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Abstract: The paper presents proposed modifications for the design method adopted by the CPCI Design Manual, 5
th
 Edition, to calculate the ledge 

punching shear capacity for ledged beams. The proposed modifications are summarized as follows: (i) Modification in area of crack surface Acr by 
considering Bearing Length (lb), (ii) Consideration of residual bar stress fsr, (iii) Reduction of Cohesion Stress c, (iv) Introduction of an additional limitation 
for allowable punching shear stress vr max. The study is based on recent research works’ results for punching shear behavior of ledged beams. The 
research works were carried out on Short Span L-Shaped beams (span 5.03m) and Long Span L-Shaped beam (span 17.30 m). The specimens under 
study were previously tested in laboratory by applying jacking force till the punching failure load. The ledged beams were checked for punching 
according to the current CPCI Method and the proposed design method CPCI-M and the calculated capacities were compared to the originally recorded 
failure punching loads. The results have shown that the current method for CPCI Design Manual is non-conservative regarding punching design of 
ledged beams. While, the CPCI-M Method proved to be a conservative approach for the punching design of ledged beams with the proposed modified 
parameters. 
 
Index Terms: CPCI Design Manual, ledge, Punching Shear, Shear Capacity. 

——————————      —————————— 

 

1. INTRODUCTION 
The precast concrete buildings are nowadays a popular choice 
for many construction works. The ledged spandrel beam is 
one of the most common pre-casted reinforced concrete 
element that are widely used in parking garages with variable 
spans. The ledged beam is supported on a system of short 
cantilevers projected from reinforced concrete columns. The 
choice of the desk slab of double tee or hollow cores rested on 
the ledged beam is based on the applied loads and desired 
spans. Fig. 1 represents a typical system for ledged beam 
supporting double tee deck slab. Many researches were done 
regarding the punching shear behavior of the ledged beams 
under applied loads as presented in the next sections. Recent 
researches has proved that PCI Design Handbook 7

th
 Edition 

design method for calculating the punching shear capacity for 
precast reinforced concrete L-shaped ledge beams is not a 
conservative approach [5], [7]. The tested ledges failed at load 
less than the calculated capacities by PCI, 7th Edition. Further 
research work proposed 50% reduction for the capacities 
calculated by PCI, 7th Edition. Accordingly, the latest PCI 
Design Handbook 8th Edition revised the design equations for 
ledge punching capacity. The current research compared the 
failure loads of the tested specimens [7] to the design shear 
capacities calculated according to CPCI Design manual, 5

th
 

Edition. By applying CPCI, 5th Ed design method, it was found 
that the CPCI, 5th Ed is not conservative in calculating the 
punching shear resistance of ledged beams, particularly, for 
long beams where the flexure stresses exceed the concrete 
tensile strength at failure. The punching shear applied stresses 
and the punching shear capacity was calculated for two main 

groups of reinforced concrete precast ledged beams: (1) Short 
span L-Shaped beams. (2) Long span L-Shaped beam as 
discussed in details in the Objectives and Methodology 
section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The current research work is dedicated to propose 

modifications to punching design approach as per CPCI 
Design manual, 5th Edition to reach a conservative value for 
the calculated punching capacity when compared to the actual 
failure loads of the selected specimens. 
 

2 PROBLEM STATEMENT 
Latest research work showed that the PCI Design Handbook, 
7

th
 Ed. is not conservative in calculating the punching shear 

resistance of precast reinforced concrete L-shaped ledge 
beams [5], [7]. The tested ledges failed at load well below the 
calculated values. Further research work proposed 50% 
reduction for the capacities calculated per PCI, 7

th
 Ed. PCI 

Design Handbook 8
th
 Edition accordingly proposed changes to 

design equations for ledge punching capacity. This research 
work compared the failure loads of the tested specimens [7] to 
the expected capacities calculated according to CPCI Design 
manual 5

th
 Ed. By applying CPCI, 5

th
 Ed. design method, it 

was found that the CPCI, 5
th
 Ed. is not on the conservative 
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th
 edition). 
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side for calculating the punching shear resistance of ledged 
beams, particularly, for long beams where the applied bending 
moments are larger than the cracking bending moments. Table 
1 and Fig. 2 show the Punching capacity for short and long L-
Shaped beams calculated by CPCI, 5

th
 Ed. compared to tested 

failure punching load in the laboratory [7]. It could be observed 
that the CPCI, 5th Ed. method is considered conservative in 
calculating the punching capacity for short beams from RS1 to 
RS9, where the ratio of the capacity to the failure punching 
shear stress (vn/vtest) varies from 0.47 to 0.89. However, for 
short beams RS10 and RS11 the calculated capacity to the 
failure punching shear stress (vn/vtest) is greater than 1.00. 
Furthermore, the ratio of the calculated capacity to the failure 
punching shear stress (vn/vtest) for long beams SP16 and LB6 
reached 6.42. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Comparing the punching shear capacity calculated by CPCI, 
5

th
 Ed. to the failure laboratory loads, it should be highlighted 

that CPCI, 5
th
 Ed. method is non-conservative in calculating 

the punching shear capacity for long ledged beams and short 
ledged beams of high ratio of longitudinal reinforcement in the 
ledge. 
 

