
Abstract 

NAFADI, MOHAMED KHALED. Analytical Modeling and Behavior of Ledges of L-shaped 
Beams. (Under the direction of Dr. Sami Rizkalla.) 

The current procedure used by the Precast/Prestressed Concrete Institute for the design of 

ledges of L-shaped beams has been questioned by many engineers and researchers. 

Investigations by Klein (1986), Lucier et al. (2011) and others have indicated that the current 

ledge design equations may significantly overestimate the capacity of ledge. 

The research presented in this thesis summarizes the findings of an extensive three-

dimensional non-linear finite element analysis to determine the relevant parameters believed 

to influence the ultimate strength of the ledge. Outputs of the analytical modeling are used to 

develop a comprehensive experimental program to study the most influential parameters 

believed to affect the behavior. Future experimental data along with the results from this 

analytical modeling will be used to propose design guidelines considering the effects of the 

relevant parameters. 

This thesis covers a parametric study that was performed to investigate the effect of different 

parameters on the punching shear capacity of the ledge. The investigation considered 

several parameters that are not considered by the current PCI procedure including global 

stresses, load eccentricity, and prestressing effect. Finite element predictions for the ledge 

capacities were compared the capacities predicted by the current PCI design equations. 

The proposed experimental program consists of full-scale precast reinforced and 

prestressed L-shaped beams. Results of the experimental program will be complemented by 

additional finite element modeling, and the combined output will be used to develop design 

recommendations for ledges of L-shaped beams. 
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1. Introduction 

1.1. Problem Definition 

Precast concrete spandrel beams are typically used for parking structures and are 

considered one of the most complex products in the precast industry. The typical use of an 

L-shaped spandrel is on a simple span that supports precast deck elements, such as 

double-tee beams, for parking garages, as shown in Figure 1-1. The ledge on an L-shaped 

spandrel typically runs the full length of the spandrel along the bottom of one face of the web 

to transfer the eccentrically located loads to the beam. In such a case, the ledge is 

subjected to heavy eccentric concentrated loads, generated by the stems of the double-tee 

deck, which cause vertical deflections along with lateral displacements and rotation of the 

spandrel beam, as shown in Figure 1-2. 

The current PCI design equations evaluate the flexural and the punching shear capacity of 

the ledge in addition to the ledge-to-web attachment capacity. These equations are derived 

using empirical values for the ultimate shear strength applied over an assumed a failure 

surface that is based on the geometry of the ledge. To date, there are no reported failures of 

the continuous ledge due to punching shear or ledge flexure failure; however, many 

concerns regarding the current procedure have been raised by researchers since 1985. One 

of the major issues is the punching shear capacity of the ledge. Findings from several 

laboratory tests and finite element models have demonstrated that the ledge punching shear 

capacities predicted by the current PCI design procedure have exceeded the measured 

failure loads. Thus, the safety level provided by the current procedure has been called into 

question, and there is an urgent need to develop a procedure for the design of ledges of L-

shaped beams that can more accurately predict the capacity. 
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Figure 1-1: Typical Spandrel used in a Parking Garage 

 

 

Figure 1-2: Loads Applied on an L-shaped Beam (Hassan et al., 2007) 

L-shaped 

spandrel beam 

Double-tee 
beam 
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1.2. Objectives 

The primary objective of this research is to examine the capacity of ledges of L-shaped 

beams. Particularly, the research aims to investigate the effects of various parameters that 

are not considered by the current PCI procedure through extensive finite element modeling 

for a wide range of conditions and geometries. The output of the analysis and the available 

literature are used to develop and propose an experimental program to test full-scale L-

shaped beams. The experimental results, complemented by the analytical results, will be 

used to develop practical design guidelines for possible implementation into the PCI Design 

Handbook, and to form a basis for possible revisions in ACI Code. 

1.3. Scope 

To achieve the objectives, the research covers the following steps: 

1. Documentation of the current knowledge and published works related to ledge 

behavior 

2. Development of a three-dimensional non-linear finite element model using 

selected commercially available software, ATENA 3D 

3. Calibration of the finite element model using available experimental results 

4. Extensive parametric study to investigate the effects of different parameters on 

the behavior and capacity of ledges 

5. Comparisons of the finite element results to ledge capacities predicted by 

current PCI procedure 

6. Proposed comprehensive experimental program to test full scale L-shaped 

beams under different loading conditions 
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1.4. Overview of Thesis 

Following the introduction, objectives, and scope presented in this chapter, Chapter 2 

summarizes the current knowledge and published reports related to the behavior and 

capacity of the ledges. The literature review also covers the current PCI procedure and 

different mechanisms considered to formulate the design of the ledge.  

Chapter 3 focuses on the principles and theory of the three-dimensional non-linear finite 

element analysis using the available software "ATENA". The discussion also extends to 

cover verification of the results obtained from the finite element modeling with the measured 

experimental results available in the literature. The verification also includes a calibration of 

various analytical constants used in the program that may affect the accuracy of the results. 

Chapter 4 presents the results of the parametric study including comparisons of the finite 

element ledge capacities to those predicted by the current PCI procedure. A list of the 

important parameters found to influence the ledge capacity is presented at the end of this 

chapter.  

Chapter 5 provides details of the proposed experimental program based on the findings of 

the analytical study presented in Chapter 4.  

Finally, Chapter 6 presents the conclusion and recommendations for future investigations.  
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2. Literature Review 

This chapter briefly reviews characteristics of ledge failure modes, summarizes the current 

PCI procedure for the design of ledges, and reviews the current provisions for proportioning 

steel reinforcement. The literature review includes most of the notable published work on 

ledge failures in precast L-shaped beams. Challenges to the current practice, observations, 

and concerns needed for further investigation, are summarized and presented at the end of 

this chapter. 

2.1. Failure Modes of Ledges 

Ledges are typically subject to a punching shear failure once the applied concentrated loads 

are sufficiently high to cause local punching failure under the bearing pad. This type of 

failure is usually brittle in nature accompanied by wide diagonal tension cracks that quickly 

develop from the edges of the bearing pad, followed by crushing of concrete within the 

shear cracks of the strut (Mirza and Furlong, 1983; Raths, 1984). The failure surfaces 

depend on the location of the load within the span of the L-shaped beam. The two typical 

types of ledge failure are identified by their location along the ledge as inner failure or end 

failure, as shown in Figure 2-1. If the spacing between two loads is small, a wider cone 

under both loads can punch out the failure surface. It should be emphasized that such 

sudden failure prevents any possibility to retain strength after reaching the ultimate load. 

Therefore, it is important to avoid such failure for proper design of spandrel beams. The 

current PCI Design Handbook (2010) considers an idealized rectangular pattern of failure, 

shown in Figure 2-2. The assumed failure surface was used to formulate the equations that 

are currently used to predict the punching shear capacity of the ledge. 
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Figure 2-1: Failure Surfaces at End and Inner Locations (Raths, 1984) 

 

 

Figure 2-2: PCI Simplified Failure Surfaces at End and Inner Locations  
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2.2. Current Practice 

Current design equations for the ledge are provided in section 5.5 of the 7th edition of the 

PCI Design Handbook (2010). The ledge design capacity is summarized in Table 2-1 for a 

variety of loading configurations. The PCI procedure uses idealized surfaces for the end and 

the inner failures, shown in Figure 2-3. If the loads are close, possible overlapping between 

the failure surfaces may occur as shown in Figure 2-4. It should be noted that the PCI 

procedure uses an ultimate shear stress of  3 f ′
c , for inner failure, on the three assumed 

vertical shear planes. This value is reduced to 2 f ′
c on the two assumed vertical shear 

planes for the end failure. 

Table 2-1: Summary of the PCI Design Equations 

Idealized Failure Surface and 
Associated Ultimate Shear Stresses 

Design Shear Strength per Stem (lbs) 

 

Independent 
Failures 

 
𝑠 > 𝑏𝑡 + ℎ𝑙  

𝑉𝑢 = 3𝜙ℎ𝑙𝜆 𝑓 ′
𝑐
.  2𝑙𝑝 + 𝑏𝑡 + ℎ𝑙  Eq. 5-44 
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𝑉𝑢 = 2𝜙ℎ𝑙𝜆 𝑓 ′
𝑐
. (𝑙𝑝 +

𝑏𝑡 + ℎ𝑙

2
+ 𝑑𝑒) Eq. 5-45 

 

 
Overlapped 

Failures 
 

𝑠 < 𝑏𝑡 + ℎ𝑙  
 

𝑉𝑢 = 1.5𝜙ℎ𝑙𝜆 𝑓 ′
𝑐
. (2𝑙𝑝 + 𝑏𝑡 + ℎ𝑙 + 𝑠) Eq. 5-46 
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𝑉𝑢 = 𝜙ℎ𝑙𝜆 𝑓 ′
𝑐
. (𝑙𝑝 +

𝑏𝑡 + ℎ𝑙

2
+ 𝑠 + 𝑑𝑒) Eq. 5-47 

 

Continuous 𝑉𝑢 = 24𝜙ℎ𝑙𝜆 𝑓 ′
𝑐
 ,    𝑙𝑏/𝑓𝑡 Eq. 5-48 
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Figure 2-3: Independent Failures 

 

 

Figure 2-4: Overlapped Failures 
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Where: 

𝑽𝒖= 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 

 
The PCI design method also specifies flexural reinforcement to resist the transverse 

bending moment on the ledge and moment due to the inward frictional force from the pads, 

as shown in Figure 2-5. The 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  
(PCI Design Handbook, 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 2-5: Design of Transverse Bending of Ledge  
(PCI Design Handbook, 2010) 
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The design details also require longitudinal reinforcement that should be placed at top and 

bottom of the ledge, as shown in Figure 2-5, and can be determined using the following 

equation: 

𝐴𝑙 = 200 . 𝑙𝑝  . 𝑑𝑙/𝑓𝑦  Eq. 5-50  
(PCI Design Handbook, 2010) 

 

Hanger steel should also be provided to join the ledge to the web, as shown in Figure 2-6. 

The distribution of such reinforcement follows the same approach for the transverse steel. It 

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

and the larger of the two amounts should be selected. The required hanger steel can be 

calculated using the following equation: 

𝐴𝑠ℎ =  
𝑉𝑢

𝜙 𝑓𝑦
 𝑚   

Where: 

𝑚 =hanger modification factor 

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-tee beams 

Eq. 5-51 
(PCI Design Handbook, 2010) 

 
 
 
 
 
 
 

Eq. 5-52 
(PCI Design Handbook, 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 2-6: Ledge Hanger Steel Geometry (PCI Design Handbook, 2010) 

2.3. Previous Studies 

To date, research on the behavior of ledges in precast beams is very limited. Few 

experimental programs that involved ledge failures include the tests conducted by Mirza and 

Furlong (1983), tests conducted by Klein (1986a), and tests conducted by Lucier et al. 

(2011a). Nevertheless, it should be noted that the ledge failure was not the primary subject 

of any of those tests. Other experimental work includes a few unpublished tests conducted 

by Krauklis and Guedelhoefer (1985). Furthermore, Hassan (2007) published an analytical 

study to investigate the effect of different parameters on the shear behavior of the ledge 

using finite element modeling. 

Mirza and Furlong (1983) conducted a series of tests, to investigate the behavior of inverted 

tee-beams under a combination of flexure and torsion, in addition to the effect of the 
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reinforcement details used in the web. The study included 27 tests on seven specimens 

representing one-third scale models of typical inverted-tee beams used in parking 

structures. The specimens had various reinforcement details for the same cross section, and 

nearly the same concrete strength. Of the 27 observed failures, four tests resulted in pure 

punching shear failure of the ledge, and four tests failed due to punching shear in the ledge. 

One example of the punching shear failures obtained by Mirza and Furlong is shown in 

Figure 2-7. All observed punching shear failures exceeded the capacities predicted by PCI 

equations; however, it should be noted that the characteristics of the inverted-tee beams are 

different from those of the L-shaped beams, under consideration. These differences are 

primarily due to the geometry and the distribution of stresses within the inverted-tee beams, 

which were found to affect the behavior of the ledge. Another important factor is the 

configuration of the reinforcement details of the ledge used for these beams. While C-bars 

stirrups are commonly used in the ledges of the L-shaped beams, the reinforcement used 

for these tested beams included closed stirrups, which is believed to have a significant 

positive effect on the punching shear capacity of the ledge. It should be also mentioned that 

the specimens tested by Mirza and Furlong were relatively short; inducing a relatively low 

global stresses in comparison to the behavior of L-shaped beams. 
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Figure 2-7: Example of a Punching Shear Failure of the Ledge (Mirza and Furlong, 1983) 

A paper by Raths (1984), documented extensive study on specific issues related to the 

design of L-shaped spandrel beams. Raths based his comments on the PCI design 

provisions and on his own field and design experience. The report discussed the various 

types of loads that could be applied to spandrel beams along with general recommendations 

and design equations for such beams. One of the important issues addressed in his report 

was the punching shear requirement of the ledge. The report introduced a modified 

procedure to estimate the punching shear capacity using reduced ultimate shear stresses 

on the vertical shear plane along the face of the web. Raths classified the failure according 

to its location; inner and end failures. He indicated that the end failure will occur only when 

the edge distance from the first load, 𝑑𝑒 , is less than twice the ledge height, 2ℎ𝑙 . In addition, 

an overlapping between failure surfaces will occur if the spacing between two loads is less 

than𝑏𝑡 + 2ℎ𝑙. The equations proposed by Raths are summarized in Table 2-2. 
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Table 2-2: Summary of Design Equations Proposed by Raths (1984) 

Idealized Failure Surface and Associated 
Ultimate Shear Stresses 

Ultimate Capacity for Ledge 
Loading (lbs) 

 

Independent 
Failures 

 

𝑠 > 𝑏𝑡 + 2ℎ𝑙  

 

𝑑𝑒 ≥ 2ℎ𝑙  
𝑉𝑢 = 3𝜙ℎ𝑙𝜆 𝑓 ′

𝑐
. (2𝑙𝑝 + 𝑏𝑡 + ℎ𝑙) 

 

𝑑𝑒 < 2ℎ𝑙  𝑉𝑢 = 𝜙ℎ𝑙𝜆 𝑓 ′
𝑐
. (2𝑙𝑝 +

𝑏𝑡 + ℎ𝑙

2
+ 𝑑𝑒) 

 

 
Overlapped 

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 

 
 Comparison of the ultimate shear stresses, used by the current PCI procedure and Raths 

(1984), is presented in Figure 2-8. The comparison indicates that the modified procedure by 

Raths results in a more conservative estimation of the punching shear capacity of the ledge 

than does the PCI procedure, specifically in cases of end failure or in cases of overlapped 

failure modes. While the current PCI equations specify a spacing that is greater than 𝑏𝑡 + ℎ𝑙   

to define an independent failure, Raths' equations consider such spacing to be at least 𝑏𝑡 +

2ℎ𝑙 . Finally, Raths specified an edge distance from the first load, 𝑑𝑒  , of at least twice the 

ledge height, 2ℎ𝑙  , to use the inner failure equation, while the PCI does not specify a value 

for such distance, and recommends using of the lesser of end and inner capacities. 
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 PCI Design Handbook 
(2010) 

Raths (1984) 

Independent 
Failures 

 

 

 

 

 

Overlapped 
Failures 

 
 

 

 

 

Continuous 

  

Figure 2-8: Comparison between Failure Surfaces used by PCI (2010) and Raths (1984) 
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Krauklis and Guedelhoefer (1985) reported that the PCI design equations may overestimate 

the capacity of the ledge evidenced by their own unpublished test results. According to their 

test results, the capacity predicted by the PCI design equations for the ledge overestimate 

the measured failure load by approximately 23 percent. On the other hand, they highlighted 

the fact that the equations proposed by Raths (1984) specified for the end portion, 

underestimate the measured ledge failure by 15 percent. 

