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Abstract 
In a technique for widening prestressed concrete (PC) deck slabs, the connection between the old and new deck slabs is 
crossed by reinforcement and subjected to external prestressing force. A total of six PC deck slabs under a concentrated 
load were tested to evaluate the effect of the initial prestressing level, concrete strength of the new deck slab, and surface 
roughness of the interface. A three-dimensional FEM analysis was also conducted to complement the experimental results. 
The results showed that all PC deck slabs failed in a brittle manner when shear cracks developed at the interface between 
the old and new deck slabs. Thus, the effective area of the interface for the PC deck slabs under a concentrated load is 
proposed in this study. Furthermore, by using the value of the effective area instead of the total area of the interface, it has 
been confirmed that predicted shear capacities obtained from JSCE Specification, AASHTO, and fib Model Code 2010 
provided a good lower limit for the experimental ultimate capacities. 
 

 
1. Introduction 

Some highway bridges have become functionally obso-
lete due to inadequate width before they become struc-
turally deficient. Due to the long construction period, 
high cost, and traffic interruption during demolition, 
highway widening has become common because it is 
more economical than the complete replacement. 

In the conventional prestressed concrete (PC) box 
girder bridge widening technique as shown in Fig. 1(a), 
the existing prestressing tendons need to be connected 
to the new deck slab. Consequently, some concrete parts 
should be demolished (around 1000 mm) to expose the 
tendons from the old deck slabs. The cast-in-place con-
crete slabs and beams are also required for the widening 
structure. Therefore, some problems still exist, such as 
the need to connect the prestressing tendons, the massive 
wet work of the cast-in-place concrete, and high volumes 
of formwork, which entail great time and cost. 

The new PC box girder bridge widening technique 
developed by Masui et al. (2016) can potentially reduce 
the cost and improve the speed of construction of 
bridges. The key components of this widening technique 
are illustrated in Fig. 1(b) and the construction se-
quences are explained as follows: First, the precast ribs 
are attached individually to the old bridge by introduc-

ing the first prestressing force through the lower PC 
cables. The longitudinal distance between two precast 
ribs is 3000 mm. The precast PC panels are then placed 
between the adjacent PC ribs. After that, some concrete 
parts in the old deck slabs are demolished (around 200 
mm) to expose the embedded rebars. The embedded 
rebars are then connected with the new rebars by using 
enclosed welding. Finally, concrete is placed on-site, 
resulting in a 200-mm-thick layer over the precast PC 
panels. Shear stress transfer between the old and new 
deck slabs is achieved by introducing the prestressing 
force through the upper PC cables. Consequently, the 
interface between the old and new deck slabs will be 
subjected to the compression force and the negative 
bending moment simultaneously. The compression force 
produces the compressive stress over the entire area of 
the interface. Meanwhile, the negative bending moment 
produces the tensile stress and the compressive stress at 
the top and bottom fiber of the interface, respectively. 
Since the compressive stress at the top fiber of the in-
terface was predominant than the tensile stress, the entire 
area of the interface will be compressed. Therefore, the 
effect of the bending moment can be neglected in the real 
structure. 

Although the new widening technique has consider-
able merit, the mechanical behavior of widening PC 
deck slab is still difficult to predict. The two-way inter-
action is complex and simplified analysis technique 
does not consider the shear failure mode with the exis-
tence of the interface between the old and new deck 
slabs. The most common failure mode is the punching 
shear. Many researchers (Higashiyama and Matsui 
1998; Hamada et al. 2008; Muttoni et al. 2012; Clement 
et al. 2013) have proposed the equation to predict the 
punching shear capacities. Significant work was also 
performed by Mander et al. (2011) to investigate the 
full-depth precast concrete bridge deck cantilevers, 
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which failed in a flexural and shear mixed failure at the 
panel-to-panel connection. The failure capacity is cal-
culated by using the modified yield line theory. Another 
potential failure mode is the shear failure of the inter-
face between the old and new slabs. Unfortunately, there 
are no predictive equations that consider such a failure 
mode for the PC deck slabs. 

In this regard, this study aims to investigate the be-
havior of the PC deck slab with the existence of the in-
terface between the old and new deck slabs. The ex-
perimental parameters were the initial prestressing level, 
concrete strength of the new deck slab, and surface 
roughness of the interface. Moreover, a nonlinear 3D 

FEM analysis was also conducted to complement and 
verify the experimental results. Finally, the experimental 
results were compared with the predicted shear capacities 
using JSCE Specification (2007), AASHTO (2007), and 
fib Model Code 2010 (2013). 

