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This paper presents the results of an experimental and 
analytical study of the flexural response of concrete 
box beams prestressed with carbon fiber reinforced 
polymer (CFRP) tendons Diversified Composites Inc. 
(DCI) for three highway bridge models. Each bridge 
model comprises two precast concrete box beams 
pretensioned using DCI tendons. In one of the 
bridge models, the box beams were also prestressed 
using 12 unbonded, DCI post-tensioning tendons. 
In the second bridge model, the box beams were 
not provided with post-tensioning tendons. The third 
bridge model comprised box beams provided with 
12 unbonded tendons without any force. This study 
consisted of predicting parameters such as transfer 
lengths of DCI tendons, ultimate loads, deflections, 
post-tensioning forces, strains, and energy ratios. This 
paper also presents a comparison of experimental and 
analytical results. It was observed that the measured 
transfer lengths of DCI tendons ranged from 25 to 
32 times the nominal tendon diameter. The bridge 
model comprising box beams prestressed using 
both pretensioning and unbonded post-tensioning 
tendons resulted in higher load capacity and lower 
ductility compared with the other two bridge 
models. The close agreement between experimental 
and analytical values signifies the accuracy of a 
strain-controlled approach in analyzing CFRP box-
beam bridge models. 
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The corrosion of prestressing steel 
strands/tendons has been a major 
concern in the construction of 

concrete buildings, bridges, and other 
structures—especially in cold climates 
where there is a significant amount of 
snowfall and use of deicing salts, lead-
ing to serious deterioration of concrete 
structures over time. 

The innovative development and 
use of fibrous composite materials, 
such as carbon fiber reinforced poly-
mers (CFRP), aramid fiber reinforced 
polymers (AFRP), and glass fiber rein-
forced polymers (GFRP), have allevi-
ated the problem of corrosion in many 
applications.1 Moreover, these fiber 
reinforced polymer (FRP) materials, 
especially CFRP, have other important 
characteristics, such as high strength- 
and stiffness-to-weight ratios, a light 
weight, insensitivity to magnetic ef-
fects, ease of handling, and the abil-
ity to fabricate laminates or lamina of 
desired strength and stiffness, or both. 
Thus, FRP materials have emerged 

as potential future construction ma-
terials, especially for concrete bridge 
structures and pavement components 
exposed to deicing salts and aggres-
sive environments. 

The technological development and 
use of post-tensioned concrete box-
girder bridges in the United States have 
progressed at a remarkable rate.2 In 
addition, precast, prestressed concrete 
members are being widely used in the 
construction of modern bridges due to 
their construction, structural, and field-
application advantages.3 

Some of the typical advantages 
of box-beam bridges include the 
following:

•	 Small depth compared with other 
shapes;

•	 Structural stability and bet-
ter aesthetic appearance due to 
monolithic construction;

•	 Hollow portions inside the box 
beams, providing an ideal and 
safe space for gas lines, water 
pipes, telephone ducts, storm 

drains, sewers, and other utilities;
•	 High torsional stiffness, ideal for 

curved bridges and segmental 
bridge construction; and

•	 Low depth-to-span ratios of box 
beam sections, providing a slen-
der and aesthetically pleasing ap-
pearance.3

Some of the available literature re-
lated to the flexural response of con-
crete beams prestressed using both 
bonded and unbonded FRP tendons is 
described in the following section. 

T. Kato and N. Hayashida studied 
the flexural characteristics of concrete 
beams prestressed using bonded and 
unbonded CFRP tendons.4 They con-
cluded that the failure of concrete beams 
prestressed with bonded CFRP tendons 
was due to the brittleness of the beams, 
whereas the beams prestressed with 
unbonded CFRP tendons had roughly 
the same ductility as beams prestressed 
with steel reinforcing bars. 

H. Mutsuyoshi and A. Machida ex-
plored the behavior of prestressed 

CFRP DCI non-prestressing tendons

CFRP DCI pretensioning tendons

CFRP DCI post-tensioning tendons

Hollow portion Deck slab

MIC stirrups

Cross section

Longitudinal section

Deck slab longitudinal reinforcement

CFRP unbonded transverse
post-tensioning tendons

Deck slab transverse reinforcement

BP-1 BP-2

6 ft 5 in. (1.93 m)

1 
ft 

(0
.3

05
 m

)

9 
in

. (
0.

