑠𝑜/𝑠) = 2x(0.08+0.13)=0.42 in2/ft.        

𝑉𝑠  = 2(𝐴𝑠𝑜/𝑠). 𝑓𝑦. 𝑑/12 =0.42x60x57.6/12 = 

121 kip 

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠=263+121 =384 kip 

 

𝑉𝑢/𝑉𝑛=256/384=0.67 (larger) 

𝑀𝑢/𝑀𝑛=449/1930 =0.23 

 

 

At stem location of maximum moment (fifth 

stem) 

𝑉𝑢   = 49 kip,  𝑀𝑢   = 2182 kip.ft 

to calculate 𝑉𝑠: 

2(𝐴𝑠𝑜/𝑠) = 2x0.08=0.16 in2/ft.        

𝑉𝑠  = 2(𝐴𝑠𝑜/𝑠). 𝑓𝑦. 𝑑/12 =0.16x60x57.6/12 = 

46.1 kip 

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠=88+46.1 =134.1 kip 

 

𝑉𝑢/𝑉𝑛=49/134.1=0.36  

𝑀𝑢/𝑀𝑛=2182/2775=0.79 (larger) 
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2- Determine the coefficient of shear strength of the ledge, 𝛽 

At stem location of maximum shear (first stem) 

𝑅 = 𝑉𝑢/𝑉𝑛=0.67 

for 𝑅 > 0.6   ,  𝛽 = 1.0 

At stem location of maximum moment (fifth stem) 

𝑅 = 𝑀𝑢/𝑀𝑛=0.79 

for 𝑅 > 0.6   ,  𝛽 = 1.0 

 

3- Determine the design shear strength of the ledge 

At stem location of maximum shear (first stem) 

𝑑𝑒 = 15 𝑖𝑛. < 0.5𝑏𝑡 + ℎ𝑙 + 𝑙𝑝 =  28 in. 

Use the lesser of equations (3) and (4)  

 

From Design Aid 15.3.4, strand develops 170 ksi at 29.6 in. (>15+12=27 in.) 

𝑓𝑝𝑐 =
𝑃𝑝𝑑

𝐴
=

27

29.6
×

2.505 × 170

864
= 0.45 𝑘𝑠𝑖 

𝛾 = √1 + 10
𝑓𝑝𝑐

𝑓′𝑐
= √1 + 10

0.45

8
= 1.25 

  

𝜙𝑉𝑙𝑛 = 𝜙𝜆𝛾𝛽√𝑓′
𝑐  ℎ𝑙(0.5𝑏𝑡 + ℎ𝑙 + 𝑑𝑒 + 𝑙𝑝)   (3) 

        = 0.75 × 1.0 × 1.25 × 1.0√8000 × 18(0.5 × 4 + 18 + 15 + 8)/1000 

        = 𝟔𝟒. 𝟗 kip 

  

using the minimum load spacing along the ledge (24 in.) 

𝜙𝑉𝑙𝑛 = 𝜙0.5𝜆𝛾𝛽√𝑓′𝑐  ℎ𝑙(0.5𝑏𝑡 + ℎ𝑙 + 𝑑𝑒 + 𝑠 + 𝑙𝑝)  (4)  
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         = 0.75 × 0.5 × 1.0 × 1.25 × 1.0√8000 × 18(0.5 × 4 + 18 + 15 + 24 + 8)/1000 

        = 𝟓𝟎. 𝟔 kip (lesser) 

At stem location of maximum moment (fifth stem) 

𝑑𝑒 = 207 𝑖𝑛. > 0.5𝑏𝑡 + ℎ𝑙 + 𝑙𝑝 =  28 in. 

Use the lesser of equations (1) and (2)  

 

From Design Aid 15.3.4, strand develops 170 ksi at 29.6 in. (<207+12=219 in.) 