Later, Klein (1986a) conducted full-scale tests on three prestressed concrete specimens; 

two L-shaped beams and one pocket spandrel. The main objective of his research was to 

study the behavior of the spandrel beams, and to verify their strength. Unexpectedly, two 

punching shear failures occurred in the second L-shaped specimen; one near the end and 

one at an inner location, as shown in Figure 2-9. The primary observation was that the 

failure load was less than that estimated by the current PCI procedure at both locations. On 

the other hand, 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, on the punching shear capacity of the ledge. Klein also pointed out possible 

positive effect of the ledge flexural reinforcement on the capacity of the ledge. Based on 

these findings, Klein agreed with Krauklis and Guedelhoefer's concerns about the safety 

level provided by the current PCI equations for the punching shear capacity of the ledge, 

and he recommended the need for further research. More details and information about this 

investigation can be found in the comprehensive report submitted by Klein (1986b). 
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Figure 2-9: Punching Shear Failures in the Second Specimen (Klein, 1986a)  

The first known finite element study of ledge punching shear in precast beams was 

published by Hassan (2007). The paper presented a non-linear finite element analysis to 

study different aspects that are related to the ledge design. In his research, Hassan selected 

the second specimen tested by Klein (1986a) to calibrate the finite element model and to 

ensure that the program was capable to simulate the measured behavior. The failure 

predicted by the analysis was due to punching shear of the ledge, the same mode reported 

by Klein; however, the analytical model predicted an end reaction at failure 9 percent less 

than the measured in test. The distribution of principal compressive strains at failure, 

predicted by the analytical model, is shown in Figure 2-10. The finite element results 

confirmed the concerns that the PCI design equations could significantly overestimate the 

punching shear capacity of the ledge. 
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Figure 2-10: Distribution of Principal Compressive Strains at Failure (Hassan, 2007) 

 
Based on the calibrated model, Hassan (2007) conducted a parametric study, consisting of 

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

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

equations; ledge height, ledge projection, concrete strength, and bearing width. The study 

was extended to investigate other parameters that are not counted by the PCI design 

equations for the punching shear capacity of the ledge including prestressing level, strand 

debonding, and hanger steel in the web. Hassan reported that increasing the concrete 

strength and the ledge height significantly enhance the punching shear capacity of the 

ledge. Nevertheless, such increases are not proportional to the corresponding increases 

estimated by PCI design equations. On the other hand, the finite element analysis indicated 

that the increase of the ledge projection, accompanied with increase of the eccentricity of 

the applied load, significantly reduces the punching shear capacity of the ledge. The 

analysis also indicated a positive effect of the hanger steel on the punching shear capacity 
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of the ledge. Furthermore, the results indicated that increasing the prestressing level could 

also improve the ledge capacity. Finally, the analysis indicated slight influence of the bearing 

width and strand debonding on the punching shear capacity of the ledge. The variables 

used in the parametric study for each parameter and the analytical results are described in 

detail by Hassan (2007). In general, the results reflect that the average of the predicted 

capacities in all cases, using finite element modeling, is approximately 60 percent of the 

predicted capacities using the PCI design equations. The main conclusion of this study was 

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

referred to key parameters like the load eccentricity, the prestressing level and the hanger 

steel, which 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 using 0.60 as a reduction factor for the current PCI design equations of the 

ledge to provide a satisfying safety level for the punching shear capacity of the ledge. 

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

Carolina State University, accompanied with extensive finite element modeling to develop a 

rational design method for the L-shaped spandrel beams. The objective of this research was 

to provide design guidelines for the L-shaped beam (Lucier et al., 2011b). Detailed 

descriptions of the research program and results are presented in the final report submitted 

by Lucier et al. (2010). Although developing procedures for the design of ledges was outside 

the scope of their research, eight ledge failures were observed in five of the tested 

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

2-11 to Figure 2-13, while one failure was due to hanger failure at the end of a beam where 

the ledge detached from the web.  
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Figure 2-11: Failure of a Ledge with Embedded Bearing Plates, SP11 (Lucier et al., 2010) 

 
 

 

Figure 2-12: Spandrel Ledge after Punching Shear Failure, SP14 (Lucier et al., 2010) 
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Figure 2-13: Spandrel Ledge after Punching Shear Failure, SP15 (Lucier et al., 2010) 

It should be noted that 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. This approach envisioned 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 2-14 and Figure 2-15. 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, representing a lower global stresses level, was higher than the initial one 

by about 25 percent. The same trend was observed in the second and third retests, 

conducted at inner locations. All measured failure loads occurred at loads that were less 

than those predicted by current PCI procedure. Hence, Lucier et al. concluded that the 

current PCI equations overestimate the capacity of the ledge, and recommended further 

research.  
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Figure 2-14: Elevation Views of the Conducted Test Configurations, SP16 

 

 

Figure 2-15: View of the Second Retest, SP16 (Lucier et al., 2010) 
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Logan (2012) evaluated the test results reported by Klein (1986a) and Lucier et al. (2011a) 

using the PCI equation for the specified failure location rather than the least value as 

outlined in the PCI Design Handbook. Based on this approach, he recommended the use of 

50 percent of the predicted capacities by the current PCI design equations. 

2.4. Challenges to Current Practice 

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

Lucier et al. (2011a), and the corresponding PCI predictions are summarized in Table 2-3. 

Three of the reported failures were near the end of respective beams and six failures were 

at interior locations. It should be noted that regardless of the failure location, it was observed 

that all of the failure surfaces were observed to be cone shaped and three-sided. As 

presented in Table 2-3, the reported failure loads are compared to the predicted value using 

both Equation 5-44 and Equation 5-45. The ratios of the measured failure loads to the 

predicted values indicate that the current PCI design equations potentially overestimate the 

capacity of the ledge by up to as much as 75 percent. Based on the above as well as the 

literature review presented in this chapter, the following may be concluded: 

1. The PCI methodology to select the lesser of two equations for inner and end ledge 

capacities may not be adequate. In general, the equation for the end failure would 

control when the edge distance from the first load, 𝒅𝒆, is small. As this distance 

increases, the predicted capacity increases correspondingly and the equation of the 

inner equation controls. Therefore, the design capacity is directly dependent on the 

edge distance from the first load, 𝒅𝒆; which may result in conservative predictions if it 

is small, or less conservative if it is large. 
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2. The current PCI procedure specifies that a load spacing of 𝑏𝑡 + ℎ𝑙  or more should 

lead to an independent failure. Nevertheless, such spacing needs to be investigated 

since the failure surfaces may overlap if the spacing is less than 𝑏𝑡 + 2ℎ𝑙  as reported 

by Raths (1984). 

3. The global stresses significantly reduce the ledge capacity as reported by Lucier et 

al. (2010). Such effect is not considered by the current PCI procedure. 

4. The capacity of the ledge of a prestressed concrete beam is believed to be much 

higher than that of the ledge for reinforced concrete beam. The distribution of the 

strands within the ledge can also have considerable effect, especially having a 

strand directly under the bearing pad. According to Hassan (2007), the variation in 

the prestressing level itself may also result in a change of the punching shear 

capacity of the ledge. This effect is not considered by the current PCI procedure. 

5. While the PCI Design Handbook considers the ledge projection as a key parameter 

in estimating the ledge capacity, it does not consider the effect of the load 

eccentricity, which is believed to be important. This effect was highlighted by Klein 

(1986a) as well as Hassan (2007). 

6. The reinforcement details such as the transverse steel and the longitudinal bars in 

the ledge can have a significant effect on the ledge capacity as they directly intersect 

the failure surface. Moreover, Hassan (2007) referred to a possible effect of the 

hanger reinforcement, on the punching shear capacity of the ledge. Current PCI 

design equations for the capacity of the ledge do not include this parameter. 

7. Using embedded bearing plates or steel angles under the double-tee stems, as 

previously shown in Figure 2-11, affects the strength of the ledge and the developed 

failure surface as observed by Lucier et al. (2010). 
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Table 2-3: 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 38.6 75.7 0.51 66.7 0.58 

Specimen #2 End 

Lucier et al. (2010)  

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 

22.7 

48.0 

0.47 

40.2 

0.56 

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. Calibration of the Finite Element Program "ATENA" 

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

element program "ATENA" used in this research to study the behavior of precast concrete L-

shaped beam ledges. Parameters believed to affect the accuracy of the modeling are 

presented, followed by the results of the calibrated models. 

3.1. Fundamental Characteristics of ATENA 

The finite element program "ATENA 3D V.4.3.0" is a commercial software package for 

three-dimensional non-linear finite element analysis of reinforced concrete structures 

(Cervenka Consulting, 2011a). 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. 

In this research, 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". 

The fracture model is formed using a smeared crack formulation that employs Rankine 

failure criterion, while the plastic model is based on Menétrey-Willam failure surface 

(Cervenka Consulting, 2011a; Rankine, 1872; Menetrey and Willam, 1995; Chen et al., 

2007). Such fracture-plastic model was developed to combine both fracture and plastic 

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

mechanics to simulate cracking. The analysis is based on smeared crack approach where 

cracks are assumed to be uniformly distributed within the concrete volume. The cracks are 

developed when the principal stresses exceed the tensile strength of concrete. The shear 

strength of cracked concrete is determined using the Modified Compression Field Theory, 
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proposed by Vecchio and Collins (1986). A reduction of the concrete compressive strength 

is also 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 the manuals published by Cervenka Consulting (2011a) and (2011b). 

 

Figure 3-1: 20-Node Brick Element (Cervenka Consulting, 2011a) 

The steel reinforcing bars and prestressing strands are 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 in order to apply the prestressing force gradually at the 

end regions. Each strand is divided into 10 small segments; each is 1/10th 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 3-2.  
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Figure 3-2: Modeling of Transfer Length 

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 3-3. Considering symmetry in the finite element model significantly 

reduced the required computational time. 

 

Figure 3-3: Symmetry in the Calibrated Modeled Specimens SP14 and SP16 

(Lucier et al., 2010) 

The self-weight of the beam and the prestressing forces (if any), were introduced at the first 

loading step. The ledge loads were simulated as concentrated loads and were increased 

gradually to failure. All beams were loaded in analysis using an incremental-iterative solution 

procedure in which the applied loads were incrementally increased using the standard 

Newton-Raphson Method illustrated in Figure 3-4. Iteration was repeated until internal 

equilibrium conditions were achieved and convergence was obtained. At the end of each 

step, the program adjusted the stiffness matrix to reflect the non-linear geometric changes.  

Symmetry 
Plane 
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Figure 3-4: Newton-Raphson Method (Cervenka Consulting, 2011a) 

The analysis terminates whenever convergence cannot be achieved within a defined 

tolerance. Typically, the failure in the ledge is evidenced when the principal compressive 

strain exceeds 0.002 along the diagonal compressive struts developed beneath the load, as 

shown in Figure 3-5. A principal compressive strain of 0.002 was considered by several 

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

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

observed by Walter (2008) in a finite element modeling of the L-shaped beams, as well as 

by Hassan (2007). 
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Figure 3-5: Example for the Distribution of Principal Compressive Strains at Failure 

3.2. Calibration of the FE Program 

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

test results were utilized to determine a number of constants 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., 2010) reinforced concrete 

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

3- SP14, (Lucier et al., 2010), prestressed concrete 

The finite element model used for specimens 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 inches 

from the top and bottom of the web, and 6 inches from the end of the beam, as shown in 

Red zones have 

principal compressive 
strains greater than 

0.002 
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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 loads from the 

stems of the double-tee beams, were applied and incrementally increased up to failure, 

using an increment of one kip per stem. 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 assumed in the analysis for all models. Springs were used to model the 

deck-ties that connect the double-tee beams to the web of the L-shaped beam. The 

maximum size of the brick elements used to model the concrete was 4 inches x 4 inches x 4 

inches.  

 

Figure 3-6: Typical Finite Element Mesh and Boundary Conditions for an L-shaped Beam 
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The calibrated constants for ATENA, using the measured behavior in tests, are determined 

as follows:  

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 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, to the crack width, 𝑤, as proposed by Hordijk (1991) and shown in 

Figure 3-7. However, it should be noted that the presence and amount of steel 

reinforcement significantly enhances 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. As a result, the value of fracture energy was found to be a key parameter for the 

analysis that should be investigated, as it affects the convergence of the model and 

consequently, the failure load. The same conclusion was also drawn by Mercan et al. (2010) 

in their analytical modeling of specimen SP4, tested by Lucier et al. (2007), using the finite 

element program "ABAQUS". 

 

Figure 3-7: Exponential crack opening law (Cervenka Consulting, 2011a) 

(Effective Tensile 
Strength) 

(Crack Width) 
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Three values for the fracture energy were investigated to determine the value capable of 

providing the best prediction of the behavior that measured in specimen tested by Klein 

(1986a). The first value of the fracture energy used was 4 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 

specimen. The second value of fracture energy was 11.4 x 10-4 k/in which represents the 

maximum limit suggested by Bangash (2001) for the fracture energy for normal concrete, 

while the third value of 22 x 10-4 k/in is twice the second value considered. The analysis 

indicated that using small value of the fracture energy resulted in early termination and 

inability to converge, as shown in Figure 3-8. The results indicate that fracture energy of 

11.4 x 10-4 k/in provides the optimum prediction of the measured value.  

 

Figure 3-8: Effect of Fracture Energy 
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3.2.2. Number of Elements within the web 

The web width was typically divided into two elements for all reported models in this current 

investigation. Another approach was performed for specimen #2, tested by Klein (1986a) 

using three elements within the web, to investigate any possible influence of the number of 

elements within the web on the overall behavior of the model. The results of both cases are 

compared to the measured data, as shown in Figure 3-9. The comparison indicates that 

both cases are capable to simulate the measured behavior and the number of elements 

within the web has no effect on the ultimate load and rotation. Therefore, the analysis 

performed in this research was based on two elements within the width of the web, which 

was advantageous to reduce the required computational time and memory. 