23
 m

)
3 

in
. (

0.
07

5 
m

)

Deck slab reinforcements

CFRP post-tensioning tendon

End transverse diagramNon-stressing tendon

Transverse diaphragm
and transverse post-tensioning duct

Hollow portion

CFRP prestressing tendon

1 ft (0.305 m)

1 
ft 

(0
.3

05
 m

)

9 in. (0.229 m)

20 ft (6.09 m)

19 ft (79 m)

Fig. 1. Cross-section details and longitudinal section of BBD-I.  Note: 1 ft = 0.305 m; 1 in. = 25.4 mm.
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concrete beams using FRP as external 
cable.5 Based on their experimental 
investigation, they concluded that the 
load-deflection responses of beams pre-
stressed with FRP are similar to those 
prestressed with steel. It was noted that 
the ductility of FRP-prestressed beams 
could be improved with the provision 
of external prestressing. 

The flexural behavior of bridges com-
prising double tees prestressed using 
bonded and external unbonded, CFRP 
post-tensioning tendons was studied by 
Nabil F. Grace and G. A. Sayed under 
repeated load effects. It was observed 
that the repeated load has no significant 
effect on the bridge system.6 Grace et 
al. recently evaluated a full-scale dou-

ble tee bridge beam reinforced and pre-
stressed using bonded and unbonded 
CFRP/CFCC tendons/strands.7 

A. Maissen and C. A. M. De Semet 
compared the behaviors of concrete 
beams prestressed using CFRP bonded 
and unbonded tendons with those of 
beams prestressed with bonded steel 
strands.8 They concluded that the flex-
ural capacities of beams prestressed 
with bonded and unbonded tendons 
were greater than those of beams pre-
stressed with bonded tendons only.

A. E. Naaman and S. M. Jeong stud-
ied the structural ductility of concrete 
beams prestressed with AFRP, CFRP, 
and steel strands.9 They concluded that 
the beams prestressed with FRP ten-

dons had considerably lower ductility 
than the beams prestressed with steel 
strands. A new construction approach 
for multispan, continuous, CFRP-pre-
stressed concrete bridges demonstrated 
that external post-tensioning using 
continuous draped tendons, continu-
ity design of deck slab, and transverse 
post-tensioning increased the ductility 
of the bridge system.10,11

H. Taniguchi et al. examined the 
flexural response of concrete beams 
prestressed using CFRP and AFRP 
tendons under static and dynamic load-
ings.12 They observed that the CFRP 
and AFRP ropes used as external pre-
stressing strands broke at stress levels 
equal to 70% and 90% of their ultimate 
strength, respectively. They also ob-
served that the use of CFRP as trans-
verse reinforcement increased the duc-
tility of the beams. Furthermore, the 
prestressing cables did not fail, even 
after two million cycles of repeated 
loads and experiencing a tension below 
50% of their ultimate strength.

Recently, Chee-Khoon Ng has ex-
perimentally and theoretically ex-
amined the tendon stress and flex-
ural strength of externally prestressed 
beams and has shown that the beam 
span has no significant effect on the 
stress increase in external tendons.13 
From a parametric study using a non-
linear computer program based on 
a strain-controlled approach, Grace 
and Shamsher Singh concluded that 
the double tee beam prestressed using 
multilayered pretensioning and exter-
nal post-tensioning CFRP tendons ex-
perienced a 26% higher load capacity 
and 36% lower energy ratio than the 
beam with non-prestressed, unbonded 
post-tensioning tendons.14 Moreover, 
levels of initial pretensioning and 
post-tensioning forces significantly 
affect the flexural response and failure 
mode of the beam.14,15

The objective of the present investi-
gation is to develop and construct pre-
cast, prestressed concrete box beams 
using bonded Diversified Composites 
Inc. (DCI) tendons and subsequently 
use them to construct three bridge 
models whose box beams are addition-
ally prestressed using longitudinal and 
transverse, unbonded post-tensioning 
tendons. In addition, the study also 
measures transfer lengths of DCI ten-

Fig. 2b. Carbon fiber reinforced polymer reinforcement cage for BBD-I placed in the 
formwork.

Fig. 2a. Close-up view of carbon fiber reinforced polymer reinforcement cage of box 
beam BBD-1.
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dons, deflections, strains, and ultimate 
loads of box-beam bridges. Finally, the 
analytically predicted flexural response 
is compared with that of the measured 
response.

CoNSTRUCTioN DeTailS 

Three bridge models, each consisting 
of two precast, prestressed concrete box 
beams, were constructed. The models 
were designated BBD-I, BBD-II, and 
BBD-III, depending on the arrangement 
and forces in the unbonded post-tension-
ing tendons for prestressing applica-
tions. Each of the rectangular concrete 
box beams used in the construction of 
the bridge models were 20 ft (6.1 m) 
long, 38 in. (970 mm) wide, and 9 in. 
(230 mm) deep. 

