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PCI Design Handbook Appendix A:  
Blast-resistant design of precast,  
prestressed concrete components 

This report is very well written and I want to extend my thanks to the PCI Blast 
Resistance and Structural Integrity Committee. I would appreciate if you can answer a 
question that I have. This question is related to Eq. (A.3).

For a multi–degree of freedom system (MDOFS), the dynamic equation could be 
reduced to that of a single degree of freedom system (SDOFS) to determine modal-
specific responses by converting the mass, stiffness, and damping matrices of the 
structure to values effective to a given mode of vibration. To achieve that, each of the 
mass, damping, and stiffness matrices are pre- and post-multiplied by transpose and 
column modal shape factors, respectively, for a given mode of vibration. Factor KLM in 
Eq. (A.3) of the report appears to have been used to determine effective mass, where 
this factor could be determined by pre- and post-multiplying the mass matrix with the 
deflected shape factor of first mode of vibration. However, the term stiffness R(y(t)) in 
that equation is not multiplied by any of the deflected shape factors (to determine the 
stiffness factor). Can you explain why this has not been done? Can the equation pro-
duce an incorrect result if the stiffness is not multiplied by the deflected shape factors?

Mehedi Rashid
Senior Structural Engineer, Moffatt & Nichol
Norfolk, Va.

Reference
1. Naito, Clay, Chuck Oswald, and PCI Blast Resistance and Structural Integrity 

Committee. 2014. “PCI Design Handbook: Appendix A: Blast-Resistant 
Design of Precast, Prestressed Concrete Components.” PCI Journal 59 (1): 
137–159.

Authors’ response
The committee appreciates the question. The KLM factor is appropriately applied in 

accordance with dynamic concepts discussed in Introduction to Structural Dynamics 
by J. M. Biggs.1 Please refer to the textbook for further information on the approach. 
Regarding the modes for consideration, in most applications only the first mode is 
considered. This again is discussed in detail in Biggs, which is included as reference 
11 in appendix A.

PCI Blast Resistance and Structural Integrity Committee

Reference
1. Biggs, J. M. 1964. Introduction to Structural Dynamics. New York, NY: 

McGraw-Hill Book Co.
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Evaluation of common design policies  
for precast, prestressed concrete I-girder bridges

The following comments relate to “Evaluation of Common Design Policies 
for Precast, Prestressed Concrete I Girder Bridges,” by Richard Brice, Stephen J. 
Seguirant, and Bijan Khaleghi, which appeared in the Fall 2013 issue of PCI Journal.1

The authors present an excellent study of interest to bridge designers and own-
ers. The paper details the benefits and disadvantages of commonly adopted design 
policies despite their being more stringent than the AASHTO LRFD Bridge Design 
Specifications.2 Policies to combine design with gross or transformed section proper-
ties, reduced allowable tensile stress, and simple-span moments for superimposed 
dead and live loads are included, and their sensitivity in the precast, prestressed con-
crete bridge girder design is analyzed.

I would like to thank the authors, who should be complimented for producing a 
paper with valuable information, and PCI Journal for the opportunity of offering the 
following comments and questions, mainly about some of the assumptions and simpli-
fications used in the analysis and prestress losses.

In particular, all of the strands have been considered to be at the centroid of the 
effective prestress force for computing transformed section properties, and the cen-
troid of effective prestress force is located at 5 in. (130 mm) above the bottom of the 
girder. However, some analyses have been based on various prestress values by vary-
ing the number of strands (Fig. 3 and 5) about the influence of adopted policies on 
span capability. As it is possible to design different strand distributions for the same 
concrete cross section, did the authors use any algorithm to consider strand distribu-
tions with the same centroid in all cases? Transformed section properties can vary 
along the girder length according to changes in strand number and/or position, mainly 
by harping and/or debonding the prestressing strands in girder end zones. Did the 
authors use harped strands and/or debonded strand lengths in their analyses? In addi-
tion, the debonded length of strands increases transfer length, defined as the distance 
over which the strand should be bonded to the concrete to develop the effective stress 
in the prestressing steel,3 and the effective stress is completely transferred to the con-
crete when concrete stresses are assumed to have a linear distribution, which occurs 
beyond the dispersion length.4 Transfer length depends on several factors,5 such as 
strand stress and diameter, release method, and concrete properties,6,7 while transfer 
length provisions differ according to distinct codes and researchers.8,9 Furthermore, the 
dispersion length depends on girder depth, the position of the strands, and debonding, 
among other factors, and it is longer than transfer length. Once again, the assumptions 
related to the centroid of the effective prestress force strongly influence the calcula-
tions. Finally, transformed section properties vary over time because of the concrete 
modulus of elasticity. It is noticed that an early concrete modulus of elasticity at pre-
stress transfer can be obtained based on prestress loss due to elastic concrete shorten-
ing and transformed cross-section properties.10,11

