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■ An extensive analytical study is presented to as-
sess the maximum girder span lengths that can 
be achieved when using 0.6 and 0.7 in. (15.2 and 
17.8 mm) strands.

■ Girder span increases of up to 22% were achieved 
using 0.7 in. strand in place of 0.6 in. strand.

■ The larger pretension forces affected end-region de-
tailing and increased congestion, although all result-
ing requirements were constructable.

In the United States, seven-wire prestressing strands 
conforming to ASTM A4161 and AASHTO M 2032 are 
used to pretension concrete bridge components. Typically, 

Grade 270 (1860 MPa) low-relaxation strand is used for 
bonded pretensioning (referred to in this context as prestress-
ing strand or strand). For many years, the standard in the 
bridge industry was 0.5 in. (13 mm) diameter strand. Research 
conducted in the 1990s supported the use of 0.6 in. (15.2 mm) 
diameter strand. This size of strand is now commonly used 
as a means of increasing available pretensioning force, which 
makes it possible to extend spans, increase girder spacing, 
and decrease structural depth. Currently, seven-wire, 0.7 in. 
(17.8 mm) diameter Grade 270 (1860 MPa) low-relaxation 
strands are primarily used as cable or strand roof anchors in 
the mining and tunneling industries; however, these strands, 
which conform to ASTM A416, may provide benefits similar 
to those associated with 0.6 in. strand. Table 1 compares the 
properties of 0.5, 0.6, and 0.7 in. strands.

The use of 0.7 in. (17.8 mm) strands in pretensioned bridge 
components is not explicitly permitted in any known 
international design standard.3 The American Association 
of State Highway and Transportation Officials’ AASHTO 
LRFD Bridge Design Specifications4 includes 0.7 in. strand 
by reference to AASHTO M 2032 but is otherwise silent 
on the use of 0.7 in. strand. Internationally, ASTM A4161 
seems to be the only available specification for seven-wire, 
Grade 270 (1860 MPa) 0.7 in. strand. (The European 
standard EN 101385 identifies seven-wire, Grade 250 
[1720 MPa] 0.7 in. strand products, but these are not used in 
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bridge construction.) Nonetheless, Grade 270 0.7 in. strands 
have been evaluated as pretensioning reinforcement in several 
experimental projects.6–8

This study was conducted as part of National Cooperative 
Highway Research Program (NCHRP) project 12-109. 
Given the limitations on the length of this paper, the reader is 
referred to the NCHRP report3 and appendixes9 for additional 
study details.

Motivation for using 0.7 in. strands

Record-breaking span lengths have recently been achieved by 
using 0.6 in. (15.2 mm) strands. Examples include 62.5 m long 
(205 ft) girders in the Alaskan Way viaduct in Seattle, Wash.;10 
63.7 m long (209 ft) girders in the U.S. 17-92 interchange 
at State Road 436 in Casselberry, Fla.;11 64.0 m long (210 
ft) girders in the Deerfoot Trail extension near Calgary, AB, 
Canada;12 and 68.0 m long (223 ft) modified wide-flange girders 
for a high-occupancy vehicle extension in Tacoma, Wash.13 
Given these accomplishments, a logical question is whether the 
precast concrete industry needs 0.7 in. diameter strands.

Table 1 shows that the area of a 0.7 in. (17.8 mm) strand is 
92% greater than that of a 0.5 in. (13 mm) strand and 36% 
greater than a 0.6 in. (15.2 mm) strand. The larger area of 
0.7 in. strands, in conjunction with higher-strength concrete, 
has the potential to offer the following benefits:3

•	 The number of strands required in a girder for the same 
girder span could be reduced. Fewer strands would alle-
viate congestion in heavily reinforced pretensioned ele-
ments and may be economically advantageous. However, 
simply reducing the number of strands in a girder by 
replacing 0.6 in. strand with fewer 0.7 in. strands that 
provide the same reinforcement area has little, if any, 
structural advantage, such as increasing span length or 
allowing for fewer girders (by increasing girder spacing). 
Reducing the required number of strands could be poten-
tially beneficial in situations where filling all (or most) 
strand locations in a section with 0.6 in. strand does not 
provide sufficient pretensioning force. Replacing 0.6 in. 
strand with 0.7 in. strand on a one-to-one basis using the 
same 51 mm (2.0 in.) grid spacing is one way to achieve 
a greater pretension force.

•	 The total number of girders in a bridge could be 
reduced by using individual girders that have greater 
pretension force. Fewer girders may shorten the 
construction time, cut construction costs, and reduce 
overall energy consumption for fabrication and girder 
transportation.

•	 Longer spans could be achieved by using girders with 
greater pretension force. Longer spans may reduce the 
number of piers required for a new bridge or permit 
the elimination of the central pier in typical two-span 
bridges. In bridge replacement projects, particularly in 
congested urban areas, eliminating the central piers on 
large thoroughfares or interstate crossings may permit 
more efficient expansion of the roadways beneath the 
bridge, eliminate the hazards associated with piers 
located close to the roadways, and minimize the impact 
of the span on environmentally sensitive habitats. 
Nonetheless, there are practical upper limits on girder 
length based on size and weight limitations associated 
with shipping and handling.14 

•	 Shallower girders that have greater pretension force could 
be used for the same span length. This benefit becomes 
particularly important in replacement projects that must 
increase existing clearances or expand the hydraulic 
opening beneath the bridge.

Objectives of reported study

The objectives of the analytical study presented in this paper 
were to assess maximum achievable pretensioned girder 
span lengths when using 0.6 and 0.7 in. (15.2 and 17.8 mm) 
strands and examine the influence of girder shape and size 
on the potential benefits of using 0.7 in. strands. The study 
also examined the impacts of using 0.7 in. strands on girder 
end region detailing requirements, prestress transfer, and the 
handling and erection stability of long-span girders.

This study did not specifically address many additional 
factors that should be considered regarding the use of 0.7 in. 
(17.8 mm) strands. Some of the issues that require consider-
ation involve the handling of the heavier and stiffer strand and 
larger strand forces and the potential need to retool existing 
stressing beds and hardware.

Table 1. Physical properties of Grade 270 (1860 MPa) low-relaxation strand

Designation, 
in.

Nominal 
diameter, 

mm
Nominal area, mm2

Nominal 
weight, kg/m

Minimum 
breaking 

strength, kN

Minimum load at 
1% extension, kN

Minimum 
elongation in 
605 mm, %

0.500 12.7 99 0.77 184 165

3.50.600 15.2 140 1.10 261 234

0.700 17.8 190 1.49 353 318

Source: Data from ASTM International (2015). 

Note: 1 mm = 0.0394 in.; 1 in. = 25.4 mm; 1 kN = 0.225 kip; 1 kg/m = 0.672 lb/ft.
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Parametric study

The investigators generated 584 pretensioned simple-span 
girder design cases to compare girders using 0.6 and 0.7 in. 
(15.2 and 17.8 mm) strands. The objective of each design 
case was to maximize the girder span while respecting all 
requirements of the AASHTO LRFD specifications.4 Issues of 
handling stability were not considered in the parametric study, 
but were subsequently analyzed for girders having the longest 
resulting span lengths, as described later in this paper.

Each design case was replicated with 0.6 and 0.7 in. (15.2 and 
17.8 mm) Grade 270 (1860 MPa) prestressing strands. Ten 
girder types (cross sections) of varying depth were considered 
(Table 2).

Three normalweight concrete compressive strengths ′fc  (69, 103, 
and 124 MPa [10, 15, 18 ksi]) and one lightweight  
concrete compressive strength ′fc (69 MPa) were considered.  
The unit weights of concrete w

c
 were 2400, 2480, 2530, and 

2000 kg/m3 (150, 155, 158, 125 lb/ft3), respectively. The  
concrete strength at strand release ′fci was assumed to be  
0.6 ′fc  for cases where ′fc  exceeded 69 MPa, and 0.8 ′fc  for cases 
where ′fc  was equal to or less than 69 MPa.6 A normalweight 
concrete composite slab with a compressive strength ′fc  of 
31 MPa (4.5 ksi) and unit weight w

c
 of 2320 kg/m3 (145 lb/ft3) 

was included in all designs. A nominal 80 kg/m3 (5 lb/ft3) allow-
ance for reinforcing steel was added to all concrete unit weights.

When the single-web girder analyses were conducted, it was 
assumed that the girders were interior girders having the fol-
lowing combinations of spacing S and slab thickness t

f
:

•	 S = 1830 mm (72.0 in.) and t
f
 = 203 mm (7.99 in.)

•	 S = 2440 mm (96.0 in.) and t
f
 = 203 mm (7.99 in.)

