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Experimental Study on Tensile Behavior of Wet Joints in a
Prefabricated Composite Deck System Composed of
Orthotropic Steel Deck and Ultrathin Reactive-Powder
Concrete Layer

Wen-Hao Pan'; Jian-Sheng Fan?; Jian-Guo Nie®; Jian-Hua Hu*; and Jian-Feng Cui®

Abstract: The widely used orthotropic steel deck system is subject to several durability problems: fatigue cracking of the steel, wearing of
the surfacing, and corrosion. Thus, the composite deck system composed of an orthotropic steel deck and an ultrathin reactive-powder concrete
(RPC) layer was proposed. In a prefabricated composite deck system, joints formed between the prefabricated RPC layer and the cast-in-situ
RPC layer are defined as wet joints. The experimental study was conducted on the tensile behavior of RPC wet joints to ensure the integrity of
the prefabricated deck system and the serviceability and durability of the RPC layer. Two series of tests were conducted, including seven ten-
sile tests on panels and four negative bending tests on beams. In these tests, five types of new wet joint details were designed in addition to the
integral casting detail and the conventional wet joint with a vertical, plane interface. To study the mechanical properties and crack resistance
performance of different wet joint details, the load-deformation curves and the nominal RPC tensile stress—maximum crack width curves of
the models in each test series were compared. Comparisons showed that the mechanical properties of different wet joint details were close to
one another. However, their crack resistance performance differed considerably. The sawtooth wet joint, rectangular wet joint, and steel plate—
enhanced wet joint had substantially better crack resistance performance than the conventional wet joint. In contrast, the inclined wet joint and
the reinforcement-enhanced wet joint had poor crack resistance performance because of their plane interfaces. Additionally, test results sug-
gested that the postcracking behavior of the RPC layer was improved by the steel fibers. Therefore, for more economical bridge designs, the
durability-based allowable RPC tensile stress was recommended instead of the initial cracking stress. DOI: 10.1061/(ASCE)BE.1943-
5592.0000935. © 2016 American Society of Civil Engineers.

Author keywords: Prefabricated composite deck system; Orthotropic steel deck system; Reactive-powder concrete (RPC); Wet joint;

Tensile behavior; Crack width.

Introduction

The two essential conditions for economic steel bridge designs are
an efficient load transfer mechanism and a considerably reduced
dead weight (Wolchuk 1963). These conditions result in the design
of the conventional orthotropic steel deck system [Fig. 1(a)], which
is widely used in long-span bridges, especially suspension bridges
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and cable-stayed bridges (AASHTO 2012; Connor et al. 2012;
Wolchuk 1963). However, this steel deck system is subject to sev-
eral durability problems: fatigue cracking of the steel (de Jong
2004; Walter et al. 2007; Wolchuk 1999), wearing of the surfacing
(Wolchuk 1999, 2002), and corrosion (Buitelaar et al. 2004; Hulsey
et al. 1999; Rafiee 2012). The main reasons for fatigue cracking of
the steel are (1) large local deformations and stresses caused by the
wheel loads resulting from insufficient stiffness of the steel deck
plate, and (2) excessive stress concentration resulting from inappro-
priate details, especially in close-rib decks (Wolchuk 1999). The
main reasons for wearing of the surfacing are (1) incompatibility of
the surfacing with the local deformations of the steel deck plate, and
(2) insufficient bond strength between the surfacing and the steel
deck plate. The main reason for corrosion is the poor corrosion re-
sistance of steel.

A composite deck system [Fig. 1(b)] composed of an orthotropic
steel deck and an ultrathin reactive-powder concrete (RPC) layer
was proposed by Shao et al. (2013) to solve the two durability prob-
lems in the conventional orthotropic steel deck system. RPC is a
high-performance fiber-reinforced concrete with high compressive
and flexure strength and good ductility (Richard and Cheyrezy
1995). As shown in Fig. 1, the thick conventional asphalt surfacing
was changed into the RPC layer and an ultrathin high-performance
asphalt surfacing in the composite deck system. The composite
action between steel and RPC was realized with shear connectors.
Thus, the stiffness of the steel deck plate was largely improved in
the new deck system, and the low self-weight of the structure was
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Fig. 2. Typical girder cross section of Dongting Lake Second Bridge (Note: All dimensions are in millimeters)

maintained. Because the RPC layer was sufficient to distribute loads
in the transverse direction, the open longitudinal ribs were applied
to reduce the excessive stress concentration in close-rib decks.
Therefore, by increasing the stiffness of the steel deck plate, by
reducing the excessive stress concentration in close-rib deck details,
and by providing sufficient bond strength between the surfacing and
the RPC layer, the composite deck system can solve the problems
of fatigue cracking of the steel and wearing of the surfacing.
Additionally, because of the good corrosion resistance of RPC
(Buitelaar et al. 2004; Rafiee 2012), the corrosion resistance of the
bridge system can be improved.