 

Figure 3-9: Effect of Number of Elements within the Web 
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3.2.3. Modeling of Deck Ties 

All tested specimens in the experimental program, conducted by Lucier et al. (2010), 

included steel plates that were used to connect the double-tee beams to the webs of the 

tested L-shaped beams. In the finite element analysis, deck ties were modeled using two 

approaches; full rigid restraints and springs. The results of the analysis, shown in Figure 

3-10, indicate that both approaches resulted in identical behavior, and no effect was 

observed on the failure load of the beam. The same results were also reported by Hassan et 

al. (2007) using finite element modeling by ANACAP for specimen SP3, tested by Lucier et 

al. (2007), to model the behavior of L-shaped beam constructed with open web 

reinforcement.  

 

Figure 3-10: Effect of Modeling of Deck Ties 
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3.2.4. Friction of the Bearing Pads 

Two models were examined for specimens SP16, tested by (Lucier et al., 2010), to study 

the effect of bearing pad friction; one model using a coefficient of friction of 5 percent, and 

the other was frictionless. The friction effect was simulated using horizontal forces acting at 

the same location of the vertical loads, and increasing proportionally to the vertical loads. 

Results of the analysis indicate that considering friction of the bearing pads slightly improved 

the replication of the general behavior, especially in the post-cracking range as shown in 

Figure 3-11. Thus, it was decided to consider bearing pad friction in all studied cases of the 

parametric study. 

 

Figure 3-11: Effect of the Bearing Pads 
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3.3. Verification of the Experimental Results 

This section compares the results of the analysis, using the calibrated finite element models, 

to the measured values of the three selected specimens. These specimens included both 

conventionally reinforced and prestressed concrete L-shaped beams. The material 

properties used in modeling for each of the three specimens are summarized in Table 3-1.  

Table 3-1: Material Properties used in Modeling 

Property 
(Lucier et al., 2010) (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 x10
6
 4.4 x10

6
 4.3 x10

6
 

Modulus of Rupture, psi 540 580 560 

Conventional 
Reinforcement 

Modulus of Elasticity, psi 29 x10
6
 29 x10

6
 29 x10

6
 

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 x10
6
 29 x10

6
 29 x10

6
 

 

3.3.1. SP16, (Lucier et al., 2010)  

The predicted web deflections at mid-span of the reinforced concrete specimen SP16 are 

compared to the experimental values in Figure 3-12. The predicted behavior was almost 

identical to the measured values. The predicted failure occurred at an end reaction of 108 

kips, which was thirteen percent less than the experimental value. Nevertheless, many test 

factors could contribute to such difference such as bearing pads, deck connections, 

incremental loading cycles, multiple applied loads and global deformations. On the other 

hand, the ultimate web deflection predicted by the finite element model was almost the 

same as that measured in the test. In general, the results indicated good agreement with the 
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experimental results in terms of the stiffness prior and after cracking. Prediction of the failure 

was also similar to the observed punching shear of the ledge. The deformed shape, 

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

stages are shown through Figure 3-13, and Figure 3-14. 

 

Figure 3-12: Finite Element vs. Experimental Web Deflections at Mid-span in SP16 

 

 

Figure 3-13: Side View for SP16 at Failure 
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Reaction = 50 kips 
(Cracking Load) 

 Reaction = 81 kips 

 

Reaction = 108 kips 
(Failure) 

Figure 3-14: Cracking Pattern and 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. 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 3-15. 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 overall predicted behavior compared well to the 

experimental results. The model resulted in a failure load that was twelve percent less than 

the measured value. Figure 3-16 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 3-15: Finite Element vs. Experimental Rotations at Mid-span in Specimen #2 
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Figure 3-16: Principal Compressive Strains at Failure in Specimen #2 

 

3.3.3. SP14, (Lucier et al., 2010) 

The predicted load-deflection relationship of the web at the mid-span of the prestressed L-

shaped beam SP14, tested by Lucier et al. (2010), is compared to the measured behavior in 

Figure 3-17. Similar to the experimental results, the finite element model was able to capture 

the same failure mode of punching shear of the ledge. However, the predicted stiffness prior 

to cracking was slightly higher than that measured in test. This may be attributed to the fact 

that the modulus of elasticity of the concrete used to cast this specimen was low relative to 

the value recommended by ACI equations. Using the actual elastic modulus led to early 

termination of the analysis, so the modulus of elasticity, calculated by ACI equation, was 

used for this model. The results indicate that the predicted end reaction was ten percent less 

than the measured value, while the predicted ultimate web deflection was four percent less 

than that observed in test. Distribution of the principal compressive strains at failure is 

shown in Figure 3-18.  
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Figure 3-17: Finite Element vs. Experimental Web Deflections at Mid-span in SP14 

 

 

 

 

Figure 3-18: Principal Compressive Strains at Failure in SP14 
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3.4. Summary 

The results of the investigation reported in this chapter demonstrate the capability of ATENA 

to predict the behavior of reinforced and prestressed L-shaped beams, including 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 Chapter 4. 
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4. Parametric Study and Results 

The parametric study was performed using reinforced and prestressed concrete L-shaped 

beams to study the effect of various parameters on the capacity of the ledge. Reinforcement 

details and geometry of the modeled beams were similar to those used in the reinforced 

concrete L-shaped beam SP16 and the prestressed concrete L-shaped beam SP14, tested 

by Lucier et al. (2010), as provided in Appendix A. The analysis covered the two possible 

ledge failures, at an inner location and at an end location, implied by the current PCI 

procedure. To achieve a localized failure at the selected location, other ledge locations were 

locally strengthened with steel angles at all load points (except the selected failure location) 

to prevent premature failure along the ledge. For the prestressed beams, it should be 

mentioned that the prestressing level was kept constant for all different geometries 

considered to study parameters such as web thickness, ledge height, and ledge projection. 

Different load configurations were used to demonstrate the effect of global stresses on the 

punching shear capacity of the ledge for each parameter. Each parameter was individually 

varied for each case, while other parameters were kept constant. In all cases, failures 

occurred due to punching shear of the ledge evidenced when the principal compressive 

strain along the diagonal strut beneath load exceeded the value of 0.002. For each beam, 

the finite element predicted capacities were compared to those predicted by the current PCI 

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

beam was determined using the specified equation for the selected failure location and not 

by considering the lesser of inner and end equations as stipulated in the handbook. The 

study included 16 parameters studied across a total number of 145 models, in reinforced 

and prestressed concrete beams at both selected locations given in Table 4-1. 



 

45 

Table 4-1: Parametric Study Outline 

Parameter 
Inner Failure End Failure 

Reinforced Prestressed Reinforced Prestressed 

NOT 
considered by 

current PCI 
procedure 

1. Flexural and Shear Global Stresses X X X X 

2. Prestressing Effect  X  X 

3. Load Eccentricity, 𝑒  X  X 

4. Strand Pattern  X   

5. Transverse Steel (C bars) X X X X 

6. Additional Shear Reinforcement X    

7. Hanger Steel (L bars) X X X X 

8. Longitudinal Steel in the Ledge X    

9. Web Thickness, 𝑏 X X X X 

10. Bearing Pad Friction, 𝜇 X    

Considered by 
current PCI 
procedure 

11. Edge Distance to the First Load, 𝑑𝑒    X  

12. Overlapping Spacing, 𝑠 X    

13. Concrete Strength, 𝑓 ′
𝑐
 X X X X 

14. Bearing Width, 𝑏𝑡   X  X 

15. Ledge Height, ℎ𝑙  X X X X 

16. Ledge Projection, 𝑙𝑝   X  X 
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4.1. Flexural and Shear Global Stresses 

To study the effects of global flexural and shear stresses on the ledge capacity at an inner 

location and at an end location, the analysis was performed using short and long span 

beams, as shown in Figure 4-1. Details of the short and long beams that were used in the 

study are provided in Appendix A. The global stresses were analyzed using different loading 

configurations that represent different levels of global stress, as given in Table 4-2, to 

examine their effect on the punching shear capacity of the ledge. Selected loading 

configurations for each failure type were used to study the interaction of the global stresses 

with the effect of the other parameters as will be discussed in the coming sections. 

 

 

Figure 4-1: General View and Locations of Loads for the Short and Long Beams 
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Table 4-2: Load Configurations Selected to Study the Effect of Global Stresses 

Load 
Configuration 

Flexural Global Stresses  
(Inner Failure) 

Global Shear Stresses  
(End Failure) 

Short Beam 

  

Long 
Beam 

Single 
Load 

  

Partial 
Loading 

(a) 
  

Partial 
Loading 

(b) 
 

 

Full 
Loading 

  



 

48 

4.1.1. The Effect of Global Stress on an Inner Failure  

Finite element analysis indicates that increasing tensile stress in the ledge due to global 

flexure stress reduced the punching shear capacity of the ledge at mid-span. For reinforced 

concrete beams, comparing the results of a short span beam (low flexural stresses), to a 

fully loaded long span beam (high flexural stresses), the ledge capacity at mid-span 

decreased from 40 kips to 18 kips, respectively, a reduction of 55 percent, as shown in 

Figure 4-2. The effect of global flexural stress in prestressed concrete beams followed the 

same trend predicted for reinforced concrete beams. At mid-span, the ledge punching 

capacity decreased from 46 kips for a long span beam loaded with a single load to 23 kips 

for a fully loaded long span beam, a reduction of 50 percent, as shown in Figure 4-3. In all 

cases, primary failure was due to punching shear in the ledge. 

 
Figure 4-2: Effect of Global Flexural Stress in Reinforced Concrete Beams 

0

10

20

30

40

50

60

70

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

S
te

m
 L

o
a

d
 (

k
ip

s
)

Ledge Vertical Deflection (in)

Short Span

Single Load

Partial Loading (a)

Partial Loading (b)

Full Loading



 

49 

 
Figure 4-3: Effect of Global Flexural Stress in Prestressed Concrete Beams 

 

4.1.2. The Effect of Global Shear Stress on End Failure Load 
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stresses) to 23 kips for a fully loaded beam (high shear stresses), a 36 percent decrease, as 

shown in Figure 4-4. In prestressed concrete beams, same behavior was also observed. 

The ledge capacity also decreased with increasing global shear stresses from 48 kips for a 

long span beam loaded by a single load to 30 kips for a fully loaded long span beam, a 38 

percent reduction, as shown in Figure 4-5. In all cases, the failure was due to punching 

shear of the ledge. 
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Figure 4-4: Effect of Global Shear Stress in a Reinforced Concrete Beam 

 

 
Figure 4-5: Effect of Global Shear Stress in a Prestressed Concrete Beam 
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4.1.3. Comparison to Current PCI Predictions 

As previously discussed, the influence of global stress is not considered by the current PCI 

design procedure. The ledge capacities predicted by finite element at different global 

stresses levels in both reinforced and prestressed concrete beams are compared to those 

predicted by the current PCI procedure in Table 4-3 and Table 4-4. The PCI predictions are 

calculated using Eq. 5-44 of the current PCI Design Handbook (2010) at inner locations and 

Eq. 5-45 at end. The analysis emphasizes the significant effect of the global stresses. For 

inner failure at mid-span, the results clearly indicate that the PCI calculated capacities 

significantly overestimate those predicted by finite element in proportion to the global 

stresses level. Same trend was observed at the end; however, the PCI predictions were 

much closer to the finite element results. Therefore, it can be inferred that the PCI equations 

are more conservative at an end location than at an inner location. 

Table 4-3: Effect of Global Flexural Stress on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) % Increase OR  
% Decrease of 

Ultimate Capacity * Beam Type Loading 

Ledge 
Capacity, k PFE / 

PPCI  
PFE PPCI FE PCI 

Reinforced 

Short 40 

52 

0.77  ---  --- 

L
o

n
g

 

Single 31 0.60 -23% 

0% 
Partial (a) 22 0.42 -45% 

Partial (b) 20 0.38 -50% 

Full 18 0.35 -55% 

Prestressed 

L
o

n
g

 

Single 46 

52 

0.88 ---  ---  

Partial (a) 35 0.67 -24% 

0% Partial (b) 28 0.54 -39% 

Full 23 0.44 -50% 

* Percentages are calculated from the ledge capacity predicted for the first load configuration for each 

beam type 
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Table 4-4: Effect of Global Shear Stress on End Failure Load 

End Failure (PCI Eq. 5-45) % Increase OR  
% Decrease of 

Ultimate Capacity * Beam Type Loading 

Ledge 
Capacity, k PFE / 

PPCI 
PFE PPCI FE PCI 

Reinforced 

L
o

n
g

 

Single 36 

32 

1.12 ---  --- 

Partial (a) 32 0.99 -11% 

0% Partial (b) 27 0.84 -25% 

Full 23 0.71 -36% 

Prestressed 

L
o

n
g

 
Single 48 

32 

1.49  --- ---  

Partial (a) 45 1.40 -6% 

0% Partial (b) 37 1.15 -23% 

Full 30 0.93 -38% 

* Percentages are calculated from the ledge capacity predicted for the first load configuration for each 
beam type 

4.2. Prestressing Effect 

4.2.1. Prestressing the Ledge 

As would be expected, the analytically predicted punching shear strengths of ledges in 

prestressed beams were somewhat greater than those of reinforced concrete beams, for all 

investigated load configurations. Comparisons between the finite element predictions for the 

ledge capacity, at mid-span and at end, are plotted in Figure 4-6 and Figure 4-7. It should be 

noted that all characteristics and details of the ledge (i.e. geometry, concrete strength, 

bearing width, and transverse steel) were same in both modeled beams except the 

presence of two strands in the ledge of the prestressed concrete beam. The results clearly 

demonstrate that prestressing the ledge enhanced significantly the strength of the ledge 

whether at mid-span or at end; however, such enhancement is correlated directly to the 

global stress level, as given in Table 4-5, and Table 4-6. Although the current PCI procedure 

for designing the spandrels considers the effect of prestressing, it does not count for such 

effect on the punching shear capacity of the ledge. 
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Figure 4-6: Effect of Global Flexural Stress and Prestressing on Inner Failure Load 

 

 

Figure 4-7: Effect of Global Shear Stress and Prestressing on End Failure Load 
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Table 4-5: Effect of Ledge Prestressing on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) 
% Increase OR  
% Decrease of 

Ultimate Capacity Loading 

Reinforced Prestressed 

Ledge 
Capacity, k PFE / 

PPCI 

Ledge 
Capacity, k PFE / 

PPCI PFE PPCI PFE PPCI FE PCI 

L
o

n
g

 

Single 31 

52 

0.60 46 

52 

0.88 48% 

0% 
Partial (a) 22 0.42 35 0.67 59% 

Partial (b) 20 0.38 28 0.54 40% 

Full 18 0.35 23 0.44 28% 

 

Table 4-6: Effect of Ledge Prestressing on End Failure Load 

End Failure (PCI Eq. 5-45) 
% Increase OR  
% Decrease of 

Ultimate Capacity Loading 

Reinforced Prestressed 

Ledge 
Capacity, k PFE / 

PPCI 

Ledge 
Capacity, k PFE / 

PPCI PFE PPCI PFE PPCI FE PCI 

L
o

n
g

 