•	 S = 2540 mm (100 in.) and t
f
 = 229 mm (9.02 in.)    

•	 S = 3660 mm (144 in.) and t
f
 = 229 mm (9.02 in.)    

All slabs were provided with a 51 mm deep (2.0 in.) haunch.

Double-web cases considered the following:

•	 S = 3660 mm (144 in.) and t
f
 = 203 mm (8.00 in.)

•	 S = 4270 mm (168 in.) and t
f
 = 203 mm (8.00 in.)    

•	 S = 4880 mm (192 in.) and t
f
 = 229 mm (9.02 in.)

Girder cross sections and key properties for all shapes are 
provided in NCHRP Web-Only Document 315 appendix A.9

The designs assumed a simple, nonskewed span, and the 
designs were performed using a spreadsheet developed by the 
authors, which was benchmarked and validated against LEAP 

Table 2. Girder types and designations used in parametric study

Nominal 
depth, 

mm

Single web Double web

PCI 
bulb-tee 

girder

AASHTO 
I-girder

FIB 
girder

Ohio 
WF 

girder

NU 
girder

Wash-
ington 

WF 
I-girder

AASHTO 
box 

girder

NEXT 
deck 
beam

Texas U 
girder

Wash-
ington U 

girder

915 WF36 NU900

1020 40D U40

1100 NU1100

1220 BIV48

1370 BT54 WF54 U54 U54G5

1520 UF60G5

1600 NU1600

1625 BT63

1830 BT72 VI WF72 UF72G5

1880 WF74G

2000 NU2000

2440 FIB96

2540 WF100G

Note: FIB = Florida I-beam; NEXT = northeast extreme tee; NU = University of Nebraska I-girder; WF = wide flange. 1 mm = 0.0394 in.
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CONSPAN software from Bentley Systems. The design 
methodology used to determine the greatest achievable span is 
described in the next section of this paper. Live load distri-
bution to the interior girders was determined in accordance 
with the approximate analysis method of article 4.6.2.2 of the 
AASHTO LRFD specifications.4 Additional assumed dead 
loads included a 1.2 kPa (25 lb/ft2) allowance for wearing 
surface DW and a 358 kg/m (241 lb/ft) allowance added to 
each girder for barrier walls and appurtenances DC.

Design procedure for parametric 
study

The following steps summarize the design procedure for 
determining the longest achievable span for each design case. 
These steps were programmed into the PCI Girder Stability 
Analysis version 1.0 Excel spreadsheet.

Step 1

The girder section is filled with as many straight strands as 
geometrically possible, and the span is increased until either 
the Service I or Service III limits of the AASHTO LRFD 
specifications4 are reached at midspan or the Strength I limit 
is achieved; from this step, the maximum achievable span is 
determined. To achieve these limits, four partially tensioned 
top strands providing a total of 267 kN (60.0 kip) compressive 
force are used for all cases. These top strands are not included 
in Strength I limit state calculations as is customary for pre-
stressing strand on the compression side of a girder.

Step 2

The tensile and compressive stress limits at prestress transfer 
and the Service I and Service III limits near the end of the 
girder are checked. If these stress limits are not exceeded, 
the design is complete based on step 1. Otherwise, the design 
progresses to step 3.

If the stress limits at transfer are exceeded, the value of con-
crete strength at prestress transfer ′fci = η ′fc  is increased until 
the limits are satisfied. This side check is akin to permitting 
the girder to cure further before prestress transfer to mitigate 
excessive stresses. The values used for design are ′fci equal to 
0.8 ′fc  for ′fc ≤ 69 MPa (10 ksi) and ′fci equal to 0.6 ′fc  for  
′fc  > 69 MPa. Therefore, a value of η greater than 1.0 indi-

cates that the design is controlled by concrete strength at 
release, and ′fc  must be increased or the span shortened. A 
value of η between 0.8 (or 0.6) and 1.0 indicates that the 
stress limits could be met by delaying release to increase 
concrete strength at transfer. Regardless of the outcome of 
this side check, all designs in this study progressed using the 
values of ′fci equal to 0.8 ′fc   or 0.6 ′fc .

Step 3

Using the design values for ′fci, strand debonding is attempted 
to satisfy the step 2 stress check(s) while limiting the total 

debonding ratio dr to 25% or less (≤ 40% in any single-strand 
layer). If the step 2 stress checks are satisfied by this debond-
ing, the design is complete.

Step 4

If a successful design is not possible using debonding (step 3), 
all strands are assumed to be bonded, and harping is attempt-
ed to satisfy the step 2 stress limits. Regardless of girder 
length, harp points are assumed to be 4.6 m (15 ft) to either 
side of the girder centerline. If more than eight strands must 
be harped, second harp points are selected 5.8 m (19 ft) to 
either side of the girder centerline. If the stress checks are 
satisfied by harping, the design is complete.

Step 5

If harping alone (step 4) is insufficient, a combination of 
harping and debonding is used to bring the step 2 stresses 
within limits. The number of harped strands is limited to as 
few as possible. If the stress checks are satisfied by a combi-
nation of harping and debonding, the design is complete. Note 
that Texas U girders are not permitted to have harped strands. 
Therefore, debonding strands is the only available method for 
keeping release stresses below the AASHTO LRFD specifica-
tion limits for this girder type.

Step 6

If the methods of mitigating stresses considered in steps 3, 
4, or 5 remain insufficient to satisfy the step 2 stress limits, 
the span length is reduced (in increments of 305 mm [1 ft]), 
and the process is repeated until a design satisfying all stress 
limits is achieved.

Step 7

Once an acceptable span is obtained, the required transverse 
reinforcement is determined.

Step 8

A final design constraint is based on satisfying requirements 
of AASHTO LRFD specifications articles 5.9.4.4.1 and 
5.9.4.4.2 dealing with splitting reinforcement and confinement 
near the ends of girders, as well as requirements for longitu-
dinal reinforcement in AASHTO LRFD specifications article 
5.7.3.5. The designs limit splitting reinforcement near the 
ends of the girders to no. 5 (16M) reinforcement, with spacing 
equal to or greater than 51 mm (2.0 in.).

The design steps were used to first design a girder using 
0.6 in. (15.2 mm) strands for the maximum possible span at 
the minimum considered spacing S of 1830 mm (72.0 in.) 
for single-web girders, or S of 3660 mm (144 in.) for dou-
ble-web girders. New girders were designed using the same 
concrete strength, concrete density, and strand diameter 
while increasing the girder spacing in 610 mm (24 in.) incre-
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ments. The process was then repeated with 0.7 in. (17.8 mm) 
strands.

Results of parametric study

The maximum achievable spans for pretensioned girders 
using 0.6 and 0.7 in. (15.2 and 17.8 mm) strands (L

0.6
 and 

L
0.7

, respectively) were computed. The resulting design 
details of all 584 cases—including the number of straight and 
harped strands, the number and length of debonded strands, 
and required web reinforcement—are provided in NCHRP 
Web-Only Document 315 appendix B.9 Figure 1 presents 
a representative resulting span length chart for PCI BT72 
(72 in. [1800 mm] bulb tee). NCHRP Web-Only Document 
315 appendix D has similar charts for all 10 girder shapes 
considered. Figure 1 indicates the percentage increase in 
the achievable span length resulting from the use of 0.7 in. 
strands, and Table 3 summarizes this for all girder types. For 
the PCI BT72 case (Fig. 1), a greater potential increase in 
span length is associated with higher concrete compression 
strength and increased girder spacing.

Potential increase in span length

Figure 2 compares the maximum span lengths achieved 
using 0.6 and 0.7 in. (15.2 and 17.8 mm) strands. When 
0.7 in. strands were used, the achievable span lengths 
increased within a band of 1.0 to 1.22 times their corre-
sponding design cases having 0.6 in. strands. Therefore, 
by using 0.7 in. strand, it was possible to increase the span 

length by a maximum of 22% in comparison to designs 
using 0.6 in. strand. The largest value of 1.22 is less than 
the ratio of the area of a 0.7 in. strand to that of a 0.6 in. 
strand, 1.35 (Table 1), which indicates that a one-to-one 
replacement of strands is not possible given the many 
other design constraints (such as stress limits at prestress 
release) that must be considered. Thus, the full potential 
benefit of using 0.7 in. strands cannot be realized for the 
sections and designs considered.