Figure 1 shows both the cross-sec-
tional details of BBD-I, with a 3-in.-
thick (75 mm) concrete deck slab cast 
over the adjacent prestressed concrete 
box beams, and the longitudinal sec-
tion details of BBD-I. The cross and 
longitudinal sections of the other two 
bridge models, BBD-II and BBD-III, 
are the same as those of BBD-I, except 
that BBD-II was not provided with un-
bonded post-tensioning tendons and 
BBD-III was provided with non-pre-
stressed unbonded tendons with their 
prestressing heads anchored at both 
ends of the bridge model. 

As shown in Fig. 1, each box beam 
of the bridge model comprised two 
hollow rectangular portions formed by 
commercially available Styrofoam™. 

Each hollow section was 12 in. (300 
mm) wide and 4 in. (100 mm) deep. In 
addition, each box beam was provided 
with four rectangular transverse dia-
phragms, one at each end of the beam 
and two at intermediate sections sym-
metrically located about beam mid-
span, to facilitate transverse post-ten-
sioning of the bridge model.

The construction of each box beam 
required preparation of a CFRP re-
inforcement cage (Fig. 2a). The rein-
forcement cage consisted of Marshal 
Industries Composites (MIC) shear stir-
rups at a spacing of 4 in. (100 mm) to 
avoid premature shear failure; and six 

polyvinyl composite (PVC) conduits 
in the longitudinal direction and four 
PVC tubes in the transverse directions 
to pass the longitudinal and transverse 
post-tensioning tendons, respectively. 

Table 1 shows the material properties 
of the DCI tendons, MIC shear stirrups, 
and Leadline™ tendons. The prepared 
reinforcement cage was placed in the 
formwork for each box beam. It should 
be noted that an arrangement was made 
to construct the two box beams for 
each bridge model simultaneously by 
constructing their formwork side by 
side, along with prestressing arrange-
ments (Fig. 2b).

Table 1. Properties of DCI Tendons, MIC C-Bars, and Leadline™ Tendons.

Material Characteristics
Diversified Composites Inc. 

(DCI) Tendons

Marshall Industries Com-
posites Inc.  (MIC) 

C-Bars 
Stirrups

Mitsubishi Functional 
Products Inc. Leadline 

Tendons

Nominal diameter, db  
in. (mm)

0.374 (9.5) 0.374 (9.5) 0.315 (8)

Cross-sectional area  
in.2 (mm2)

0.11 (70.9) 0.11 (70.9) 0.071 (46.1)

Specified tensile strength 
ksi (MPa)

280 (1930) 275 (1896) 330 (2272)

Elastic modulus 
ksi (GPa)

19,000 (131) 16,000 (110) 21,320 (147)

Maximum elongation % 1.47 1.7 1.5

Fig. 3. Closer view of Diversified Composites Inc. reinforcing/prestressing tendon.

Surface
indentations
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After the placement of the reinforce-
ment cage in the formwork, seven DCI 
pretensioning tendons were passed 
through the cage and abutment for sub-
sequent prestressing. Figure 3 shows 
a closer view of a CFRP DCI tendon. 
In addition, seven non-prestressing 
DCI tendons at the top and four non-
prestressing tendons at the level of 
pretensioning tendons were also tied to 
the reinforcement cage. The top non-
prestressing tendons were provided 
to prevent cracking due to shrinkage 
stresses and handling operations. Com-

mercially available zip ties were used 
to tie the reinforcement cage together. 

To provide the required 2 in. (50 
mm) concrete cover at the bottom of 
the beam, 4-in.-diameter (100 mm) 
plastic circular chairs were provided in 
the formwork. Before placing concrete 
in the formwork, the pretensioning ten-
dons were first instrumented with strain 
gauges as described in the section “In-
strumentation and Test Setup.” 

Prestressing

All six box beams were prestressed 

using seven pretensioning DCI tendons 
(Table 2). A wedge-based anchorage 
system was used for prestressing ap-
plication. Each tendon was stressed 
to an average of 10 kip (45 kN) force, 
thereby applying 70 kip (310 kN) of 
prestressing force to each box beam. 
The prestressing system (Fig. 4) con-
sisted of a long stroke center-hole jack, 
a hydraulic pump with pressure gauge, 
prestressing chair, a threaded steel 
rod, and a coupler. The jacking force 
was monitored using the pressure of 
the hydraulic pump and the load cells 
located at the tendon’s dead end.

After pretensioning, concrete was 
placed in the formwork (Fig. 5) to 
fabricate two box beams at a time 
with four bulkheads fixed to the floor  
(Fig. 2a, 2b). The box beams were 
wet cured using soaked burlap for 
seven days. The shear stirrups pro-
truded from the top concrete surface 
of the box beams to provide shear 
connection with the deck slab in the 
integrated adjacent box-beam bridge 
construction (Fig. 6, 7).