3 OBJECTIVE AND METHODOLOGY 
The research work aims at proposing modifications to the 
calculations of the punching shear resistance of ledged beams 
according to CPCI Design Manual, 5

th
 Ed. in order to provide a 

conservative design approach consistently. The punching 
shear capacity and the punching shear applied stresses were 
calculated for two main groups of reinforced concrete precast 
ledged beams: (1) Short span L-Shaped beams. (2) Long 
span L-Shaped beam.  

The short beams application examples are based on the 
experimental program results from Nafadi (2016). The 
extracted data are for 11 short span tested L-beams. 
Reinforcement was designed to prevent any premature failure 

of the beams. The geometry of the tested short span beams 
was representative for typical L-shaped beams, currently used 
by precast industry. All the beams are 5029 mm length and 
have the same web dimensions of 203.2 mm x 1524 mm. The 
dimensions and the properties of the short ledged beams are 
listed in Table 2 and shown in Fig. A-1. For each beam, the 
ledge was tested using single applied load at mid-span, 
followed by loads at each end, for a total of three tests per 
beam. The current research work is only concerned with 
results for the mid-span applied loads. All the beams were 
tested till the punching shear failure of the ledge beam. The 
long beams data are extracted from two different research 
works. The first beam is a reinforced concrete beam named 
―SP16‖ (Lucier, et. al. 2011). The second beam is a reinforced 
concrete beam named ―LB6‖ (Nafadi 2016). The precast 
concrete spandrel beams were tested till punching shear 
failure of the ledge. The specimens were full-scale beams, 
spanning 13.7 m, and of height equals to 1524 mm, which 
means aspect ratio h/b equals 7.5. The dimensions and the 
properties of the long ledged beams are listed in Table 3 and 
shown in Fig. A-1. 

 
4 LITERATURE REVIEW 

TABLE 1 
RATIO OF PUNCHING SHEAR STRESS CAPACITY CALCULATED BY 

CPCI TO FAILURE STRESS (VN/VTEST) FOR SHORT AND LONG L-
SHAPED BEAMS 

 

TABLE 2 
PROPERTIES AND PARAMETERS OF SHORT LEDGED BEAMS 

 

TABLE 3 
PROPERTIES AND PARAMETERS OF LONG LEDGED BEAMS 

 

Beam Title SP16 LB6 

Concrete Strength, MPa 35.85 65.09 

Ledge Height, mm 203.20 203.20 

Ledge Projection, mm 203.20 203.20 

Bearing Width, mm 95.25 101.60 

Bearing Length 101.60 101.60 

Longitudinal RFT in Ledge, mm2 
1 x 641 

1 x 641 

1 x 641 

1 x 641 

Longitudinal Bottom RFT in Web, mm2 
2 x 641 

2 x 641 

2 x 641 

2 x 641 

Longitudinal Distributed RFT in Web, mm2 2x2 x 387 6x2 x 198 

Punching Failure Load, Vf (kN) 113.87 182.37 

Horizontal Component , Nf (kN) 11.39 18.24 

 1 

 

Fig. 2.  Ratio of punching shear stress capacity calculated by CPCI to 
failure stress (vn/vtest) for short and long L-Shaped beams 
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Mizra and Furlong (1983) had performed combined flexural 
and torsional loading tests on inverted precast T-beam 
elements. Failure loading tests were performed on three 
reinforced concrete and four prestressed concrete specimens. 
The specimens represented one-third scale models of inverted 
T-beam bentcap girders similar to those used by the Texas 
Department of Highways and Public Transportation (TDHPT). 
Flange punching failure can take place if stringer forces are 
large enough to "punch out" the truncated pyramid of concrete 
beneath a bearing pad. The failure is evidenced by the 
appearance of diagonal tension cracks emanating from the 
edges of bearing plate as shown in Fig. 3. It should be noted 
that adequate local strengths for hanger action, flange 
punching shear, and flange bracket response are required 
before full strength in combined torsion, flexural shear, and 
flexure can be realized. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Raths (1984) has stated that the dominant shear transfer 
mode of ledge loads to the beam web is by punching shear 
which also could be considered as ―upside down" dap shear. 
The location of a concentrated load along the beam's ledge 
influences the ledge's ability to transmit load generated forces.  
Fig. 4 illustrates the punching shear transfer of ledge loads to 
the web for loads applied near the spandrel's end and away 
from the end. The position of the load Vu also can have an 
influence on the ledge to web capacity. Accordingly, 
considering the fabrication tolerances of the framing members, 
interfacing erection tolerances, and deformation 
characteristics of the ledge supported member, the position of 
Vu should be located at ¾ lp. Reinforcement for attachment of 
the spandrel ledge to the beam's web is shown in Fig. 4, along 
with the parameters for determining the amount of reinforcing 
steel required. 