A 1,480-m-span cable-stayed bridge called the Dongting Lake
Second Bridge is being built in the Hunan Province of China. The
bridge uses the composite deck system, and a typical girder cross-
section of the bridge is shown in Fig. 2. To ensure construction qual-
ity in a short time period, the bridge girder segments, including the
RPC layers, are prefabricated. During construction, the steel mem-
bers in two adjacent prefabricated girder segments are bolted to-
gether, and the RPC layers are connected by a cast-in-situ RPC layer.
Thus, joints are formed between the prefabricated RPC layer and the
cast-in-situ RPC layer and are defined as wet joints. Because few
steel fibers lie in the interfaces between the prefabricated and the
cast-in-situ RPC layer, crack development in the conventional RPC
wet joint with a vertical, plane interface may not be controlled well.

Therefore, for the integrity of the bridge and the serviceability and
durability of the RPC layer, wet joint details with better mechanical
properties and crack resistance performance need to be developed.

In this study, six different RPC wet joint details and the inte-
gral casting details were compared through two series of tests: a
tensile test series on panels and a negative bending test series on
beams. During the tests, the maximum crack width in the RPC
surface was measured. Then, the load-deformation curves were
compared to study the mechanical properties of different wet
joints, and the nominal RPC tensile stress-maximum crack width
curves were compared to study the crack resistance performance.
Finally, durability-based allowable RPC tensile stresses were cal-
culated and recommended for more economical bridge designs.

Experimental Program

Details of Test Models

Based on the Dongting Lake Second Bridge, two series of test mod-
els were designed, including seven panels and four beams.

Details of the panels are shown in Fig. 3. The panels were
1,200 x 450 x 62 mm in size. Each panel consisted of a 12-mm
thick steel plate and a 50-mm-thick ultrathin RPC layer. The test
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setup included end plates on two ends of the panels. The steel plate
and the reinforcements in the RPC layer were all welded to the
end plates. As shown in Fig. 3(a), three types of longitudinal rein-
forcements were placed in the RPC layer: full-length reinforce-
ments, central reinforcements, and end reinforcements. The central
reinforcements placed in the central wet joint region were designed
to improve the tensile behavior of wet joints, and the end
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Fig. 3. Details of panels: (a) plan view; (b) elevation (Note: All dimen-
sions are in millimeters)

reinforcements were designed to transfer loads from the end plates
to the RPC layer.

Details of the beams are shown in Fig. 4. The beams were steel-
RPC composite beams with an overall depth of 400 mm. The steel
tensile flange and the RPC layer were consistent with the panels.
Also, the full-length reinforcements and the central reinforcements
were placed in the RPC layer as shown in Fig. 4(a).

In all test models, a type of short shear stud, as shown in Fig. 5,
was used at a spacing of 125 x 120 mm to ensure the composite
action between steel and RPC. The diameter and height of the shear
stud were 13 and 35 mm, respectively.

Details of Wet Joints

Fig. 6 shows different RPC wet joint details in the test models; addi-
tional details are shownin Table 1. As shown in Fig. 6, the test models
with wet joints were casted in two steps, representing the prefabri-
cated and the cast-in-situ RPC layers in the original bridge. Before
casting the second half of the RPC layer, the prefabricated half was
surface roughened after demolding (Fig. 7) to expose some steel

Fig.5. Short shear stud
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Fig. 4. Details of beams: (a) plan view; (b) elevation (Note: All dimensions are in millimeters)
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Note: Reinforcement
arrangements are not shown in
the figure, and references are
made to Fig. 3 and Fig. 4.