 
2. Experimental and analytical program 

2.1 Experimental program 
a) Concept design of specimens 
This study was designed to simulate the behavior of deck 
slabs between two precast ribs, having longitudinal dis-
tance of 3000 mm as shown in Figs. 2a and b. Two im-

(a) Conventional PC box girder bridge widening technique (b) Proposed PC box girder bridge widening technique 

Fig. 1 Comparison between the common and proposed PC box girder bridge widening technique. 
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portant conditions in the bridge case have been consid-
ered in this study, consisting of the prestressing force and 
the supporting point condition.  

The first is the prestressing force condition. In the real 
structure as shown in Figs. 2a and b, the compression at 
the new deck slab and subsequently at the interface be-
tween the old and new deck slab, due to prestressing in 
the upper PC cable, is externally transmitted through an 
interface between the precast rib and the new deck slab. 
The compression at the new deck slab is introduced by 
attaching the shear connectors in the precast ribs as 
shown in Fig. 2c. Theoretically, the tendons in the ex-
ternal PC members are being treated as the unbonded 
tendons. Therefore, it was reasonable in this study to use 
the unbonded PC rods to simulate the external compres-
sion force in the real structure. Moreover, to assure the 
full transfer of the prestressing force at the slab, the un-
bonded PC rods in this study were positioned at 275 mm 
from the center line of the slab as shown in Fig. 2d. This 
arrangement formed the angle θ of 33o40', which is 
specified by Japan Road Association 2012. 

The second is due to the supporting point condition. In 
the real structure as shown in Fig. 2a and b, the slab 
tends to be fixed along the three directions; one comes 
from the old slab and the rest comes from the precast ribs. 
Hence, in the experimental study, the slabs were sup-
ported on three-line fixed supports as shown in Fig. 2d.  

Based on the above conditions, all the specimens in 
this study were (1) subjected to prestressing force using 
unbonded PC rod and (2) supported on three-line fixed 
supports as shown in Fig. 2d. 

 
b) Test specimens 
Six specimens belonging to the three series were tested to 
investigate the effect of prestressing level, concrete 
strength of the deck new slab, and surface roughness of 
the interface (Table 1). Figure 3 shows the details of the 
specimens. The slabs were scaled down according to half 
scale model with the geometrical parameters were 1500 
mm long, 1225 mm wide and 100 mm thick. Each 
specimen consists of two parts and is cast at different 
times. The old slab is cast first followed by the new slab 
after seven days. To reproduce the rough surface, the old 
slab in all specimens, except for SL-Smooth, were in-
tentionally roughened by using the retarder at the day 
before casting and spraying with high-pressure water 
after de-molding. Meanwhile, to reproduce the smooth 

surface in SL-Smooth, the new concrete was cast directly 
against the old concrete without any roughness treat-
ment. 
 
c) Material properties 
The maximum size of course aggregate (Gmax) was 10 
mm. The design compressive strength (fcd') of the old 
slab was fixed at 50 MPa, while fcd' of the new slab varied 
at 30, 50, and 70 MPa. Cylinders with φ100x200 mm 
were cast from each concrete batch. Compressive and 
splitting tensile tests were conducted at the time of the 
loading test, as tabulated in Table 1. The diameters of 
rebars were 6, 10, and 16 mm with the average yield 
strength of 345.0, 392.8, and 386.0 MPa, respectively. 
The yield strength fpy, tensile strength fpu, and elastic 
modulus Eps, of the PC rods were 1171, 1268, and 
2.01x105 MPa, respectively. 
 
d) Parameters 
Three parameters are investigated and are summarized in 
Table 1. The first series investigates the effect of the 
initial prestressing level (σi), which varies into SL-P0.5 
(0.5 MPa), SL-P1.0 (1.0 MPa), and SL-P2.0 (2.0 MPa). 
The first series aims to evaluate the effect of initial 
prestressing level that will be introduced through the 
upper PC cable (Figs. 1b and 2a). The second series 
comprises three specimens to examine the effect of the 
strength of the new deck slab. It varies from 30, 50, and 
70 MPa in SL-C30, SL-P1.0, and SL-C70, respectively. 
The last series investigates the effect of surface rough-
ness of the interface, which consists of rough (SL-P1.0) 
and smooth surface (SL-Smooth). 
 
e) Instrumentations and test setup 
A hydraulic jack with 3000 kN capacity was used to 
apply the vertical load. The magnitude of the applied 
load was measured using a load cell. Transducers were 
used to measure the deflections, and π-gauges were used 
to measure the joint opening (Fig. 4a). Several strain 
gauges were also attached to the steel bars and PC rods 
(Fig. 4b).  