 
 
 
 
 
 
 
 
 

Klein (1986) came out to the same results as Mizra, et al that 
the PCI design equations (7

th
 Editions and earlier) may not be 

conservative. The research included background investigation 
of design practices, analytical studies using finite element 
models, and full-scale load tests of two L-beams and one 
pocket spandrel. All three test specimens were 72 in. high, 8 
in. wide and 28 ft long. The early punching failure may be due 
to the PCI equations do not fully account the eccentricity 
between the applied load and the centroid of the critical 
section. Hassan (2007) presents non-linear finite element 
analyses conducted to model the behavior of prestressed L-
shaped spandrel beams. Results of the analyses showed that 
the shear design provisions in PCI 6

th
 Edition for spandrel 

ledges are dangerously unconservative. The calculated 
capacities using PCI shear design provisions overestimated 
those predicted using finite element analysis by an average of 
60 percent. It is suggested to use a reduction factor for the 
PCI design expressions of 0.60 to ensure that punching shear 
failure will not govern the design of typical spandrel ledges. 
Lucier et al. (2011) has tested 16 precast concrete spandrel 
beams to failure. All specimens were full-scale beams, most 
spanning 13.7 m. Two beams were tested at 9.1 m span. Each 
specimen was loaded through associated full-scale double-tee 
deck sections to mimic typical field conditions. Prior to final 
failure testing, all spandrels were loaded to several stages of 
interest, including the full service load and the factored design 
load, and measurements and observations were made at each 
stage. Punching shear failure occurred in 4 beams at loads 
below those predicted by the PCI Design Handbook, 7

th
 

Edition. Other researchers have observed similar results. The 
interaction between ledge punching behavior and global 
flexure and shear appears to significantly reduce punching 
shear capacity. Although beyond the scope of this 
investigation, further study of ledge punching capacity was 
strongly recommended. Nafadi (2016) carried out an 
investigation in two phases. Phase 1 included a review of the 
current knowledge and published research related to the 
behavior of ledges of L-shaped beams.  Phase 2 was a study 
to further investigate (1) the effect of selected parameters, (2) 
the shape of the failure surface, and (3) the performance of 
special reinforcement details. The Phase 2 experimental 
program included 106 tests, conducted through multiple 
loadings of 21 short beams of 15 ft. span, 8 long beams of 45 
ft. span, and one long beam of 36 ft. span. The following 
conclusions can be drawn for the evaluation of the punching 
shear strength of ledges of L-shaped beams. 
1. The design procedure, provided by the 7

th
 edition of PCI 

Design Handbook, significantly overestimates the 
punching shear strength of the ledge, especially for 
interior locations. 

2. The level of global stress is the most influential 
parameter affecting the ledge capacity. Increasing the 
global flexural or shear stresses significantly reduces the 
punching shear strength of the ledge. 

3. Increasing the eccentricity of the applied load from the 
inner web face reduces the punching shear strength of 
the ledge. Therefore, it is conservative to evaluate the 
punching shear strength of the ledge, considering the 
bearing plate to be placed at the edge of the ledge. Such 
placement typically creates a load eccentricity from the 
inner web face equal to 75 percent of the ledge 
projection. 

4. Increasing the friction at the bearing pad can reduce the 

 

Fig. 3.  Flange Shear or Punching Failure Mode (Mira and Furlong, 
1983) 

 

Fig. 4.  Flange Shear or Punching Failure Mode (Raths, 1984) 
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punching shear strength of the ledge, depending on the 
location along the span; however, the reduction is found 
to be insignificant. 

5. For typical ledges, the observed failure surface has 
smaller crack angles than the assumed 45 degree 
surface by current PCI. 

5 CPCI, 5
TH

 ED.  PROVISION FOR CALCULATING PUNCHING 

SHEAR STRENGTH OF LEDGE BEAM 
CPCI design manual recommends using strut-and-tie 
modelling to design continuous beam ledges supporting 
concentrated or uniformly distributed loads. The punching 
shear capacity of the ledge beam is one part of the design 
process and is based on a punched out area projecting out 
from the loaded bearing area on all three sides at 20-degree 
angle (refer to Fig. 5). Shear capacity is based on the interface 
shear transfer requirements from A23.3 – Design of concrete 
structures (Section 11.5), which is dependent on the cohesion 
stress value, coefficient of friction, effective normal stress 
acting on the shear plane, and (although not included in the 
CPCI approach) the vertical component of the shear 
reinforcement crossing the shear plane. CPCI, 5

th
 Ed. neglects 

any ledge stirrups and assumes the longitudinal bar(s) in the 
ledge are not stressed due to flexure and has full yield 
capacity available for shear friction. CPCI has indicated 
caution using this approach as recent ledge tests have 
indicate failure at loads lower than those predicted with this 
approach. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CPCI Design Manual, 5

th
 Ed. states the procedure according 

to Example 4.7-Section 4.10 in CPCI for the design of beams 
with ledges, such that the compression strut and tie model can 
be used in the design of continuous beam ledges supporting 
concentrated or uniformly distributed loads. The punching 
shear stress vf due to the concentrated loads acting on the 
ledge of the beam should be less than the allowable shear 
stress capacity vr. The vertical and the horizontal concentrated 
loads is notated by Vf  and Nf, respectively, such that the 
horizontal load Nf  is not less than 20% of the vertical load Vf. 
The vertical load Vf  is analyzed by an angle of 20 degrees into 
two forces component acting on the failure planes notated by 

V and N. The total punching shear stress vf  acting on the 
ledge is calculated as the summation of the vertical force 

component V  divided by the total area of crack faces and the 
horizontal load Nf divided by the area of the side crack faces 
as shown in Equation (8). CPCI, 5

th
 Ed. has referred to the 

punching capacity of the ledge as an interactive summation 
between five controlling parameters: (1) Area of the Top 
longitudinal reinforcement bars passing through the crack face 
plane and neglecting the bottom longitudinal bars as the 

bottom bars may be resisting bending moments. (2) Full yield 
stress for the friction reinforcement bars without taking into 
consideration the flexure stresses exerted on the bars due to 

bending moments. (3) Shear friction coefficient ―‖ of the shear 
planes. (4) The cohesion stress of concrete on the shear 
planes. (5) Compressive strength of concrete for the limitation 
of the maximum shear friction stress capacity. Equations from 
(1) to (5) summarize the calculations procedure for shear 
resistance of ledge by CPCI Design Manual, 5

th
 Ed.  

provisions. 