Fig. 6. Different wet joint details: (a) conventional wet joint; (b) inclined wet joint; (c) sawtooth wet joint; (d) rectangular wet joint; (e) steel plate—

enhanced wet joint

Table 1. Wet Joint Details in Test Models

Reinforcing rebar ratio

Reinforcing steel plate

Wet joint Details in wet joint (%) ratio in wet joint (%) Panel Beam
Integral casting detail Integral casting 3.84 0 RPC-T-1 RPC-B-1
Conventional wet joint Vertical, plane interface 6.86 0 RPC-T-2 RPC-B-2
Reinforcement-enhanced Conventional wet joint enhanced 10.54 0 RPC-T-3 —
wet joint by larger full-length reinforcements
Inclined wet joint Inclined interface 6.86 0 RPC-T-4 —
Sawtooth wet joint Sawtooth interface 6.86 0 RPC-T-5 RPC-B-3
Rectangular wet joint Rectangular interface 6.86 0 RPC-T-6 RPC-B-4
Steel plate-enhanced wet Conventional wet joint enhanced 3.84 8.96 RPC-T-7 —
joint by a 14-mm-thick specially shaped
steel plate
L 385 O
-]

Fig. 7. Surface roughening after demolding

fibers. In addition to the integral casting detail and the conventional
wet joint used as reference tests, five types of new wet joint details
were designed. Three wet joints changed the shape of the wet joint
interfaces into inclined shape, sawtooth shape, and rectangular
shape, respectively, whereas the other two wet joints enhanced their
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Fig. 8. Specially shaped steel plate (Note: All dimensions are in
millimeters)

plane interfaces by using larger full-length reinforcements and spe-
cially shaped steel plates (Fig. 8). Additionally, it should be noted
that the central reinforcements for wet joints were canceled in the in-
tegral casting detail and the steel plate—enhanced wet joint.

Except for wet joint details, the models in each test series were
identical. In the tensile test series on panels, panels with all five new
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wet joint details were designed. In the bending test series on beams,
only the sawtooth wet joint and the rectangular wet joint were studied
inaddition to the integral casting detail and the conventional wetjoint.

Loading Method and Instrumentation

All panels were tested using a 10,000-kN tensile tester, as shown in
Fig. 9. The tensile load was transferred to the test panel through two
articulated joints, so that no additional bending moment was applied
to the panel cross section in the axial force action line [Fig. 3(b)]. It
should be noted that the axial force action line was designed to be
closer to the RPC surface than the centroid of the panel cross section.
Thus, initial cracks would first appear in the RPC surface, so that
crack observations were facilitated. During the tensile tests on pan-
els, an unloading and reloading cycle was designed. The panels were
first loaded to 750 kN when the nominal RPC tensile stress (see the
later section on nominal RPC tensile stress) was approximately
20 MPa, and were then unloaded to O kN before being reloaded to
failure. The load was increased at an increment of SOkN and was
kept constant at each step to measure the crack width in the RPC
surface.

The test setup used to perform the bending tests on beams is
shown in Fig. 10. The beams were tested to failure using two sym-
metric point loads that produce a constant negative moment region.
The length of the constant moment region was 800 mm. Vertical
stiffeners were designed at the supports and the loading points to

vertical |
stiffener |

steel beam

——W L

i g
? const. negative
moment region

Fig. 10. Test setup for beams

prevent local buckling of the steel web before flexural failure. Also,
the crack width was measured at every load increment of 50 kN.

Material Properties

Material properties with respect to steel, rebar, and RPC are sum-
marized in Tables 2 and 3. The mix proportion of the RPC material
is shown in Table 4. A mixture of two types of steel fibers was
applied in the RPC material. One type had a diameter of 0.12 mm
and a length of 8 mm, and the other type had a diameter of 0.2 mm
and a length of 13 mm. Their volume ratios were 1.5% and 2%,
respectively. The tensile strength of both types of steel fibers was
2,700 MPa. Additionally, a 90°C hot-steam curing was performed
for 48 h after the initial setting of the RPC. The elastic modulus of
the RPC material was 42,600 MPa (Shao et al. 2013).

Tensile Tests on Panels

Test Observations

Test observations of the panels are as follows. As the load increased
gradually, initial tensile cracks formed in the transverse direction of
the RPC surface. The cracking loads, cracking stresses, and cracking
strains of these panels are shown in Table 5. After initial cracking,
new cracks started to appear and developed continuously. The crack

Table 3. Material Properties of RPC

Application [ (MPa) - (MPa) f.r (MPa)
Prefabricated half 155.2 29.5 13.6
Cast-in-situ half 155.7 28.6 12.9

Note: f., = cubic compressive strength determined by 100 x 100 x
100 mm specimens; f, and f,., = flexural strength and cracking stress
determined by four-point bending test of 100 x 100 x 400 mm speci-
mens, respectively.