Single 36 

32 

1.12 48 

32 

1.49 33% 

0% 
Partial (a) 32 0.99 45 1.40 41% 

Partial (b) 27 0.84 37 1.15 37% 

Full 23 0.71 30 0.93 30% 

 

4.2.2. Prestressing Level 

To examine the influence of prestressing level on the punching shear capacity of the ledge 

at mid-span, two cases were studied with the same number of strands; however, the applied 

prestressing force was varied from 31.6 kips per strand (the control value) to 21.7 kips per 

strand, as shown in Figure 4-8. The analysis was performed for the four specified loading 

cases. Predicted ledge deflections for a long beam loaded using partial loading (b) 

configuration, for both prestressing levels, are shown in Figure 4-9. For all modeled cases, 

the decrease in prestressing force reduced the punching shear capacity of the ledge as 

presented in Table 4-7. 
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Figure 4-8: Investigated Prestressing Levels 

 

 

 

Figure 4-9: Effect of Prestressing Level 
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Table 4-7: Effect of Prestressing Level on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) 
% Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

Prestressing 
Force = 31.6 k 

Prestressing 
Force = 21.7 k 

PFE PPCI PFE PPCI FE PCI 

Prestressed 
L

o
n

g
 

Single 46 

52 

41 

52 

-11% 

0% 
Partial (a) 35 29 -17% 

Partial (b) 28 23 -18% 

Full 23 19 -17% 

4.3. Load Eccentricity, 𝒆 

The current PCI procedure to estimate the punching shear capacity of ledge does not 

account for the eccentricity of the load with respect to the inner surface of the web. Two 

different values for eccentricity, 6 in. and 10 in., were used for analysis, as shown in Figure 

4-10. In both cases, the transverse and hanger reinforcement were kept constant as well as 

the ledge projection to isolate the effect of eccentricity. Load eccentricity was considered in 

prestressed concrete beams with different loadings. Load deflection diagram for a 

prestressed concrete beam, loaded with partial loading (b) configuration is plotted and 

shown in Figure 4-11. The analysis indicates that, in general, an increase of load 

eccentricity resulted in significant decreases in punching shear capacity of the ledge in all 

studied loading configurations, as given in Table 4-8 and Table 4-9. It should be pointed out 

that such an increase in load eccentricity eliminates any improvement in ledge capacity 

gained by increasing the ledge projection, as shown in Figure 4-12.  
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Figure 4-10: Load Eccentricity, 𝒆 

 

 

Figure 4-11: Effect of Load Eccentricity 
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Table 4-8: Effect of Load Eccentricity on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

e=6 in. e=10 in. 

PFE PPCI PFE PPCI FE PCI 

Prestressed 
(b=12 in., 
h=12 in.) L

o
n

g
 Single 102 

112 

81 

112 

-21% 

0% Partial (a) 69 56 -19% 

Partial (b) 48 43 -10% 

 

Table 4-9: Effect of Load Eccentricity on End Failure Load 

End Failure (PCI Eq. 5-45) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

e=6 in. e=10 in. 

PFE PPCI PFE PPCI FE PCI 

Prestressed 
(b=12 in., 
h=12 in.) L

o
n

g
 Single 91 

59 

66 

59 

-27% 

0% Partial (a) 80 62 -23% 

Partial (b) 61 50 -18% 

 

 

 

Figure 4-12: Combined Effect of Ledge Projection and Load Eccentricity 
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4.4. Strand Pattern 

The influence of using a strand at the top corner of the ledge (directly under the bearing 

pad) was investigated to determine whether it would enhance the punching shear capacity 

of the ledge. To study such influence, the locations of two strands in the ledge were 

switched, as shown in Figure 4-13, so that there would not be a strand directly under the 

load in one case. The load deflection response for a prestressed concrete beam is shown in 

Figure 4-14. The analysis indicates that in all studied cases given in Table 4-10, the capacity 

of the ledge decreased when there is no strand under the load. Therefore, it can be inferred 

that the presence of a strand under the bearing pad is essential, and it can considerably 

enhance the punching shear capacity of the ledge. 

  

Figure 4-13: Strand Pattern 
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Figure 4-14: Effect of Strand Pattern 

 

Table 4-10: Effect of Strand Pattern on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) 
% Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

W/ Strand  
under Load 

W/O Strand 
under Load 

PFE PPCI PFE PPCI FE PCI 

Prestressed 

L
o

n
g

 Single 46 
52 

40 
52 

-13% 
0% Partial (a) 35 26 -26% 

Partial (b) 28 23 -18% 
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4.5. Transverse Steel (C bars) 

The effect of the transverse steel, shown in Figure 4-15, was investigated for both reinforced 

and prestressed concrete beams using different loading configurations. The analysis was 

performed using three different amounts; #3@8", #4@8" and #5@8". A load deflection 

response for a prestressed concrete beam is shown in Figure 4-16. In general, the results 

summarized in Table 4-11 and Table 4-12 indicate that in all cases, increasing the 

transverse steel quantity improved the punching shear capacity of the ledge, as it increases 

the flexural and torsional stiffness of the ledge. To investigate any possible influence for the 

spacing between the bars, #4@4" were considered instead of #5@8" in two reinforced 

concrete beams using a partial loading (b) configuration. The finite element analysis did not 

indicate any difference in punching strength for the different transverse steel levels, as 

shown in Figure 4-17, nor any difference in initial or post cracking stiffness. 

 

Figure 4-15: Transverse Steel (C bars) 
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Figure 4-16: Effect of Transverse Steel (C bars) 

 
 
 

Table 4-11: Effect of Transverse Steel on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

#3@8" #5@8" 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

Short 39 

52 

41 

52 

5% 

0% 

L
o

n
g

 Single 28 34 21% 

Partial (a) 20 23 15% 

Partial (b) 19 21 11% 

Prestressed 

L
o

n
g

 Single 44 

52 

49 

52 

11% 

0% Partial (a) 33 37 12% 

Partial (b) 26 29 12% 
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Table 4-12: Effect of Transverse Steel on End Failure Load 

End Failure (PCI Eq. 5-45) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

#3@8" #5@8" 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

Short 29 

32 

36 

32 

24% 

0% 

L
o

n
g

 

Single 30 40 33% 

Partial (a) 29 33 14% 

Prestressed 

L
o

n
g

 
Single 42 32 53 32 26% 0% 

Partial (a) 41 46 12% 

 
 

 

Figure 4-17: Effect of Spacing between C bars 
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4.6. Additional Shear Reinforcement 

The effect of using additional shear reinforcement in the ledge was investigated to 

determine the ability of such reinforcement to enhance the punching shear capacity of the 

ledge. Description of the used shear reinforcement is shown in Figure 4-18. The effect of 

such reinforcement was studied on inner ledge loading within reinforced concrete beams 

and included three load configurations. One example of a predicted load-deflection diagram 

for the case of partial loading (b) is shown in Figure 4-19. It should be noted that including 

such special shear reinforcement may not be considered as a practical option by some 

producers. Nevertheless, the results indicate that it could generally improve the ledge 

capacity for all studied cases as presented in Table 4-13, as the bars directly cross the 

failure surface, and providing more strength to the ledge. 

 

 

 

 

 

Figure 4-18: Details of the Additional Shear Reinforcement 
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Figure 4-19: Effect of Additional Shear Reinforcement 

 

 

Table 4-13: Effect of Additional Shear Reinforcement on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) 
% Increase OR  
% Decrease of 

Ultimate Capacity Beam 
Type 

Loading 

Ledge Capacity, k 

W/O Add. 
Reinf. 

W/ Add. Reinf. 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

L
o

n
g

 Single 31 

52 

35 

52 

13% 

0% Partial (a) 22 26 18% 

Partial (b) 20 23 15% 
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4.7. Hanger Steel (L bars) 

To investigate the effect of the hanger steel, described in Figure 4-20, two different 

amounts, #3@8" and #5@8", were used in reinforced and prestressed beams loaded with 

various loading configurations. The results indicate that increasing in hanger steel quantity 

has a slight influence on inner failure loads in both reinforced and prestressed beams, as 

shown in Figure 4-21. On the other hand, it appears that hanger steel can more effectively 

improve the punching capacity at the end of the ledge possibly by contributing to global 

shear resistance and enhancing the torsional resistance. For all studied cases, presented in 

Table 4-14 and Table 4-15, the maximum improvement did not exceed 13 percent even 

though the increase in hanger steel amount was approximately 180 percent. This implies 

that the effect of the hanger steel on ledge punching strength is insignificant. Nevertheless, 

it should be mentioned that such conclusion may not agree with that of Hassan (2007), who 

obtained a significant effect of the hanger steel amount, possibly because the beam he 

modeled had closed stirrups within the web and not open reinforcement (or L bars) as used 

in this current research. Furthermore, the ledge failure, recorded by Klein (1986a) and 

Hassan (2007), was at the end at high global shear and torsional stresses. Therefore, it can 

be inferred that the effect of the hanger steel may enhance the ledge capacity at the end 

where high global shear stresses act; however, further investigation is still needed to clarify 

this issue, particularly the effect of hanger steel on inner failure loads. 
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Figure 4-20: Hanger Steel (L bars) 

 

 

 

Figure 4-21: Effect of Hanger Steel (L bars) 
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Table 4-14: Effect of Hanger Steel on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

#3@8" #5@8" 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

Short 40 

52 

41 

52 

3% 

0% 

L
o

n
g

 Single 29 31 7% 

Partial (a) 21 22 5% 

Partial (b) 19 20 5% 

Prestressed 

L
o

n
g

 Single 46 

52 

46 

52 

0% 

0% Partial (a) 33 35 6% 

Partial (b) 26 28 8% 

 

 
Table 4-15: Effect of Hanger Steel on End Failure Load 

End Failure (PCI Eq. 5-45) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

#3@4" #5@4" 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

Short 32 

32 

34 

32 

6% 

0% 

L
o

n
g

 

Single 34 36 6% 

Partial (a) 29 32 10% 

Prestressed 

L
o

n
g

 

Single 47 32 48 32 2% 0% 
Partial (a) 40 45 13% 
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4.8. Longitudinal Steel in the Ledge 

Three different quantities for longitudinal steel in ledge, described in Figure 4-22, were 

considered; 2 #7 bars, 2 #9 bars, and 2 #11 bars. The analysis covered various loading 

cases for reinforced concrete spandrel beams. Load deflection diagram for a reinforced 

concrete beam loaded with partial loading (b) is shown in Figure 4-23. In general, the finite 

element results, given in Table 4-16, indicate that the longitudinal steel in the ledge had no 

effect for short span beams; however, by increasing the global stresses, the punching shear 

capacity of the ledge started to increase presumably because the longitudinal steel 

decreased global flexural stresses at mid-span. It should be noted that longitudinal steel in 

the ledge may directly influence the failure surface by altering the developed crack angle, as 

observed by Lucier et al. (2010). This effect is not considered by current PCI procedure, and 

further investigation is still needed on this topic. . 

 

Figure 4-22: Longitudinal Steel in the Ledge 
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Figure 4-23: Effect of Longitudinal Steel in the Ledge 

 

 
Table 4-16: Effect of Longitudinal Steel in the Ledge on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) % Increase OR  
% Decrease of 

Ultimate Capacity Beam 
Type 

Loading 

Ledge Capacity, k 

2#7 2#11 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

Short 40 

52 

40 

52 

0% 

0% 

L
o

n
g

 Single 30 31 3% 

Partial (a) 21 23 10% 

Partial (b) 19 21 11% 
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4.9. Web Thickness, 𝒃 

The current PCI procedure does not account for the effect of the web stiffness on the 

punching shear capacity of the ledge. To investigate this parameter, two web thicknesses, 8 

in. and 12 in., were used for reinforced and prestressed concrete spandrel beams, as shown 

in Figure 4-24. To maintain the same level of prestressing in the member with the thicker 

web, the prestressing force was increased in proportion to the increase in cross-sectional 

area. The load deflection responses of prestressed concrete beams with different web 

thicknesses are shown in Figure 4-25. As would be expected, the data indicate considerable 

variation between both models in terms of stiffness whether the initial or the post-cracking. 

The results of the analyzed beams are summarized in Table 4-17 and Table 4-18. In 

reinforced concrete beams, increasing the web thickness had no significant effect on the 

ledge capacity at mid-span; however, the effect of web thickness was more pronounced in 

the prestressed concrete beams at mid-span. It was also observed that increasing the web 

thickness improved the capacity at the end for both reinforced and prestressed concrete 

beams, presumably by decreasing global shear stress. 
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Figure 4-24: Web Thickness, 𝒃 

 

 

Figure 4-25: Effect of Web Thickness 
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Table 4-17: Effect of Web Thickness on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

b=8 in. b=12 in. 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

Short 40 

52 

38 

52 

-5% 

0% 

L
o

n
g

 Single 31 31 0% 

Partial (a) 22 23 5% 

Partial (b) 20 21 5% 

Prestressed 

L
o

n
g

 Single 46 

52 

49 

52 

7% 

0% Partial (a) 35 41 17% 

Partial (b) 28 34 21% 

 

 

Table 4-18: Effect of Web Thickness on End Failure Load 

End Failure (PCI Eq. 5-45) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

b=8 in. b=12 in. 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

Short 33 

32 

34 

32 

3% 

0% 

L
o

n
g

 

Single 36 37 3% 

Partial (a) 32 36 13% 

Prestressed 

L
o

n
g

 Single 48 

32 

48 

32 

0% 

0% Partial (a) 45 46 2% 

Partial (b) 37 42 14% 
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4.10. Bearing Pad Friction, 𝝁 

Four analyzed reinforced concrete beams were used to investigate the effect of the friction 

of the bearing pads on the punching shear capacity of the ledge at mid-span. Bearing pad 

friction was simulated as horizontal tension force that acts directly under the vertical load at 

each location as shown in Figure 4-26. The analysis was conducted using two coefficients of 

friction: 0.05 and 0.1. The values of the applied horizontal forces were increased 

proportionally to those of the vertical loads. The load deflection response for one case is 

shown in Figure 4-27. While the friction directly affected the lateral displacements and the 

rotation of the beam in general, it was observed to have a slight effect on the failure load as 

presented in Table 4-19. Such behavior was also observed by Hassan et al. (2007). 

 

Figure 4-26: Investigated Coefficients of Friction 

 



 

75 

 

Figure 4-27: Effect of Bearing Pad Friction  

 

 

Table 4-19: Effect of Bearing Pad Friction on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) % Increase OR  
% Decrease of 

Ultimate Capacity Beam 
Type 

Loading 

Ledge Capacity, k 

µ=0.05 µ=0.1 

PFE PPCI PFE PPCI FE PCI 

Reinforced  

L
o

n
g

 

Single 31 

52 

28 

52 

-10% 

0% Partial (a) 22 20 -9% 

Partial (b) 20 18 -10% 

Full 18 16 -11% 
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4.11. Edge Distance to the First Load, 𝒅𝒆 

Four reinforced concrete models were analyzed to determine the influence of varying the 

distance between the first load and the end of the ledge, as shown in Figure 4-28. The 

analysis considered a partial loading configuration, and the edge distances were varied from 

4 in. to 22 in. Results of the analysis, shown in Figure 4-29, indicate that increasing the edge 

distance beyond 12 in. has a negligible effect on the punching shear capacity of the ledge. 