V = Vf cos 20
o
                  (1) 

N = Vf cos 20
o
                  (2) 

𝑣 = 
   

   
+ 

    

  
                   (3) 

𝜎 = 𝜌 𝑓 𝑐𝑜𝑠20 −
   

   
  where 𝜌 = 

     

   
              (4) 

𝑣 =  𝜙 (𝑐 +  𝜇𝜎)   where 𝑣 ≤ 0.25𝜙 𝑓 
 
            (5) 

where: 
Vf factored vertical 

shear force at section 
𝑣  Punching Shear Stress 

Nf factored horizontal 
force 

Σ effective normal stress 

V parallel vector 
component of Vf 

ρv ratio of shear friction 
reinforcement 

N perpendicular vector 
component of Nf 

𝑓  minimum specified yield 
strength of reinforcement 
bars 

Acr area of crack face Avf area of shear friction 
reinforcement 

hl depth of beam ledge vr factored shear stress 
resistance of shear plane 

b beam web width fc′ specified compressive 
strength of concrete 

bl width of web and one 
ledge 

Μ shear-friction coefficient 

bt width of bearing area C cohesion stress concrete 
φc resistance factor for concrete, 0.70 for precast concrete 

certified in accordance with A23.4 and 0.65 for all other 
concrete 

The method for calculating the area of the crack surface 
planes has assumed that the bearing width of the loaded area 
equals the ledge horizontal projection and the break out failure 
block is a trapezoidal shape as shown in Fig. 6. The failure 
block surfaces are in contact with the ledge in three surface 
planes forming the total area of crack surfaces; such that, two 
surfaces are identical at the side of the failure block named A1 
and the third surface is the back of the failure block named A2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5.  Punching Failure Surface And Applied Loads On Ledge Beam 
(CPCI, 5th Edition) 

 

Fig. 6.  Schematic 3D For The Trapezoidal Failure Block Due To A 
Concentrated Load Acted On A Bearing Plate Rested On L-Shaped 

Ledge Beam 

 



INTERNATIONAL JOURNAL OF SCIENTIFIC & TECHNOLOGY RESEARCH VOLUME 8, ISSUE 12, DECEMBER 2019       ISSN 2277-8616 
 

92 
IJSTR©2019 
www.ijstr.org 

Fig. 7 shows the geometric representation of the failure 
block surfaces and the crack surfaces for sides and back 
planes A1 and A2, respectively. The cracked surface planes A1 
and A2 are calculated as follows: 

𝐴 = 
(    )     (    )

 
 𝑌                 (6) 

𝐴 =
         

 
 𝑌                  (7) 

where: 
𝑋 = ℎ  𝑡𝑎𝑛 20

                   (8) 

𝑌 = 
  

       
                   (9) 

𝑋 =  𝑋 = ℎ  𝑡𝑎𝑛 20
                 (10) 

Accordingly, 

𝐴 = ((𝑏 − 𝑏) + ℎ  𝑡𝑎𝑛 20
 ).

  

                    (11) 

𝐴 = (𝑏 + ℎ  𝑡𝑎𝑛 20
 ) .

  

                     (12) 

𝐴  = 2𝐴 + 𝐴                (13) 

𝐴  = 𝐴 + 𝐴 = (2(𝑏 − 𝑏) + ℎ  𝑡𝑎𝑛 20
 ).

  

       + (𝑏 +

ℎ  𝑡𝑎𝑛 20
 ) .

  

                     (14) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6 VERIFICATION AND PROPOSED MODIFICATIONS IN 

CPCI, 5TH ED. METHOD 
The current section presents proposed modifications for the 
CPCI, 5

th
 Ed. design method for the calculation of punching 

capacity of beam ledge. The aim of these modifications is to 
reach an acceptable conservative value for the calculated 
punching capacity according to CPCI, 5

th
 Ed. when compared 

to the actual failure loads of the selected specimens. 

Verification of punching shear stresses for the precast ledge 
beams was performed for the above mentioned short and long 
specimens according to the CPCI Method and Modified CPCI 
Method. CPCI Design Manual, 5

th
 Edition, method is 

designated as CPCI and the Modified Method is designated as 
CPCI-M. The CPCI method is following the design rules as 
presented in Example 4.7-Section 4.10 in CPCI Design 
Manual, 5

th
 Edition. While, CPCI-M method is based on the 

proposed Four modifications summarized as follows: (1) 
Modification in cracked Area Acr by considering the Bearing 
Length (lb), (2) Consideration of the residual bar strength fsr for 
Top and Bottom ledge reinforcement in shear resistance, (3) 
Reduction of Cohesion Stress c, (4) Introduction of an 
additional limitation for Punching Stress Capacity vr. The 
results for the applications of CPCI and CPCI-M methods for 
short and long L-shaped ledge beams are presented in a 
comparative format in Tables from 4 to 8. The ratios presented 
in the Tables are for the relevant values of the CPCI-M Method 
divided by the CPCI Method (CP-M/CPCI). 