When the concrete achieved the 
desired compressive strength, a hand-
held saw was used to cut the tendons 
and transfer the prestress force to the 
concrete section. The 28-day com-
pressive strengths of concrete for the 
box beams of bridge models BBD-I, 
BBD-II, and BBD-III were 7.3 ksi,  
7.9 ksi, and 7.8 ksi (50.3 kN, 54.5 kN, 
and 53.8 kN), respectively.

Table 2. Prestressing Tendons and Reinforcement Details of the Three Adjacent Box-Beam Bridge Models.

Designated 
Bridge 
Model

Num-
ber of  
Box 

Beams

Desig-
nated Box 

Beam 

Type of CFRP Rein-
forcement

Number of Prestressing 
Tendons

Number  
of Flexural 

Non-Prestress-
ing Rods

Number of Deck Slab 
Reinforcing Bars

Box 
Beam

Deck Slab
Preten-
sioned

Unbonded 
Post-Ten-

sioned
Top Bottom

Longitu-
dinal

Trans-
verse

BBD-I 2
BP-1

DCI Leadline
7 6 (4)* 7 4

10 31
BP-2 7 6 (4)* 7 4

BBD-II 2
B0-1

DCI Leadline
7 0 (4)* 7 4

10 31
B0-2 7 0 (4)* 7 4

BBD-III† 2
BN-1

DCI Leadline
7 6 (4)* 7 4

10 31
BN-2 7 6 (4)* 7 4

* Values in parentheses represent the number of transverse unbonded tendons, while those outside the parentheses represent the number of longitudinal unbonded tendons.
†Unbonded post-tensioning tendons with prestressing heads were anchored at both ends of the bridge model without any force.

Fig. 4. Pretensioning system consisting of center-hole hydraulic jack.

Hydraulic

Bulkhead

Locknut

Anchorage system

Prestressing
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Construction of adjacent 
Box-Beam Bridge Models

Individual precast, prestressed con-
crete box beams were moved to the 
testing area within the loading frame 
and were placed side by side with 
simple supports at their ends. The ad-
jacent arrangement of box beams pro-
vided a solid platform for the initial 
post-tensioning application. The gap 
between the two adjacent box beams 
in each bridge model was filled with 
a grout (Five Star Structural Concrete) 
(Fig. 6). The 7-day and 28-day compres-
sive strengths of grout were 9000 psi  
(62 MPa) and 10,000 psi (69 MPa), re-
spectively.

After curing of the grout, an ini-
tial transverse post-tensioning force 
was applied in each of the four trans-
verse post-tensioning tendons passing 
through the corresponding transverse 
diaphragms in the adjacent box beams 
(Fig. 7). Initial transverse post-tension-
ing consisted of applying 50% of the 
design transverse post-tensioning force 
(10 kip [45 kN]). 

After initial transverse post-tension-
ing, an initial longitudinal post-ten-
sioning force was also applied to the 
unbonded longitudinal tendons. The 
initial longitudinal post-tensioning 
force was about 10% of the total design 
post-tensioning force (20 kip [90 kN]) 
in these tendons. 

These initial post-tensioning forces 
were necessary to maintain the struc-
tural integrity of the two adjacent 
box beams and to prevent differential 
movement during casting of the deck 
slab and application of external loads. 
Final transverse and longitudinal post-
tensioning forces were applied after 
construction of the deck slab.

Construction of Deck Slab 

Before the construction of the deck 
slab, a reinforcement cage fabricated 
with 0.3-in.-diameter (8 mm) Leadline 
tendons in the form of a rectangular 
grid were placed over the protruded 
stirrups in the formwork (Fig. 8). A  
3-in.-thick (76 mm) concrete deck slab 
was cast in the prepared formwork. 
The 28-day compressive strengths 
of deck slab concrete for BBD-I, 
BBD-II, and BBD-III were 7.8 ksi, 7.9 
ksi, and 7.9 ksi (53.8 MPa, 54.5 MPa, and  

54.5 MPa), respectively. 
The final transverse and longitudi-

nal post-tensioning forces, constitut-
ing about 50% and 90% of their cor-
responding design values, were applied 
after the deck slab achieved the desired 
compressive strength. Figure 9 shows 
the final transverse post-tensioning of 
BBD-I after casting of the concrete 
deck slab. Table 2 presents details of 
the prestressing tendons and reinforce-

ment provided in the box beams and 
deck slab of each bridge model.

iNSTRUMeNTaTioN aND 
TeST SeTUP 

Demec points were used to measure 
concrete strain at the two ends of the 
box beams to determine the transfer 
length at the time the prestress force 
was transferred to the concrete. Mea-

Fig. 5. Placement of concrete in the formwork after pretensioning of tendons.