On the other hand, the AASHTO LRFD Bridge Design Specifications2 provide 
refined and approximate methods for estimating prestress losses. The differences 
between the two methods can be considerable, as stated for the cases of prestress loss-
es due to concrete creep and shrinkage.12 To clarify this point, can the authors explain 
how the approximate method was calibrated and correlated with the refined method?

José R. Martí-Vargas
Professor, Institute of Concrete Science and Technology, Universitat Politècnica de 
València
Valencia, Spain
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Authors’ response
The authors would like to thank José Martí-Vargas for his questions, comments, and 

discussion. Our paper reported the results of a parametric study performed to examine the 
influence that common design policies have on precast, prestressed concrete I girder bridg-
es.1 First, baseline designs were established in accordance with the minimum requirements 
of the AASHTO LRFD Bridge Design Specifications.2 Then more conservative policies 
were examined individually, with all other parameters held constant to compare the rela-
tive sensitivity of the more conservative assumptions with the baseline designs. 

One parameter that was held constant throughout the study was the location of the 
effective prestress force transferred to the concrete section. Martí-Vargas asks whether 
an algorithm was used to consider strand distributions with the same centroid in all 
cases. In typical Washington State Department of Transportation (WSDOT) girders, 
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the location of the effective prestress force and distribution of strands varies with the 
number of strands. However, the authors thought that incorporating such an algorithm 
into the study would skew the comparative results for the specific parameter under 
evaluation. Thus, no distribution algorithm was used in the study and all strands 
were assumed to be lumped at 5 in. (130 mm) above the bottom of the girder. This 
would have only a small effect on the calculation of transformed section properties 
because the actual distribution of strands is still entirely within the confines of the 
bottom flange at the sections considered in the study. Transformed section properties 
were calculated on the basis of the specified concrete strength in service, as early-age 
strengths were not relevant to the study. 

Martí-Vargas asks whether harped strands and/or debonded strand lengths were 
used in the analyses. This study did not investigate sections where harped or debonded 
strands might alter the magnitude or location of the effective prestress force. The 
designs were assumed to be governed by the service III limit state, which is the 
case for the majority of prestressed I girder bridges. The critical design section was 
assumed to be at or near midspan for the bridge configurations studied. Strands are 
typically harped or debonded near the ends of girders to control concrete stresses at 
the time of prestress transfer. This was not a governing case in this study.

Last, Martí-Vargas asks for an explanation of how the approximate method for 
estimating prestress losses was calibrated and correlated with the refined method. 
The approximate method for estimating prestress losses was mathematically derived 
from the refined method as detailed in the National Cooperative Highway Research 
Project (NCHRP) report 496.3 Typical values for geometric properties of girders, 
ratio of creep occurring before and after deck placement, and proportions of dead, 
superimposed dead, and live loads for slab-on-girder bridges were substituted into the 
equations for the refined method and simplified to yield the equations for the approxi-
mate method. Table 22 of NCHRP report 496 shows measured versus estimated total 
prestress losses for previously reported experiments. The table includes estimated total 
prestress losses computed with the approximate and refined methods. The average 
ratio of the estimated loss to the loss measured during experimental investigations is 
reported to be 1.08 and 1.00 for the approximate and refined methods, respectively. 
Given the high degree of correlation between estimated and measured losses for both 
the approximate and refined methods, the authors concluded that the approximate 
method was sufficiently accurate for this study.

Richard Brice
Bridge software engineer, Washington State Department of Transportation
Olympia, Wash.

Stephen J. Seguirant
Vice president and director of engineering, Concrete Technology Corp.
Tacoma, Wash.

Bijan Khaleghi
State bridge design engineer, Washington State Department of Transportation
Olympia, Wash.
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Reliability-based sensitivity analysis  
for prestressed concrete girder bridges

The following comments relate to “Reliability-Based Sensitivity Analysis for 
Prestressed Concrete Girder Bridges” by Anna M. Rakoczy and Andrzej S. Nowak.1

The authors have made a remarkable contribution and they should be congratulated 
for producing an excellent paper, which presents the results of a reliability analysis 
for prestressed concrete girders using the most recent live load and resistance models. 
Important parameters affecting reliability indices have been identified by sensitivity 
analysis, including functions for various parameters, such as loads, material strengths, 
and section geometry characteristics.

