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The longevity of bridge decks constructed with full-
depth precast concrete panels depends on several 
factors, one of which is the integrity of the grouted 

transverse joint. This paper examines the behavior of a new 
female-to-female grouted transverse joint under low post-
tensioning stress subjected to a concentrated double-tire 
truck load. Posttensioning across the transverse joint was 
performed using carbon-fiber-reinforced polymer (CFRP) 
rods. A novel system consisting of an anchor and simple 
mechanical stressing device for CFRP rods was adopted 
and modified for posttensioning the transverse joint. 

The focus of this paper is to examine the effect of low 
posttensioning of the transverse precast concrete deck 
joint. A performance evaluation including cracking load, 
peak load, and deflection capacity was conducted under 
a concentrated load simulating a double tire from a truck. 
The effectiveness of the posttensioned CFRP rods, which 
have a high tensile strength and excellent corrosion resis-
tance, is evaluated. 

Previous research

Many states are implementing accelerated bridge con-
struction methods to reduce traffic delays and improve 
safety. One such method uses full-depth precast concrete 
panels for bridge decks. Full-depth precast concrete panels 
improve quality and durability and are used for building 
new bridge decks or replacing existing ones.1 The grouted 
transverse joint between precast concrete panels is a vul-
nerable element and often affects the life and performance 
of the bridge.2,3 The integrity of the grouted transverse joint 
is important for the longevity of bridge decks constructed 
with precast concrete panels. One way of improving the 
integrity of the joint is through posttensioning.

Researchers have studied the influence of posttensioning 
on the performance of transverse precast concrete deck 
joints using steel rods and cables. 4-9  Laboratory tests 
and computer models have focused on the posttensioning 
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■ In full-depth precast concrete panel systems for new bridge 
decks or replacing existing ones, grouted transverse joints 
between deck panels are among the most vulnerable elements. 

■ Nine specimens with grouted female-to-female transverse 
joints were tested monotonically to failure using an equivalent 
concentrated double-tire truck load. 

■ Low posttensioning stress provided by carbon-fiber-reinforced 
polymer rods in the panel joint area increased the initial joint 
cracking load and changed the failure mode from a bond failure 
between grout and concrete to a tensile failure of the grout.
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stress required to keep the joint in compression under truck 
tire loads of American Association of State Highway and 
Transportation Officials’ AASHTO LRFD Bridge Design 
Specifications,10 as well as the capacity of the joint under 
pure flexure and pure shear. Based on HS-20 truck loading, 
a minimum posttensioning stress of 200 psi (1380 kPa) was 
recommended for simply supported conditions and posi-
tive moment sections at the midspan of continuous bridge 
decks. A posttensioning stress of 450 psi (3100 kPa) was 
recommended at the interior support of continuous decks.11

Joint capacity prior to initial cracking for posttensioned 
and nonposttensioned transverse joints was evaluated by 
many researchers using finite element models and labo-
ratory tests. Different methods to predict the peak load 
capacity of the joint have also been proposed. The use of 
principal stress equations and tensile strength of the grout 
to predict the cracking strength of grouted joints was com-
pared with laboratory static shear tests.12 The experimen-
tal strength of posttensioned concave-to-concave joints, 
commonly referred to as female-to-female joints, has been 
compared with American Concrete Institute’s (ACI’s) shear 
capacity equations in Building Code Requirements for 
Structural Concrete (ACI 318-14) and Commentary (ACI 
318R-14).13,14 The effect of posttensioning on the negative 
moment region of transverse bridge deck joints as well as 
the bond between the grouted joint material and concrete 
deck have also been studied through both experiments and 
finite element models.15,16 It was recommended that the 
maximum design tension be limited to 1.5 fc

'  psi  
(0.125  fc

'  MPa), where fc
'  is the lesser of the grout or 

concrete compressive strength. Finite element modeling 
to determine the appropriate posttensioning stress to keep 
the transverse joint in compression after creep and shrink-
age losses has been performed.17 It was recommended that 
single-span precast concrete decks be posttensioned to a 
stress of 200 psi (1380 kPa), while precast concrete decks 
with two or three spans should have higher posttensioning. 