The comparison clearly indicates that the increase in ledge capacity predicted by finite 

element is not proportional to that calculated by PCI. Both finite element and PCI predictions 

are identical at an edge distance of 4 in.; however, the PCI predictions significantly 

overestimate the ledge capacity as edge distance increases. While the analysis shows only 

38 percent increase in capacity when increasing the edge distance from 4 in. to 22 in., the 

current PCI procedure predicts 100 percent increase. It should also be noted that the 

predicted finite element failure planes change considerably as the edge distance increases. 

Figure 4-30 shows the distribution of principal compressive strains and the failure mode for 

the four cases. A comparison of the finite element results to the PCI predictions for each 

specified edge distance are summarized in Table 4-20, and plotted in Figure 4-31. 
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𝑑𝑒  = 4 in. 

 

𝒅𝒆 = 12 in. 

 

𝒅𝒆 = 16 in. 

 

𝒅𝒆 = 22 in. 

 

Figure 4-28: Investigated Edge Distances 

 

 

 

 

Figure 4-29: Effect of Edge Distance 
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𝒅𝒆 = 4 in. 

 

𝒅𝒆 = 12 in. 

 

𝒅𝒆 = 16 in. 

 

𝒅𝒆 = 22 in. 

 

Figure 4-30: Failure Modes for the Investigated Edge Distances 
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Table 4-20: Effect of Edge Distance on End Failure Load 

End Failure (PCI Eq. 5-45) % Increase OR  
% Decrease of 

Ultimate Capacity * Beam Type 

L
o

a
d

in
g

 

Edge 
Distance, 

de 

Ledge 
Capacity, k PFE / 

PPCI 
PFE PPCI FE PCI 

Reinforced 

L
o

n
g

-P
a
rt

ia
l 

(b
) 

4 in 21 22 0.95  --- ---  

12 in 27 32 0.84 29% 44% 

16 in 28 37 0.76 33% 67% 

22 in 29 45 0.64 38% 100% 

* Percentages are calculated from a baseline edge distance of 4 in. 

 

 

Figure 4-31: Effect of Edge Distance Predicted by FE and PCI 
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4.12. Overlapping Spacing, 𝒔 

In the current PCI procedure, an overlapped punching failure cone should be considered if 

the spacing between two stems is less than the sum of the bearing width and the ledge 

height, 𝑏𝑡 + ℎ𝑙 , as shown in Figure 4-32. Based on the assumed failure surface, Eq. 5-44 

and Eq. 5-46 of the current PCI Design Handbook were used to determine the punching 

shear capacity of the ledge. Five reinforced concrete models were analyzed using different 

load spacing ranged from zero (one single load) to 32 in. as shown in Figure 4-33. The 

predicted modes of failures for the five models are shown in Figure 4-34. The results 

demonstrate that independent failure cone was developed only when the spacing was 32 

in., which is much higher than the value specified by PCI. In general, the results indicate that 

increasing the load spacing resulted in an increase in the punching shear capacity of the 

ledge. All results are given in Table 4-21, compared to those determined by PCI equations. 

 

Figure 4-32: PCI Evaluation 
for Overlapping 

𝑠 = 0 
(Single 
Load)  

𝑠 = 8 in. 

(𝒔 < 𝒔𝒑𝒄𝒊) 
 

𝑠 = 16 in. 

(𝒔 > 𝒔𝒑𝒄𝒊)  

𝑠 = 24 in. 

(𝒔 > 𝒔𝒑𝒄𝒊) 
 

𝑠 = 32 in. 

(𝒔 > 𝒔𝒑𝒄𝒊) 
 

Figure 4-33: Investigated Overlapping 
Distances 
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𝑠 = 0 
(Single Load) 

 

𝑠 = 8 in. 
(𝒔 < 𝒔𝒑𝒄𝒊) 

 

𝑠 = 16 in. 
(𝒔 > 𝒔𝒑𝒄𝒊) 

 

𝑠 = 24 in. 

(𝒔 > 𝒔𝒑𝒄𝒊) 

 

𝑠 = 32 in. 

(𝒔 > 𝒔𝒑𝒄𝒊) 

 

Figure 4-34: Modes of Failures for Investigated Overlapping Distances 
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Table 4-21: Effect of Overlapping Spacing 

Inner Failure, at Quarter Span (PCI Eq. 5-44, PCI Eq. 5-46) % Increase 
OR  

% Decrease 
of Ultimate 
Capacity * 

Beam Type 

L
o

a
d

in
g

 

Spacing 

Stem Load, 
k PFE / 

PPCI   
FE Failure 

Mode 
PCI Failure 

Mode 

PFE PPCI FE PCI 

Reinforced 

Single s=0 30 52 0.58 Independent Independent ---  ---  
T

w
o

 L
o

a
d

s
 

s=8 in  
< sPCI 

18 33 0.54 Overlapped 
Overlapped 
(Eq. 5-46) 

-40% -36% 

s=16 in 
>sPCI 

20 

52 

0.38 Overlapped Independent -33% 

0% 
s=24 in 

>sPCI 
22 0.42 Overlapped Independent -27% 

s=32 in 
>sPCI 

24 0.46 Independent Independent -20% 

* Percentages are calculated from the single load case. 

4.13. Concrete Strength, 𝒇′
𝒄
 

To study the effect of the concrete strength on the punching shear capacity of the ledge, 

three different concrete strengths between 4000 psi and 8000 psi were used in both 

reinforced and prestressed concrete beams with different load configurations. Load 

deflection responses for a long prestressed concrete beam, loaded using a partial loading 

configuration, are shown in Figure 4-35. As expected, increasing the concrete strength 

resulted in a significant improvement in the punching shear capacity of the ledge for all 

cases; however, such improvement was dependent on the location of failure as well as the 

global stress level. The percent increase of the capacity for the inner ledge loading at mid-

span was observed to decrease as the global flexural stresses increase. Nevertheless, the 

current PCI procedure does not take such interaction with the global stresses into account. 

Finite element and PCI predictions are summarized in Table 4-22 and Table 4-23. 
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Figure 4-35: Effect of Concrete Strength 

 

Table 4-22: Effect of Concrete Strength on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

f'c=4000 psi f'c=8000 psi 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

Short 32 

43 

47 

60 

47% 

41% 

L
o

n
g

 Single 25 35 40% 

Partial (a) 19 25 32% 

Partial (b) 17 22 29% 

Prestressed 

L
o

n
g

 Single 40 

43 

52 

60 

30% 

41% Partial (a) 31 39 26% 

Partial (b) 25 30 20% 
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Table 4-23: Effect of Concrete Strength on End Failure Load 

End Failure (PCI Eq. 5-45) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

f'c=4000 psi f'c=8000 psi 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

Short 26 

26 

38 

37 

46% 

41% 

L
o

n
g

 

Single 29 40 38% 

Partial (a) 26 36 38% 

Prestressed 

L
o

n
g

 
Single 41 26 54 37 32% 41% 

Partial (a) 37 50 35% 

4.14. Bearing Width, 𝒃𝒕 

To investigate the effect of bearing width on the punching shear capacity of the ledge, two 

bearing widths of 4 in. and 20 in. were considered, as shown in Figure 4-36 for prestressed 

concrete beams analyzed with various load configurations. The load-deflection curves, 

shown in Figure 4-37, represent a prestressed concrete beam loaded using partial loading 

configuration. The results show that increasing the bearing width from 4 in. to 20 in. 

significantly enhanced the capacity of the ledge as it increased the area of the vertical shear 

plane between the ledge and the web. The larger failure surface crosses additional ledge 

reinforcement and engages additional concrete, providing more strength for the ledge. The 

current PCI procedure considers the bearing width as a main parameter in deriving its 

equations. Nevertheless, the comparisons for both reinforced and prestressed concrete 

beams indicate that the PCI procedure overestimates the capacity of the ledge at mid-span. 

On the other hand, the PCI equations were conservative for predicting the capacity of the 

ledge at the end for bearing widths of 4 in. and 20 in. The finite element predictions are 

compared to those calculated by the current PCI procedure for each case in Table 4-24 and 

Table 4-25. 
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Figure 4-36: Bearing Width, 𝒃𝒕 

 

 

 

Figure 4-37: Effect of Bearing Width 
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Table 4-24: Effect of Bearing Width on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

bt=4" bt=20" 

PFE PPCI PFE PPCI FE PCI 

Prestressed 

L
o

n
g

 Single 46 

52 

59 

82 

28% 

57% Partial (a) 35 43 23% 

Partial (b) 28 35 25% 

 

Table 4-25: Effect of Bearing Width on End Failure Load 

End Failure (PCI Eq. 5-45) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

bt=4" bt=20" 

PFE PPCI PFE PPCI FE PCI 

Prestressed 

L
o

n
g

 

Single 48 
32 

56 
42 

17% 
31% 

Partial (a) 45 51 13% 

 

4.15. Ledge Height, 𝒉𝒍 

Ledge height is a dominant parameter in the current PCI procedure for determining the 

punching shear capacity of a ledge. To study this parameter, the ledge height was increased 

from 8 in. to 12 in., as shown in Figure 4-38, for reinforced and prestressed concrete beams, 

loaded with various load configurations. The analysis shows that such an increase could 

significantly enhance the punching shear capacity of the ledge in all cases. One example of 

a load deflection response for a prestressed concrete beam is shown in Figure 4-39. It 

should be noted that the increase in capacity was affected by the global stress in the beam, 

as the deeper ledge altered the global beam behavior. In general, the maximum increase in 

capacity was observed in reinforced concrete short span beams, where the effects of global 

stress were negligible, as shown in Table 4-26 and Table 4-27. In addition, the predicted 

percentages increase of the capacity were less than those predicted by the PCI equations.  
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Figure 4-38: Ledge Height, 𝒉𝒍 

 

 

 

Figure 4-39: Effect of Ledge Height 
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Table 4-26: Effect of Ledge Height on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

hl=8 in. hl=12 in. 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

Short 40 

52 

66 

89 

65% 

71% 

L
o

n
g

 Single 31 46 48% 

Partial (a) 22 33 50% 

Partial (b) 20 29 45% 

Prestressed 
(b=12 in.) L

o
n

g
  Single 49 

52 

77 

89 

57% 

71% Partial (a) 41 57 39% 

Partial (b) 34 44 29% 

 

Table 4-27: Effect of Ledge Height on End Failure Load 

End Failure (PCI Eq. 5-45) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

h=8 in. h=12 in. 

PFE PPCI PFE PPCI FE PCI 

Reinforced 

Short 33 

32 

59 

52 

79% 

62% 

L
o

n
g

 

Single 36 59 64% 

Partial (a)* 36 51 42% 

Prestressed 
(b=12 in.) L

o
n

g
 Single 47 

32 

76 

52 

62% 

62% Partial (a) 46 72 57% 

Partial (b) 42 55 31% 

* Web Thickness, b= 12 in. 
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4.16. Ledge Projection, 𝒍𝒑 

Ledge projection is one of the key parameters affecting the failure surface of the ledge, and 

is considered by the current PCI equations. In this research, ledge projection was 

considered separately from the bearing pad location (load eccentricity). Two ledge 

projections, 8 in. and 12 in., were used for prestressed concrete beams, while the bearing 

pad location was kept at a constant location (fixed load eccentricity), as shown in Figure 

4-40. Example of a load deflection diagram for a prestressed concrete beam is shown in 

Figure 4-41. In general, the results show that increasing the ledge projection increased the 

punching shear capacity of the ledge, as given in Table 4-28, and Table 4-29. Predictably, 

increasing the ledge projection was more effective for inner failure than end failure as the 

corresponding increase of the failure surface would be greater for the inner locations. This 

trend agrees with the PCI predictions; however, all increases in capacity in the finite element 

models were less than those predicted by the current PCI procedure. It should be noted also 

that increasing the load eccentricity eliminates any beneficial effect that can be obtained by 

increasing the ledge projection, as previously discussed in section 4.3. 

 

Figure 4-40: Ledge Projection, 𝒍𝒑 

lp=8 in. 

lp=12 in. 
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Figure 4-41: Effect of Ledge Projection 

 

Table 4-28: Effect of Ledge Projection on Inner Failure Load 

Inner Failure (PCI Eq. 5-44) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

lp=8 in. lp=12 in. 

PFE PPCI PFE PPCI FE PCI 

Prestressed 

(b=12 in., 
h=12 in.) L

o
n

g
 Single 77 

89 

102 

112 

32% 

25% Partial (a) 57 69 21% 

Partial (b) 44 48 9% 

 

Table 4-29: Effect of Ledge Projection on End Failure Load 

End Failure (PCI Eq. 5-45) % Increase OR  
% Decrease of 

Ultimate Capacity Beam Type Loading 

Ledge Capacity, k 

lp=8 in. lp=12 in. 

PFE PPCI PFE PPCI FE PCI 

Prestressed 
(b=12 in., 
h=12 in.) L

o
n

g
 Single 76 

52 

91 

59 

20% 

14% Partial (a) 72 80 11% 

Partial (b) 58 61 5% 
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4.17. Summary 

Details of the beams modeled in this research as well as comparisons between finite 

element and current PCI predictions for inner and end failure loads, are presented in 

Appendix B for selected loading configurations. It should be noted that the PCI procedure 

uses the lesser of the two equations given in the PCI Design Handbook (2010) to predict 

capacities; however, comparisons performed in the parametric study were based on the 

end-location and inner-location failures implied by the PCI equations. The main conclusion 

to be drawn through the results is that the current PCI procedure significantly overestimates 

the punching shear capacity under a variety of conditions. For each studied parameter, the 

minimum ratios of finite element predicted capacities to PCI values, obtained for each failure 

location, are listed in Table 4-30. The PCI equations are more conservative at an end 

location than at an inner location. It is also clear that prestressing enhances the punching 

shear capacity significantly, whether at inner or at end locations. Finally, it should be noted 

that the current PCI procedure generally overestimates the influence of the main parameters 

currently considered by the design equations. Based on the findings of the research, the 

following parameters can be listed as the most significant with respect to the punching shear 

behavior of the ledge. Therefore, these parameters were included in the proposed 

experimental program that is discussed in chapter 5. 