Influence of girder geometry

The potential for increasing the girder span using 0.7 
in. (17.8 mm) strands was affected by girder geometry 
(Table 3 and Fig. 2). In general, girders whose design had 
been optimized based on 0.6 in. (15.2 mm) strands (for 
example, University of Nebraska [NU] and wide-flange 
[WF] girders) offered little potential for span length 
increases using 0.7 in. strands. More general sections 
(PCI bulb-tee girders) and deep sections established by 
lengthening the web between standard top and bottom 
bulbs (Washington 100 in. [2540 mm] wide-flange I-girder 
[WF100G]) showed greater potential for increasing span 
lengths using 0.7 in. strand.

In almost all cases, when 0.7 in. (17.8 mm) strand was used, 
more harped strands and/or greater debonding were required 
because the total pretension force was greater. Harped strands 
are not permitted in Texas U girders; as a result, the potential 
increase in span was limited (Table 3).

Figure 1. Maximum span length chart for PCI BT72 with different concrete strengths. The percentages shown indicate increas-
es in achievable span length when 0.6 in. diameter strands (lower curves with dashed lines) are replaced with 0.7 in. diameter 
strands (upper curves with solid lines). Note: BT72 = 72 in. bulb tee; LWC = lightweight concrete; NWC = normalweight concrete. 
1 in. = 25.4 mm; 1 m = 3.28 ft; 1 MPa = 0.145 ksi.
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One measure of the efficiency of a prestressed concrete 
section is the lever arm of the internal couple.15 This value is 
represented as e + k

t
 (Fig. 3), where e is the distance between 

the centroid of the cross section and the centroid of pre-
stressing steel and k

t
 is the distance between the centroid of 

the cross section and the top kern point. The top kern point 
is defined as the uppermost location in the cross section at 
which the compression resultant may be placed such that the 
condition of zero tension is maintained at the bottom face of 
the girder. The greater the distance e + k

t
 is, the more effi-

cient the section is, and so less prestressing force is required 
to carry a given load over a given span. The value e + k

t
 was 

calculated for all sections considered herein and normalized 
with respect to girder depth h. Figure 3 plots the relationship 
between the achievable span increase and (e + k

t
)/h for all the 

sections considered. Less-efficient girders—that is, those with 
a smaller (e + k

t
)/h (such as Washington U girders [UF] and 

PCI BT72 girders)—tend to benefit more from using 0.7 in. 
(17.8 mm) strands.

In addition to the girder geometry, the achievable increase 
in span length using 0.7 in. (17.8 mm) strands generally 
increased as a function of girder depth (Fig. 3). Even among 
relatively optimized shapes, deeper girders had a greater 

Table 3. Ratios of achievable span lengths using 0.7 in. diameter strands to achievable span lengths using 0.6 in. 
diameter strands L0.7/L0.6

Girder Average Minimum Maximum

PCI 54 in. bulb tee (BT54) 1.10 1.03 1.15

PCI 63 in. bulb tee (BT63) 1.13 1.09 1.17

PCI 72 in. bulb tee (BT72) 1.15 1.12 1.19

AASHTO I-girder Type VI 1.06 1.01 1.13

Florida 96 in. I-beam girder (FIB96) 1.10 1.06 1.13

Washington 74 in. wide-flange I-girder 
(WF74G)

1.14 1.06 1.21

Washington 100 in. wide-flange I-girder 
(WF100G)

1.18 1.13 1.22

University of Nebraska 900 mm I-girder 
(NU900)

1.02 1.00 1.05

University of Nebraska 1100 mm I-girder 
(NU1100)

1.03 1.00 1.05

University of Nebraska 1600 mm I-girder 
(NU1600)

1.06 1.01 1.12

University of Nebraska 2000 mm I-girder 
(NU2000)

1.09 1.05 1.12

Ohio 36 in. wide-flange girder (WF36) 1.02 1.01 1.02

Ohio 54 in. wide-flange girder (WF54) 1.07 1.06 1.08

Ohio 72 in. wide-flange girder (WF72) 1.12 1.11 1.13

AASHTO 48 in. box IV girder (BIV48) 1.08 1.06 1.09

Northeast extreme tee 40 in. deck beam 
(NEXT40D)

1.15 1.15 1.16

Texas 40 in. U girder (U40) 1.02 1.01 1.04

Texas 54 in. U girder (U54) 1.05 1.02 1.11

Washington 54 in. U girder (U54G5) 1.11 1.02 1.18

Washington 60 in. U girder (UF60G5) 1.18 1.18 1.19

Washington 72 in. U girder (UF72G5) 1.18 1.17 1.19

Note: 1 in. = 25.4mm; 1 mm = 0.0394 in.
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potential relative increase in span length when using 0.7 in. 
strands (for example, compare NU girders in Table 3 and 
Fig. 3).

Although there were variations in the resulting designs,3,9 
girders designed for a greater spacing S generally had a 
greater potential for span increase (Fig. 1). This finding is 
associated with the proportionally lower live load distribution 
factor inherent as S increases.4 Greater potential increases in 
girder span were also observed as concrete strength increased. 
This finding reflects the fact that service-limit states—typical-
ly at prestress transfer—often control the design; higher con-
crete strength increases the design limits on concrete stresses.

Comparison of observations  
with previous related study

Salazar et al.16 published a parametric study on the use of 
0.7 in. (17.8 mm) strands that was similar to the study reported 
herein. Using a methodology like that adopted here, Salazar et 
al. considered AASHTO Type IV, Type V, and Type VI girders, 
Texas bulb-tee girders, Texas spread-box girders, and Texas U 
girders. They concluded that I-girder and bulb-tee girder spans 
could be increased up to 3 m (10 ft) by using 0.7 in. strand 
instead of 0.6 in. (15.2 mm) strand. This increase generally 
required concrete strength at prestress transfer ′fci greater than 
69 MPa (10 ksi) and the use of harping or other methods to 
control end-region stresses. Salazar et al. concluded that use 
of 0.7 in. strand in U girders and box girders did not result in 
greater span lengths than could be achieved with 0.6 or 0.5 in. 
strands. They concluded that for I-girders and bulb-tee girders 
of a given span length, the required depth of some of the 
girder shapes could be decreased if 0.7 in. strands were used in 
conjunction with higher concrete strength at prestress transfer. 
Although many I-girders and bulb-tee girders reported in that 

study achieved longer spans when 0.7 in. strands were used, 
not all did. Contrary to our findings, Salazar et al. reported 
that shallower cross sections benefitted more from the use of 
larger strand diameters. Also, somewhat contrary to the find-
ings of this study, Salazar et al. concluded that there was little 
advantage to using 0.7 in. strand to increase girder spacing 
and that any advantage appeared at a girder spacing so large 
as to be impractical. Nonetheless, in general, the conclusions 
of Salazar et al. are consistent with the findings of our study, 
with one notable exception; Salazar et al. found no advan-
tage to using 0.7 in. strand in box girders, whereas our study 
did indicate a potential advantage. Differences in box-girder 
configuration may explain this discrepancy. Salazar et al. only 
considered Texas box shapes used in a spread configuration, 
whereas this study considered AASHTO box shapes in an 
adjacent configuration.

Figure 2. Comparison of maximum achievable span lengths 
using 0.6 in. and 0.7 in. diameter strands. Note: 1 in. = 
25.4 mm; 1 m = 3.28 ft.

Figure 3. Achievable span length increases as function of girder geometry. Note: BT72 = 72 in. (1800 mm) bulb tee; e = distance 
between the centroid of the cross section and the centroid of prestressing steel; kt = distance between the centroid of prestress-
ing steel and the top kern point; NU = University of Nebraska I-girder; UF = Washington U girder; WF100G = Washington wide-
flange 100 in. (2540 mm) I-girder. 1 mm = 0.0394 in.

Effect of normalized girder efficiency (e + kt)/h Effect of girder depth h
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Design validation by finite element  
modeling of full-length girders

To validate the approach used in the parametric design 
study reported herein, investigators used the 2016 release 
of Cervenka Consulting’s ATENA finite element software 
to develop full-girder models of selected cases. The anal-
yses were based on the extensive modeling and validation 
studies presented in Shahrooz et al.6 Material properties 
used for the models were consistent with those used for 
design (as discussed previously). Initial prestressing force 
f

pi
 was taken as 1396 MPa (202.5 ksi), and transfer length 

was consistent with the AASHTO LRFD specifications.4 
Transfer length L

t
 is equal to 60d

b
 (where d

b
 is the strand 

diameter) or 915 mm (36.00 in.) for 0.6 in. (15.2 mm) 
strand and 1067 mm (42.01 in.) for 0.7 in. (17.8 mm) 
strand. Prestress losses upon tendon release were deter-
mined within the finite element model based on the bond 
slip model; these losses were approximately 10% of the 
initial prestressing force but varied somewhat based on the 
girder cross section.6 Long-term losses were calculated to 
result in an effective prestressing force of 0.56f

pu
 (where f

pu
 

is the tensile strength of the strand)6 and were used at all 
subsequent steps (Table 4). Only the critical flexural load 
case was considered in steps 3, 4, and 5. The overstrength 
factor Ω was found by increasing the axle loads LL

truck
 

(only) until failure of the girder.