Experimental investigation

This study is concerned with the behavior of the transverse 
joint between precast concrete deck panels under low post-
tensioning stress at the panel joint area with CFRP compos-
ite rods. Such rods have advantages in this application be-
cause of their high tensile strength and corrosion resistance. 
In a related study, the deck of the Beaver Creek Bridge on 
US Route 6 near Price, Utah, was built in 2009 with full-
depth precast concrete panels reinforced with glass-fiber-re-
inforced polymer (GFRP) bars. Posttensioning of the panels 
was carried out with 0.6 in. (15 mm) Grade 270 (1860 MPa) 
low-relaxation steel strands.18 This motivated the authors 
to use CFRP rods for posttensioning the panels to develop 
knowledge for a future steel-free bridge deck constructed 
with GFRP-reinforced precast concrete panels and post-
tensioned with CFRP rods. The effect of low posttensioning 
on initial joint cracking capacity, peak load capacity, and 

failure mode of a grouted female-to-female transverse joint 
for precast concrete panels under a simulated double-tire 
truck load is investigated using posttensioned CFRP rods. 

The bridge deck of the Beaver Creek Bridge was made 
with full-depth precast concrete panels. The panels were 
44 ft 5 in. × 6 ft 10 in. × 9 1/4 in. (13.4 m × 2.08 m × 
0.23 m) and were placed in the transverse direction. The 
panels were connected through female-to-female grouted 
transverse joints placed at 6 ft 10 in. (2.08 m). The panels 
were lightly posttensioned with 11 grouted low-relaxation 
steel tendons spaced at 3 ft 9 1⁄2 in. (1.16 m) in the span di-
rection. The girders for the 88 ft 2 in. (26.9 m) single-span 
bridge were AASHTO Type IV prestressed girders placed 
at 7 ft 7 in. (2.31 m) center to center. The bridge deck panel 
details of the Beaver Creek Bridge were used to determine 
test specimen dimensions. 

In the present research, single panels were 18 in. (460 m) 
wide, 8 ft (2.4 m) long, and 8 3⁄4 in. (0.22 m) thick (Fig. 1). 
Two 18 in. single panels were grouted together at the trans-
verse joint to construct a 3 ft 1 in. (0.94 m) wide specimen 
(Fig. 2). The 8 ft length correlates to the 7 ft 7 in. (2.3 m) 
girder spacing found at the bridge. Two 3⁄8 in. (10 mm) 
diameter CFRP rods spaced 4 ft (1.2 m) apart were used to 
posttension the grouted joints. The 4 ft spacing between the 
posttensioning rods corresponds to the 3 ft 9 1⁄2 in. (1.16 m) 
spacing used at the bridge. A system consisting of an an-
chor and simple mechanical stressing device for CFRP rods 
was adopted and modified for posttensioning the transverse 
joint.19,20

Figure 1. Single panel dimensions and steel bar details. Note: no. 6 = 19M;  
1 in. = 25.4 mm; 1 ft = 0.305 m.
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A total of 11 tests were conducted. Nine of the tests were 
composed of two panels grouted together with the female-
to-female grouted joints. The grouted panel tests consisted 
of three nonposttensioned specimens (0A, 0B, and 0C), 
three specimens with a posttensioning force equal to 50% 
of the design tensile capacity of the CFRP rod or 35 psi 
(240 kPa) stress on the joint area (35A, 35B, and 35C), and 
three specimens with a posttensioning force equal to 70% 
of the design tensile capacity of the CFRP rod or 48 psi 
(330 kPa) stress on the joint area (48A, 48B, and 48C). Two 
single precast concrete panels (SA and SB) were also tested 
for comparison. Low posttensioning stresses were used to 
study the failure modes of the transverse joint. 