Table 4. Mix Proportion of RPC for Test Models

Material Mass ratio
Cement 1
Quartz sand 1.1
Silica fume 0.2

Fly ash 0.1
Quartz powder 0.2
Water 0.19
Water reducer 1.5%
Steel fiber volume ratio (L = 8 mm) 1.5%
Steel fiber volume ratio (L = 13 mm) 2%

Table 2. Material Properties of Steel and Rebar

Material Applications Thickness/diameter (mm) fy (MPa) f. (MPa)
Q345 steel Steel plate and steel beam 12 392.2 552.0
22 346.4 551.3
HRB400 rebar Full-length reinforcements ®10 509.3 611.2
Central reinforcements D12 530.5 654.3
Full-length reinforcements in RPC-T-3 D14 441.7 597.6
End reinforcements in panels d16 467.5 581.9
Note: f, = yield stress; f,, = ultimate stress.
© ASCE 04016064-5 J. Bridge Eng.
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Table 5. Test Results of Panels

Panel P (kN) 0. (MPa) gcr(pe) Praiture (KN)
RPC-T-1 450 11.8 370 1,109
RPC-T-2 100 2.6 94 1,714
RPC-T-3 300 7.9 272 1,446
RPC-T-4 250 6.6 223 1,804
RPC-T-5 375 9.8 306 1,849
RPC-T-6 400 10.5 315 2,262
RPC-T-7 400 10.5 310 2,405

Note: P, = cracking load; o, = cracking stress (i.e., the nominal RPC ten-
sile stress at cracking load); e, = cracking strain measured by a strain
gauge; Ppajure = failure load.

development was accompanied by a small sound, which was prob-
ably caused by the microcracking of the RPC matrix and the debond-
ing between steel fibers and RPC at local regions (Li et al. 1993). In
all test panels, failure occurred shortly after the sudden rupture of the
reinforcement—end plate welding (Fig. 11). As a result of the dis-
creteness of the welding process, the failure loads ranged from 1,109
t02,405 kN (Table 5).

The crack distributions of the panels after testing are shown in
Fig. 12. Because of the weak adhesion between RPC and the end
plate, the RPC layer in the end region did not fully participate in
bearing the tensile load. Therefore, the cracks were mainly distrib-
uted in the 400-mm-long central wet joint region. Additionally,
because the cracks were well developed, the test results in the test
series were sufficient for this study, although all the test panels
failed as a result of the failure of the test setup.

Test Results

The load-axial deformation curves of the panels are shown in Fig.
13. The initial stiffnesses of the panels were close to one another
because they were identical except for the wet joint details. As the
load increased gradually, the stiffness of these panels started to
decrease as a result of crack development. However, no significant
stiffness degradation was discovered because the RPC layer could
still bear the tensile load with the steel fibers. After the unloading
and reloading cycle, the deformations were nearly the same as
before unloading, which suggested that the cracks had nearly no
propagation during the load cycle. Because of the rupture of the
reinforcement—end plate welding, sudden increases in axial defor-
mations were observed at the failure loads.

The variations of longitudinal strains in RPC and steel along the
panels are shown in Fig. 14 and Fig. 15, respectively. As a result of
measurement system malfunction, the strain data of Panel RPC-T-4
was not collected. As shown in Fig. 14, the RPC strains in the cen-
tral region (400-800 mm distance to end plate) were considerably
larger than that in the end region because of cracking. In the end
region, however, because the RPC layer did not fully participate in
bearing the tensile load, the steel plate carried more loads.
Therefore, the steel strains in the end region were larger than those
in the central region, as shown in Fig. 15.

Bending Tests on Beams

Test Observations

Test observations of the beams are as follows. As the load increased
gradually, initial tensile cracks started to appear. The cracking
loads, cracking stresses, and cracking strains of these beams are

© ASCE
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Fig. 11. Rupture of reinforcement—end plate welding

shown in Table 6. Similar to the tensile tests on panels, further crack
development was accompanied by a small sound that was probably
caused by the microcracking of the RPC matrix and the debonding
between steel fibers and RPC at local regions. The crack develop-
ment can be divided into two stages: the average cracking stage
before yielding of the steel beam and the concentrating cracking
stage afterward. The average cracking stage was characterized by
the gradual appearance of uniformly distributed hairline cracks in
the RPC material, whereas the concentrating cracking stage was
characterized by the formation of several concentrated cracks. After
yielding of the steel beam, the midspan deflections of the beams
increased rapidly, whereas nearly no strength degradation occurred.
In all test beams, ductile, tension-controlled failures were observed.