Two I-girder shapes were considered, and comparative 
designs with both 0.6 and 0.7 in. (15.2 and 17.8 mm) strands 
were modeled. PCI BT72 girders benefitted the most (in 
terms of potential span length increase) from replacing 0.6 in. 
strands with 0.7 in. strands. In contrast, 2000 mm (79 in.) 

University of Nebraska (NU2000) girders did not show great 
potential increases in span length (Table 3).

For each of the four cases (each girder shape using 0.6 or 
0.7 in. [15.2 or 17.8 mm] strands), a girder spacing S equal 
to 2440 mm (96.1 in.) was used; deck tributary area and live 
load distribution factors were calculated on this basis. It was 
assumed that each girder was fabricated 450 mm (18 in.) 
longer than its span length L and was supported on 450 mm 
long, full-width neoprene bearings. The distribution factor 
for flexure of interior girders g

M,int
 was determined from 

AASHTO LRFD specifications Table 4.6.2.2.2b-1 for cross 
section type (k). Table 5 summarizes the details of the PCI 
BT72 and NU2000 models.

Table 6 summarizes the analysis results, and Fig. 4 shows 
selected stress and crack distributions. The finite element 
results accurately mirrored the design requirements, and 
each girder mostly met the concrete stress requirements 
of the AASHTO LRFD specifications. At prestress trans-
fer, the concrete tension stresses for the PCI BT72 girders 
fell between the AASHTO LRFD specification limits of 
0.25 fci

'  (0.095 fci
'  in ksi units) and 0.63 fci

'  (0.24 fci
'  

in ksi units), indicating a need for nonprestressed rein-
forcement in the region of tensile stress. The tensile stress-
es in the NU2000 girders at prestress transfer fell below 
0.25 fci

' , so no additional reinforcement would be required. 
In all cases except PCI BT72-6 (where 6 indicates 0.6 in. 
[15.2 mm] diameter strand), the maximum compression 
stresses at prestress transfer exceeded the AASHTO LRFD 
specifications limit of 0.60 ′fci. The high compressive stress-
es were localized near the girder ends. This discrepancy 
between the finite element model and section-based design 

Table 4. Full-girder finite element modeling steps

Step Description Applied loads
Girder concrete, 

MPa
Slab concrete, 

MPa
Prestress, MPa

1 Release tendons Girder self-weight only fci = 0.6fc  = 62 
Eci = 41,000

n/a ≈ 0.9(0.75fpu) = 182

2 Place deck slab Girder and slab self-weight f
c  = 103 
Ec = 49,000

n/a 0.56fpu = 151

3
Service I DC + DW + (LL + IM)  fc  = 103 

Ec = 49,000
f
c  = 31 
Ec = 30,000

0.56fpu = 151
Service III DC + DW + 0.8(LL + IM)

4 Strength 1.25DC + 1.50DW +1.75(LL + IM)  fc  = 103 
Ec = 49,000

f
c  = 31 
Ec = 30,000

0.56fpu = 151

5 Failure
1.25DC + 1.50DW + 1.75LLlane + 
Ω(LLtruck + IM)

 fc  = 103 
Ec = 49,000

f
c  = 31 
Ec = 30,000

0.56fpu = 151

Note: DC = weight of components (barrier walls and appurtenances); DW = weight of wearing surface; Ec = modulus of elasticity of concrete corre-

sponding to f
c
 ; Eci = modulus of elasticity of concrete corresponding to ′f

ci ; fc  = concrete compressive strength; ′f
ci = concrete strength at strand release; 

fpu = tensile strength of prestressing strand; IM = impact factor; LL = HL93 live load; LLlane = lane load component of HL93 live load; LLtruck = truck axle 

load component of HL93 live load; n/a = not applicable; Ω = overstrength factor. 1 MPa = 0.145 ksi.
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Table 5. Details of PCI BT72 and NU2000 full-girder finite element models

Model PCI BT72-6 PCI BT72-7 NU2000-6 NU2000-7

Strand, in. 0.6 0.7 0.6 0.7

Girder 
length, m

40.4 47.7 55.4 61.8

Girder span 
L, m

40.0 47.3 54.9 61.3

gM.int 0.66 0.63 0.63 0.61

Strands at 
midspan 
(harped 
strands 
shown in 
box)

32 straight 
2 harped

32 straight 
2 harped 

6 debonded

56 straight 
4 harped

46 straight 
14 harped

Location 
of harped 
strand pairs 
above soffit 
y, mm

x = 0 x = 15.6 m x = 0 x = 19.3 m x = 0 x = 23.1 m x = 0 x = 26.3 m

1778 203 1778 203
1948 
1897

356 
305

1948 
1897 
1847 
1796 
1745 
1694 
1643

356 
305 
254 
203 
152 
102 
51

Top straight 
strands

Four strands stressed to 67 kN at y = 1778 mm Four strands stressed to 67 kN at y = 1948 mm

0.04Apsfpi, 
kN

267 298 467 636

Web rein-
forcement 
at girder 
end

Five pairs no. 5 at 102 mm Six pairs no. 5 at 76 mm Ten pairs no. 5 at 51 mm
Thirteen pairs no. 5 at 
51 mm

Web rein-
forcement 
over span

Pairs no. 4 at 356 mm Pairs no. 4 at 457 mm Pairs no. 4 at 356 mm Pairs no. 4 at 356 mm

Bulb tie 
force, kN

512 391 867 1561

Bulb rein-
forcement 
at girder 
end

Nine no. 3 hoops at 
114 mm

No. 3 hoops at 152 mm
Nine no. 4 hoops at 
121 mm

Fifteen no. 4 hoops at 
64 mm

Bulb rein-
forcement 
over span

No. 3 hoops at 152 mm No. 3 hoops at 152 mm No. 3 hoops at 152 mm No. 3 hoops at 152 mm

Note: Aps = area of prestressing strand; BT72-6 = 72 in. bulb tee with 0.6 in. strand; BT72-7 = 72 in. bulb tee with 0.7 in. strand; fpi = initial prestressing 

force; gM.int = distribution factor for flexure of interior girders; NU200-6 = 2000 mm University of Nebraska I-girder with 0.6 in. strand; NU2000-7 = 

2000 mm University of Nebraska (NU) I-girder with 0.7 in. strand; x = distance measured from end of girder; y = vertical location of prestressing strand 

measured from bottom of girder. No. 3 = 10M; no. 4 = 13M; no. 5 = 16M. 1 mm = 0.039 in.; 1 in. = 25.4 mm; 1 m = 3.28 ft; 1 kN = 0.225 kip.
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procedure is expected and has been identified previously.6 
The design procedure used gross section properties to assess 
the stress condition (that is, P/A ± Pe/I, where A is the gross 
section area, P is the total prestressing force, and I is the 
gross moment of inertia of the section). Near the girder 
end, where the prestressing force is introduced primarily 
in the flange, the entire section area A was not engaged for 
some distance into the beam. The prestressing force near the 
girder end is, in effect, resisted over a smaller area, resulting 
in a higher stress. The spreading of the compression force 
over the depth of the beam can be visualized at the left end 
of the stress plots (Fig. 4). This effect was more pronounced 
for girders having large prestressing forces, and in deeper 
girders with uniform bottom flanges (such as BT and NU 
girders). The highly stressed bottom flange represents a 
smaller portion of the gross section area for a deeper girder, 
which leads to a greater discrepancy between actual local 
stresses and those calculated based on the gross area. This 
effect can be mitigated by additional debonding to introduce 
the prestressing force more gradually along the span.

At the Service I limit state, tensile stress was not observed 
to exceed 0.50 (0.19  in ksi units) and at the Service III limit 
state, compressive stress did not exceed 0.60 ′fc  in any case. 
All designs were governed by the Strength I limit state. 
Consistent with the design goal of maximizing girder length, 
all girders met, but demonstrated relatively little reserve 
capacity above, the Strength I limit state. As may be expect-
ed for long girders, relatively significant decompression and 
cracking were observed in the midspan regions, particularly 
for the PCI BT72 girders (Fig. 4).