 Global Stresses  Ledge Height 

 Prestressing Effect  Ledge Projection 

 Edge Distance of the Load  Load Eccentricity 

 Overlapping Spacing  Transverse Steel (C bars) 

 Concrete Strength  Longitudinal Steel in Ledge 

 Bearing Width  
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Table 4-30: Minimum Ratios of FE Predicted Capacities to PCI Values 

Parameter 

Inner Failure  

(PCI Eq. 5-44, 5-46) 

End Failure 

 (PCI Eq. 5-45, 5-47) 

Reinforced Prestressed Reinforced Prestressed 

NOT 
considered 
by current 

PCI 
procedure 

1. Flexural and Shear Global Stresses 0.35 0.44 0.71 0.93 

2. Prestressing Effect (Prestressing Level)  0.37   

3. Load Eccentricity, 𝑒  0.39  0.84 

4. Strands' Pattern  0.44   

5. Transverse Steel (C bars) 0.37 0.50 0.91 1.28 

6. Additional Shear Reinforcement 0.38    

7. Hanger Steel (L bars) 0.37 0.50 0.90 1.24 

8. Longitudinal Steel in Ledge 0.37    

9. Web Thickness, 𝑏 0.38 0.54 0.99 1.15 

10. Friction of the Bearing Pads, 𝜇 0.31    

Considered 
by current 

PCI 
procedure 

11. Edge Distance of the First Load, 𝑑𝑒    0.65  

12. Overlapping Spacing, 𝑠 0.38    

13. Concrete Strength, 𝑓 ′
𝑐
 0.37 0.50 0.97 1.34 

14. Bearing Width, 𝑏𝑡   0.43  1.21 

15. Ledge Height, ℎ𝑙  0.32 0.49 0.98 1.06 

16. Ledge Projection, 𝑙𝑝   0.43  1.03 
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5. Proposed Experimental Program 

This chapter presents a proposed experimental program to be undertaken for future 

research. The findings of the analytical parametric study were used to guide development of 

the proposed experimental test matrices. 

5.1. Overview 

The proposed experimental research involves testing of precast reinforced and prestressed 

concrete L-shaped beams. A full-scale L-shaped beam will be supported at its ends, 

vertically and laterally, and load-cells will be used to measure all support reactions. Loads 

will be applied to the ledge through a system of steel tubes, jacks, and concrete blocks, as 

shown in Figure 5-1. One loading assembly (consisting of a block, steel beam, and jack) will 

be used for each applied concentrated load. The number of loads applied to a given test 

specimen can be varied from specimen to specimen, depending on the specimen span and 

on the specific parameter being evaluated. For each loading assembly, the concrete block 

will be placed opposite to the beam ledge at each location where a concentrated load is 

required. A steel beam, supported on steel rollers, will span from this concrete block to the 

beam ledge. A hydraulic jack will apply load to the top surface of each steel beam. Any 

applied load will be monitored with load-cell at selected jack and at the main vertical 

reactions of each specimen. 
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Figure 5-1: Profile View of Proposed Test Setup 

In all tests, loads will be applied in incremental cycles to failure. Time will be allowed during 

each cycle for observations to be made at significant load levels (service, factored, etc.) and 

for the progression of cracking to be documented. Data will be measured electronically over 

the entire duration of each test. Measurements of applied loads, beam reactions, 

deformations, and strains will be collected at appropriate locations for each test. For all 

beam specimens, concrete and steel material samples will be taken when the beams are 

produced. These samples will then be tested to determine the actual material properties of 

the steel reinforcement and the concrete compressive and tensile strengths on the day of 

testing for each beam specimen. 

The proposed experimental program will be conducted on full-scale short span and long 

span beams. Eleven parameters are selected to be examined experimentally as presented 

in Table 5-1. 
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Table 5-1: Selected Parameters for the Proposed Experimental Program 

Parameter 
Short 
Span 

Long 
Span 

NOT 
Considered 

by PCI 
Design 

Procedure 

1. Global Stresses  X 

2. Prestressing Effect  X 

3. Load Eccentricity X X 

4. Transverse Steel (C bars) X X 

5. Longitudinal Steel in Ledge X X 

Considered 
by PCI 
Design 

Procedure 

6. Edge Distance of the First Load X  

7. Overlapping Spacing  X 

8. Concrete Strength X X 

9. Bearing Width X  

10. Ledge Height X X 

11. Ledge Projection X X 

5.2. Short-Span Tests 

A series of short-span tests are proposed to examine selected parameters with minimal 

influence from global beam stress. The span of each beam will be 15 ft., and beams will be 

loaded at a single desired failure location, as shown in Figure 5-2. Short-span tests are less 

costly than long-span beams, allowing for a larger number of parameters to be examined. In 

addition, failure modes outside of the ledge are unlikely to control the behavior in a short 

specimen with a single applied load. Therefore, enhanced reinforcement outside of the 

ledge, to prevent any premature failure in the beam, would be unnecessary. In Figure 5-2, 

the loading apparatus is shown at an inner location, but can be moved to different points 

along the span. Each short-span specimen will be tested three times – once within the span 

and once at each end. 
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Figure 5-2: Short-Span Full-Scale Test Setup, Single Load 

Short span tests will be used to investigate five main parameters including concrete 

strength, ledge height, ledge projection, transverse steel quantity, and longitudinal steel 

quantity in the ledge. Conducting tests at both ends of each specimen will also facilitate 

investigation of additional parameters including edge distance of the load, load eccentricity, 

and the bearing width. A total of 17 short-span reinforced concrete specimens are proposed; 

including six duplicate beams. Each specimen will be tested three times. Thus, a total of 51 

tests will be conducted on short specimens; two thirds of these tests will be conducted at the 

ends of the ledge and one third at inner locations. The proposed short-span testing matrix is 

shown in Table 5-2 and Table 5-3. The matrix includes eleven unique specimens along with 

six replicate specimens to provide several repeat data points. The sequence of testing for 

each specimen is shown in Figure 5-3.  

Short-Span Beam 

Loading Assembly 
(Block, Jack, Steel Tube) 

Specimen  
Supported  

at Each End 
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Table 5-2: Short-Span Test Matrix (Inner Tests) 

Original (11 Specimens) 

Sp. Test 
Concrete 
Strength, 

f'c 

Ledge 
Height, 

hl 

Ledge 
Projection, 

Lp 

Transverse 
Steel, C 

bars 

Longitudinal 
Steel in 
Ledge 

Eccentricity, 
e 

Notes 

RS1 RS1.I 6000 psi 8" 8" 

Based on 
design Based on 

design 

6" Duplicated 

RS2 RS2.I 8000 psi 8" 8" 6" 
 

RS3 RS3.I 10000 psi 8" 8" 6" Duplicated 

RS4 RS4.I 6000 psi 12" 8" 6" 
 

RS5 RS5.I 6000 psi 10" 8" 6" 
Duplicated  Control 

for RS6, RS7 

RS6 RS6.I 6000 psi 10 6" 4" 
 

RS7 RS7.I 6000 psi 10 10" 8" Duplicated 

RS8 RS8.I 6000 psi 8" 8" #3@4" 6" 
 

RS9 RS9.I 6000 psi 8" 8" #4@4" 6" Duplicated 

RS10 RS10.I 6000 psi 8" 8" Based on 
design  

2#7 6" 
 

RS11 RS11.I 6000 psi 8" 8" 2#9 6" Duplicated 

Duplicate (6 Specimens) 

RS1-D RS1-D.I 6000 psi 8" 8" 

Based on 
design  Based on 

design  

6" Duplicated 

RS3-D RS3-D.I 10000 psi 8" 8" 6" Duplicated 

RS5-D RS5-D.I 6000 psi 10" 8" 6" 
Duplicated Control 

for RS7-D 

RS7-D RS7-D.I 6000 psi 10" 10" 8" Duplicated 

RS9-D RS9-D.I 6000 psi 8" 8" #4@4" 6" Duplicated 

RS11-D 
RS11-

D.I 
6000 psi 8" 8" 

Based on 
design 

2#9 6" Duplicated 
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Table 5-3: Short-Span Test Matrix (End Tests) 

Original (11 Specimens) 

Sp. Test 
Concrete 
Strength, 

f'c 

Ledge 
Height, hl 

Ledge 
Proj., Lp 

Transverse 
St., C bars 

Long. St. 
in Ledge 

Edge 
Dist., de 

Ecc., 
e 

bearing 
width, bt 

Notes 

RS1 
RS1.E1 

6000 psi 8" 8" 

Based on 
design 

Based on 
design 

8" (=h) 
6" 4" Duplicated 

RS1.E2 16" (=2h) 

RS2 
RS2.E1 

8000 psi 8" 8" 8" 6" 4"   
RS2.E2 

RS3 
RS3.E1 

10000 psi 8" 8" 
8" (=h) 

6" 4" Duplicated 
RS3.E2 16" (=2h) 

RS4 
RS4.E1 

6000 psi 12" 8" 8" 6" 4"   
RS4.E2 

RS5 
RS5.E1 

6000 psi 10" 8" 8" 
6" 

4" 
Duplicated  Control 

for RS6, RS7 RS5.E2 4" 

RS6 
RS6.E1 

6000 psi 10 6" 8" 4" 4"   
RS6.E2 

RS7 
RS7.E1 

6000 psi 10 10" 8" 
6" 

4" Duplicated 
RS7.E2 4" 

RS8 
RS8.E1 

6000 psi 8" 8" #3@4" 8" 6" 4"   
RS8.E2 

RS9 
RS9.E1 

6000 psi 8" 8" #4@4" 8" 6" 
4" 

Duplicated 
RS9.E2 8" 

RS10 
RS10.E1 

6000 psi 8" 8" 
Based on 

design 

2#7 8" 6" 4"   
RS10.E2 

RS11 
RS11.E1 

6000 psi 8" 8" 2#9 8" 6" 
4" 

Duplicated 
RS11.E2 8" 

Duplicate (6 Specimens) 

RS1-D 
RS1-D.E1 

6000 psi 8" 8" 

Based on 
design Based on 

design 

8" (=h) 
6" 4" Duplicated 

RS1-D.E2 24"(=3h) 

RS3-D 
RS3-D.E1 

10000 psi 8" 8" 
8" (=h) 

6" 4" Duplicated 
RS3-D.E2 24"(=3h) 

RS5-D 
RS5-D.E1 

6000 psi 10" 8" 8" 
6" 

4" 
Duplicated Control 

for RS7-D RS5-D.E2 8" 

RS7-D 
RS7-D.E1 

6000 psi 10 10" 8" 
6" 

4" Duplicated 
RS7-D.E2 8" 

RS9-D 
RS9-D.E1 

6000 psi 8" 8" #4@4" 8" 6" 
4" 

Duplicated 
RS9-D.E2 12" 

RS11-D 
RS11-D.E1 

6000 psi 8" 8" 
Based on 

design 
2#9 8" 6" 

4" 
Duplicated 

RS11-D.E2 12" 
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Step 1: One test at one end. 

 

 

Step 2: One test at inner location. 

 

 

Step 3: One test at the opposite end 

 

Figure 5-3: Testing Sequence for Short-Span Specimens 
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5.3. Long-Span Tests 

Some parameters affecting ledge capacity can be evaluated with short-span specimens, but 

long-span specimens are proposed to study the critical influence of global stresses on ledge 

behavior. Long-span specimens will be tested in a manner similar to the short-span tests; 

however, the long specimens will span 45 ft. and additional loading assemblies will be used. 

Long-span beams will be simply supported at each end, laterally tied back to columns, and 

loaded in a way that mimics field conditions. Long-span beams will be tested with a 

sufficient number of extra loading assemblies placed along the length of the ledge to 

generate relatively high global stress levels (i.e. flexure, shear, and torsion stresses equal to 

the service level or higher). For each test, one location will be selected as the punching 

shear test site. The loading assembly placed at this location will bear on the beam ledge 

through a standard size bearing pad (4”x4”). A separate series of auxiliary loading 

assemblies will be spaced along the ledge. These loading assemblies will apply loads to the 

ledge, which will be dependent on the desired global stresses level in each case. Loads at 

other locations will be distributedthroughawidebearingbeam(HSS4”x4”x40”) to prevent 

any unintended ledge failures at locations away from the selected test location. Preventing 

excessive ledge damage away from the selected test location is important because each 

test specimen will be tested multiple times at various locations along the span. Long-span 

tests will be configured to generate a punching shear failure within a zone of high global 

flexural tension, as shown in Figure 5-4, or to generate a punching failure in a zone of high 

global shear, as shown in Figure 5-5. The applied ledge loads from these loading 

assemblies will be held constant while load is slowly increased at the selected failure 

location. In this way, punching tests can be conducted along the beam ledge at selected 

locations having selected global stress levels. 
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Figure 5-4: Long-Span Full-Scale Test in Region of High Global Flexural Stresses 

 

 

Figure 5-5: Long-Span Full-Scale Test in Region of High Global Shear Stresses 

Load at the selected location will be increased while 
the loads at other locations are held constant. Thus, a 
punching failure will be forced to occur at the selected 
location. The selected location shown is in a zone of 

high global flexure. 

Loads at other locations will be 
spread to the ledge on wide bearing 
beams to prevent heavy ledge 
damage away from the selected 
failure location. 

A selected test location in a zone of 
high global shear. 
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In designing the long-span tests, it will be important to ensure that specimens do not fail in 

global modes prior to reaching the ledge punching shear capacity. Careful selection of the 

auxiliary test loads will be the primary mechanism for avoiding global beam failures. 

Auxiliary test loads will need to be applied at levels high enough to generate sufficient global 

stresses, but at levels low enough to ensure global structural integrity. To a limited extent, 

enhanced detailing of internal mild steel reinforcement outside of the ledge can be used to 

guard against global failure modes. However, enhancing the internal mild steel 

reinforcement will usually change the global state of the beam. Since specific global stress 

states will be desired for most tests, typical levels of internal reinforcement will need to be 

provided in most specimens. 