Fig. 6. Grouting of longitudinal joint between two box beams.
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surements were taken manually before 
and after the release of pretension-
ing forces to measure the strain using 
Demec gage ID-C112M, with an accu-
racy of 5	×	10-5 in. (127	×	10-5 mm). 

To measure strain during external load-
ing, six strain gauges were installed on 
either side of the bridge system at mid-
span (Fig. 10). The bottom and top strain 
gauges were installed approximately 1 in. 
(25 mm) from the corresponding nearest 

edge, while the remaining four strain 
gauges were equally spaced over the 10  in.  
(250 mm) depth of the bridge model. In 
addition, five strain gauges were installed 
at the top surface of the deck slab. 

The top surface strain gauges were 
symmetrically placed about the longi-
tudinal mid-axis of the bridge model. 
To measure the deflection of the bridge 
model, two linear motion transducers 
were installed at midspan, while one 

linear motion transducer was installed 
at each quarter-span section. Load cells 
installed at the dead end of the longi-
tudinal and transverse post-tensioning 
tendons measured the post-tensioning 
forces in these tendons. 

All the sensors installed in the box 
beams, which measured strains and 
forces in the pretensioning tendons, 
and strain gauges installed on non-pre-
stressing tendons were operational for 
acquisition of data during the ultimate 
load test. To collect and store data, all 
strain gauges, load cells, and linear mo-
tion transducers were connected to the 
data acquisition system. To experimen-
tally record the load capacity, deflec-
tion, strain, and post-tensioning forces 
in the unbonded tendons, the three 
bridge models were loaded to failure 
at a rate of approximately 6 kip/min  
(26.7 kN/min).

aNalyTiCal aPPRoaCh 

To analytically predict the deflection, 
strain, and forces in unbonded post-ten-
sioned tendons, a nonlinear analysis of 
the bridge models was performed using 
a computer program based on a unified 
design approach.14,15 The analysis was 
performed only for a single box-beam 
because of the symmetry of bridge sys-
tems with respect to the boundary con-
ditions and applied load. 

To predict the forces in the unbonded 
post-tensioning tendons, however, the 
axial deformation of the entire box 
beam was considered instead of using 
the ultimate bond reduction coefficient 
of Naaman and Alkhairi.16 The com-
puter program incorporated a parabolic 
stress-strain relationship for the con-
crete and a linear stress-strain relation-
ship for the CFRP tendons. The com-
pressive force in the concrete is based 
on the equivalent rectangular stress 
block factors.14

Equivalent stress block factors de-
pend on the level of extreme com-
pression fiber strain and the parabolic 
stress-strain relationship of concrete. 
The resultant compression force com-
prises forces in the concrete and CFRP 
non-prestressed tendons within the 
compression zone. The incremental 
strain-controlled approach was used to 
predict the neutral axis depth, strains, 
and curvatures at preselected sections 

Fig. 8. Bridge model BBD-I before the concrete deck slab casting.

Fig. 7. Model BBD-I partially prestressed with transverse and longitudinal post-
tensioning tendons before placing the concrete deck slab. 

Longitudinal
post-tensioning

Transverse
post-tensioning
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along the length of a box beam of a par-
ticular bridge model. 

Midspan deflections were computed 
by integrating the curvature of the box 
beam along its length. The average axial 
deformation of the bridge system at the 
level of the post-tensioned tendon was 
evaluated by integrating the axial strain 
along the length of the box beam at the 
unbonded tendons level. The product 
of the elastic modulus of the unbonded 
tendon, the average axial strain, and 
the effective cross-sectional area of the 
unbonded tendons is reported as forces 
in the corresponding tendon. Details of 
design equations for under-reinforced 
and over-reinforced box beams can be 
found elsewhere.14

TeST ReSUlTS aND 
DiSCUSSioN

In this section, transfer lengths, fail-
ure modes of the three bridge models, 
and experimental verification of ana-
lytical results are presented. 

Transfer lengths

The transfer length equations rec-
ommended by ACI 318, Grace, and  
Zou are given as Eq. 1, 2, and 3,  
respectively.17–19

	
L

f d
t

pi b=
20 	

(Eq. 1)

	
L
t
=

fpidb

αt fci
′ 0.67

 (Eq. 2)

	 L
t
=

b

fci

480d  (Eq. 3)

where
db =  nominal diameter of tendon/

strand (mm)
fpi = prestress force at transfer (MPa)
fci 	 =  the compressive strength of 

concrete at transfer (MPa)
αt	 =  transfer length coefficient, 

where αt = 1.95 for CFRP 
Leadline tendons

Note: DCI tendons are similar to CFRP 
Leadline tendons; hence, αt was taken 
equal to 1.95 for computation of trans-
fer length.