In these comparisons, the number of strands for each girder 
type was the same and, thus, the total prestressing force was 
approximately 35% greater for the models having 0.7 in. 
(17.8 mm) strands (Table 1). Nonetheless, the spans increased 
only 18% and 12% for the PCI BT72 and NU2000 girders, 
respectively. This combination manifested as greater precom-
pression near the midspan, resulting in a higher decompres-
sion load and less cracking. Because the span increase for the 
NU girder was proportionally less, the counteracting effects 
of the applied moment were less significant. The improved 
cracking behavior of NU2000-7 (2000 mm [79 in.] University 
of Nebraska girder with 0.7 in. diameter strand) compared 
with NU2000-6 (with 0.6 in. [15.2 mm] diameter strand) at 
Strength limit I is evident in Fig. 4.

Failure of the finite element models occurred due to an 
inability of the models to (mathematically) converge at loads 
greater than the Ω values (Table 6). This lack of convergence 
was associated with the relatively conservative linear bond 
slip model used. (This model was calibrated for an AASHTO 
LRFD specifications-compliant transfer length L

t
 of 60d

b
.) 

As expected, the finite element model predicted extensive 
cracking near the girder midspan (Fig. 4). Although the 
stresses in the strands were approaching rupture, none of the 
models predicted that the strand would rupture at the failure 
load attained; rather, they predicted that the degree of crack-
ing would lead to a bond slip failure between closely spaced 
cracks. The 31 MPa (4.5 ksi) slab experienced considerable 
damage in the PCI BT72 models. A stronger and, therefore, 
stiffer slab would result in a relatively minor improvement in 
behavior. Based on the finite element model behavior reflect-

Table 6. Summary of full-girder finite element analysis results

Limit state Parameter PCI BT72-6 PCI BT72-7 NU2000-6 NU2000-7

Release of tendons

ft,max, MPa 2.00 2.96 1.03 0.34

fc,max, MPa 35.4 54.5 43.1 46.9

wcr,max, mm ≤0.30 ≤0.50 ≤0.30 ≤0.40

Service I

ft,max, MPa 1.51 2.00 1.72 0.69

fc,max, MPa 32.4 54.1 40.6 42.7

wcr,max, mm ≤0.30 ≤0.50 ≤0.20 ≤0.40

Service III

ft,max, MPa 0.69 0.62 0.48 0.62

fc,max, MPa 32.6 54.1 40.7 43.0

wcr,max, mm ≤0.30 ≤0.50 ≤0.20 ≤0.40

Strength I

ft,max, MPa 4.69 5.79 6.00 6.41

fc,max, MPa 30.7 53.8 47.8 49.6

wcr,max, mm ≤2.00 ≤2.00 ≤2.00 ≤0.50

Failure Ω 1.9 2.5 2.5 3.7

Note: BT72-6 = 72 in. bulb tee with 0.6 in. strand; BT72-7 = 72 in. bulb tee with 0.7 in. strand; fc,max = maximum concrete compression stress; ft,max = max-

imum concrete tension stress; NU200-6 = 2000 mm University of Nebraska I-girder with 0.6 in. strand; NU2000-7 = 2000 mm University of Nebraska 

(NU) I-girder with 0.7 in. strand; wcr,max = maximum predicted crack width; Ω = overstrength factor (see Table 4). 1 mm = 0.0394 in.; 1 MPa = 0.145 ksi.
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ing the design objectives, the design approach for the para-
metric study was validated.

Effects at girder ends

The finite element models provided some insight into control of 
web-splitting cracks expected to occur due to the large pre-
stressing forces near the girder ends. The models included the 
vertical web reinforcement, which was arranged over the initial 
h/4 length of the girder (Table 5), to resist splitting. Figure 5 

shows the associated cracking, which was expected to become 
more significant but was not expected to propagate along 
the girder at the Strength I limit state. However, the cracking 
extended beyond the h/4 distance over which the concentrated 
reinforcement was provided. This result supports providing 
the required splitting reinforcement over a longer length, as 
is permitted in Washington state17 and elsewhere, or as pro-
posed by Tuan et al.18 The Washington State Department of 
Transportation limits the splitting reinforcement to pairs of no. 5 
bars (16M) at 2.25 in. (57.2 mm) spacing but permits this detail 

Figure 4. Finite-element-predicted longitudinal stress contours and crack patterns. A half span is shown with support at left 
and midspan at right. Note: BT72-6 = 72 in. bulb tee with 0.6 in. strand; BT72-7 = 72 in. bulb tee with 0.7 in. strand; NU200-6 = 
2000 mm University of Nebraska I-girder with 0.6 in. strand; NU2000-7 = 2000 mm University of Nebraska (NU) I-girder with 
0.7 in. strand; Ω = overstrength factor. 1 mm = 0.0394 in.; 1 in. = 25.4 mm.
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to extend beyond h/4 to accommodate all required bars. Tuan et 
al. proposed that one-half of required splitting reinforcement be 
located within h/8, with the remainder being extended to h/2.

Transverse bulb confinement  
reinforcement

Article 5.9.4.4.2 of the AASHTO LRFD specifications 
requires minimum confinement of the bulb of single-web 
sections consisting of at least no. 3 (10M) hoops spaced 
at 6.0 in. (150 mm) over a length 1.5h from the end of the 
beam. For heavily loaded or long-span components (as 
considered herein), this requirement has been inadequate in 
some cases.3,6,19 Shahrooz et al.6 identified the development 
of tension oriented transversely across the bulb of single-web 
sections as a potential failure mode requiring tie reinforce-
ment across the bulb width to control associated longitudinal 
cracking at the Strength I limit state. The magnitude of tie 
forces is affected by girder geometry, in particular the ratio 
of bearing width to flange depth b

b
/h

b
 (Fig. 6). Girders with 

wide, flat bulbs are most susceptible to developing large tie 
forces. The strut-and-tie modeling approach proposed by 
Harries et al.19 (Fig. 6) was used to design bulb confinement 
reinforcement intended to mitigate lateral splitting failures at 
the ultimate limit state for all 448 single-web design cases in 
the parametric study; details are reported in Harries et al.19

All 448 single-web design cases generated for the parametric 
study exhibited transverse tie forces that could be resisted 
without requiring unreasonably large tie bars or violating 
bar spacing requirements in most cases. Based on practical 
considerations regarding tie placement and concrete consoli-

dation, ties should be no. 5 bars (16M) or smaller, and spacing 
should not be less than 51 mm (2.0 in.). The greatest tie-force 
requirement observed was 1.7 kN/m (9.8 kip/in.) predicted for 
an NU2000 girder with 0.7 in. (17.8 mm) strand and a span 
of 56.4 m (185 ft), where ′fc  was 103 MPa (15 ksi) and S was 
3.05 m (10.0 ft). This tie force could be resisted by no. 3 (10M) 
hoops spaced at 32 mm (1.3 in.), which violated bar-spacing 
requirements; no. 4 (13M) hoops spaced at 57 mm (2.2 in.); or 
no. 5 (16M) hoops spaced at 95 mm (3.7 in.). Though congest-
ed, all options are feasible (Fig. 6). Table 5 presents examples 
of the required bulb confinement reinforcement for the finite 
element modeled PCI BT72 and NU2000 girders.

Despite the greater total prestressing force present when 0.7 in. 
(17.8 mm) strands are used, the tie force is only marginally 
affected.19 Using 0.7 in. strands may result in fewer strands and, 
thus, it is easier to use a preferential strand pattern to mini-
mize tie forces.19 The greater strand debonding required when 
larger prestressing forces are present also reduces the tie force 
because this reduces anchorage stresses at the girder end. On 
the other hand, the use of harped strands can increase tie forces 
because there are fewer strands in the bulb at the girder end 
and the harped strands are aligned with the web. Thus, debond-
ing was given preference over harping in this study. Allowing 
debonding ratios greater than 0.25, as proposed by Shahrooz 
et al.6 and adopted in the AASHTO LRFD specifications,4 also 
affects reduced confinement-tie requirements.

Web-splitting reinforcement

Article 5.9.4.4.1 of the AASHTO LRFD specifications 
requires that vertical splitting reinforcement (Fig. 6) be 

Figure 5. Finite-element-predicted crack patterns over first 1.5 m (4.9 ft) of girder ends (support at left). Note: BT72-6 = 72 in. 
bulb tee with 0.6 in. strand; BT72-7 = 72 in. bulb tee with 0.7 in. strand; NU200-6 = 2000 mm University of Nebraska I-girder with 
0.6 in. strand; NU2000-7 = 2000 mm University of Nebraska (NU) I-girder with 0.7 in. strand. 1 mm = 0.0394 in.; 1 in. = 25.4 mm.
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provided in the girder web to resist a force equal to 4% of 
the total prestressing force: 0.04A

ps
f
pi
 (where A

ps
 is the area 

of the prestressing strand). Splitting forces (and the resulting 
reinforcement requirement) are proportional only to pre-
stressing force. Only debonding (not harping) can mitigate 
the splitting force (since only bonded strands are included in 
A

ps
). Once again, allowing debonding ratios greater than 0.25 

will mitigate splitting forces and the resulting reinforcement 
congestion.