𝑓𝑝𝑐 =
𝑃𝑝𝑑

𝐴
=

2.505 × 170

864
= 0.49 𝑘𝑠𝑖 

𝛾 = √1 + 10
𝑓𝑝𝑐

𝑓′𝑐
= √1 + 10

0.49

8
= 1.27 

𝜙𝑉𝑙𝑛 = 𝜙𝜆𝛾𝛽√𝑓′𝑐 ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 2𝑙𝑝)             (1) 

        = 0.75 × 1.0 × 1.27 × 1.0√8000 × 18(4 + 2 × 18 + 2 × 8)/1000 

         = 𝟖𝟓. 𝟗 kip  

    

  

𝜙𝑉𝑙𝑛 = 𝜙0.5𝜆𝛾𝛽√𝑓′𝑐 ℎ𝑙(𝑏𝑡 + 2ℎ𝑙 + 𝑠 + 2𝑙𝑝)   (2) 

        = 0.75 × 0.5 × 1.0 × 1.27 × 1.0√8000 × 18(4 + 2 × 18 + 24 + 2 × 8)/1000 

        = 𝟔𝟏. 𝟒 kip (lesser) 

 

∴ 𝝓𝑽𝒍𝒏 = 𝟓𝟎. 𝟔 kip >48.1 kip/stem    (OK) 

 

Determine the transverse reinforcement  

𝑈𝑠𝑖𝑛𝑔 𝑁𝑙𝑢 = 15% 𝑜𝑓 𝑉𝑙𝑢 = 7.2 𝑘𝑖𝑝 

Assuming the maximum load eccentricity from the inner web face of 0.75𝑙𝑝 

𝑎 = 0.75𝑙𝑝 + (𝑐𝑜𝑣𝑒𝑟)   
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    = 0.75 × 8 + 1.25 = 7.25 𝑖𝑛.    

𝑑 = 16.75 𝑖𝑛 

 

 𝑠𝑎𝑣𝑔 =
𝑠1+𝑠2

2
 =48 in. 

6ℎ𝑙 = 108 𝑖𝑛. >
𝑠𝑎𝑣𝑔

2
= 24 𝑖𝑛. 

 

Distribute reinforcement over  
𝑠

2
 on each side of the load 

 

𝐴𝑠 =
1

𝜙𝑓𝑦
[𝑉𝑙𝑢 (

𝑎

𝑑
) + 𝑁𝑙𝑢 (

ℎ𝑙

𝑑
)] =

1

0.75 × 60
[48.1 (

7.25

16.75
) + 7.2 (

18

16.75
)] = 0.63 𝑖𝑛2 

 

𝐴𝑠

𝑠
=

0.63

4
= 0.158 𝑖𝑛.2/𝑓𝑡 

Maximum bar spacing = 18 in. 

Use #3 @ 8 in., 𝐴𝑠 = 0.165 in.2/ft. OR #4@10 in. 𝐴𝑠 = 0.24 in.2/ft.  at all locations  

 

Check longitudinal bending of the ledge 

𝐴𝑙 = 200 . 𝑙𝑝 .
𝑑𝑙

𝑓𝑦 
= 200 × 8 ×

16

60000
= 0.426 𝑖𝑛.2 

Use (1)  #6 bar at top and at bottom of the ledge providing 0.44 in2  

 

Determine hanger reinforcement  

𝛾𝑡 = 0 (𝑜𝑝𝑒𝑛 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡) 
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𝑚 =

[(𝑑𝑠 + 𝑎) − (3 − 2
ℎ𝑙
ℎ

) (
ℎ𝑙
ℎ

)
2

(
𝑏𝑙
2

) − 𝑒𝛾𝑡
(𝑥2𝑦)𝑙

∑ 𝑥2𝑦
]

𝑑𝑠

=

[(8.75 + 7.25) − (3 − 2
2 × 18

60 ) (
18
60)

2

(
18
2 ) − 0]

8.75
= 1.67 

 

𝐴𝑠ℎ =  
𝑉𝑙𝑢

𝜙 𝑓𝑦

(𝑚) =
48.1

0.75 × 60
(1.67) = 1.78  𝑖𝑛2   

 

𝐴𝑠ℎ

𝑠
=

1.78

4
= 0.45 𝑖𝑛.2/𝑓𝑡 

 

Use #4 @ 5 in., 𝐴𝑠ℎ = 0.6 in.2/ft. at all locations 
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