 
6.1 Modification in cracked Area Acr by considering the 

Bearing Length (lb) 
According to Example 4.7 in Section 4.10 in CPCI Design 
Manual 5

th
 Ed., the bearing width is taken as the bearing width 

of a double tee leg rested on the L-beam. CPCI, 5
th
 Ed. design 

manual assumed that the tee leg is rested upon the full 
projection of the L-beam projection (bl-b). However, if the 
actual bearing length (lb) is less than the beam projection 
length (bl-b) which is the case for current studied application 
specimens, the cracked area A1 will be reduced which will 
result in increasing the applied shear stresses vf. The crack 
surface area A1 is proposed to be calculated taking into 
consideration the bearing width as follows: 

𝐴 =
 (  )          

 

 
𝑋

  

                      (15) 

Table 4 shows the comparison of area of cracked surfaces Acr 
calculated by CPCI, 5

th
 Ed. and CPCI-M considering bearing 

length and the impact on the capacity to the failure shear 
stress vn/vtest ratio. The calculated value for the area of the 
cracked surfaces has decreased by about 30% when using 
CPCI-M method depending on the length of the bearing pad. 
Accordingly, the applied punching stresses calculated by 
CPCI-M method increased from 24% to 69% when compared 
to the CPCI method. Furthermore, the punching stress 
capacity calculated by CPCI-M method increased from 6% to 
37% when compared to the CPCI method. It was observed 
that, vn/vtest  ratio decreases when applying the CPCI-M 
method especially for the short beams specimens RS10 and 
RS11, and long beams specimens SP16 and LB6. 
 
6.2 Participating Bars and Residual Bar Strength fsr 
CPCI, 5

th
 Ed. takes into consideration the resistance of the Top 

longitudinal shear friction reinforcement bars that are passing 
through the cracking face of the block, while ignoring the 
bottom longitudinal reinforcement in the ledge as it is resisting 
the bending moments. Nevertheless, the contribution of the 
bottom bars passing through the ledge is participating in 
increasing the punching stress capacity of the ledge; and 
increasing the amount of the longitudinal reinforcement of the 
ledge is slightly increasing the ledge capacity at the mid-span 
[7].CPCI, 5

th
 Ed. assumed the full participation of the top shear 

friction bars with its full yield stress, but in fact the full 
participation cannot be guaranteed due to the contribution of 
the flexure stresses that are already exerted on the top and 

TABLE 4 
EFFECT OF MODIFICATION OF BEARING LENGTH CONSIDERATION 

ON PUNCHING SHEAR STRESS CAPACITY CALCULATED BY CPCI 
AND CPCI-M TO FAILURE STRESS (VN/VTEST) RATIO FOR SHORT 

AND LONG L-SHAPED BEAMS 

 

 

Fig. 7.  Geometric Presentation of the Crack Surface Plans due to 
Punching Shear Force 
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bottom longitudinal bar under the applied loads especially for 
long beams where the applied bending moments (Map) 
exceeds the cracked bending moment capacity (Mcr). Fig. 8 
shows the Top and Bottom reinforcement shear friction bars 
passing through the crack surfaces of the block. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The proposed modification is to take into consideration the 
effect of the flexural stresses in reducing the strength of the 
bars available to contribute to shear friction capacity. The 
proposed strength to be considered for shear friction 
resistance is the residual strength after subtracting the flexure 
stresses from the yield strength of the participating bars. 
fsr = fy – fs                                          (16) 
where, 

fsr = Residual stress 
fy = yield stress 
fs = flexure stress due to bending moments 
Table 5 shows in a comparative format the capacity/ failure 

load (vn/vtest) ratio considering the residual strength of top and 
bottom bars. The CPCI, 5

th
 Ed. method has assumed that only 

the Top longitudinal bars are participating in punching 
resistance, accordingly one bar is only considered for all the 
studied specimens except for specimen no. 10, two bars are 
considered. While in CPCI-M Method two bars are considered 
participating in punching resistance except for specimen no. 
10, three bars are considered. Comparing the ledge 
longitudinal bars stresses according to both methods, it was 
observed that the variation between the residual strength and 
the yield stress is not significant and equals about 2% to 3% 
for the short ledge beams. This could be related to the 
relatively small span of the beams compared to the beams 
sectional dimensions. The short beams have reached the 
failure punching load while the applied bending moments are 
still below the cracking bending moment capacity of the beam 
(Mcr). Subsequently, the flexure stresses applied on the bars 
are still not significant. Regarding the long ledged beams, it 
was observed that the variation between the residual strength 
and the yield stress is significant for the ledge longitudinal bars 
stresses according to both design methods. Such that, for 
specimen SP16, the Residual stress in the Top bar is only 9% 
of the yield stress, while the participation of the bottom bar is 
neglected because the stress in the bar reached the yield 
stress due to the applied flexure stress. Moreover, in specimen 

LB6, the stresses in the bottom bars decreased by 66% and 
by 59% in the top bar when compared to the yield stress of the 
bars. This could be related to the beam long span which has 
led to the high bending moment value under the applied loads, 
accordingly the applied bending moments (Map) are higher 
than cracking bending moment capacity of the beam (Mcr). 
Subsequently, the flexure stresses applied on the bars are 
significant and sometimes reached the yield stress for the bars 
at the extreme tension fiber. Hence, the beams are no longer 
in the working limit design state and the tension stresses in the 
bottom fibers are larger than the allowable stress for the 
concrete that results in a flexure crack located below the 
neutral axis of the beam. On the other side the CPCI-M 
method has shown a significant decrease in punching stress 
capacity of long ledge beams compared to the CPCI, 5

th
 Ed. 

method. The punching stress capacity has decreased by 81% 
and 23% for specimens SP16 and LB6, respectively when 
applying the CPCI-M method comparted to CPCI design 
method. 