The greatest splitting force requirement observed in the 
parametric study was 1.45 kN/m (8.3 kip/in.), which was 
observed for multiple University of Nebraska 900 mm (35 in.)  
(NU900) girders with 0.6 in. (15.2 mm) strands. (Harping, 
rather than debonding, was more effective at increasing 
span length for this type of section.) These cases require 
bundled pairs of no. 5 (16M) hoops spaced at 76 mm (3.0 in.). 
Congestion could be mitigated by extending the region over 
which splitting reinforcement was placed. When splitting 
reinforcement was permitted to be extended over h/3, rather 
than h/4, the splitting reinforcement requirement for the 
NU900 girders could be met using single no. 5 hoops spaced 
at 51 mm (2.0 in.), bundled pairs of no. 5 hoops spaced at 
102 mm (4.0 in.), or pairs of no. 4 (13M) hoops spaced at 
51 mm. Table 5 includes examples of the required splitting 
reinforcement for the finite element modeled PCI BT72 and 
NU2000 girders.

Long-span girder stability

This paper has shown that span lengths of existing girder 
shapes may, theoretically, be increased as much as 22% 
when 0.7 in. (17.8 mm) strand is used. As girders become 
longer, stability considerations during lifting and handling 
can begin to control aspects of design. Stability of pre-

stressed concrete girders is considered in terms of the poten-
tial for rollover and susceptibility to excessive deformations 
that would cause concrete stress limits to be exceeded. 
Mast20,21 noted that prestressed girders are stiff in torsion, 
so lateral torsional buckling is not usually a consideration. 
Rollover, which is the rigid body rotation of the girder, may 
control long girder design.22 Bracing is a relatively straight-
forward way to mitigate rollover at all handling, trans-
portation, and erection stages; this is commonly done and 
represents good practice. Girders are checked for stability 
for the processes of moving (lifting) the girders in the plant, 
storage (on dunnage), transportation to the site, and lifting, 
as well as in their final erected geometry prior to bracing. 
Girders are also checked for cracking and failure, which can 
occur due to excessive lateral deflection. In general, a factor 
of safety of 1.0 is used for cracking and 1.5 for failure. 
Girders are also checked for rollover using a factor of safety 
of 1.5.

In this study, investigators used the prestressed girder stability 
analysis approach prescribed by PCI.23 Fundamentally, the 
stability analysis calculates factors of safety FS and stipulates 
acceptance criteria for conditions causing cracking (FS

cr
 > 

1.0), failure (FS' > 1.5), and rollover (FS
roll

 > 1.5). The anal-
yses are rigorous, considering girder geometry and material 
properties at each stage as well as other factors affecting 
stability such as camber, prestressing force, lateral wind pres-
sure, centrifugal force during transportation, etc. The analysis 
for this study was done using the Girder Stability Analysis 
Excel spreadsheet created by PCI and revised by the research 
team to address several programming errors found in the orig-
inal version. The revised spreadsheet was validated using the 
well-documented 68 m long (223 ft) WF100G described by 
West;13 the validation and example calculations are presented 
in Alabdulkarim24 and Shahrooz et al.9

Figure 6. Confinement requirement for single-web girder (bulb-tee shape shown). Note: bb = bearing width; hb = flange depth;  
V = shear force; α = ratio of tie force to shear force.
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Stability analysis of parametric design 
cases

This study focused on stability of those cross-section and 
span combinations that had the greatest achievable increases 
in span length when 0.6 in. (15.2 mm) strands were replaced 
with 0.7 in. (17.8 mm) strands (Table 7). These cases poten-
tially represented the most efficient use of 0.7 in. strands, but 
they also introduced the greatest potential impacts on girder 
stability. The study only analyzed stability of the longer 
0.7 in. strand-reinforced girders.

Table 8 lists girder-dependent input parameters required 
for PCI stability analysis.23 Girder unit weight was assumed 
to be 2400 kg/m3 (150 lb/ft3) in all cases. Table 9 reports 
other input parameters required for each step in the stability 
analysis. Complete reporting of all cases presented, includ-
ing sample calculations, is available in NCHRP Web-Only 
Document 3159 appendix E.

In the analyses conducted, symmetric girder support was 
located a distance a from each girder end; this location was 
varied to maximize the calculated factors of safety. An initial 
assumption of a equal to 0.1L was made, and the analyses 
were then revised until adequate (or maximum) factors of 
safety were achieved. Table 10 reports the resulting values of 
a used. The value of a during transportation may be limited 
by interaction of the vehicle and roadway geometry—specif-
ically, the arc swept out by the overhanging end of the girder. 
A maximum value a of 6.1 m (20 ft) was used for the trans-
portation stage in this study. When the girder was placed into 

its final position, the value a of 152 mm (6.0 in.) was selected 
in all analyses.

Table 10 presents the results of stability analyses in terms 
of the three factors of safety prescribed by PCI.23 In a few 
analyses (Table 10), additional revisions to assumptions 
were necessary to achieve adequate factors of safety for the 
long spans. A complete set of sample calculations for the 
NU2000 case is provided in appendix E of NCHRP Web-Only 
Document 315.9

Despite the long spans, adequate stability could be achieved 
with all cross sections (Table 10). When the girder factor 
of safety for rollover FS

roll
 was less than 1.5, the girder 

simply requires bracing to be placed at its ends. This use of 
bracing should be standard practice for all such long girders, 
and it was required for all of the evaluated girders, except 
the Washington 74 in. (1880 mm) wide-flange I-girder 
(WF74G), when the girders were placed in their final in situ 
position.

The sections with the lowest ratio of weak- to strong-axis 
moment of inertia I

y
/I

x
, WF100G and Florida 96 in. I-beam 

girder (FIB96), failed multiple stability checks for the girder 
in transportation and when placed on dunnage. West13 offers 
a simple remedy: increase the width of the top flange. In 
the WF100G and FIB96 cases, this approach worked. The 
top flanges of the WF100G mod and FIB96 mod sections 
were increased 457 and 305 mm (18.0 and 12.0 in.), respec-
tively, to achieve stability at all construction stages. West13 
reported that increasing the top flange of a 68.0 m (223 ft) 

Table 7. Critical cases selected for stability analyses

Case fc  , MPa Girder spacing, m L0.6, m L0.7, m L0.7/L0.6

Washington 100 in. 
wide-flange I-gird-
er (WF100G)

103 3.05 51.8 63.1 1.22

Washington 74 in. 
wide-flange I-gird-
er (WF74G)

124 3.05 45.8 55.2 1.21

PCI 72 in. bulb tee 
(BT72)

124 3.66 34.5 41.2 1.20

Ohio 72 in. wide-
flange girder 
(WF72)

69 2.44 50.0 56.4 1.13

Florida 96 in. 
I-beam girder 
(FIB96)

124 2.44 63.1 68.0 1.13

University of Ne-
braska 2000 mm 
I-girder (NU2000)

124 1.83 59.8 67.1 1.12

Note: f
c
 = concrete compressive strength; L0.6 = maximum achievable span for pretensioned girder with 0.6 in. diameter strand; L0.7 = maximum achiev-

able span for pretensioned girder with 0.7 in. diameter strand. 1 in. = 25.4 mm; 1 in. = 25.4 mm; 1 m = 3.28 ft; 1 MPa = 0.145 ksi.
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long WF100G by 305 mm addressed stability issues during 
transportation of these particular girders. The more-slender 
WF100G and FIB96 girders also tended to require stiffer 
supports. For example, the WF100G mod girder (WF100G 
girder with increased top-flange width) initially failed the 
cracking check for the transportation stage. A value for 
FS

cr
 of 1 was achieved by increasing the hauling rig stiff-

ness K
qtrans

 43% from 9260 kN m/rad (6830 kip ft/rad) to 
13,200 kN m/rad (9750 kip ft/rad). The original stiffness 
was selected based on recommendations in stability analysis 
guidelines23 and in consultation with practicing engineers 
making these calculations. The authors have not investi-
gated whether the rig stiffnesses required are achievable in 
practice.