Figure 5 shows a photograph of the test. The deck slab 
was restrained at the supporting steel beams and fixed 
with steel bolts along the three edges. This is to repro-
duce the fixed constraints similar to those of real bridge 
deck slabs. The sizes of the steel beam and steel bolts 
were designed for adequate strength. Similar test meth-

Table 1 Details of specimens and material properties. 
fc’ (MPa) ft (MPa) Series Specimen σi 

(MPa) Old slab New slab Old slab New slab Surface roughness 

I, II and III SL-P1.0 1.0 53.4 56.5 3.7 3.9 
SL-P0.5 0.5 52.4 47.2 3.8 3.4 I SL-P2.0 2.0 52.8 47.8 3.8 3.4 
SL-C30 50.7 33.7 3.7 2.7 II SL-C70 52.3 69.6 3.7 4.9 

Rough surface 

III SL-Smooth 
1.0 

50.6 55.2 3.5 3.8 Smooth surface 
σi: initial prestress level introduced to the interface between the old and new deck slabs; fc’: compressive strength of concrete and  
ft: tensile strength of concrete 



Fakhruddin, T. Nakamura, Y. Sato, M. Yamada and J. Niwa / Journal of Advanced Concrete Technology Vol. 15, 38-54, 2017 41 

 

ods were conducted by some previous researchers 
(El-Gamal et al. 2007; Chigira et al. 2007). Before test-
ing, the slabs were prestressed using two unbonded PC 
rods and anchored at both ends of the slabs. A concen-
trated load was then applied to the new slab center by 
using a steel loading plate (100 mm x 250 mm). This 
loaded area was equivalent to the half scale of the foot-

print for the truck wheel load of 100 kN as specified by 
AASHTO 2007. 

 
2.2 Nonlinear FEM analysis program 
The finite element program DIANA (Ver. 9.5) was used 
to carry out the three-dimensional nonlinear FEM 
analysis. The concrete slabs were modeled with 
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20-noded isoparametric solid elements with the size of 
50 mm as shown in Fig. 6. In this work, the crack 
bandwidth is taken as the characteristic length h = 3 V  
(V is the volume of the element). 

The total strain fixed smeared crack model was ap-
plied for the crack model of concrete. The behavior of 
concrete in compression was modeled using the 
stress-strain relationship proposed by Thorenfeldt et al. 
(1987) as shown in Fig. 7a. The area below the softening 
part of the compressive stress-strain curve equals to Gc/h. 

The compressive fracture energy Gc is difficult to meas-
ure due to strong dependence on the testing procedure, 
but it appears to be 100-500 times greater than the tensile 
fracture energy Gf (Eder et al. 2010). However, the fail-
ure load of the models analyzed in this study was largely 
insensitive to Gc around 250 GF. After cracking, the 
tension-softening model proposed by Hordijk (1991) was 
used as the concrete constitutive model under tension as 
illustrated in Fig. 7b. The tensile fracture energy GF was 
obtained according to JSCE Specification (2007):  
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1/ 3 1/ 3
max10( ) (N/m)F cG d f ′=  (1) 

where dmax is the maximum size of coarse aggregate 
(mm) and fc’ is the compression strength of the concrete 
(N/mm2). For the shear model, the constant shear reten-
tion model with the value of shear retention factor β 
equal to 0.1 was applied (Fig. 7c).  

Reinforcing bars are modeled by means of the em-
bedded reinforcement element in DIANA system while 
the PC rods are modeled by means of unbonded model. A 
bilinear elasto-plastic constitutive model is used to ap-
propriately represent the stress-strain relationship of 
reinforcing bars and PC rods.  

The flat joint model is applied to reproduce the inter-
face between two concrete parts. The flat joint model is 
composed of two-node interface element, with different 
constitutive laws depending on the geometry that ele-
ments were reproducing (Turmo et al. 2006). These 
constitutive laws were derived from the formulation 
proposed by AASHTO (2007). Coulomb friction model 
with and without cohesion has been selected for the 
interface element between two concrete parts and are 
presented in Figs. 8a and b, respectively.  

The values adopted for the characterization of Cou-
lomb friction model are presented in Table 2. The im-
portant properties of the interface element model are 
identified by the value of normal stiffness kn and tan-
gential stiffness kt in the elastic stage. When an interface 
element is introduced in a finite element model, the 
major prerequisite is that no additional deformation be 
introduced in the elastic stage. For this reason, the values 
of initial stiffness kn and kt have to exhibit a sufficiently 
high value to reproduce the continuous geometry of 
segmental concrete beams before the joint opening 
(Turmo et al. 2006; Sivaleepunth et al. 2009). However, 
the values of initial stiffness have to be small enough to 
avoid numerical problems during analysis. Turmo et al. 