The discusser would like to thank the authors for the detailed information contained 
in the paper and PCI Journal for the opportunity to offer the following comments and 
questions with the intention of pointing out some aspects included in the paper. 

The discusser has not found a detailed definition of effective depth d in the paper. 
According to ACI 318-11,2 effective depth is the distance measured from extreme 
compression fiber to the centroid of longitudinal tension reinforcement. As distances 
dp, ds, and d's  are included in the notation section in a detailed manner, can the authors 
clarify this fact or any redundancy to offer a better understanding of the definition 
of effective depth d? The results of the sensitivity analysis indicate that the reli-
ability index strongly depends on effective depth d and prestressing steel fpsAps, as 
observed in Fig. 6, 7, and 8. In these figures, the ratio of the girder reliability index is 
based on changes (in percentage from the nominal value) in the analyzed parameters. 
Prestressing steel is involved in important topics such as transfer length (at release3 
and with time4), development length,5 dispersion length,6 camber,7 and prestress 
losses.8 Because changes in the area of prestressing steel and/or the strand positions 
can affect these topics, can the authors report some details on how the changes of pre-
stressing steel from the nominal value were made and their implications on the afore-
mentioned topics?

Besides, although both material properties and bridge loads have changed, as stated 
by the authors, ACI 318 code provisions on transfer length first appeared in 1963 and 
remain to date despite a considerable number of proposed modifications9 and analyzed 
factors.10 

José R. Martí-Vargas
Professor, Institute of Concrete Science and Technology, Universitat Politècnica de 
València 
Valencia, Spain
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Authors’ response
Thank you for the discussion calling for further clarification of the discrepancy 

between the effective depth d and the distances dp, ds, and d's . The effective depth d 
represents all three distances dp, ds, and d's . In calculations, all three variables are func-
tions of d. Therefore, the changes in effective depth d are reflected in changes in dp, ds, 
and d's.

The objective of this paper was to present the results of the reliability analysis for 
prestressed concrete girders using the most recent live load and resistance (flexure) 
models.1 An important part of the research was derivation of sensitivity functions for 
various parameters that affect performance of prestressed concrete girders. The con-
tribution of several resistance parameters, such as reinforcement area and yield stress, 
was considered. Other factors, such as transfer length, development length, dispersion 
length, camber, and prestress losses, were not specifically considered. However, they 
are accounted for in the change of parameters: Apsfps, bf'c, and d. Reliability indices 
were calculated for the nominal values of these parameters and then for the overall 
resistance reduced by multiples of 10%. 
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Long-term lateral deflection of precast,  
prestressed concrete spandrel beams

The following comments relate to “Long-Term Lateral Deflection of Precast, 
Prestressed Concrete Spandrel Beams” by Bulent Mercan, Arturo E. Schultz, Henryk 
K. Stolarski, and Rafael A. Magaña.1

Given that the use of slender precast concrete spandrels that span longer distances 
results in greater cost effectiveness of precast concrete parking structures, the authors 
present a detailed paper that provides realistic estimates of long-term deflections and 
offers sensitivity analyses on the effects of the main parameters affecting these deflec-
tions.

The authors should be congratulated for this paper. The discusser agrees that the 
scientific-technical literature available on this topic is limited, making the paper that 
much more valuable. In addition, the discusser would like to thank PCI Journal for 
the opportunity of offering the following comments, mainly about the assumed trans-
fer length and restrained slips in the spandrel beam modeling so that the authors can 
consider them in further analyses and research.

In the section “Description of Prototype Spandrel Beams,” the authors have 
detailed the use of prestressing steel Grade 270 (1900 MPa), of 0.5 in. (13 mm) 
in diameter, stressed to 75% of ultimate. Afterwards, in the section “Modeling of 
Spandrel Beams,” the discusser has not found the strand diameter, and among other 
data, it appears that transfer length is assumed to be 20 in. (500 mm). Transfer length 
according to ACI 318-112 ranges from 27 to 33.75 in. (690 to 860 mm) for 0.5 in. 
(13 mm) diameter strands, depending on the prestress losses accounted.3,4 A value 
of 20 in. (500 mm) would mean a reduced diameter, a reduced initial strand stress, a 
lower bound value,5 a result from an optimized prediction6 or another equation,7 and 
a particular specimen size,8 among other possibilities. However, a justification for the 
assumed transfer length of 20 in. (500 mm) has not been included in the paper.