The proposed long-span test matrix is provided in Table 5-4, Table 5-5, and Table 5-6. A 

series of eight specimens are proposed; seven prestressed concrete beams and one 

reinforced concrete beam. It is planned to test each specimen five times; once at mid-span 

and twice at each side. Thus, it is expected that a total of 40 tests will be conducted. It 

should be noted that the long-span test matrix may need to be adjusted based on the results 

of the short-span tests which will be conducted first. The planned sequence of testing for 

each long-span specimen is shown in Figure 5-6. 
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Table 5-4: Long-Span Test Matrix (at Flexural Region) 

 

 

 
 

Prestressed (7 Specimens) + Reinforced (1 Specimen) 

Sp. Test 
Global 

Stresses 

Concrete 
Strength, 

f'c 

Ledge 
Height, 

hl 

Ledge 
Projection, 

Lp 

Transverse 
Steel,  
C bars 

Prestressed 
/ Reinforced 

Notes 

PL1 PL1.F Low 6000 psi 8" 8" 

Based on 
design  

Prestressed   

PL2 PL2.F Moderate 6000 psi 8" 8" Prestressed   

PL3 PL3.F High 6000 psi 8" 8" Prestressed   

PL4 PL4.F Low 10000 psi 8" 8" Prestressed   

PL5 PL5.F Low 6000 psi 10" 8" Prestressed 
Control for 

PL6 

PL6 PL6.F Low 6000 psi 10" 10" Prestressed   

PL7 PL7.F Low 6000 psi 8" 8" #4@4" Prestressed   

RL1 RL1.F Low 6000 psi 8" 8" 
Based on 

design 
Reinforced   
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Table 5-5: Long-Span Test Matrix (at End Region) 

Prestressed (7 Specimens) + Reinforced (1 Specimen) 

Sp. Test 
Global 

Stresses 
Ecc., 

e 

Concrete 
Strength, 

f'c 

Ledge 
Height, hl 

Ledge 
Projection, 

Lp 

Transverse 
Steel, C 

bars 

Prestressed 
/ Reinforced 

Notes 

PL1 
PL1.E1 Moderate 

6" 6000 psi 8" 8" 

Based on 
design  

Prestressed   
PL1.E2 Low 

PL2 

PL2.E1 High 

6" 6000 psi 8" 8" Prestressed 

  

PL2.E2 Moderate 
Duplicate for: 

PL1.E1 

PL3 

PL3.E1 Low 

6" 6000 psi 8" 8" Prestressed 

Duplicate for: 
PL1.E2 

PL3.E2 High 
Duplicate for: 

PL2.E1 

PL4 
PL4.E1 Low 

6" 10000 psi 8" 8" Prestressed   
PL4.E2 High 

PL5 
PL5.E1 Low 

6" 6000 psi 10" 8" Prestressed 
Control for 

PL6 PL5.E2 High 

PL6 
PL6.E1 

Low 
6" 

6000 psi 10" 10" Prestressed   
PL6.E2 8" 

PL7 
PL7.E1 Low 

6" 6000 psi 8" 8" #4@4" Prestressed   
PL7.E2 High 

RL1 
RL1.E1 Low 

6" 6000 psi 8" 8" 
Based on 

design 
Reinforced   

RL1.E2 High 
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Table 5-6: Long-Span Test Matrix (at Transition Region) 

Prestressed (7 Specimens) + Reinforced (1 Specimen) 

Sp. Test 
Global 

Stresses 
Overlapping 
(Spacing, s) 

Ecc., 
e 

Concrete 
Strength, f'c 

Ledge 
Height, 

hl 

Ledge 
Projection, 

Lp 

Transverse 
Steel, C 

bars 

Prestressed 
/ Reinforced 

Notes 

PL1 

PL1.T1 
Single 
Load 

None 

6" 6000 psi 8" 8" 

Based on 
design  

Prestressed   

PL1.T2 Two Loads 
20" 

(s=bt+2h) 

PL2 

PL2.T1 Low None 

6" 6000 psi 8" 8" Prestressed 
 PL2.T2 Two Loads 

28" 
(s=bt+3h) 

PL3 

PL3.T1 High None 

6" 6000 psi 8" 8" Prestressed   
PL3.T2 Two Loads 

36" 
(s=bt+4h) 

PL4 
PL4.T1 Single Load 

None 6" 10000 psi 8" 8" Prestressed   
PL4.T2 High 

PL5 
PL5.T1 Single Load 

None 6" 6000 psi 10" 8" Prestressed 
Control 
for PL6 PL5.T2 High 

PL6 
PL6.T1 

Single Load None 
6" 

6000 psi 10" 10" Prestressed   
PL6.T2 8" 

PL7 
PL7.T1 Single Load 

None 6" 6000 psi 8" 8" #4@4" Prestressed   
PL7.T2 High 

RL1 
RL1.T1 Single Load 

None 6" 6000 psi 8" 8" 
Based on 

design 
Reinforced   

RL1.T2 High 
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Step 1: Two tests in the end regions. 

 

Step 2: One test in the flexural region. 

 

Step 3: Two tests in the transition region. 

Figure 5-6: Testing Sequence for Long-Span Specimens 
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5.4. Summary of the Experimental Program 

In summary, the most significant parameters relevant to beam ledge design can be 

evaluated experimentally with a combination of short-span and long-span precast L-shaped 

specimens. A series of 17 short-span reinforced concrete specimens are proposed. Each 

short-span specimen will be tested multiple times for a total of 51 tests. Inner and end 

failures will be evaluated. An additional series of eight long-span specimens, including 

seven prestressed concrete specimens and one reinforced concrete specimen, will provide 

40 tests highlighting the effects of global stresses on ledge behavior. The outputs of the 

proposed experimental program will complement and validate the analytical results and will 

form a basis to develop and propose comprehensive design guidelines for the ledge.  
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6. Summary and Conclusions 

This research focused on analytical modeling to study the influence of several parameters 

believed to affect the behavior and the capacity of ledges in precast concrete beams. The 

parametric study included parameters that are not considered by the design procedure 

presented in the seventh edition of the PCI Design Handbook (2010) as well as the 

parameters considered by the current procedure. Findings of this study are summarized as 

follows: 

1. The current PCI design procedure can seriously overestimate the punching shear 

capacity of a ledge. The overestimation is more pronounced for inner ledge load 

locations than for end ledge loads. 

2. The use of prestressing enhances the punching shear capacity of the ledge. 

Nevertheless, the finite element predictions of the capacity are still less than those 

predicted by the current PCI procedure which does not consider prestressing. 

3. The analysis indicates that the level of global stress is the most dominant factor 

affecting the punching shear capacity. Increasing the flexural or shear global 

stresses significantly reduces the punching shear capacity of the ledge at both inner 

locations and at end locations. Furthermore, the finite element analysis shows that 

interaction with global stress causes the current PCI procedure to significantly 

overestimate the effect of the parameters considered by the procedure. 

4. Increasing the eccentricity of the applied load reduces the capacity of the ledge. This 

effect offsets any positive effect realized from an increase in the ledge projection if 

this increase in projection is accompanied by a corresponding increase in load 

eccentricity.  
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5. The reinforcement details of the ledge affect the punching shear capacity of the 

ledge. The presence of one strand directly under the loads improves punching shear 

capacity . Using additional shear reinforcement under the loads can also enhance 

the capacity of the ledge. Increasing the transverse steel (c bars) and the longitudinal 

steel in ledge increases the capacity of the ledge and affects the failure surface. 

6. Based on the research findings, an experimental program is proposed consisting of 

full-scale reinforced and prestressed concrete L-shaped beams. The primary 

objective of the proposed experimental program is to validate the findings of the 

analytical modeling reported in this thesis, and to develop comprehensive design 

guidelines for precast concrete L-shaped beam ledges. 
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Appendix 
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Appendix A: Detailed Drawings 

 

Figure A- 1: Reinforced Concrete Short Span Beam 
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Figure A- 2: Reinforced Concrete Long Span Beam, SP16, (Lucier et al. 2010) 
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Figure A- 3: Prestressed Concrete Long Beam, SP14 (Lucier et al. 2010)
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Appendix B: Details of Modeled Beams and Results 

Table B- 1: Short Span Reinforced Concrete Beams (Inner Failure) 

Model 

Concrete 
Strength, 

f'c 

Ledge 
Height

, hl 

Web 
Thickness, 

b 

Transverse  
St. 

(C bars) 

Hanger 
St. (L 
bars) 

Long. 
St. 

Ledge 
Capacity, 

k PFE / 
PPCI 

PFE PPCI 
psi in. in. 

RSI.1 6000 8 8 #4 @ 8" #4 @ 8" 2 # 9 40 52 0.75 

RSI.2 4000 8 8 #4 @ 8" #4 @ 8" 2 # 9 32 43 0.75 

RSI.3 8000 8 8 #4 @ 8" #4 @ 8" 2 # 9 47 60 0.80 

RSI.4 6000 12 8 #4 @ 8" #4 @ 8" 2 # 9 66 89 0.75 

RSI.5 6000 8 12 #4 @ 8" #4 @ 8" 2 # 9 38 52 0.75 

RSI.6 6000 8 8 #3 @ 8" #4 @ 8" 2 # 9 39 52 0.75 

RSI.7 6000 8 8 #5 @ 8" #4 @ 8" 2 # 9 41 52 0.80 

RSI.8 6000 8 8 #4 @ 8" #3 @ 8" 2 # 9 40 52 0.75 

RSI.9 6000 8 8 #4 @ 8" #5 @ 8" 2 # 9 41 52 0.80 

RSI.10 6000 8 8 #4 @ 8" #4 @ 8" 2 # 7 40 52 0.75 

RSI.11 6000 8 8 #4 @ 8" #4 @ 8" 2 # 11 40 52 0.75 

 
            Average 0.75 

 

Table B- 2: Short Span Reinforced Concrete Beams (End Failure) 

Model 

Concrete 
Strength, 

f'c 

Ledge 
Height, 

hl 

Web 
Thickness, 

b 
Transverse 
St.(C bars) 

Hanger 
St. (L 
bars) 

Ledge 
Capacity, 

k PFE / 
PPCI 

PFE PPCI 
psi in. in. 

RSE.1 6000 8 8 #4 @ 8" #4 @ 8" 33 32 1.00 

RSE.2 4000 8 8 #4 @ 8" #4 @ 8" 26 26 1.00 

RSE.3 8000 8 8 #4 @ 8" #4 @ 8" 38 37 1.00 

RSE.4 6000 12 8 #4 @ 8" #4 @ 8" 59 52 1.15 

RSE.5 6000 8 12 #4 @ 8" #4 @ 8" 34 32 1.05 

RSE.6 6000 8 8 #3 @ 8" #4 @ 8" 29 32 0.90 

RSE.7 6000 8 8 #5 @ 8" #4 @ 8" 36 32 1.10 

RSE.8 6000 8 8 #4 @ 8" #3 @ 8" 32 32 1.00 

RSE.9 6000 8 8 #4 @ 8" #5 @ 8" 34 32 1.05 

            Average 1.05 

(PFE / PPCI is rounded to nearest 0.05)  

Designation: 

R:  Reinforced Concrete Beam 

S: Short Span Beams 

I (or E): Inner or End Failure 
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Table B- 3: Long Span Reinforced Concrete Beams (Inner Failure-Single Load) 

Model 

Concrete 
Strength, 

f'c 

Ledge 
Height, 

hl 

Friction 
Coefficient, 

µ 

Web 
Thickness

, b 
Transverse 
St.(C bars) 

Hanger 
St. (L 
bars) 

Long.St. 
Add. 

Reinf. 

Ledge 
Capacity, 

k PFE / 
PPCI 

PFE PPCI 
psi in. in. 

RLSI.1 6000 8 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 31 52 0.60 

RLSI.2 4000 8 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 25 43 0.60 

RLSI.3 8000 8 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 35 60 0.60 

RLSI.4 6000 12 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 46 89 0.50 

RLSI.5 6000 8 0.1 8 #4 @ 8" #5 @ 8" 3 # 9 W/O 28 52 0.55 

RLSI.6 6000 8 0.05 12 #4 @ 8" #5 @ 8" 2 # 9 W/O 31 52 0.60 

RLSI.7 6000 8 0.05 8 #3 @ 8" #5 @ 8" 2 # 9 W/O 28 52 0.55 

RLSI.8 6000 8 0.05 8 #5 @ 8" #5 @ 8" 2 # 9 W/O 34 52 0.65 

RLSI.9 6000 8 0.05 8 #4 @ 8" #3 @ 8" 2 # 9 W/O 29 52 0.55 

RLSI.10 6000 8 0.05 8 #4 @ 8" #4 @ 8" 2 # 7 W/O 30 52 0.60 

RLSI.11 6000 8 0.05 8 #4 @ 8" #4 @ 8" 2 # 11 W/O 31 52 0.60 

RLSI.12 6000 8 0.05 8 #4 @ 8" #4 @ 8" 2 # 9 W/ 35 52 0.65 

 
    

 
        

 
Average 0.60 

 
(PFE / PPCI is rounded to nearest 0.05)  

Designation: 

R:  Reinforced Concrete Beam 

L: Long Span Beams 

S: Single Load 

I: Inner Failure 
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Table B- 4: Long Span Reinforced Concrete Beams (Inner Failure-Partial Loading (a)) 

Model 

Concrete 
Strength, 

f'c 

Ledge 
Height, 

hl 

Friction 
Coefficient, 

µ 

Web 
Thickness, 

b 
Transverse 
St.(C bars) 

Hanger 
St. (L 
bars) 

Long.St. 
Add. 

Reinf. 

Ledge 
Capacity, 

k PFE / 
PPCI 

PFE PPCI 
psi in. in. 

RLPI(a).1 6000 8 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 22 52 0.40 

RLPI(a).2 4000 8 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 19 43 0.45 

RLPI(a).3 8000 8 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 26 60 0.45 

RLPI(a).4 6000 12 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 33 89 0.35 

RLPI(a).5 6000 8 0.1 8 #4 @ 8" #5 @ 8" 3 # 9 W/O 20 52 0.40 

RLPI(a).6 6000 8 0.05 12 #4 @ 8" #5 @ 8" 2 # 9 W/O 23 52 0.45 

RLPI(a).7 6000 8 0.05 8 #3 @ 8" #5 @ 8" 2 # 9 W/O 20 52 0.40 

RLPI(a).8 6000 8 0.05 8 #5 @ 8" #5 @ 8" 2 # 9 W/O 23 52 0.45 

RLPI(a).9 6000 8 0.05 8 #4 @ 8" #3 @ 8" 2 # 9 W/O 21 52 0.40 

RLPI(a).10 6000 8 0.05 8 #4 @ 8" #4 @ 8" 2 # 7 W/O 21 52 0.40 

RLPI(a).11 6000 8 0.05 8 #4 @ 8" #4 @ 8" 2 # 11 W/O 23 52 0.45 

RLPI(a).12 6000 8 0.05 8 #4 @ 8" #4 @ 8" 2 # 9 W/ 26 52 0.50 

 
    

 
        

 
Average 0.45 

(PFE / PPCI is rounded to nearest 0.05)  

 
Designation: 

R:  Reinforced Concrete Beam 

L: Long Span Beams 

P(a): Partial Loading (a) 

I: Inner Failure 
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Table B- 5: Long Span Reinforced Concrete Beams (Inner Failure-Partial Loading (b)) 

Model 

Concrete 
Strength, 

f'c 

Ledge 
Height, 

hl 

Friction 
Coefficient, 

µ 

Web 
Thickness, 

b 
Transverse 
St.(C bars) 

Hanger 
St. (L 
bars) 

Long.St. 
Add. 

Reinf. 

Ledge 
Capacity, 

k PFE / 
PPCI 

PFE PPCI 
psi in. in. 