Table 3 presents the transfer lengths 
for DCI tendons measured from the 
six box beams used in the construc-

tion of three adjacent box-beam bridge 
models. The transfer lengths are based 
on the saw-cut release of prestressing 
forces seven days after the concrete 
was cast. The transfer lengths were 
determined from the strain distribution 
along the length of the box beam near 
the ends using 95% average maximum 
strain method for 100% release of pre-
stressing forces.18

In Table 3, BP-1 and BP-2 refer to box 
beams 1 and 2 of the bridge model pre-
stressed using both the pretensioning and 
unbonded post-tensioning tendons; B0-1 
and B0-2 are box beams of the bridge 
model without longitudinal, unbonded 
post-tensioning tendons; and BN-1 and 
BN-2 are box beams of the bridge model 
provided with non-prestressed, unbond-
ed post-tensioning tendons.

Fig. 9. Transverse post-tensioning of bridge model BBD-I after casting of the concrete 
deck slab.

Fig. 10. Test setup of box-beam bridge models.
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It is observed that the average val-
ues of the measured transfer lengths 
of 0.374-in.-diameter (9.5 mm) DCI 
tendons are from 25 to 32 times the 
nominal diameter of tendons. In Table 
3, the calculated transfer lengths ob-
tained using the ACI 318, Grace, and 
Zou equations are presented.17–19 

The measured transfer lengths shown 
in Table 3 are close to those predicted by 
the ACI and Grace equations; however, 
these are significantly lower than those 
predicted by Zou.17–19 These results 
suggest that the effect of prestress force 
at transfer should be taken into consid-
eration along with concrete strength for 
predicting the transfer length of preten-
sioning tendons, contradicting the con-
cluding remarks of Zou.19

Zou reported that for all practical 
purposes, the effect of prestress force 
on transfer length of tendons can be ne-

glected and the transfer length should 
solely be based on Eq. 3 (modified ver-
sion of BS 8110, BSI).19,20 From Table 
3, it can be predicted that the average 
values of transfer lengths calculated 
by the ACI, Grace, and Zou equations 
are in the range of 31.1 to 33db, 30 to 
32.4db, and 80.9 to 82.5db, respectively. 
Here, db refers to nominal diameter of 
DCI tendons.17–19

Failure Mode of Bridge Model 

To predict the ultimate load response 
and failure modes of the bridge models, 
all three bridge models were subjected 
to ultimate load response after subject-
ing each bridge model to a number of 
loading and unloading cycles. The ex-
perimental and analytical deflections, 
strains, and forces in unbonded tendons 
are presented and discussed in the next 
section. 

As shown in Fig. 11, 12, and 13, all 
three bridge models experienced flex-
ural failure. Table 4 shows the load 
corresponding to the first crack and ul-
timate loads of the three bridge models.  
The BBD-I with box beams prestressed 
using both pretensioned and unbonded 
post-tensioning tendons had the highest 
ultimate load, while the model without 
longitudinal post-tensioned tendons 
(BBD-II) had the lowest ultimate load. 

The failure of BBD-I containing box 
beams prestressed using pretensioned 
and unbonded post-tensioning tendons 
was initiated due to the crushing of 
concrete before rupture of pretension-
ing tendons. The failures of BBD-II 
and BBD-III were initiated by rupture 
of pretensioning tendons before crush-
ing of concrete. The delayed crushing 
of concrete in BBD-III, however, re-
sulted in higher absorption of inelastic 

Table 3. Transfer Lengths of DCI Pretensioning Tendons of Box-Beam Bridge Model.

Designated 
Bridge 
Model

Designated 
Beams

Average 
Prestress at 
Transfer, fpi, 
ksi (MPa)

Concrete 
Strength at 
Transfer, 

fci, 
ksi (MPa)

Measured Transfer Lengths, Lt,
in. 

(mm)

Calculated Transfer Lengths, Lt,
in. 