 
6.3 Reduction of Cohesion Stress c 
The Canadian Code CSA A23.3-04 for design of concrete 
structures has stated the following values for the cohesion 
stress c and shear-friction coefficient μ: 

(a) For concrete placed against hardened concrete with the 
surface clean but not intentionally roughened: 

c = 0.25 MPa and μ = 0.60 
(b) For concrete placed against hardened concrete with the 

surface clean and intentionally roughened to a full amplitude of 
at least 5 mm: 

c = 0.50 MPa and μ = 1.00 
(c) For concrete placed monolithically: 
c = 1.00 MPa and μ = 1.40 
(d) For concrete anchored to as-rolled structural steel by 

headed studs or by reinforcing bars: 
c = 0.00 MPa and μ = 0.60 

The studied cases in the current research are for specimens 
that are monolithically cast in the laboratory, the values 
according to CSA A23.3-04 are1.0 MPa and 1.4 for c and µ, 
respectively. It is suggested to reduce the value of the 
cohesion stress in the calculation of factored shear stress 
resistance of the shear plans. The reduction is based on the 
uncertainty to achieve the full cohesion bond for the precast 
beams especially for the long beams subjected to high flexure 
stresses where applied bending moments (Map) are larger than 
the cracked bending moments capacity (Mcr). The proposed 
value for the cohesion stress c is 0.6 MPa. This value was 
chosen to realize the best results for vn/vtest for the combined 
effect of the proposed modifications. The value of c equals to 
0.6 results in a mean value of vn/vtest equals to 1 with the least 
coefficient of variation. Further research can determine a more 
accurate estimation for the cohesion stress c. 

TABLE 6 
EFFECT OF LIMITATION FOR PUNCHING STRESS CAPACITY ON 

PUNCHING SHEAR STRESS CAPACITY CALCULATED BY CPCI AND 

CPCI-M TO FAILURE STRESS (VN/VTEST) RATIO FOR SHORT AND 

LONG L-SHAPED BEAMS 

 

 

Fig. 8.  Top and Bottom reinforcement shear friction bars passing 
through the crack surfaces of the Block 
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Table 6 shows in a comparative format the capacity/failure 
load (vn/vtest) ratio considering the reduction in the cohesion 
stress of concrete form 1.0 MPa to 0.6 MPa. It could be 
observed that the reduction of cohesion stress from 1.0 MPa 
to 0.6 MPa has reduced the punching shear capacity to failure 
load (vn/vtest) ratio by a value ranging from 8% to 40% in the 
short ledged beam. While, in the long ledged beams the 
reduction in load (vn/vtest) ratio reached 7% to 8%. 
 

 
6.4 Limitation for Punching Stress Capacity vr 
The maximum limitation value for the punching stress of the 
precast ledge beam is stated as 𝑣 = 0.25𝜙 𝑓 

  in CPCI, 5
th
 Ed. 

While the maximum shear stress resistance for concrete 

without shear reinforcement is stated as 𝑣 = 0.38𝜙 √𝑓     in 

CSA A23.3-04 (Equation 13-7- Section 13.3.4.1.c). It is well 
known that, reinforcing longitudinal bars enhance the punching 
shear capacity for the reinforced concrete beams. However, 
the concrete aggregate interlocking is the main governing 
factor that controls the punching capacity of reinforced 
concrete sections. This is not a case of pure shear friction as 
the side cracks are subjected to flexural tensile stresses. The 
concrete may fail by punching alone although the longitudinal 
bars did not reach their yield stress. Accordingly, it is 
suggested that the maximum punching stress capacity vn tp 
follow equation 13.7 in CSA A23.3-04. Table 7 shows in a 
comparative format the capacity/ failure stress (vn/vtest) ratio 
considering the reduction in the limitation for the punching 
shear stress capacity. It could be observed that by using 
CPCI-M for the maximum shear stress capacity based on 
equation 13.7 in CSA A23.3-04, the punching stress capacity 
was reduced by about 80% when compared to the CPCI, 5

th
 

Ed. method. 

 
6.5 Combination of the Effects of the Proposed 

Modifications 
The combined modifications of CPCI-M method could be 
summarized as follows: (1) Consideration Bearing Length (lb), 
(2) Consideration of residual bar stress fsr for top and bottom 
ledge reinforcement in shear resistance instead of yield stress, 
(3) Reduction of Cohesion Stress c, (4) Introduction of an 
additional limitation for Punching Stress Capacity vr. Fig 9 and 
Table 8 show the Effect of proposed modifications of CPCI-M 
Method on punching shear stress capacity to failure stress 
(vn/vtest) ratio for short and long L-Shaped beams compared to 

CPCI Method. 
 