(2006) proposed the value of kn and kt of 5 x 104 N/mm3 
for a flat joint model based on the FEM model that is 
calibrated with the experimental test. Thus, the value of 5 
x 104 N/mm3 was also used in this study. Moreover, the 
value of friction angle φ is taken to be equal to the fric-
tion coefficient between two concrete surfaces μ pro-
posed by AASHTO (2007), because the flat joint model 
was derived from the formulation proposed by this 
guideline. The other important value is the cohesion 
value (c). The cohesion values in Table 2 are determined 
based on comparing between the experimental results 
and FEM analysis, such as load-deflection and load-joint 
opening curves that will be discussed in Section 4.1. 

During the analysis, the prestressing force was applied 
by using the incorporated prestressing command in 
DIANA system at the first step. After the first step, the 
displacement control and the Quasi-Newton method was 
used in the iteration. 

 
3. Experimental results and discussion 

3.1 Cracking pattern and failure mode 
Table 3 summarizes the experimental results. Figure 9 
presents the crack patterns of the tested slabs, in which 
the solid and dashed lines express the cracks on the top 
and bottom surfaces, respectively. SL-P2.0 had larger 
number of flexural cracks due to larger initial 
prestresssing level. Moreover, the flexural cracks from 
the old slab in SL-Smooth were disconnected at the in-
terface due to lower shear transfer strength in the smooth 
surface. These indicate that both the prestressing level 
and surface roughness significantly influence the crack 
patterns of the slab.  

Even though the number of flexural cracks was dif-
ferent in each slab, the final flexural cracks on the bottom 
surface of all slabs were similar with the typical flexural 
yield line pattern for the slab supported on three-line 
fixed supports. Meanwhile, the observed crack on the top 

Table 2 Variables in Coulomb friction model. 
Parameters All slabs (except SL-P0.5 and SL-Smooth) SL-P0.5 SL-Smooth 

Normal stiffness, kn (N/mm3) 5 x 104 5 x 104 5 x 104 
Tangential stiffness, kt (N/mm3) 5 x 104 5 x 104 5 x 104 

Friction angle, tanφ 1 1 0.7 
Cohesion, c (N/mm2) 1.93 1.0 1.93 

 

Fig. 8 Coulomb friction model. 
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surface was similar with the typical shear failure of the 
interface between the old and new slabs. This crack pat-
tern is clearly different from that of the typical punching 
shear failure. If the punching shear failure occurred, the 
punching cone can be observed on the surface of the slab. 
Hence, it can be concluded that the failure mode was the 
shear failure of the interface between the old and new 
slabs. 

 
3.2 Load-joint opening and Load-deflection re-
sponses 
Figure 10 shows the response of the load-average joint 
opening under the loading point. It was observed that the 
load-joint opening behaved similarly until the first joint 
opening load (Pcr), approximately at 53 kN to 77 kN 
(Table 3) or around 40% to 54% of the ultimate capacity. 
After that, the joint opening increased sharply up to the 
failure. Obviously, the behavior of load-joint opening in 

Fig. 10a was significantly different with the load-joint 
opening in Figs. 10b and c. This indicates that the effect 
of the initial prestressing level on the joint opening was 
more significant than concrete strength and surface 
roughness. 

The responses of applied load-deflection are illus-
trated in Fig. 11. The displacements reported in this 
figure are the measured deflection under the loading 
point (D3 transducer in Fig. 4a). All slabs exhibited 
similar elastic behavior from the beginning until the first 
joint opening load (Pcr). After that, the slope of 
load-deflection curves gradually reduced until the failure. 
Finally, the load suddenly decreased because the inter-
face has reached its ultimate strength. Similar with the 
joint opening, the effect of the initial prestressing level 
on the deflection was also more significant than the other 
parameters. 

 

(a) SL-P1.0 (c) SL-P2.0 

(d) SL-C30 (e) SL-C70 (f) SL-Smooth 

Fig. 9 Experimental crack patterns. 

(b) SL-P0.5

: Flexural crack at the bottom surface : Shear crack at the interface

First crack First crack

First crack First crack First crackCrushed Crushed 

Crushed 

Crushed

: Tensile crack at the top surface 

First crackCrushed 

Table 3 Experimental results. 
Py (kN) JO (mm) δ (mm) Specimen Pcr (kN) Long. rebars Transv. rebars Pu (kN) JOy JOu δy δu 

Failure mode 

SL-P1.0 63.0 87.0 103.0 141.0 0.15 2.14 4.16 22.9 
SL-P0.5 53.0 75.0  71.0 109.0 0.17 1.36 4.61 16.2 
SL-P2.0 77.0 82.0 114.0 144.0 0.09 1.80 3.61 32.6 
SL-C30 55.0 83.0 107.0 136.0 0.07 2.35 4.06 27.8 
SL-C70 69.0 87.0 108.0 153.0 0.19 2.14 3.82 20.3 