(mm)

Live End
Dead 
End

Average
Eq. 1 

(ACI 318)
Eq. 2 

(Grace)
Eq. 3 
(Zou)

BBD-I

BP-1 91.18 (628.55)

4.9 (33.79)

9 
(229)

10 
(254)

9.5 
(241)

11.8 
(299)

11.4 
(290)

30.9 
(785)

BP-2 92.33 (636.59)
12 

(305)
10 

(254)
11 

(279)
11.9 
(302)

12.1 
(306)

30.9 
(785)

BBD-II

B0-1 96.43 (664.87)

5.05 (34.82)

10 
(254)

11 
(279)

10.5 
(267)

12.4 
(316)

11.8 
(300)

30.4 
(773)

B0-2 93.03 (641.41)
10 

(254)
12 

(305)
11 

(279)
12 

(305)
11.4 
(290)

30.4 
(773)

BBD-III

BN-1 91.76 (632.66)

5.1 (35.16)

13 
(330)

11 
(279)

12 
(305)

11.8 
(301)

11.2 
(284)

30.3 
(769)

BN-2 90.36 (623.00)
11 

(279)
11 

(279)
11 

(279)
11.7 
(296)

11 
(280)

30.3 
(769)

Table 4. Details of Cracking, Failure Loads, and Energy Ratios.

Designated 
Bridge Models

Cracking Load  
kip (kN)

Ultimate Load 
kip (kN)

Energy 
Ratio (%)

Primary Mode of Failure

BBD-I 24 (106.8)* 146 (649.7) 25.0 Crushing of concrete

BBD-II 17 (75.7)* 127 (565.15) 46.9
Rupture  

of bonded pretensioning tendons

BBD-III 18 (80.1)* 128 (569.6) 48.5
Rupture  

of bonded pretensioning tendons
*Results are based on first cracking in one of the box beams of the box-beam bridge model.
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energy and, hence, an enhanced energy 
ratio (Table 4). 

These failure modes were expected 
because BBD-I was over-reinforced, 
while BBD-II and BBD-III were under-
reinforced.14 It should be noted that the 
definitions of over- or under-reinforced 
sections depend on the total level of 
prestressing forces in a member.

experimental Verification

In this section, deflections, strains, 
and forces in unbonded post-tension-
ing tendons obtained from experi-
mental testing and analytical study are 
presented and discussed for the three 
bridge models. Figure 14 shows the 
load-deflection response of BBD-I up 
to the ultimate failure load. It is ob-
served that the analytical and experi-
mental load deflection responses are 
in fair agreement, except that the ana-
lytical strength of BBD-I is about 4% 
lower than the experimental strength. 

For a particular load, the experimen-
tal deflection is slightly larger than the 
analytical deflection due to the bridge 
models’ being subjected to loading-
unloading cycles before the ultimate 
load test. The loading-unloading cycles 
were necessary to compute the energy 
ratio associated with the bridge model. 
The ductility of each bridge model was 
evaluated by calculating the released 
elastic energy and absorbed inelastic 
energy at the time of failure. The en-
ergy ratio is a measure of ductility and 
is determined by computing the ratio 
of inelastic energy absorbed to the 
total energy of the bridge model. The 
experimental ultimate load and energy 
ratio (Table 4) of BBD-I are 146 kip  
(650 kN) and 25%, respectively.

Figure 15 shows the load versus ex-
treme compression fiber strain response 
observed from experimental and ana-
lytical study of BBD-I. It is shown that 
the analytical compressive strains and 
corresponding experimental strains are 
very close throughout the loading up to 
ultimate failure. 

Similarly, Fig. 16 shows the forces 
in the longitudinal, unbonded post-
tensioning tendons of BBD-I. As in 
the case of deflection and compres-
sive strain, analytical values of forces 
in these tendons are very close to the 
experimentally observed maximum 
forces in the post-tensioned tendons. 

Fig. 11. Failure of bridge model BBD-I.

Fig. 12. Failure of bridge model BBD-II.

Fig. 13. Failure of bridge model BBD-III.
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It should be noted that the variation in 
the forces of transverse unbonded post-
tensioned tendons was negligible and, 
hence, is not presented here.

The load versus deflection and com-
pressive strain responses for BBD-II 
are shown in Fig. 17 and 18, respec-
tively. As mentioned previously, BBD-
II was not provided with longitudinal, 
unbonded post-tensioning tendons. 
Similar to the case of BBD-I, analytical 
and experimental deflections and com-
pressive strains of BBD-II are close in 
agreement.

Successive loading-unloading cycles 
applied to BBD-II, however, led to 
higher residual deformation compared 
with that observed for BBD-I. As ex-
pected, the strength of BBD-II was 
about 13% lower than that of BBD-I. 
The lower strength of BBD-II is at-
tributed to the absence of longitudinal, 
unbonded post-tensioning tendons and 
prestressing tendons. 