 
 
 
 
 
 

 
The current CPCI, 5

th
 Ed. method has shown a conservative 

approach for calculating the punching shear capacity for short 
beams except for RS10 and RS11 where the longitudinal 
reinforcement of the ledge has been significantly increased. In 
addition, the limitation capacity for the punching stresses 
mentioned by CPCI did not control (vn/vtest) ratio to provide a 
conservative design approach for Short Beams (RS10 and  
 
 
 
 
 
RS11) and Long Beams (SP16 and LB6). On the other hand, 
CPCI-M Method has shown a conservative approach for the 
calculation of the punching shear capacity for both Short and 
long ledged precast beams except for LB6. Accordingly, it is 
proposed to limit the compressive strength fc considered in the 
calculation of vr max. to 60 MPa. In addition, it is worth to 
mention that the material reduction factor for the concrete 
strength φc is taken as 1.0 in the whole calculations of the 
current study, which means that a safety factor of 30% could 
still be used during the punching design process. Applying the 
proposed limitation for fc to maximum value of 60 MPa with φc 
equals to 0.7 will result in for vn/vtest ratio to equal 1.00 for long 
ledged beam LB6. 
 

7 SUMMARY AND CONCLUSIONS 

The paper presents a study of proposed modifications for the 
design parameters of punching design method for ledged 

TABLE 5 
EFFECT OF RESIDUAL STRESS CONSIDERATION OF TOP AND 

BOTTOM BARS ON PUNCHING SHEAR STRESS CAPACITY 

CALCULATED BY CPCI AND CPCI-M TO FAILURE STRESS 

(VN/VTEST) RATIO FOR SHORT AND LONG L-SHAPED BEAMS 

 
* T is notated for Top Bars and B is notated for Bottom Bars. 
 

TABLE 6 
EFFECT OF COHESION STRESS REDUCTION ON PUNCHING SHEAR 

STRESS CAPACITY CALCULATED BY CPCI AND CPCI-M TO 

FAILURE STRESS (VN/VTEST) RATIO FOR SHORT AND LONG L-
SHAPED BEAMS 

 

TABLE 8 
COMBINED EFFECT CPCI-M METHOD COMPARED TO CPCI 

METHOD ON PUNCHING SHEAR STRESS CAPACITY TO FAILURE 

STRESS (VN/VTEST) RATIO FOR SHORT AND LONG L-SHAPED 

BEAMS 

  

Fig. 9.  Effect of proposed modifications of CPCI-M Method on 
punching shear stress capacity to failure stress (vn/vtest) ratio for 

short and long L-Shaped beams compared to CPCI Method 
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beams according to the Canadian Precast Concrete Institute 
Design Manual CPCI, 5

th
 Edition. The proposed modifications 

are summarized as follows: (1) Modification in area of crack 
surface Acr,, by considering bearing length (lb) (2) 
Consideration of residual bar stress fsr instead of yield stress, 
(3) Reduction of Cohesion Stress c, (4) Introduction of an 
additional limitation for Punching Stress Capacity vr. The study 
was carried out on short and long ledged beams that were 
previously tested till failure punching load. CPCI Method and 
Modified CPCI Method were used to calculate the punching 
capacity of the beams compared to the actual failure punching 
load in the laboratory. The conclusions are summarized as 
follows: 
1. CPCI, 5

th
 Ed. has shown a conservative approach for the 

punching design for the studied short beams of low ratio 
of longitudinal reinforcement in the ledge. However, 
CPCI, 5

th
 Ed. method has shown a non-conservative 

approach in calculating the punching shear capacity for 
long ledged beams and short ledged beams of high ratio 
of longitudinal reinforcement in the ledge. 

2. Considering the bearing plate length in the calculation of 
crack area surface has reduced Acr by a percentage from 
18% to 39% depending on the length of the bearing 
plate. 

3. The effect of using of the actual residual stress fsr for top 
and bottom bars is not significant in short beams. While 
considering the actual residual stress of top and bottom 
bars has reduced the punching capacity for long beams, 
the shear stress capacity to failure stress (vn/vtest) ratio 
significantly decreases. 

4. The reduction of cohesion stress from 1.0 MPa to 0.6 
MPa has reduced the punching shear capacity to failure 
load (vn/vtest) ratio by a value ranging from 8% to 40% in 
the short ledged beam. While, in the long ledged beams 
the reduction in load (vn/vtest) ratio reached 7% to 8%. 

5. The punching stress capacity reduced by 80% using the 

maximum shear stress capacity 𝑣 = 0.38𝜙 √𝑓 
   based 

on equation 13.7 in CSA A23.3-04 compared to the 
CPCI, 5

th
 Ed. method (𝑣 = 0.25𝜙 𝑓 

 ). 
6. Combining the effect of the proposed modifications, 

CPCI-M Method has shown a conservative approach in 
the punching design for long ledged beams and short 
ledged beams of high and low ratios of longitudinal 
reinforcement. The punching shear capacity to the 
laboratory failure load (vn/vtest) ratio is less than or equals 
1.0 using the combined proposed modified parameters of 
CPCI design method. 