The crack distributions of the beams after testing are shown in
Fig. 16. In all test beams, the cracks were mainly distributed in the
constant moment region because of a relatively high bending
moment. The cracks can be classified into two categories: the main
cracks and the secondary cracks. The main cracks were the concen-
trated cracks formed after yielding of the steel beam, and the sec-
ondary cracks were hairline cracks in the RPC material that
appeared in the average cracking stage. Additionally, as shown in
Fig. 16, no concentrated crack formed in the 400-mm-long central
wet joint regions of Beams RPC-B-2-RPC-B-4 because of the
higher longitudinal reinforcement ratio.

Test Results

The load-deflection curves of the beams at midspan are shown in
Fig. 17. At the initial stage of loading (i.e., within 80% of P,), the
responses were linear and the stiffness of the beams did not decrease
notably despite the crack development. The load-deflection curves
were identical for different wet joint details before yielding of the steel
beams. After yielding, significant stiffness degradations occurred.
Then, the beams reached their ultimate loads at large midspan deflec-
tions (approximately 3—4 times the yielding deflections). The ultimate
load of Beam RPC-B-2 with the conventional wet joint was 2,584 kN,
which was only a 10.5% reduction of that for the integral casting
Beam RPC-B-1. The ultimate loads of Beams RPC-B-3-RPC-B-4,
which had better wet joint details, fell between those of RPC-B-1 and
RPC-B-2. This suggests that the mechanical properties of different
wet joint details were not significantly different because the wet joints
were enhanced by the central reinforcements placed in the central wet
joint region.
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Fig. 12. Crack distributions of panels: (a) RPC-T-1; (b) RPC-T-2; (c) RPC-T-3; (d) RPC-T-4; (e) RPC-T-5; (f) RPC-T-6; (g) RPC-T-7
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Fig. 13. Load-axial deformation curves of panels: (a) RPC-T-1; (b)
RPC-T-2; (c) RPC-T-3; (d) RPC-T-5; (¢) RPC-T-6; (f) RPC-T-7

The variations of longitudinal strains along the beam height in
three typical cross sections [Fig. 4(b)] are shown in Fig. 18. Note
that although initial RPC tensile cracks had already appeared when
load = 1,000kN, the measurements were still in good agreement
with the elastic theory value based on the partial-interaction theory
(see the later section on nominal RPC tensile stress). This result was
consistent with the load-deflection responses that were linear within
80% of P, despite the RPC cracking.
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Discussion

Nominal RPC Tensile Stress

To study the crack resistance performance of different RPC wet
joints, the nominal RPC tensile stress in the RPC surface was calcu-
lated for the two series of tests. In the stress calculation process, the
test specimens were modeled elastically because the steel and rebar
were in the elastic range and the RPC was either uncracked or in the
microcracking stage (Barbos and Piastrav 2014). Additionally, the
rebar in the RPC layer should be considered in cross-section analy-
ses. The elastic moduli of steel, rebar, and RPC are 210,000,
210,000, and 42,600 MPa, respectively. Note that test specimens in
the RPC macrocracking stage are not included in this discussion
because the RPC tangent modulus had decreased significantly.

For the panels, the plane section assumption was applied in the
central wet joint region. Then, considering the elastic modulus ratio
n = EJ/E, between steel and RPC, the nominal RPC tensile stress in
the RPC surface can be formulated by the method of transformed
sections (Johnson 2004).

P My, P( 1
Ty =

+ eth) (1)

- nA(), I’lI(), - n Af()t IOt

where P is the applied tensile load; n = EJ/E, is the elastic modulus

ratio between steel and RPC; e is the distance between the tensile
load action line and the centroid of the transformed panel cross
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Fig. 15. Variation of steel strains along panels: (a) RPC-T-1; (b) RPC-T-2; (c) RPC-T-3; (d) RPC-T-5; (¢) RPC-T-6; (f) RPC-T-7

section; y,, is the distance between the RPC surface and the centroid
of the transformed panel cross section; and A, and [, are the area
and moment of inertia, respectively, of the transformed panel cross-
section.