Precast concrete specimens  
and CFRP rods

Precast concrete panels were cast for this research with 
a 28-day concrete compressive strength of 11,000 psi 
(76 MPa). The specimens were grouted with the female-
to-female joint configuration of Fig. 3; this is a new de-

Figure 2. Plan view of jointed panel specimens. Note: CFRP = carbon-fiber-reinforced polymer. 1 in. = 25.4 mm; 1 ft = 0.305 m.

Figure 3. Grouted joint details. Note: 1 in. = 25.4 mm.
Figure 4. Test setup. Note: FRP = fiber-reinforced polymer. 1 in. = 25.4 mm;  
1 ft = 0.305 m. 
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tail developed in this research for ease of construction. 
The panels were reinforced with nine no. 6 (19M), Grade 
60 (420 MPa) mild steel bars. Six specimens were postten-
sioned before testing with two 3⁄8 in. (10 mm)  
diameter CFRP rods with a modulus of elasticity of 
22,500 ksi (155 GPa) and a design tensile strength of 
27.5 kip (122 kN) (Fig. 4). Posttensioning was applied 
by tightening a four-bolt plated anchoring system to 
create tensile strains in the rods.20 Posttensioning strains 
were measured using strain gauges attached to the CFRP 
rods. The grout had an average compressive strength of 
4500 psi (31 MPa) with a maximum strength of 5000 psi 
(34 MPa).

Test setup

A load frame with a 500 kip (2200 kN) hydraulic actua-
tor applied a monotonic displacement at midspan of the 
simply supported slab, which was supported on elas-
tomeric pads (Fig. 4). The actuator was operated using 
displacement control. An electronic data acquisition 
system recorded displacements and strains in the reinforc-
ing bars and CFRP rods. Loading was applied over a 10 × 
20 in. (250 × 510 mm) area to simulate a double-tire truck 
load on a bridge deck, as specified in the AASHTO LRFD 
specifications. The load on the specimens was applied at 
the center of one of the panel halves (Fig. 4). The speci-

Initial joint cracking

Nonposttensioned specimen 

Full joint cracking Peak load

Initial joint cracking Peak load

35 psi posttensioned specimen

Initial joint cracking

48 psi posttensioned specimen

Peak load

Figure 5. Behavior of grouted joint. Note: 1 psi = 6.895 kPa.
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mens were posttensioned with 3⁄8 in. (10 mm) CFRP rods 
before loading. Figure 4 shows the typical loading condi-
tion. The anchor locations for the two posttensioned CFRP 
rods are also shown. The CFRP anchors and original stress-
ing device19,20 were modified for this application.

Instrumentation

Linear variable differential transformers (LVDTs) were 
placed on the bottoms of the panels to measure verti-
cal displacements along the centerline of each specimen 
half. Three LVDTs per panel were used: one at midspan 
and two at the quarter points for the loaded and unloaded 
sides. Strain gauges were attached at the center of the top 
and bottom longitudinal steel bars adjacent to the grouted 
transverse joint and on the adjacent transverse bars. Strain 
gauges were attached to the CFRP rods to measure strain in 
the rods during stressing and under loading. Three gauges 
were placed on each rod: two at the quarter points and one 
at the middle.

Experimental results

All specimens experienced an initial significant crack at 
the joint and a final crack on the loaded panel. Figure 5 
compares joint behavior for the three specimen types at 
different stages. The nonposttensioned specimens had 
two characteristic cracks: an initial joint crack at the bond 
interface with bond failure between the grout and concrete 
at the joint and the propagation and opening of the second 
crack until specimen ultimate failure. The posttensioned 
specimens had one major crack: an initial diagonal ten-
sion crack at the joint during monolithic behavior and the 

propagation of the initial joint crack until failure. Postten-
sioning changed the failure mechanism from bond failure 
to joint shear failure, indicating that the posttensioning 
stress was sufficient to overcome bond failure between 
grout and concrete. Bond capacity and the load at which 
the first crack occurred depended on the posttensioning 
stress. Ultimate failure was a diagonal tension failure, 
which occurred on the loaded panel side and was similar 
for all specimens.