Finally, the authors have stated that the relative displacements between concrete 
and steel were fully restrained in the modeling of spandrel beams. Was this restriction 
applied along the entire spandrel beam? Slips are involved in bond phenomena con-
cerning the transfer and development lengths of prestressing steel strands.9–11

José R. Martí-Vargas
Professor, Institute of Concrete Science and Technology, Universitat Politècnica de 
València
Valencia, Spain
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Authors’ response
The authors would like to thank José Martí-Vargas for his insightful questions and 

informative comments. 
Regarding the first item raised by the commenter, the authors used 1⁄2 in. (13 mm) 

diameter, Grade 270 strand. A description of the strand is given in the section of 
“Description of the Prototype Spandrel Beams,” so it is not mentioned again in the 
section “Modeling of Spandrel Beams.”1

Regarding the transfer length lt, the commenter is correct in stating that the selected 
value of 20 in. (500 mm) is somewhat low relative to the ACI 318-11 recommenda-
tions (lt = fsedb/3000) depending on the magnitude of prestress losses.2 However, the 
transfer region in prestressed concrete members introduces significant uncertainty rela-
tive to its length and the parameters describing the transfer of stresses through bond. 
Given the large computational undertaking described in Mercan et al.,3 simplifying 
assumptions were necessary to accommodate the large size of the finite element mod-
els of the spandrels and the length of the time-dependent deformation analysis. For the 
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same reasons, a relatively coarse model was selected for the transfer region, namely a 
series of steel elements with decreasing cross-sectional area over the transfer length. 
Analyses of the beams described in the section titled “Experimental Verifications,” 
but not included in the paper due to length limits, suggested that long-term deflec-
tions were not highly sensitive to small variations in transfer length that validated our 
approach. Furthermore, as the commenter notes, underestimating the transfer length 
can result in overestimation of member deflections. Thus, any possible overestimation 
was considered to be consistent with the present study because upper-bound estimates 
of the long-term increments in vertical and lateral deflections and twist angle due to 
gravity loads were sought.

Regarding the third item, the commenter is correct in noting that reinforcing bar 
and prestressing strand were embedded in the concrete assuming perfect bond between 
reinforcement and concrete. However, the bond versus slip interaction between 
cracked concrete and reinforcement was included indirectly by modifying the post-
peak behavior of concrete invoking the so-called tension stiffening effect for concrete 
in tension. More details about the authors’ treatment of the tension stiffening effect 
can be found elsewhere.3

Bulent Mercan
Engineer, 2H Offshore Inc.
Houston, Tex.
 
Arturo E. Schultz
Professor and director of graduate studies, Department of Civil Engineering, 
University of Minnesota, Twin Cities
Minneapolis, Minn.
 
Henryk K. Stolarski
Professor, Department of Civil Engineering, University of Minnesota, Twin Cities
Minneapolis, Minn.

 
Rafael A. Magaña
President, Precast Engineering Systems Inc.
Tampa, Fla.
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Comparison of details for controlling end-region  
cracks in pretensioned concrete I-girders

“Comparison of Details for Controlling End-Region Cracks in Pretensioned 
Concrete I-Girders” by B. E. Ross, M. D. Willis, H. R. Hamilton, and G. R. 
Consolazio and “Analytical Investigation and Monitoring of End-Zone Reinforcement 
of the Alaskan Way Viaduct Super Girders” by A. Arab, S. S. Badie, M. T. Manzari, 
B. Khaleghi, S. J. Seguirant, and D. Chapman are collectively an important addition to 
the knowledge of end-zone cracking.1,2 The photos of the crack patterns are not greatly 
different from those shown in Gamble3 for a girder produced in 1966, though the 
recent photos show more cracks because the members are larger and much more heav-
ily stressed. At that time, the extent of end-zone cracking did not seem to be widely 
appreciated or understood, even though this was slightly after publication of the 
important papers by Gergely et al. that are referenced in the two PCI Journal papers.4,5

As we were trying to understand the extent of the problem, two or three graduate 
students and I examined a group of 50 similar I-girders on a very cold morning in 
February 1967. We could reach 96 girder ends, but the other 4 were buried in snow 
drifts. Of the 96 ends, 94 had anchorage zone cracks, so one must conclude that all 
girders of the type must crack. Figure 1 shows the cross section of the Illinois stan-
dard 48 in. (1220 mm) I girder with the strand arrangement shown in the left half of 
the drawing. There were thirty-eight 7⁄16 in. (11 mm) strands with 10 draped strands, 
and the girders were 75 ft 1 in. (22.89 m) long.