For the beams, however, the plane section assumption cannot
be directly applied because the behavior of a composite beam
may be modified by the presence of shear slip effect of the shear
connectors (Johnson 2004; Nie et al. 2004). In this case, the par-
tial-interaction theory (Johnson 2004; Wang 1998) is more suit-
able to correctly calculate the nominal RPC tensile stress, and
the following assumptions were made: (1) the shear stress at the
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interface was proportional to the slip, and the shear connection
(interface) stiffness was uniform and continuous along the
length of the beams; (2) plane sections were assumed for the
steel and RPC cross sections separately; and (3) the steel beam
and RPC layer at the same section had the same curvature and
rotation.

The first assumption gives the following slip equation:

Nk
= TS )
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where s is the relative slip between steel and RPC; N is the number
of rows of the shear stud; L is the longitudinal spacing of the shear
stud; and k is the shear stiffness of shear stud, according to Wang
(1998) and An and Cederwall (1996).

Fig. 19 shows in elevation a short beam element of length dx in
the shear span. According to Assumptions (2) and (3), other equa-
tions regarding Fig. 19 can be deduced from equilibrium, elasticity,
and compatibility. After solving these equations and inserting the
boundary conditions for the shear span of the beam, the nominal
RPC tensile stress in the RPC surface can be derived.

Comparisons of the strain test and theory results in the two test
series are shown in Figs. 18 and 20. As shown in the two figures, the
theory results are in good agreement with the test results. This indi-
cates the good reliability and applicability of the nominal RPC ten-
sile stress approach based on the plane section assumption and the
partial-interaction theory.

Comparisons of Crack Resistance Performance

As noted in the discussion of test results, comparisons of the load-
deformation curves of the models in each test series (Figs. 13 and
17) suggest that the mechanical properties of different wet joint
details were not significantly different. This is the result of the
enhancement of the wet joints by the central reinforcements placed
in the central wet joint region. However, on a microlevel, the crack
resistance performance of different wet joints may differ consider-
ably. Therefore, the development of the maximum crack width rela-
tive to the nominal RPC tensile stress in the two test series was
compared.

Table 6. Test Results of Beams

Panel P,, (kN) o.r (MPa) Eor () P, (kN)
RPC-B-1 900 16.0 986 2887
RPC-B-2 300 5.3 295 2584
RPC-B-3 600 10.7 596 2659
RPC-B-4 650 11.6 684 2744

Note: P, = ultimate load.

y o
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const. moment region
(@

wet joint region

)

| B e

|t
|-
© const. moment region

The nominal RPC tensile stress—maximum crack width curves
of the panels are shown in Fig. 21. The curves in the unloading and
reloading cycle are not shown in the figure because nearly no crack
propagation was observed during that cycle. As shown in Fig. 21,
the maximum crack widths increased gradually with the increase in
the nominal RPC tensile stresses. Comparisons of the seven curves
indicated that the crack resistance performance of different wet joint
details differed considerably. All of the other panels had better
crack resistance performance than the reference panel, Panel RPC-
T-2, with the conventional wet joint. Panels RPC-T-5-RPC-T-7
had crack resistance performance as good as that of the integral
casting panel, Panel RPC-T-1, because of their good wet joint
details; the crack propagations of panels RPC-T-5-RPC-T-7 were
restricted well, although their nominal RPC cracking stresses were
slightly smaller than that of panel RPC-T-1. In contrast, the crack
resistance performance of Panel RPC-T-4 was poor as a result of
the plane interface of the inclined wet joint, and its maximum crack
width was considerably larger than that of the other panels, except
Panel RPC-T-2. Compared with Panel RPC-T-4, the cracking stress
of Panel RPC-T-3 was just as large, but its crack development was
limited because of the enlarged full-length reinforcements.