Specimen data analysis

Figure 6 shows the force versus displacement perfor-
mance of the nine grouted panel specimens and two single 
panels. The grouted panel specimens had a well-defined 
initial cracking and peak load. The initial cracking load 
corresponds to the first significant joint crack with an 
initial drop in capacity. This is an important benchmark 
at which chloride intrusion begins and deck integrity is 
compromised. Initial joint cracking is shown in Fig. 5. At 
ultimate, the specimens and panels experienced diagonal 
tension failure of the loaded panel. 

Table 1 summarizes the initial cracking and peak load ca-
pacity of the nine grouted panel specimens and two single 
panels. Single panels had an average peak load of 51.5 
kip (229 kN). The three nonposttensioned grouted panel 
specimens (0A, 0B, and 0C) had an initial drop in capacity 
at displacements of 0.3 to 0.44 in. (8 to 11 mm) corre-
sponding to an initial cracking load of 37.7 to 54.5 kip 
(168 to 242 kN). The peak load ranged from 60.5 to 
64.3 kip (269 to 286 kN). Posttensioned specimens 35A, 
35B, and 35C experienced initial cracking at 0.6 to 0.7 in. 

Table 1. Tested joint capacity

Specimen Posttensioning force, kip Load at initial significant crack, kip Displacement at initial crack, in. Peak load, kip

SA n/a n/a n/a 51.0

SB n/a n/a n/a 52.0

0A 0 54.5 0.5 60.5

0B 0 43.7 0.3 61.1

0C 0 37.7 0.3 64.3

35A 27.2 69.8 0.7 79.3

35B 28.0 72.0 0.6 89.3

35C 29.1 73.0 0.7 81.4

48A 37.7 78.1 0.9 78.1

48B 37.7 68.0 0.6 80.1

48C 38.0 78.4 0.9 80.0

Note: n/a = not applicable. 1 in. = 25.4 mm; 1 kip = 4.448 kN. 
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(15 to 18 mm), corresponding to an initial joint cracking 
load of 69.8 to 73 kip (311 to 325 kN). The peak load 
ranged from 79.3 to 89.3 kip (353 to 397 kN). Postten-
sioned specimens 48A, 48B, and 48C had an initial drop 
in capacity at 0.6 to 0.9 in. (15 to 23 mm), correspond-
ing to an initial cracking load of 68.0 to 78.4 kip (302 to 
349 kN). The peak load ranged from 78.1 to 80.0 kip (347 
to 356 kN).

The nine grouted panel specimens experienced failure on 
the side of the loaded panel. They achieved a greater peak 
load than the single 18 in. (460 mm) wide panels by 13 to 
39 kip (58 to 170 kN). The peak load was higher than the 
initial cracking load. This indicates that after the initial 
significant crack occurred there was additional load trans-
fer across the joint due to friction.

Strain gauge data analysis

Figure 7 shows the measured strain at the center of the 
bottom longitudinal reinforcement on the loaded side 
adjacent to the joint. The strain in the bottom steel rein-
forcement prior to the initial cracking load was similar 
for nonposttensioned specimens (OB) and posttensioned 
specimens (35C, 48C), indicating that the grouted panels 
behave monolithically before the initial joint crack. A 
strain higher than 2000 με was measured in the bottom 
longitudinal bars prior to initial cracking of the postten-
sioned specimens, indicating that the bottom reinforcement 
had already yielded. 