SL-Smooth 55.0 83.0 102.0 139.0 0.14 2.37 3.77 27.7 

Shear failure at the interface

Pcr: first joint opening load; Py: first yielding load at rebars; Pu: ultimate load; JOy and JOu: joint opening at Py and Pu, respectively;  
δy and δu: displacement under the loading point (D3 transducer) at Py and Pu, respectively 



Fakhruddin, T. Nakamura, Y. Sato, M. Yamada and J. Niwa / Journal of Advanced Concrete Technology Vol. 15, 38-54, 2017 45 

 

3.3 Strain of rebars 
a) Longitudinal rebars 
Figure 12a shows the locations of the strain gauges 
attached in the longitudinal rebars with SL-P1.0 as ref-
erence. From Fig. 12b, it was seen that all the longitu-
dinal rebars in the lower layer (LL) behaved in tension 
until the failure. The first yielding load (Py) was observed 
at 87 kN or around 62% of the ultimate load. At the 
failure, all the LL rebars have yielded.  

From Fig. 12c, it was observed that all the longitudinal 

rebars in the upper layer (LU) behaved in compression 
until the flexural cracks initiated on the bottom surface of 
the new slab at around 35 kN. After that, the behavior of 
LU changed to be tensioned, and finally yielded at the 
failure. Interestingly, the failure occurred just after the 
yielding of LU-3 rebars, which was located at 50 mm 
from the interface (Fig. 12a). This indicates that the 
failure was affected by the behavior of the LU rebars. 
Hence, in the design of the new slab, the reinforcement 
ratio of the LU rebars needs to be considered. 

(a) Effect of prestressing level (Series-I) (b) Effect of concrete strength (Series-II) (c) Effect of surface roughness (Series-III)

Fig. 11 Load-deflection curves (D3 transducer). 
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b) Transverse rebars 
Figure 13a presents the locations of strain gauges at-
tached in the transverse rebars with SL-P1.0 as reference. 
Two strain gauges were attached at the same rebars, the 
one at 50 mm from the interface and the other at 250 mm 
from the interface. It was observed in Fig. 13b that all the 
transverse rebars in the lower layer (TL) behaved in 
tension until the failure. The first yielding load (Py) was 
observed in TL-6 (under the loading point) at the load of 
103 kN (Table 3), or around 86% of the failure load. At 
the failure, all the TL rebars at 50 mm from the interface 
(TL-4, TL-5 and TL-6) yielded. However, all the TL 
rebars at 250 mm from the interface (except for TL-2) 
have not yielded at the failure. This indicates that the 
measured strain of the TL rebars varied along its length 
and was the highest at the interface. 

From Fig. 13c, it was observed that all the transverse 
rebars in the upper layer (TU) behaved in compression at 
the beginning until the opening of joint (Pcr). The first 
joint opening was observed in TU-6 at the load of 63 kN. 
After that, the behavior of all TU rebars changed to be 
tensioned until the failure. Interestingly, the failure oc-
curred just after the yielding of TU-6, which was located 
under the loading point. This result supports the conclu-
sion in Section 3.1 that the interface shear failure ob-
served in this study was governed by the loss of con-
finement of the transverse rebars in the upper layer under 
the loading point. According to Maekawa et al. (1997), 
this phenomenon is the most common failure criterion 
for RC interface. 

3.4 Effect of prestressing level 
The effect of the initial prestressing level (σi) was in-
vestigated in SL-P0.5 (0.5 MPa), SL-P1.0 (1.0 MPa) and 
SL-P2.0 (2.0 MPa) and is presented in Table 1. The 
responses of load-joint opening and load-deflection are 
illustrated in Figs. 10a and 11a, respectively. The sum-
mary of the measured data, which includes the first joint 
opening load (Pcr), the ultimate load (Pu), and the 
midspan deflection at the ultimate (δu), is tabulated in 
Table 3. The stress increment at the PC rods (Δfp) is 
tabulated in Table 4. The value of Δfp is calculated by 
subtracting the initial prestressing stress, fpe, from the 
ultimate prestressing stress, fps. In this study, the tensile 
stress in all unbonded PC rods never reached its nominal 
yield strength at the failure. 

The prestressing level influenced the first joint open-
ing load (Pcr). From Table 3, SL-P0.5 showed the lower 
Pcr (53 kN); and on the other hand, SL-P2.0 showed the 
larger Pcr (77 kN). This indicates that the first joint 
opening load is directly influenced by the prestressing 
level. The higher the prestressing level, the higher the 
first joint opening load can be observed. This is because 
the prestressing level acts as a clamping stress, which 
resulted in a frictional force on the interface and hence, 
delayed the opening of the joints. 