3000
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X
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Fig. 17. Load-deflection curves of beams at midspan
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Fig. 16. Crack distributions of beams: (a) RPC-B-1; (b) RPC-B-2; (c) RPC-B-3; (d) RPC-B-4
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Fig. 20. Comparisons of strain test and theory results in panels
(load = 250kN)

The nominal RPC tensile stress—maximum crack width curves
of the beams are shown in Fig. 22. Initially, the maximum crack
widths increased linearly with the increase of the nominal RPC ten-
sile stresses. After yielding of the steel beam, concentration of
cracking resulted in rapid increases in the maximum crack widths.
Comparisons of the four curves indicated that Beam RPC-B-2 with
the conventional wet joint had the worst crack resistance perform-
ance, whereas the integral casting beam, Beam RPC-B-1, had the
best performance. Because of better wet joint details, the nominal
RPC tensile stress—maximum crack width responses of beams
RPC-B-3-RPC-B-4 were between those of RPC-B-1 and RPC-B-2.

Comparisons of initial cracking and crack development of
the RPC layer, shown in Tables 5 and 6 and Figs. 21 and 22,
indicated that the sawtooth wet joint, rectangular wet joint, and
steel plate—enhanced wet joint had a substantially better crack
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nominal RPC tensile stress (MPa)

Fig. 21. Nominal RPC tensile stress—maximum crack width curves of
panels
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Fig. 22. Nominal RPC tensile stress—maximum crack width curves of
beams

resistance performance than the conventional wet joint, and they
had crack resistance performance as good as that of the integral
casting detail in the tensile test series on panels. The reason was
that the sawtooth wet joint and the rectangular wet joint pre-
vented the direct application of the tensile load on the wet joint
interfaces, whereas the specially shaped steel plate enhanced its
wet joint greatly. In contrast, the conventional wet joint,
inclined wet joint, and reinforcement-enhanced wet joint had
small cracking stresses because of their plane interfaces.
Compared with the conventional wet joint and the inclined wet
joint, the crack development of the reinforcement-enhanced wet
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joint was more limited because of the larger full-length
reinforcements.

The theory of Mohr’s circle can further explain the good crack
resistance performance of the sawtooth wet joint and the rectangular
wet joint. As shown in Fig. 23, the magnitude of the normal tensile
stress o, at a plane passing through a point under a longitudinal ten-
sile stress o, is given by

Ox

_ 3
1 + tan?6 )

o, = 0y cos’f =

where 6 is the rotation angle of the plane and tan@ is the slope of
the plane.

The slope of the sawtooth wet joint interface was 2:1; thus, the
interface normal stress in the sawtooth wet joint was only 1/5 of the
longitudinal tensile stress. Additionally, according to Eq. (3), only
shear stress transferred in the vertical interfaces of the rectangular
wet joint. Because the wet joint interface was more unfavorable
under normal tensile stress than under shear stress, the crack resist-
ance performance of the wet joint could be improved by using saw-
tooth or rectangular interfaces. Additionally, it should be noted that
although the inclined wet joint also had decreased normal tensile
stress on the inclined surface according to Eq. (3), its crack resist-
ance performance was not as good as that of the sawtooth wet joint
because its straight boundary line in the RPC surface facilitated the
crack opening.

The crack development comparisons of the panels with the
beams are shown in Fig. 24. The solid and dashed lines represent
the nominal RPC tensile stress—maximum crack width curves of the
panels and beams with the same wet joint detail. The figure

Fig. 23. Stress components at a plane passing through a point under
longitudinal tensile stress
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Fig. 24. Crack development comparisons of panels with beams

indicates that the maximum crack width developed faster in the ten-
sile test series on panels than in the bending test series on beams.
This can be explained by the different load patterns of the two test
series. In the tensile test series on panels, the RPC layer was sub-
jected to direct tensile load, so the load pattern was similar to that in
the pure tensile test of the RPC material; in the bending test series
on beams, however, the tensile force was transmitted to the RPC
layer by shear connectors through bending, so part of the stress in
RPC was redistributed into the steel elements after initial cracking.
Therefore, the RPC layer in the tensile test series on panels was sub-
jected to more unfavorable load and developed wider cracks than
that in the bending test series on beams under the same normal RPC
tensile stress.

Durability-Based Allowable RPC Tensile Stress

According to Schmidt and Fehling (2005), the uncracked stage in
the stress—strain relation of RPC is limited by the tensile strength
of the cement matrix, and as a result, the cracking stress of fiber-
reinforced RPC was not different from that of nonfiber-reinforced
RPC. However, according to this study, the postcracking behavior
was improved significantly. A typical load-deflection curve in the
PRC four-point bending material test (Fig. 25) showed that the
modulus of RPC did not decrease notably in the microcracking
stage because the RPC layer could still bear the tensile load with
the steel fibers. Additionally, the load-deformation curves of the
test models (Figs. 13 and 17) suggested that their stiffness did not
decrease greatly after initial cracking. Therefore, as long as the du-
rability requirements are satisfied, the initial cracking of the RPC
layer can be allowed in bridge designs.