RLPI(b).1 6000 8 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 20 52 0.40 

RLPI(b).2 4000 8 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 17 43 0.40 

RLPI(b).3 8000 8 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 21 60 0.35 

RLPI(b).4 6000 12 0.05 8 #4 @ 8" #5 @ 8" 2 # 9 W/O 29 89 0.30 

RLPI(b).5 6000 8 0.1 8 #4 @ 8" #5 @ 8" 3 # 9 W/O 18 52 0.35 

RLPI(b).6 6000 8 0.05 12 #4 @ 8" #5 @ 8" 2 # 9 W/O 21 52 0.40 

RLPI(b).7 6000 8 0.05 8 #3 @ 8" #5 @ 8" 2 # 9 W/O 19 52 0.35 

RLPI(b).8 6000 8 0.05 8 #5 @ 8" #5 @ 8" 2 # 9 W/O 21 52 0.40 

RLPI(b).9 6000 8 0.05 8 #4 @ 8" #3 @ 8" 2 # 9 W/O 19 52 0.35 

RLPI(b).10 6000 8 0.05 8 #4 @ 8" #4 @ 8" 2 # 7 W/O 19 52 0.35 

RLPI(b).11 6000 8 0.05 8 #4 @ 8" #4 @ 8" 2 # 11 W/O 21 52 0.40 

RLPI(b).12 6000 8 0.05 8 #4 @ 8" #4 @ 8" 2 # 9 W/ 23 52 0.45 

 
    

 
        

 
Average 0.40 

(PFE / PPCI is rounded to nearest 0.05)  

Designation: 

R:  Reinforced Concrete Beam 

L: Long Span Beams 

P(b): Partial Loading (b) 

I: Inner Failure 
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Table B- 6: Long Span Reinforced Concrete Beams (End Failure-Single Load) 

Model 

Concrete 
Strength, 

f'c 

Ledge 
Height, 

hl 

Web 
Thickness, 

b 
Transverse 
St.(C bars) 

Hanger 
St. (L 
bars) 

Ledge 
Capacity, 

k PFE / 
PPCI 

PFE PPCI 
psi in. in. 

RLSE.1 6000 8 8 #4 @ 8" #5 @ 4" 36 32 1.10 

RLSE.2 4000 8 8 #4 @ 8" #5 @ 4" 29 26 1.10 

RLSE.3 8000 8 8 #4 @ 8" #5 @ 4" 40 37 1.10 

RLSE.4 6000 12 8 #4 @ 8" #5 @ 4" 59 52 1.15 

RLSE.5 6000 8 12 #4 @ 8" #5 @ 4" 37 32 1.15 

RLSE.6 6000 8 8 #3 @ 8" #5 @ 4" 30 32 0.95 

RLSE.7 6000 8 8 #5 @ 8" #5 @ 4" 40 32 1.25 

RLSE.8 6000 8 8 #4 @ 8" #3 @ 4" 34 32 1.05 

 
          Average 1.10 

 
 
 

Table B- 7: Long Span Reinforced Concrete Beams (End Failure-Partial Loading (a)) 

Model 

Concrete 
Strength, 

f'c 

Ledge 
Height, 

hl 

Web 
Thickness, 

b 
Transverse 
St.(C bars) 

Hanger 
St. (L 
bars) 

Ledge 
Capacity, 

k PFE / 
PPCI 

PFE PPCI 
psi in. in. 

RLPE(a).1 6000 8 8 #4 @ 8" #5 @ 4" 32 32 1.00 

RLPE(a).2 4000 8 8 #4 @ 8" #5 @ 4" 26 26 1.00 

RLPE(a).3 8000 8 8 #4 @ 8" #5 @ 4" 36 37 0.95 

RLPE(a).4 6000 12 12 #4 @ 8" #5 @ 4" 51 52 1.00 

RLPE(a).5 6000 8 12 #4 @ 8" #5 @ 4" 36 32 1.10 

RLPE(a).6 6000 8 8 #3 @ 8" #5 @ 4" 29 32 0.90 

RLPE(a).7 6000 8 8 #5 @ 8" #5 @ 4" 33 32 1.00 

RLPE(a).8 6000 8 8 #4 @ 8" #3 @ 4" 29 32 0.90 

 
          Average 1.00 

(PFE / PPCI is rounded to nearest 0.05)  

Designation: 

R:  Reinforced Concrete Beam 

L: Long Span Beams 

S: Single Load 

P(a): Partial Loading (a) 

E: End Failure 
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Table B- 8: Long Span Prestressed Concrete Beams (Inner Failure-Single Load) 

Model 
Prestress 

Level 

Concrete 
Strength

, f'c 

Bearing 
Width, 

bt 

Ledge 
Height

, hl 

Ledge 
Projection

, lp 

Load 
Ecc., 

e 

Web 
Thickness

, b 
Trans. 

St.(C bars) 

Hanger 
St. (L 
bars) 

Strand 
under 
Load 

Ledge 
Capacity, 

k 
PFE / 
PPCI 

PFE PPCI 
k psi in. in. in. in. in. 

PLSI.1 31.6 6000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 46 52 0.90 

PLSI.2 21.7 6000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 41 52 0.80 

PLSI.3 31.6 4000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 40 43 0.95 

PLSI.4 31.6 8000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 52 60 0.85 

PLSI.5 31.6 6000 20 8 8 6 8 #4 @ 8" #5 @ 8" Yes 59 82 0.70 

PLSI.6 31.6 6000 4 12 8 6 12 #4 @ 8" #5 @ 8" Yes 77 89 0.85 

PLSI.7 31.6 6000 4 12 12 6 12 #4 @ 8" #5 @ 8" Yes 102 112 0.90 

PLSI.8 31.6 6000 4 8 12 10 12 #4 @ 8" #5 @ 8" Yes 81 112 0.75 

PLSI.9 31.6 6000 4 8 8 6 12 #4 @ 8" #5 @ 8" Yes 49 52 0.95 

PLSI.10 31.6 6000 4 8 8 6 8 #3 @ 8" #5 @ 8" Yes 44 52 0.85 

PLSI.11 31.6 6000 4 8 8 6 8 #5 @ 8" #5 @ 8" Yes 49 52 0.95 

PLSI.12 31.6 6000 4 8 8 6 8 #4 @ 8" #3 @ 8" Yes 46 52 0.90 

PLSI.13 31.6 6000 4 8 8 6 8 #4 @ 8" #5 @ 8" NO 40 52 0.75 

  
  

 
  

  
      

 
Average 0.85 

 
(PFE / PPCI is rounded to nearest 0.05)  

Designation: 

P:  Prestressed Concrete Beam 

L: Long Span Beams 

S: Single Load 

I: Inner Failure 
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Table B- 9: Long Span Prestressed Concrete Beams (Inner Failure-Partial Loading (a)) 

Model 

Prestress 
Level 

Concrete 
Strength, 

f'c 

Bearing 
Width, 

bt 

Ledge 
Height, 

hl 

Ledge 
Projection

, lp 

Load 
Ecc., 

e 

Web 
Thickness, 

b 
Trans.St.
(C bars) 

Hanger 
St. (L 
bars) 

Strand 
under 
Load 

Ledge 
Capacity, k PFE / 

PPCI 
PFE PPCI 

k psi in. in. in. in. in. 

PLPI(a).1 31.6 6000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 35 52 0.65 

PLPI(a).2 21.7 6000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 29 52 0.55 

PLPI(a).3 31.6 4000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 31 43 0.75 

PLPI(a).4 31.6 8000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 39 60 0.65 

PLPI(a).5 31.6 6000 20 8 8 6 8 #4 @ 8" #5 @ 8" Yes 43 82 0.55 

PLPI(a).6 31.6 6000 4 12 8 6 12 #4 @ 8" #5 @ 8" Yes 57 89 0.65 

PLPI(a).7 31.6 6000 4 12 12 6 12 #4 @ 8" #5 @ 8" Yes 69 112 0.60 

PLPI(a).8 31.6 6000 4 8 12 10 12 #4 @ 8" #5 @ 8" Yes 56 112 0.50 

PLPI(a).9 31.6 6000 4 8 8 6 12 #4 @ 8" #5 @ 8" Yes 41 52 0.80 

PLPI(a).10 31.6 6000 4 8 8 6 8 #3 @ 8" #5 @ 8" Yes 33 52 0.65 

PLPI(a).11 31.6 6000 4 8 8 6 8 #5 @ 8" #5 @ 8" Yes 37 52 0.70 

PLPI(a).12 31.6 6000 4 8 8 6 8 #4 @ 8" #3 @ 8" Yes 33 52 0.65 

PLPI(a).13 31.6 6000 4 8 8 6 8 #4 @ 8" #5 @ 8" NO 26 52 0.50 

  
  

 
  

  
      

 
Average 0.65 

 
(PFE / PPCI is rounded to nearest 0.05)  

Designation: 

P:  Prestressed Concrete Beam 

L: Long Span Beams 

P(a): Partial Loading (a) 

I: Inner Failure 
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Table B- 10: Long Span Prestressed Concrete Beams (Inner Failure-Partial Loading (b)) 

Model 

Prestress 
Level 

Concrete 
Strength, 

f'c 

Bearing 
Width, bt 

Ledge 
Height, 

hl 

Ledge 
Projection

, lp 

Load 
Ecc., 

e 

Web 
Thickness

, b 

Trans. 
St.(C 
bars) 

Hanger 
St. (L 
bars) 

Strand 
under 
Load 

Ledge 
Capacity, 

k PFE / 
PPCI 

PFE PPCI 
k psi in. in. in. in. in. 

PLPI(b).1 31.6 6000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 28 52 0.55 

PLPI(b).2 21.7 6000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 23 52 0.45 

PLPI(b).3 31.6 4000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 25 43 0.60 

PLPI(b).4 31.6 8000 4 8 8 6 8 #4 @ 8" #5 @ 8" Yes 30 60 0.50 

PLPI(b).5 31.6 6000 20 8 8 6 8 #4 @ 8" #5 @ 8" Yes 35 82 0.45 

PLPI(b).6 31.6 6000 4 12 8 6 12 #4 @ 8" #5 @ 8" Yes 44 89 0.50 

PLPI(b).7 31.6 6000 4 12 12 6 12 #4 @ 8" #5 @ 8" Yes 48 112 0.45 

PLPI(b).8 31.6 6000 4 8 12 10 12 #4 @ 8" #5 @ 8" Yes 43 112 0.40 

PLPI(b).9 31.6 6000 4 8 8 6 12 #4 @ 8" #5 @ 8" Yes 34 52 0.65 

PLPI(b).10 31.6 6000 4 8 8 6 8 #3 @ 8" #5 @ 8" Yes 26 52 0.50 

PLPI(b).11 31.6 6000 4 8 8 6 8 #5 @ 8" #5 @ 8" Yes 29 52 0.55 

PLPI(b).12 31.6 6000 4 8 8 6 8 #4 @ 8" #3 @ 8" Yes 26 52 0.50 

PLPI(b).13 31.6 6000 4 8 8 6 8 #4 @ 8" #5 @ 8" NO 22 52 0.40 

  
  

 
  

  
      

 
Average 0.50 

 
(PFE / PPCI is rounded to nearest 0.05)  

Designation: 

P:  Prestressed Concrete Beam 

L: Long Span Beams 

P(b): Partial Loading (b) 

I: Inner Failure 
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Table B- 11: Long Span Prestressed Concrete Beams (End Failure-Single Load) 

Model 

Concrete 
Strength, 

f'c 

Bearing 
Width, 

bt 

Ledge 
Height, 

hl 

Ledge 
Projection, 

lp 

Load 
Eccentricity, 

e 

Web 
Thickness, 

b 
Transverse 
St.(C bars) 

Hanger 
St. (L 
bars) 

Ledge 
Capacity, 

k PFE / 
PPCI 

PFE PPCI 
psi in. in. in. in. in. 

PLSE.1 6000 4 8 8 6 8 #4 @ 8" #5 @ 4" 48 32 1.50 

PLSE.2 4000 4 8 8 6 8 #4 @ 8" #5 @ 4" 41 26 1.55 

PLSE.3 8000 4 8 8 6 8 #4 @ 8" #5 @ 4" 54 37 1.45 

PLSE.4 6000 20 8 8 6 8 #4 @ 8" #5 @ 4" 56 42 1.35 

PLSE.5 6000 4 12 8 6 12 #4 @ 8" #5 @ 4" 76 52 1.45 

PLSE.6 6000 4 12 12 6 12 #4 @ 8" #5 @ 4" 91 59 1.55 

PLSE.7 6000 4 8 12 10 12 #4 @ 8" #5 @ 4" 66 59 1.10 

PLSE.8 6000 4 8 8 6 12 #4 @ 8" #5 @ 4" 48 32 1.50 

PLSE.9 6000 4 8 8 6 8 #3 @ 8" #5 @ 4" 42 32 1.30 

PLSE.10 6000 4 8 8 6 8 #5 @ 8" #5 @ 4" 53 32 1.65 

PLSE.11 6000 4 8 8 6 8 #4 @ 8" #3 @ 4" 47 32 1.45 

 
  

 
  

  
      Average 1.45 

 
(PFE / PPCI is rounded to nearest 0.05)  

Designation: 

P:  Prestressed Concrete Beam 

L: Long Span Beams 

S: Single Load 

E: End Failure 
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Table B- 12: Long Span Prestressed Concrete Beams (End Failure-Partial Loading (a)) 

Model 

Concrete 
Strength, 

f'c 

Bearing 
Width, 

bt 

Ledge 
Height, 

hl 

Ledge 
Projection, 

lp 

Load 
Eccentricity, 

e 

Web 
Thickness, 

b 
Transverse 
St.(C bars) 

Hanger 
St. (L 
bars) 

Ledge 
Capacity, 

k PFE / 
PPCI 

PFE PPCI 
psi in. in. in. in. in. 

PLPE(a).1 6000 4 8 8 6 8 #4 @ 8" #5 @ 4" 45 32 1.40 

PLPE(a).2 4000 4 8 8 6 8 #4 @ 8" #5 @ 4" 37 26 1.40 

PLPE(a).3 8000 4 8 8 6 8 #4 @ 8" #5 @ 4" 50 37 1.35 

PLPE(a).4 6000 20 8 8 6 8 #4 @ 8" #5 @ 4" 51 42 1.20 

PLPE(a).5 6000 4 12 8 6 12 #4 @ 8" #5 @ 4" 72 52 1.40 

PLPE(a).6 6000 4 12 12 6 12 #4 @ 8" #5 @ 4" 80 59 1.35 

PLPE(a).7 6000 4 8 12 10 12 #4 @ 8" #5 @ 4" 62 59 1.05 

PLPE(a).8 6000 4 8 8 6 12 #4 @ 8" #5 @ 4" 46 32 1.45 

PLPE(a).9 6000 4 8 8 6 8 #3 @ 8" #5 @ 4" 41 32 1.25 

PLPE(a).10 6000 4 8 8 6 8 #5 @ 8" #5 @ 4" 46 32 1.45 

PLPE(a).11 6000 4 8 8 6 8 #4 @ 8" #3 @ 4" 40 32 1.25 

 
  

 
  

  
      Average 1.30 

(PFE / PPCI is rounded to nearest 0.05)  

 
Designation: 

P:  Prestressed Concrete Beam 

L: Long Span Beams 

P(a): Partial Loading (a) 

E: End Failure 
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