The anchorage zone reinforcement consisted of six no. 5 (15M) bars located near 
each end of the beam. The area was probably selected using the Gergely analysis 
method.4,5

There were from 1 to 4 cracks in the end zones, with an average of 1.5 cracks per 
end. Four cracks were found in 2 ends, 3 cracks were found in 8 ends, 2 cracks were 
found in 25 ends, and the remaining 59 ends each had 1 crack. In nearly all cases, the 
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Figure 1. Illinois 48 in. pretensioned girder. Note: Fsi = design pretentsion force before transfer. Grade 
250 = 1720 MPa; Grade 270 = 1860 MPa; 1 in. = 25.4 mm.
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single crack was found a few inches, usually no more than 6 in. (150 mm), above the 
bottom flange-web junction. In the multiple-crack cases, the lowest crack was usually 
close to the flange-web junction. 

Because of the site conditions, only a few crack width measurements were made. 
The largest single crack found was 0.016 in. (0.41 mm), measured on the side of a 
beam at the end. About 10 cracks were 0.010 in. (0.25 mm) or greater in width. The 
estimate of the average width was about 0.006 in. (0.15 mm).

The beams ranged from 10 days to 3 months old, and no correlation between age 
and state of cracking could be found. One of the producer’s engineers said that nearly 
all such members cracked but that sometimes it took 2 weeks for the cracking to 
occur.

Both PCI Journal papers reference the AASHTO LRFD anchorage zone reinforce-
ment requirement of 4% of the prestressing force,6 to be resisted by deformed bars at 
20 ksi (140 MPa). I find the retention of this value, which is carried over from earlier 
AASHTO specifications, to be puzzling because it recognizes neither the cross section 
shape nor the strand arrangement. The provision is also slightly ambiguous in that it 
does not state whether the prestressing force before or after transfer is to be consid-
ered. I have used the pretransfer value because it is slightly more conservative.

The cross section shown in Fig. 1 can be used to illustrate the problems with the 
4% rule. The left side of the drawing shows the 1960s steel arrangement used for a 
beam with a span of about 72 ft (22 m) and a beam spacing of 8 ft (2.4 m). The right 
side shows the equivalent steel arrangement from the year 2000. The larger, stronger 
strands lead to a significantly greater eccentricity and, thus, to a smaller initial preten-
sioning force. The low-relaxation material also contributes to the reduction. The forces 
noted as Fsi are the design pretensioning force, before transfer. On the basis of the 4% 
rule, the new design requires less end-zone reinforcement.

However, a Gergely-type analysis gives a quite different outcome. Figure 2 shows 
the results of Gergely analyses for the two different cases. The case with twenty 
0.5 in. (13 mm) strands has a tension force that is much larger than the earlier design 
and much larger than the 4% rule requires. Four percent of 620 kip (2800 kN) is 24.8 
kip (110 kN), while the Gergely analysis gives a force of 38 kip (125 kN). The 4% 
rule is safe for the earlier case because 4% of 718 kip (3190 kN) is 28.7 kip (128 kN), 
while the Gergely analysis gives a maximum force of 23.7 kip (105 kN). A Gergely-
type analysis is not too difficult, but it does require many details of the cross sections, 
including the area, moment of inertia, centroid, and the detailed variation in width of 
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Figure 2. Results of Gergely analysis of girders.
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the section in the lower part of the member. The FIB-63 member is a bit messy in this 
respect, while the Alaskan Way super girders are fairly straightforward. While the 
Gergely analysis is mentioned in both papers, it is not clear whether it was actually 
used. The results might have been instructive.

William L. Gamble
Professor Emeritus of Civil and Environmental Engineering, University of Illinois
Urbana-Champaign, Ill.
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Authors’ response
The authors appreciate William Gamble’s thoughtful comments and wish to thank 

him for writing a substantive response to our paper, “Comparison of Details for 
Controlling End-Region Cracks in Pretensioned Concrete I Girders.”1 His story about 
examining girders in the snow has historical interest and is also instructive regarding 
the ongoing problem of end-region cracking.