The PCI BT72 section had a thinner bottom flange width b 
of 660 mm (26 in.) than the other sections. (All other sec-
tions had bottom flange widths of approximately 1000 mm 
[39 in.].) The thinner flange width resulted in a significant-
ly lower bearing rotational stiffness K

qseat
 calculated to be 

2560 kN m/rad (1890 kip ft/rad), which is approximately 30% 
of the bearing rotational stiffness of the wider WF100G.25 
Increasing the rotational stiffness of the PCI BT72 section by 

approximately 50% was required to satisfy FS
cr
 > 1.0 when 

the girder was placed on dunnage.

Conclusion

An extensive analytical study assessed the maximum achiev-
able girder span lengths when 0.6 and 0.7 in. (15.2 and 
17.8 mm) strands were used. Investigators conducted a para-
metric design study with 584 cases to examine the influence 
of girder shape and size on the potential benefits of using 
0.7 in. strands. A detailed finite element evaluation  of some 
of the longer spans achieved was also conducted. The impacts 
of using 0.7 in. strands on end-region detailing requirements, 
prestress transfer, and handling and erection stability of long-
span girders were examined. Based on the results and dis-
cussion reported in this paper, we offer the following general 
conclusions and observations:

•	 The design case studies show that one-to-one replace-
ment of 0.6 in. strands by 0.7 in. strands was not possible 
given the presence of many other design constraints; 
among those constraints, stress limits at pretensioning 
release are a critical concern.

Table 8. Parameters required for PCI stability analysis

Parameter WF100G WF74G PCI BT72 WF72 FIB96 NU2000

Girder  
geometry

L0.7, m 63.1 55.2 41.2 56.4 68.0 67.1

btop flange, mm 1245 1245 1067 1245 1219 1226

bbot flange, mm 975 965 660 1016 965 975

A, mm2 6.99 × 105 5.32 × 105 4.95 × 105 7.50 × 105 7.59 × 105 5.83 × 105

Ix, mm4 6.35 × 1011 3.06 × 1011 2.27 × 1011 3.51 × 1011 6.09 × 1011 3.29 × 1011

Iy, mm4 2.86 × 1010 3.00 × 1010 1.71 × 1010 4.34 × 1010 3.21 × 1010 2.53 × 1010

J, mm4 3.56 × 109 2.73 × 109 2.57 × 109 4.75 × 109 4.60 × 109 3.01 × 109

ybot, mm 1227 904 930 909 1087 907

w, kN/m 16.45 12.53 11.65 17.68 18.64 13.74

Strands

Straight 
strands

46 46 32 57 66 52

cgsstraight, mm 104 104 98 193 150 104

Harped 
strands

11 11 2 2 5 8

cgsharped, mm
216 (mid) 
2324 (end)

216 (mid) 
2324 (end)

152 (mid) 
1778 (end)

254 (mid) 
1765 (end)

361 (mid) 
2324 (end)

279 (mid) 
1796 (end)

Source: Data from PCI (2016). 

Note: Girder unit weight was assumed to be 2400 kg/m3 (150 lb/ft3) in all cases. A = section area; bbot flange = width of bottom flange; btop flange = 

width of top flange; BT72 = 72 in. bulb tee; cgsharped = center of gravity of harped prestressing strands; cgsstraight = center of gravity of straight prestressing 

strands; FIB96 = Florida 96 in. I-beam girder; Ix = moment of inertia about strong axis; Iy = moment of inertia about weak axis; J = torsional moment of 

inertia; L0.7 = maximum achievable span for pretensioned girder with 0.7 in. diameter strand; NU2000 = University of Nebraska 2000 mm I-girder; w 

= weight per unit length of section; WF72 = Ohio 72 in. wide-flange girder; WF74G = Washington 74 in. wide-flange I-girder; WF100G = Washington 

100 in. wide-flange I-girder; ybot = distance from centroid to bottom of girder. 1 mm = 0.0394 in; 1 in. = 25.4 mm; 1 m = 3.28 ft; 1 kN = 0.225 kip.
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Table 9. Other input parameters required for PCI stability analysis

Lifting

Rigid extension of lift device above top of girder ylift 0

Lateral tolerance of lift device from centerline of girder 
econn

6.4 mm

Lateral wind force at lifting from bed or in field wwind.lift 0.22 kN/m

Seating on dunnage

Plan dimension of the bearing wbrg.seat bbot flange − 51 mm

Height from roll center to bottom of girder while seated 
on dunnage ybrg.seat

51 mm

Height of roll center from bearing seat hroll.seat 51 mm

Bearing tolerance from centerline of girder to centerline 
of support ebrg.seat

6.4 mm

Bearing rotational stiffness Kqseat See NCHRP report 596

Transverse seating tolerance from level aseat 0.005 m/m

Lateral wind force wwind.seat 0.80 kN/m

Transportation

Bunking tolerance from centerline of girder to center-
line of support ebunk.trans

25 mm

Hauling rig stiffness Kqtrans 9265 kN m/rad

Superelevation atrans 0.020 m/m

Turn radius for adverse cross slope radiustrans 36.6 m

Hauling rig velocity in turn Veltrans 16 km/h

Height from roll center to bottom of girder during 
transportation yseat.trans

305 mm

Horizontal distance from roll axis to center of tire group 
zmax.trans

915 mm

Height of roll center above roadway hroll.trans 1219 mm

Lateral wind force applied during transportation wwind.

trans

0.80 kN/m

Single girder on bearings

Plan dimension of the bearing wbrg.seat bbot flange − 51 mm

Height of bearing hbrg.seat 51 mm

Height from roll center to bottom of girder ybgr.seat = hbgr.

seat/2
25 mm

Height of roll center from bearing seat hroll.seat = ybrg.seat 25 mm

Bearing tolerance from centerline of girder to centerline 
of support ebrg.seat

6.4 mm

Bearing rotational stiffness Kqseat See NCHRP report 596

Transverse seating tolerance from level aseat 0.005 m/m

Lateral wind force applied while seated on bearings 
wwind.seat

0.22 kN/m

Note: 1 mm = 0.0394 in; 1 m = 3.28 ft; 1 kN = 0.225 kip; 1 kN m = 0.738 kip ft; 1 km/h = 0.621 mph.
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•	 When designs with 0.6 in. and 0.7 in. strand were com-
pared, up to 22% increases in girder span length were 
achievable in the designs with 0.7 in. strands.

•	 The span length of existing girder shapes optimized for 
0.6 in. strands (such as NU and WF) was not appreciably 
increased when 0.7 in. strands were used. Less-efficient 
shapes (such as PCI bulb tees) exhibited greater potential 
increases in their spans when 0.7 in. strand was used.

•	 When larger-diameter strand was used to maximize preten-
sion force, greater relief of initial stresses at the girder ends 
was required. When the harping of strands is not permitted 
(as in the case of Texas U girders) or when the degree of 
strand debonding is limited, the potential benefits of using 
the larger 0.7 in. strands cannot be fully realized.

•	 The increase in achievable span length associated with 
0.7 in. strand was generally proportional to girder depth.

Table 10. Summary of stability analysis

WF100G
WF100G 
modified

WF74G PCI BT72 OHWF72 FIB96
FIB96 

modified
NU2000

Iy/Ix 0.045 0.072 0.098 0.075 0.124 0.055 0.069 0.077

Added top flange 
width, mm

n/a 457 n/a n/a n/a n/a 305 n/a

Lift from bed*  
fpeff = 0.67fpu  
fc = 0.83fc

a, m 6.71 4.88 3.66 1.22 4.58 7.62 6.40 7.93

FScr 1.20 1.51 1.61 1.59 1.84 1.53 1.63 1.54

FS' 1.58 1.58 1.61 1.59 1.84 1.53 1.63 1.54

Sitting on 
dunnage   
fpeff = 0.67fpu  
fc = 0.83fc

a, m 0.15 1.22 0.30 0.30 0.30 4.58 3.36 3.05

FScr 0.25 1.01† 2.72 1.00‡ 2.74 0.90 1.25 1.34

FS' 1.55 2.41 4.24 3.66 2.81 1.97 1.97 2.34

FSroll 1.15§ 1.64 2.09 1.80 1.91 1.52 1.52 1.52

Transportation   
fpeff = 0.62fpu  
fc = fc

a, m 0.15 1.22 0.30 0.30 0.30 4.58 5.12 3.95

FScr 0.02 1.00|| 2.08 1.82 2.12 0.60 1.01# 1.00

FS' 1.44 2.89 3.80 7.35 2.49 1.79 2.28 2.37

FSroll 1.23§ 2.05 2.33 3.26 1.98 1.56 1.89 1.82

Lift in fielde  
fpeff = 0.62fpu  
fc = fc

a, m 6.71 4.88 3.66 1.22 4.58 7.62 6.40 7.93

FScr 1.23 1.42 1.52 1.48 1.58 1.50 1.55 1.55

FS' 1.54 4.52 1.52 1.51 1.58 1.50 1.55 1.55

In place   
fpeff = 0.62fpu  
fc = fc

a, m 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

FScr 1.60 2.13 5.06 2.37 3.63 1.50 1.77 2.27

FS' 1.86 2.34 4.95 2.76 3.20 1.45 1.69 2.08

FSroll 0.95§ 1.12§ 1.52 1.14§ 1.37§ 0.83§ 0.93§ 0.93§

Note: bold entries are below acceptance criteria. a = distance from girder end for symmetric girder support; fc = concrete compressive strength;   = con-

crete compressive strength fpeff = effective prestressing stress; fpu = tensile strength of prestressing strands; FS' = factor of safety for failure; FScr = factor 

of safety for cracking; FSroll = factor of safety for rollover; Ix = moment of inertia about strong axis; Iy = moment of inertia about weak axis; Kqseat = bearing 

rotational stiffness; Kqtrans = hauling rig stiffness; n/a = not applicable; wwind,trans = lateral wind force during transportation. 1 m = 3.28 ft. 