The responses of load-deflection are shown in Fig. 11a. 
It was observed that once the joints opens, approximately 
at 53 kN to 77 kN (Table 3), the stiffness of the slab was 
strongly influenced by the prestressing level. The higher 
the prestressing level, the smaller the deflection at the 
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Table 4 Prestressing level at the cross-section of the interface and average prestressing force at PC rod. 

Initial (MPa) Ultimate (MPa) Specimen 
fpe σi fps σu 

Δfp (MPa) Δσ (MPa) Δfp / fpe Pu (kN) Pu/√fc' 

SL-P1.0 327.2 0.82 436.2 1.10 109.0 0.27 0.33 141.0 18.8 
SL-P0.5 161.4 0.41 240.0 0.60 78.6 0.20 0.49 109.0 15.7 
SL-P2.0 641.8 1.62 877.6 2.21 235.8 0.59 0.37 144.0 20.8 
SL-C30 329.4 0.83 516.8 1.30 187.4 0.47 0.57 136.0 - 
SL-C70 326.0 0.82 463.4 1.17 137.4 0.35 0.42 153.0 - 

SL-Smooth 330.6 0.83 401.8 1.01 71.2 0.18 0.22 139.0 18.7 
fpe and fps: the average PC rod stress at initial and ultimate load, respectively; σi and σu: the average prestress level of concrete at 
initial and ultimate load, respectively; Δfp: average stress increment at PC rod; Δσ : the increment of average prestress level of con-
crete; Pu: ultimate capacity 
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same load level can be observed. On the contrary, the 
measured deflection at the failure (δu) increased with the 
increase in the prestressing level. It was seen in Table 3 
that SL-P0.5 showed smaller δu (16.2 mm), while 
SL-P2.0 showed larger δu (32.6 mm). According to 
Haskett et al. (2011), greater prestressing level across the 
interface promotes greater shear transfer capacity and 
delays the failure.  

The measured concrete strains at the top fiber of the 
interface in SL-P0.5 and SL-P1.0 are presented in Fig. 
14b. The strain gauge was attached perpendicular to the 
interface, exactly at 137.5 mm from the slab center (Fig. 
14a). At the same strain level, SL-P1.0 showed higher 
compression force which was developed at the top fiber 
of the interface than that of SL-P0.5. For a compression 
force value lower than the one necessary for resisting the 
applied load, larger displacement could occur once the 
joint opened. On the other hand, for a compression force 
value larger than the one necessary for resisting the ap-
plied load, smaller displacement was expected once the 
joint opened. These results suggested that the prestress-
ing level larger or equal to 1.0 MPa is more capable of 
resisting the sliding shear stress than that the prestressing 
level lower or equal to 0.5 MPa. 

All slabs failed in shear of the interface between the 
old and new slabs. The ultimate capacities of SL-P0.5, 
SL-P1.0, and SL-P2.0 were 109 kN, 141 kN, and 144 kN, 

respectively (Table 3). This indicates that larger 
prestressing level across the interface facilitates greater 
ultimate capacity. However, comparing SL-P1.0 with 
SL-P2.0, it was seen that the ultimate capacity in these 
slabs was almost similar even though the prestressing 
level was increased from 1.0 to 2.0 MPa. This could be 
caused by the difference in the concrete strength (fc'). 
Thus, to make it independent of the concrete strength, the 
obtained ultimate capacity was divided with the square 
root of concrete compressive strength ( /u cP f ′ ). Pu is 
the ultimate capacity (kN) and fc' is the concrete com-
pressive strength (N/mm2). 

The divided ultimate capacities /u cP f ′  of SL-P0.5, 
SL-P1.0, and SL-P2.0 were 15.9, 18.8 and 20.8, respec-
tively and are shown in Fig. 15a. This indicates that the 
increase in the prestressing level from 0.5 to 1.0 MPa can 
improve the ultimate capacity (16.5%) more effectively 
than the increase in the prestressing level from 1.0 to 2.0 
MPa (10.6%). This is in agreement with Hwang et al. 
(2010) and Clement et al. (2013) who concluded that the 
ultimate capacity is not increased proportionally with the 
initial prestressing level. The positive influence of the 
prestressing level tended to reduce with the increase in 
the initial prestressing level. One of the reasons is that the 
ratio of the stress increment in the unbonded PC rod 
(Δfp/fpe) decreased with the increase in the prestressing 
level. As tabulated in Table 4, Δfp/fpe ratios reduced from 
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0.49 (0.5 MPa) to 0.37 (2.0 MPa). In the shear transfer 
mechanism, the ultimate capacity of the interface is de-
pendent on the stress increment in the PC rod. The higher 
the tensile stresses induced to the PC rod, the higher the 
total shear resistance that can be transferred to the in-
terface. 