Figure 8 compares strains in the reinforcing steel for 
specimen 0C without posttensioning and posttensioned 
specimen 35A. Figure 8 shows the bottom longitudinal 
steel strains for specimen 0C. Prior to initial cracking, the 
strains were similar for the loaded and nonloaded panels. 
After initial cracking, the bottom steel for the nonloaded 
panel had a drop in measured strain, while the strain in the 
loaded panel kept increasing past yield. The strain in the 
bottom longitudinal steel bars of the loaded panel reached 
up to four times the strain of the same bars on the non-
loaded panel after the initial cracking load. This indicates 
a change of deflection behavior across the joint after initial 
joint cracking. Figure 8 shows the strains for the top and 
bottom longitudinal steel reinforcement of posttensioned 
specimen 35A. Prior to initial cracking, the bottom steel 
reinforcement on the loaded panel and nonloaded panel 
of the specimen had similar strains, indicating monolithic 
behavior. The strain increased for both the top and bottom 
steel on the loaded side after the initial cracking load. The 
strain in the bottom longitudinal steel bars of the loaded 
panel reached only two times the strain of the same bars 
on the nonloaded panel after the initial cracking load. This 
indicates that posttensioning was beneficial in load sharing 
between the two panels across the joint after initial joint 
cracking. 

Comparing the graphs in Fig. 8, the bottom steel on the 
loaded panel of posttensioned specimen 35A achieved 
three times the strain of the bottom steel on the loaded 
panel of nonposttensioned specimen 0C. This shows that 

Figure 6. Applied load versus midspan displacement under concentrated load. Note: AASHTO = American Association of State Highway and Transportation Officials. 
1 in. = 2.54 mm; 1 kip = 4.448 kN.
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35 to 48 psi (240 to 330 kPa) did not affect the peak load 
but had a slight increase of 9.7 kip (43 kN) in the initial 
cracking load at the joint. This is because the panels and 
grout behave as a weak-link system. The weakest portion 
of the nonposttensioned specimen was the bonded inter-
face between grout and concrete. The posttensioning was 
sufficient to overcome bond failure, leaving the tensile 
strength of the grout as the weakest component of the 
joint. Figure 9 shows the average strain in the CFRP rods 
for posttensioned specimen 35A. Left (L tendon) and right 

posttensioning permitted the two panels of specimen 35A to 
behave in a more composite manner, thus achieving a high-
er initial cracking load and higher peak load compared with 
specimen 0C without posttensioning. Similar results were 
obtained for the 48 psi (330 kPa) posttensioned specimens.

The use of posttensioning increased the initial significant 
joint cracking load by 58% to 65% and the peak load by 
28% to 34%, compared with the joint with no posttension-
ing. The increase of average posttensioning stress from 

Figure 7. Strain versus displacement for bottom longitudinal bars on loaded side. Note: 1 in. = 2.54 mm.

Figure 8. Longitudinal reinforcing bar strain. Note: 1 in. = 2.54 mm.

Nonposttensioned specimen 0C Posttensioned specimen 35A
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(R tendon) correspond to CFRP rods at the left and right 
side of the specimen (Fig. 4). Tendon B refers to the strain 
gauge located at the center point of the CFRP rod, and 
tendons A and C refer to strain gauges at the quarter points 
of the CFRP rod. Prior to initial cracking, the strain in the 
CFRP rods was constant. An increase in CFRP strain oc-
curred after initial joint cracking, indicating that a different 
deflection behavior across the joint had occurred. Several 
CFRP rods fractured at or below their ultimate tensile 
strain due to vertical and rotational deformations between 
the panel end faces. Figure 10 shows the condition of a 
posttensioning CFRP rod at fracture, which typically oc-
curred near the anchor at a displacement much higher than 
that corresponding to the initial joint cracking load.