The combined prestressing using 
pretensioning and unbonded post-ten-
sioning tendons resulted in the higher 
strength of BBD-I, with about 22% 
lower deflection than BBD-II at the 
ultimate load. The energy ratio of  
BBD-I, however, was about 22% lower 
than that of BBD-II (Table 4). These 

results confirm the experimental and 
analytical findings and concluding re-
marks of Grace and Singh.14

Similar to the case of BBD-I, the 
analytical and experimental deflections 
(Fig. 19), strains (Fig. 20), and forces 
in unbonded post-tensioning tendons 
(Fig. 21) of BBD-II are close in ag-
greement. The difference, however, 
in analytical and experimental deflec-
tions and strains is slightly large for  
BBD-III (provided with non-pre-
stressed, longitudinal, unbonded post-
tensioning tendons), but the analytical 
and experimental values of post-ten-
sioning forces are very close. Note 
that there is no significant difference 
in the load-deflection response of  
BBD-II and BBD-III. This is attributed 
to the proximate location of non-pre-
stressed, unbonded tendons of BBD-III 
to the box beam’s neutral axis. 

CoNClUSioNS

In general, CFRP tendons provide a 
very satisfactory means for prestressing 
box beams, both for structural strength 
and corrosion prevention purposes. 
Furthermore, based on the results of 
this investigation, several conclusions 
can be drawn. 

The average value of the measured 
transfer lengths of the 0.374-in.-diam-
eter (9.5 mm) DCI tendons varied from 
25 to 32 times the nominal diameter of 
tendons. The average values of transfer 
lengths calculated by Grace, ACI, and 
Zou, however, are in the range of 31 
to 33, 30 to 32, and 81 to 83 times the 
nominal tendon diameter (db), respec-
tively.

In general, the analytical and experi-
mental values of deflections, strains, 
and forces in the unbonded tendons of 
BBD-I, BBD-II, and BBD-III are in 
close agreement. This result signifies 
the accuracy of the strain-controlled 
approach to analyze CFRP reinforced, 
adjacent, box-beam bridge models, ac-
cording to the findings of Grace and 
Singh.14

The cracking and ultimate loads 
of BBD-I were greater than those of  
BBD-II and BBD-III. This is attrib-
uted to the fact that BBD-I was pre-
stressed using both the pretensioning 
and unbonded post-tensioning tendons, 
whereas BBD-II and BBD-III were pre-
stressed with only pretensioning ten-
dons, except that the non-prestressed, 
unbonded post-tensioning tendons 
were installed in BBD-III, with their 
prestressing heads anchored at both 
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ends of the bridge model. 
There was no significant difference 

in load-deflection responses between 
BBD-II and BBD-III. BBD-II and 
BBD-III, however, experienced larger 
deflection compared with BBD-I at ul-
timate failure, which is attributed to the 
absence of longitudinal post-tensioning 
forces. These responses confirm the 
concluding remarks and recommen-
dations of earlier investigations that 
the prestressing of the bridge models/
girders using both the pretensioning 
and unbonded post-tensioning tendons 
could significantly increase their load-
carrying capacity, provided that the 
level of prestressing in pretensioning 
and unbonded post-tensioning tendons 
is kept from 0.3 to 0.6 times the speci-
fied strength of tendons.

As expected, all three bridge models 
experienced flexural failure. The fail-
ure of BBD-I, prestressed using preten-
sioning and unbonded post-tensioning 
tendons, was initiated by the crushing 
of concrete followed by the rupture of 
pretensioning tendons. The failure of 
BBD-II (prestressed using pretension-
ing tendons and without post-tension-
ing tendons) and BBD-III (prestressed 
using pretensioning tendons with non-
prestressed, unbonded post-tension-
ing tendons installed with their heads 

anchored at both ends of the bridge), 
however, was initiated by rupture of 
pretensioning tendons before crushing 
of concrete. 

BBD-I resulted in a lower ductil-
ity compared with the ductility of 
BBD-II and BBD-III. The energy ratio of  
BBD-III was about 1.94 times that of 
BBD-I, while it was about 3.4% higher 
than that of BBD-II.

ReCoMMeNDaTioNS 

The proposed design approach can 
be used for the design of box-beam 
bridges prestressed using bonded pre-
tensioning and unbonded post-ten-
sioning tendons arranged in vertically 
distributed layers along with non-pre-
stressed tendons with any combination 
of material characteristics.

Because both CFRP tendons and 
concrete materials are brittle in na-
ture, further research is required to 
study different over-reinforced bridge 
sections to ensure significant warn-
ing before the ultimate collapse of the 
structure. 

From the results of the conducted 
research, it is clear that an over-rein-
forced section cannot be considered 
ductile. Therefore, extensive research 
is recommended to establish a quantita-

tive relationship between the balanced 
ratio and the actual reinforcement ratio 
of box-beam sections that would yield 
sufficient warning before ultimate 
collapse.
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