Gamble discusses the 4% rule from the AASHTO LRFD Bridge Design 
Specifications.2 This approach for designing splitting resistance in pretensioned 
anchorage zones (in other words, vertical end-region reinforcement) originates from a 
model created by Marshall and Mattock3 in the early 1960s. In presenting their model, 
Marshall and Mattock use the prestressing force at transfer to calculate the requi-
site vertical reinforcement, an approach consistent with Gamble’s calculations. The 
Marshall-Mattock model was based on experimental data, and as Gamble’s analysis 
has demonstrated, it may not be suitable for modern girder design and materials. 

Regarding Gamble’s question as to the application of the Gergely-Sozen4 model 
to the FIB test specimens, we did not conduct a Gergely-Sozen analysis of our speci-
mens; however, a finite element model was developed in recent work by Willis.5 The 
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finite element model was validated using strain data measured during prestress transfer 
from the FIB specimens. Results of the finite element model (Fig. 3) show that the 
vertical tension force in the end region of the FIB specimens was equal to approxi-
mately 5% of the initial prestress force. Moreover, the model shows that vertical 
tension force is a function of the transfer length. Interestingly, the original model by 
Marshall and Mattock also recognized that vertical tension was a function of transfer 
length.

Considering the analyses presented by Gamble and Willis, the authors conclude 
that the current AASHTO LRFD specifications provisions for splitting resistance in 
pretension anchorage zones may be unconservative for some (if not many) modern 
girders. The authors agree with Gamble’s statements regarding the merit of consider-
ing cross-section shape and strand configuration when designing splitting reinforce-
ment. The Gergely-Sozen model and finite element analysis offer two means of 
approaching this problem. 

Brandon E. Ross
Assistant professor, Glenn Department of Civil Engineering, Clemson University
Clemson, S.C.

Michael D. Willis
Graduate student, Glenn Department of Civil Engineering, Clemson University
Clemson, S.C.
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Gainesville, Fla.
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The authors would like to thank William Gamble for sharing his experience and 
opinions about end-zone reinforcement and the provisions of the AASHTO LRFD 
specifications1 that are currently used in the United States. Also, the authors would 
like to thank Gamble for his constructive comments on the research conducted on the 
end-zone reinforcement of the Alaskan Way Viaduct project.2

The authors agree with Gamble that end-zone cracks recorded during release of the 
strands of heavily prestressed precast concrete beams have become more prevalent 
than before. This is a direct result of using deeper girders with higher prestress than 
previously encountered while maintaining a cross section with relatively thin webs 
and flanges.3 The end-zone cracks shown in Fig. 4 of “Analytical Investigation and 
Monitoring of End-Zone Reinforcement of the Alaskan Way Viaduct Super Girders” 
were reported in all WF100G wide-flange girders used in the monitored span of the 
Alaskan Way Viaduct project. At 100 in. (2540 mm) deep and 205 ft (62.5 m) long, 
with eighty 0.6 in. (15 mm) diameter strands jacked to an initial stress of 202.5 ksi 
(1396 MPa), the authors believe that these girders are the largest fully pretensioned 
girders manufactured in North America to date.

The authors also agree with Gamble that the current provisions for the design of 
end-zone reinforcement in the AASHTO LRFD specifications1 do not take into con-
sideration either the shape of the beam or the strand arrangement in the cross section, 
nor do they clearly specify whether the prestressing force before or after transfer 
should be used. Although the end-zone reinforcement in the Alaskan Way Viaduct 
girders was sized based on 4% of the total prestress force prior to transfer, this 
was not the sole basis for the design. During development of the Washington State 
Department of Transportation (WSDOT) wide-flange girder sections in the late 1990s, 
finite element and confirming hand calculations were performed on several worst-case 
scenarios to properly size the end zone reinforcement.4,5 The results indicated only 
slightly less reinforcement than 4% of the prestress force prior to release is required. 
On the premise that cracking is best controlled by well-distributed smaller  
bars, no. 5 (15M) stirrups were selected at the minimum spacing permitted until the 
required area was achieved. This has become the basis of WSDOT’s end-zone rein-
forcement design6 and was used for the analytical purposes of this research. 

Finally, during the instrumentation of the WF100G girders for the Alaskan Way 
Viaduct, the authors used the Gergely-Sozen procedure7 to determine the height where 
the splitting cracks were anticipated to initiate. The authors believe that although 
this procedure is simple and can be implemented using hand calculations, it does not 
accurately reflect the postcracking behavior of reinforced concrete sections. In addi-
tion, the amount of the end-zone reinforcement determined by this method is signifi-
cantly influenced by certain assumptions, such as the distance between the tension and 
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compression resultants corresponding to the coupling action imposed by the moment 
within the end zone. 
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