* Wind speeds during lifts may be limited in some cases to achieve factor of safety shown.

† Increase Kqseat by 6%.

‡ Increase Kqseat 50%.

§ Bracing at girder ends required to mitigate rollover.

|| Increase Kqtrans by 43% and reduce wwind,trans by 10%.

# Increase Kqtrans by 7%.
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•	 The design approach for the parametric design case study 
was validated by the finite element models.

•	 When similar numbers of 0.6 in. and 0.7 in. strands 
were used, the use of 0.7 in. strands tended to require 
greater debonding, which had the effect of reducing 
the confinement tie force (assuming a favorable strand 
pattern was adopted). Therefore, in terms of required 
confinement reinforcement, there was little difference 
between cases with 0.6 in. and 0.7 in. strands. The 
required bulb confinement reinforcement was met 
for all the cases, and no constructability issues were 
anticipated.

•	 The increased prestressing force from the use of 0.7 in. 
strands resulted in greater splitting forces, leading to 
potentially more congested web reinforcing steel re-
quirements at the beam ends. Nevertheless, the required 
reinforcement was met for all the cases considered, and 
no constructability issues were anticipated.

•	 The finite element models demonstrated that cracking ex-
tended beyond the h/4 distance over which concentrated 
splitting reinforcement was provided. This result supports 
designs in which the required splitting reinforcement is 
provided over a longer length, as is permitted by some 
states.

•	 The potential for longer achievable spans increases the 
susceptibility of girders to instabilities. As is required 
for much shorter girders than those considered here, end 
braces must be installed immediately upon placement 
on bearings to provide safety against rollover. For other 
conditions, the following measures can improve safety 
against stability effects:

	— Refining lift points and symmetric dunnage support 
locations a can optimize resistance to stability 
effects. The value of a may be practically limited 
during transportation based on vehicle geometry 
and routes chosen.

	— Increasing the width of the top flange of a girder 
thereby increasing I

y
/I

x
 has a pronounced effect on 

improving stability.

	— Providing stiffer transportation or dunnage 
support—assuming that this is possible—improves 
stability.

	— Girders with relatively thin bottom flanges (bulb-
tee sections in this study) are more susceptible to 
rollover while supported on dunnage or in transpor-
tation.

The parametric study was intended to be illustrative and to 
identify trends. Many assumptions were made, and the results 
presented are constrained by these.
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Notation

a	 = distance from girder end for symmetric girder support

a
seat

	 = transverse seating tolerance from level

a
trans

	 = superelevation

A	 = section area

A
ps

	 = area of prestressing strand

b	 = bottom flange width

b
b
	 = bearing width

b
bot flange

	 = bottom flange width  

b
top flange

	 = top flange width

cgs
harped

	= center of gravity of harped prestressing strand

cgs
straight

	= center of gravity of straight prestressing strand

d
b
	 = nominal diameter of prestressing strand

dr	 = debonding ratio

DC	 = weight of components (barrier walls and appurte-
nances)

DW	 = weight of wearing surface

e	 = distance between the centroid of the cross section 
and the centroid of prestressing steel

e
brg.seat

	 = bearing tolerance from centerline of girder to cen-
terline of support
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e
bunk.trans

	 = bunking tolerance from centerline of girder to cen-
terline of support

e
conn

	 = lateral tolerance of lift device from centerline of 
girder

E
c
	 = modulus of elasticity of concrete corresponding to  

E
ci
	 = modulus of elasticity of concrete corresponding to  

 f
c
	 = concrete compressive strength

′fc  	 = specified concrete compressive strength

′fci	 = concrete strength at strand release

f
c,max

	 = maximum concrete compressive stress

f
peff

	 = effective prestressing stress

f
pi
	 = initial prestressing stress

f
pu

	 = tensile strength of prestressing strand

f
t,max

	 = maximum concrete tensile stress

FS	 = factor of safety

FS'	 = factor of safety for failure

FS
cr
	 = factor of safety for cracking

FS
roll

	 = factor of safety for rollover

g
M,int

	 = distribution factor for flexure of interior girders

h	 = girder depth

h
b
	 = flange depth

h
brg.seat

	 = height of bearing

h
roll.seat

	 = height of roll center from bearing seat

h
roll.trans

	 = height of roll center above roadway

IM	 = impact factor

I
x
	 = moment of inertia of cross section about strong axis

I
y
	 = moment of inertia of cross section about weak axis

J	 = torsional moment of inertia

k
t
	 = distance between the centroid of the cross section 

and the top kern point

K
qseat

	 = bearing rotational stiffness

K
qtrans

	 = hauling rig stiffness

L	 = span length

LL	 = HL93 live load

LL
lane

	 = lane load component of HL93 live load

LL
truck

	 = truck axle load component of HL93 live load

L
t
	 = transfer length

L
0.6

	 = maximum achievable span for pretensioned girder 
with 0.6 in. (15 mm) diameter strand

L
0.7

	 = maximum achievable span for pretensioned girder 
with 0.7 in. (18 mm) diameter strand

P	 = total prestressing force

radius
trans

	= turn radius for adverse cross slope

S	 = spacing

t
f
	 = slab thickness

V	 = shear force

Vel
trans

	 = hauling rig velocity in turn

w	 = girder weight per unit length

w
brg.seat

	 = plan dimension of the bearing

w
c
	 = unit weight of concrete

w
cr,max

	 = maximum predicted crack width

w
wind.lift

	 = lateral wind force at lifting from bed or in field

w
wind.seat

	 = lateral wind force

w
wind.trans

	= lateral wind force 

y
bot

	 = distance from centroid of section to bottom of gird-
er

y
lift

	 = rigid extension of lift device above top of girder

y
brg.seat

	 = height from roll center to bottom of girder

y
seat.trans

	 = height from roll center to bottom of girder 

z
max.trans

	 = horizontal distance from roll axis to center of tire 
group
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α	 = ratio of tie force to shear force allowing tie force to 
be written in terms of shear force

η	 = ratio of concrete compressive strength at strand 
release to specified concrete compressive strength

Ω	 = overstrength factor
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Abstract

It has been proposed that 0.7 in. (17.8 mm) diame-
ter prestressing strand be permitted for use in bridge 
girders. If 0.6 in. (15.2 mm) diameter strand is re-
placed on a one-to-one basis with 0.7 in. strand, the 
pretensioning force can be increased by 35%. When 
designs use 0.7 in. strands as well as high concrete 
strengths, longer-span prestressed concrete girders may 
be achieved. An extensive analytical study is presented 
to assess the maximum girder span lengths that can be 
achieved when using 0.6 and 0.7 in. strands. A para-
metric design study with 584 cases was conducted to 
examine the influence of girder shape and size on the 
potential benefits of using 0.7 in. strands. A detailed 
finite element analysis of some of the longer spans 
achieved was also conducted. The impacts of using 
0.7 in. strands on end-region detailing requirements, 
prestress transfer, and handling and erection stability of 
long-span girders were examined. Girder span increas-
es of up to 22% were achieved using 0.7 in. strand in 
place of 0.6 in. strand. The larger pretension forces 
affected end-region detailing and increased congestion, 
though all resulting requirements were constructible. 
The longer spans affected girder stability calculations, 
and some girder types required a wider top flange to 
meet stability-related limit states.

Keywords

End-region reinforcement, girder stability, long span, 
prestressed concrete girders, prestressing strand, pre-
tensioned concrete, strand.
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