Eventually, from the above results, the summary of the 
effect of the prestressing level can be drawn in four main 
points: (a) The first joint opening load is directly influ-
enced by the prestressing level. The higher the 
prestressing level, the higher the first joint opening load 
can be obtained. (b) The increase in the prestressing level 
decreases the deflection at the same load level and on the 
other hand, it increases the deflection at the ultimate load. 
(c) The ratio of the stress increment in the unbonded PC 
rod reduces with the increase in the prestressing level. (d) 
The positive influence of the prestressing level tends to 
decrease with the increase in the prestressing level. 

 
3.5 Effect of concrete strength 
The effect of the concrete strength (fc') was investigated 
in SL-C30, SL-P1.0 and SL-C70, having the concrete 
strength of 33.7, 56.5 and 69.6 MPa, respectively. As 
shown in Table 3, the first joint opening load (Pcr) of 
SL-C30, SL-P1.0, and SL-C70 were 55.0, 63.0, and 69.0 
kN, respectively, and the deflections at the failure (δu) of 
those slabs were 27.8, 22.9 and 20.3 mm, respectively. 
These indicate that when the concrete strength of the new 
deck slab increased, the first joint opening load increased 
and on the other hand, the deflection at the failure de-
creased. The first joint opening load increased in higher 
concrete strength due to the higher aggregate interlock-
ing force which was produced from the bonding strength 
between two concrete faces. Meanwhile, the deflection at 
the failure decreased in higher concrete strength is due to 
the higher stiffness of the slabs. 

Since the increase in the PC rods stress depended on 
the deformation of the full member, the smaller the joint 
opening and the deflection, the smaller ratios of the stress 
increment and the initial stress (Δfp /fpe) can be observed. 
As shown in Table 4, SL-C30 registered larger Δfp /fpe 
ratio of 0.57 due to the larger joint opening and deflection 
at the failure. Slab SL-C70, on the other hand, registered 
lower Δfp /fpe ratio of 0.42 due to the smaller joint opening 
and deflection at the failure. 

The ultimate capacities Pu of SL-C30 (136 kN), 
SL-P1.0 (141 kN) and SL-C70 (153 kN) are presented in 
Figure 15b. SL-C30 showed lower ultimate capacity due 
to lower concrete strength. On the other hand, SL-C70 
showed larger ultimate capacity due to larger concrete 
strength. Agreed with Rahal et al. (2016), the concrete 
strength has a considerable effect on the ultimate capac-
ity. However, similar with the prestressing level, the 
ultimate capacity also did not increase proportionally 
with the concrete strength. The comparison between the 
concrete strength f'c and the ultimate capacity Pu of 
SL-C30 and SL-P1.0 showed the increase in f'c of 1.68 
times and Pu of 3.5%. However, the comparison between 

f'c and Pu of SL-P1.0 and SL-C70 showed the increase in 
f'c of 1.23 times and Pu of 8.5%. This indicates that the 
positive influence of the concrete strength became more 
significant when the concrete strength of the new slab 
(loaded slab) was larger than the concrete strength of the 
old slab. This is reasonable due to the flexural capacity of 
the new slab (loaded slab) also affected the ultimate 
capacity as it was discussed in Section 3.3. 

From the above results, the summary of the effect of 
the concrete strength of the new deck slabs can be drawn 
in three main points: (a) The first joint opening load and 
the deflection at the failure is directly influenced by the 
concrete strength. The higher the concrete strength, the 
higher the first joint opening load and on the other hand, 
the smaller the deflection at the failure can be observed. 
(b) The stress increment at the unbonded PC rod de-
creased with the increase in the concrete strength. (c) The 
ultimate capacity of the interface increased with the 
increase in the concrete strength.  

 
3.6 Effect of surface roughness 
The effect of the surface roughness was investigated in 
SL-P1.0 (rough) and SL-Smooth (smooth). The re-
sponses of load versus joint opening are presented in Fig. 
10c. It was seen that the joint opening of SL-P1.0 was 
almost similar with SL-Smooth until the first joint 
opening load (Pcr), which occurred at 63 kN and 55 kN, 
respectively (Table 3). Beyond the Pcr, the difference 
between SL-P1.0 and SL-Smooth could be clearly ob-
served, whereas the magnitude of the joint opening in 
SL-P1.0 was greater than that of SL-Smooth at the same 
load level. For instance, at the load of 125 kN, the 
measured joint openings in SL-P1.0 and SL-Smooth 
were 1.2 mm and 1.0 mm, respectively (Fig. 10c). This is 
because the joint opening in SL-P1.0 was concentrated 
around the loading point (Fig. 9a) while the joint opening 
in SL-Smooth was propagated into the whole of the 
interface (Fig. 9f). 