APPENDIX A 
Application Example for Long Ledged Beam SP16 using 

CPCI-M Method 
Long ledged beam SP16 was chosen as a sample for the 
detailed calculation of the punching shear capacity using for 
CPCI modified method (CPCI-M). Excel Spread Sheets was 
developed and used to ease the calculations process of the 
comparative study varies repetitive cases. The calculations 
sequence process is presented as follows: 
 
Properties of concrete 
Concrete Density = 24.03 kN/m

3
 

Compressive strength fc' = 35.85 MPa 
Young’s Modulus of Concrete Ec = 28466 MPa 
 
Dimensions of Ledge Beam 

Figure (A-1) shows the dimensions and reinforcement 
arrangement for long ledged beam SP16 
Beam Height (h) = 5 ft. = 1524 mm 
Web width (b) = 8 in. = 203.2 mm 
Ledge height (hl) = 8 in. = 203.2 mm 
ledge Extrusion (bl-b) = 8 in. = 203.2 mm 
Beam length (L) = 45 ft. = 13716 mm 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Applied Jacking Loads 

 
Force  distance 

 (kN) (Kip) (mm) (ft) 

Jack Load 4 left 113.87 25.60 6096.00 20.00 

Jack Load 3 left 113.87 25.60 4572.00 15.00 

Jack Load 2 left 113.87 25.60 3048.00 10.00 

Jack Load 1 left 113.87 25.60 1524.00 5.00 

Jack Load (middle) 113.87 25.60 6858.00 22.50 

Jack Load 1 right 113.87 25.60 1524.00 5.00 

Jack Load 2 right 113.87 25.60 3048.00 10.00 

Jack Load 2 right 113.87 25.60 4572.00 15.00 

Jack Load 2 right 113.87 25.60 6096.00 25.60 

 
Where the distance of the load is measured form the center of 
the beam. 

 
Reinforcement Properties and Arrangement   
Young’s Modulus for Steel Bars Es = 29000 ksi = 199946.3 
MPa 
Modular Ratio n = Es/Ec = 7.02 
Yield Stress fy = 60 ksi = 413.68 MPa 
 
Internal Forces Calculations 
The Bending Moment Diagram as shown in Figure (A-2) 

 

Fig. A-1. Section Dimensions and Reinforcement arrangement for 

SP16 (Nafadi, 2016) 
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Check Cracking state of beam section 

𝑓 = 0.6 𝜆√𝑓 
 =  3.59 𝑀𝑃𝑎 (where fr is the modulus of rapture 

of concrete) 

𝑀  =
 

  
(𝑓  + 𝑓 ) = 471.66 kN.m (where fce is the 

compression stress in the concrete due to effective pre-stress 
only (after allowance for all pre-stress losses) at the extreme 
fiber of a section where tensile stresses are caused by applied 
loads and in our case fce = 0.0). 
The cracking bending moment capacity is less than the 
applied bending moment capacity. Accordingly, the section is 
cracked and the cracked properties should be considered in 
properties calculations of the section. 
 
Properties of Gross and Cracked Section 
Gross Area Ag = 350967.04 mm

2
. 

Centre of gravity of the gross section = 684.31 mm 
Gross Inertia Ig= 7.60x1

10
 mm

4
. 

Zu = Location of neutral axis N.A = 
   

 
(−1+√1 +

     

   
)  

where dr is the center of the reinforcement bars and equals to 
1130.41 mm from the extreme top compression fiber. 
Accordingly, the Zu = 489.23 mm measured from the extreme 
top compression fiber. 
Cracked Area = 137339.37 mm

2
. 

Cracked inertia = 3.30 x 10
10

 mm
4
. 

 
Reinforcement Stress Calculations at Mid-Span of Beam 

Simply stress  = MY/I 

fs1 (1
st
 row from extreme tension fiber) = 418.05 MPa  fy = 

413.68 MPa 
Accordingly, the 1

st
 row of reinforcement in the ledge is not 

participating in punching shear resistance because the stress 
in bars is greater than the yield stress. 
fs2 (2

nd
 row from extreme tension fiber) = 374.88 MPa < fy = 

413.68 MPa 
Accordingly, the 2

nd
 row of reinforcement in the ledge is 

participating in punching shear resistance because the stress 
in bars is less than the yield stress. 
Residual Stress fsr = fy – fs 

fsr2 = 38.8 MPa. 
 
Punching Calculations according to CPCI-M Method 
φc resistance factor for concrete = 0.70 
Cohesion Stress C = 0.6 MPa 
shear-friction coefficient μ = 1.4 
Nf factored horizontal force = 11.39 kN   
  
Bearing width bt = 95.25 mm, Bearing length =101.6 mm 
Cracked angle =20 degree   

𝐴 =
 (  )          

 

 
𝑋

  

         = 29966.53 mm
2
. 

𝐴 = (𝑏 + ℎ  𝑡𝑎𝑛 20
 ) 𝑋

  

        = 36589.86 mm
2
. 

Acr = 2A1 + A2 = 96522.92 mm
2
. 

V = Vf cos 20
o
 = 107 kN 

N = Vf cos 20
o
  = 38.95 kN.  

𝑣 = 
   

   
+ 

    

  
 = 1.30 MPa 

𝜎 = 𝜌 𝑓  𝑐𝑜𝑠 20
 −

   

   
 = 

     . 

     .  
 x 38.8 Cos 20 -  

  .        

     .  
 = 

0.484 - 0.404 = 0.08 MPa 
𝑣 =  𝜙 (𝑐 +  𝜇𝜎) = 0.7 (0.6 + 1.4 x 0.08) = 0.498 MPa 

𝑣    ≤ 0.38𝜙 √𝑓 
 
 = 1.59 MPa >  𝑣   

As a result, the maximum design punching stress capacity for 
SP16 is 0.498 MPa. 
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Fig. A-2. Bending Moment Diagram due to Own Weight and applied 

Jacking Force 