According to Rafiee (2012), the RPC critical crack width for du-
rability is approximately 0.05 mm. When the crack width is less
than the critical width, RPC behaves as a sound material from the
viewpoint of durability. Thus, this durability-based RPC critical
width design criteria may be applied. Because the modulus of RPC
did not decrease notably in the microcracking stage, the assump-
tions for calculating the nominal RPC tensile stress are still valid.
Therefore, an allowable RPC tensile stress can be defined as the
nominal RPC tensile stress when the maximum crack width is
0.05 mm.

Calculation results of the allowable RPC tensile stresses are
shown in Table 7. The allowable RPC tensile stresses for the inte-
gral casting detail according to the tensile tests on panels and the
bending tests on beams were 15.1 and 17.8 MPa, respectively,
whereas the maximum allowable RPC tensile stresses for wet joints
according to the two test series were 164 and 14.2MPa,

30
=
Eost
7} -
3
£20r crack concentration
(] L
micro-cracking stage
215t @
2t -
S ok initial crack
g L
€ 5F @un-cracked stage
o L
c
0 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25

displacement (mm)

Fig.25. A typical load-deflection curve in the PRC four-point bending
material test
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Table 7. Durability-Based Allowable RPC Tensile Stresses

Tensile tests on panels

Bending tests on beams

Detail O ers (MPa) 04 (MPa) T erp (MPa) 04.» (MPa)
Integral casting detail 11.8 15.1 16.0 17.8
Conventional wet joint 2.6 7.9 53 8.9
Reinforcement-enhanced wet joint 7.9 11.8 — —
Inclined wet joint 6.6 9.8 — —
Sawtooth wet joint 9.8 14.4 10.7 14.2
Rectangular wet joint 10.5 16.4 11.6 14.2
Steel plate—enhanced wet joint 10.5 15.7 — —

Note: o, = the allowable RPC tensile stress according to the tensile tests on panels; o, = allowable RPC tensile stress according to the bending tests on

beams.

respectively, when using rectangular-shaped interfaces. The
allowable RPC tensile stress results from the two test series match
each other well, and thus validate each other from another per-
spective. Additionally, Table 7 indicates that the allowable RPC
tensile stresses were considerably larger than the cracking
stresses. Therefore, the RPC initial cracking-based bridge design
is too conservative. For more economical bridge designs, the du-
rability-based allowable RPC tensile stress should be applied,
and use of the average of the results from the two test series is
recommended.

Conclusions

In this study, seven panels and four beams were designed and tested

to investigate the tensile behavior of RPC wet joints in a prefabri-

cated composite bridge deck system. The main conclusions are
summarized as follows:

1. The mechanical properties of different wet joint details were
close to one another. In comparisons of the load-deformation
curves of the models in each test series, no significant differ-
ence was found.

2. The crack resistance performance of different wet joint
details differed considerably. Comparisons of the nominal
RPC tensile stress—maximum crack width curves indicated
that the sawtooth wet joint, rectangular wet joint, and steel
plate—enhanced wet joint had substantially better crack re-
sistance performance than the conventional wet joint. In con-
trast, the inclined wet joint and the reinforcement-enhanced
wet joint had poor crack resistance performance because of
their plane interfaces. Therefore, in the design of a prefabri-
cated composite deck system, a wet joint with sawtooth- or
rectangular-shaped interfaces is recommended, and the spe-
cially shaped steel plate can also be applied to further
enhance the wet joint.

3. The load patterns of the tensile tests on panels and the bending
tests on beams were different. The RPC layer in the tensile tests
on panels was subjected to more unfavorable load, and its max-
imum crack width developed faster.

4. For more economical bridge designs, the durability-based
allowable RPC tensile stress should be applied instead of the
initial cracking stress. References can be made to Table 7 for
the allowable RPC tensile stresses of different wet joint details.

5. The shear slip effect of the shear connectors may be important
to the design of the RPC layer on a composite deck system.
Therefore, in the bridge design, a similar partial-interaction
analysis should be conducted to decide whether or not this
shear slip effect should be considered.
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