Comparison with AASHTO 
HL-93 double-tire truck  
loading

The AASHTO HL-93 double-tire truck load10 of 16 kip 
(71 kN) was adjusted to determine the required capacity 

of the joint under a concentrated tire truck load. A load 
combination factor γp of 1.75 was applied for Strength I 
limit state load combination. An importance factor ηI of 
1.05 was applied for the worst case condition. A ductility 
factor ηD of 1.05 was applied due to the brittle nature of 
the failure modes, with a redundancy factor ηR of 1.0. A 
factor ϕ of 0.9 was applied due to shear failure of the grout 
and concrete at the joint. Thus, the required factored load 
capacity of the joint under test conditions was 34.3 kip 
(153 kN). 

The average initial joint cracking load of the nonpostten-
sioned specimens was 1.32 times the factored AASHTO 
design HL-93 double-tire truck load of 34.3 kip (153 kN). 
The cracking load was 2.09 and 2.18 times the factored 
AASHTO design HL-93 double-tire truck load for the 
35 psi (240 kPa) and 48 psi (330 kPa) posttensioned 
specimens, respectively. The specimens have a capacity 
higher than the AASHTO required capacity, indicating an 
acceptable joint configuration for the HL-93 double-tire 
truck concentrated loading.

Figure 9. Carbon-fiber-reinforced polymer tendon strain versus displacement for posttensioned specimen 35A. Note: 1 in. = 2.54 mm.

Figure 10. Fracture of carbon-fiber-reinforced polymer posttensioned rod.
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tensioned specimens was 1.32, 2.09, and 2.18 times 
the required factored AASHTO load, respectively. 
However, when impact was considered, the nonpost-
tensioned specimens had an average capacity that was 
0.76 times the equivalent impact double-tire truck load. 
A low posttensioning stress was sufficient to overcome 
the required equivalent impact load by a factor of 1.19 
and 1.25 for the 35 psi (240 kPa) and 48 psi (330 kPa) 
posttensioned specimens, respectively. 

• There is additional load transfer across the joint after 
the initial significant crack. The peak load was up to 
70% higher than the initial joint cracking load for the 
nonposttensioned specimens, up to 24% higher for 
the 35 psi (240 kPa) posttensioned specimens, and up 
to 18% higher for the 48 psi (330 kPa) posttensioned 
specimens.

• The use of CFRP rods was beneficial for posttension-
ing across the transverse joint of precast concrete 
deck panels at low posttensioning at the panel joint 
area. Additional research should be conducted for 
higher posttensioning stresses than the ones used in 
this research. This could be achieved by using more 
CFRP rods posttensioned to similar stresses. The 
results of such research could lead to steel-free bridge 
decks that are constructed with GFRP reinforced full-
depth precast concrete panels and posttensioned with 
CFRP rods. 
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Abstract

One method employed in accelerated bridge construc-
tion is the use of full-depth precast concrete panels to 
construct new bridge decks or replace existing ones. The 
grouted transverse joint between precast concrete deck 
panels is one of the most vulnerable elements of the 
bridge deck. To extend the life of precast concrete bridge 

decks, it is imperative to improve the integrity of the 
grouted transverse joint. This paper compares the effect of 
low posttensioning stress on the initial joint cracking load, 
the peak load, and the overall behavior of precast concrete 
panels at a new female-to-female grouted transverse 
deck joint. Nine specimens with grouted transverse joints 
were tested monotonically to failure using an equivalent 
concentrated double-tire truck load. Three of the nine 
specimens had no posttensioning, three specimens were 
subjected to a 35 psi (240 kPa) posttensioning stress, and 
three were subjected to a 48 psi (330 kPa) posttensioning 
stress using carbon-fiber-reinforced polymer rods. Low 
posttensioning stress in the panel joint area increased both 
the initial joint cracking load and peak load capacity of 
the specimens and changed the failure mode from a bond 
failure of grout to concrete for the specimens without 
posttensioning to a tensile failure of the grout for the post-
tensioned specimens.
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fiber-reinforced polymer, cracking load, deck, joint, 
posttensioning.
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