To explain the above behavior, the responses of 
load-concrete strain at the top fiber of the interface are 
presented in Fig. 14c. The strain gauge was attached 
perpendicular to the interface, exactly at 137.5 mm from 
the slab center (Fig. 14a). Obviously, the top fiber of the 
interface tended to be compressed from the beginning up 
to 125 kN. After that, the shear resisting mechanism of 
the interface significantly changed. When the interface 
became rough, the top fiber of the interface was still able 
to form the compression fiber until the failure. However, 
when the interface became smooth, the compressive 
force gradually reduced and turned into tension. Hence, 
the joint opening propagated along the smooth interface 
and finally produced a significant shear slip as shown in 
Fig. 16. At the failure, SL-Smooth registered greater 
deflection (27.7 mm) compared with that of SL-P1.0 
(22.9 mm) as shown in Table 2. 

Table 3 tabulates the ultimate capacities of SL-P1.0 
(141 kN) and SL-Smooth (139 kN). In order to make it 
independent of the concrete strength, the obtained ulti-
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mate capacity was divided by the square root of concrete 
compressive strength ( /u cP f ′ ). Pu is the ultimate ca-
pacity (kN) and fc' is the concrete compressive strength 
(N/mm2). Thus, /u cP f ′  of SL-P1.0 and SL-Smooth 
were 18.8 and 18.7, respectively (Fig. 15c). It indicates 
that the ultimate capacity was almost same as the surface 
roughness changed from rough to smooth surface.  

The above results were contradicted by the general 
agreement for the concrete-to-concrete interface under 
direct-shear test (Randl 2013; Niwa et al. 2016), which 
concluded that as the degree of roughness of a particular 
surface increases; the ultimate capacity also increases 
significantly. The different results in this study can be 
explained as follows. For the PC deck slab subjected to a 
concentrated load (Fig. 17a), the width of the loading 
plate was much smaller than the total width of the inter-
face. Hence, the compressive stress will be concentrated 
only in the particular part of the interface, exactly around 
the loading point. Moreover, due to the two-way slab 
interaction, the contribution of the loaded slab (new slab) 
is also significant on the ultimate capacity as it was dis-
cussed in Section 3.5. Therefore, in the case of PC deck 
slab under a concentrated load, the ultimate capacity will 
be determined by two factors, the one from the shear 
capacity of the interface and the other from the flexural 
capacity of the new slab (loaded panel). On the other 
hand, in the case of the direct-shear test in Fig. 17b, the 
strip specimen representing the deck slab section will be 
used. It is seen in this figure that the width of the loading 
point is equal to the total width of the interface. The shear 
stress will be localized at the total area of the interface 

and consequently, the interface becomes the weakest 
point than the loaded slab (new slab). Therefore, in the 
case of the direct-shear test, the ultimate capacity can be 
determined by the ultimate capacity of the interface 
between the old and new slabs.  

Eventually, from the above results, the summary of the 
effect of the surface roughness can be drawn in two main 
points: (a) the first joint opening load, the joint opening 
at the same load level, and the deflection at the failure are 
directly influenced by the surface roughness. The higher 
the degree of roughness of a particular surface, the higher 
the first joint opening load and the joint opening at the 
same load level; and on the other hand, the smaller the 
deflection at the failure can be observed. (b) The varia-
tion in surface roughness does not show any remarkable 
influence on the ultimate capacity. However, it must be 
noted that the results in this study were limited to the case 
of PC deck slab supported on three-sides and subjected to 
a concentrated load immediately adjacent to the inter-
face. 

 
4. Comparison of experiment and analysis 

4.1 Nonlinear FEM analysis 
Since it was observed from the experiment that the 
prestresing level had large influence on the opening of 
joint, the nonlinear FEM analysis was used in this study 
in order to investigate its behavior on the joint opening, 
the failure mode, and the principal strain flow. FEM 
analysis was also used to check the values adopted for the 
characterization of the Coulomb friction model which are 
presented in Table 2.  

The nonlinear FEM analyses for SL-P0.5 and SL-P1.0 
were conducted first to check the feasibility of the FEM 
model. After that, the FEM analyses for remaining slabs 
were performed. The validation of FEM analysis was 
examined by comparing the analytical results with the 
experimental results as illustrated in Figs. 18a and b. It 
can be observed that FEM analysis can predict not only 
the load-deflection response, but also the load-joint 
opening response. The ratios of the experimental to the 
analytical capacity (PEXP/PFEM) of SL-P1.0 and SL-P0.5 
were 1.02 and 0.98, respectively (Table 5).  Fig. 16 Shear slips in SL-Smooth (bottom surface). 
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The second objective of FEM analysis was to confirm 
the experimental failure mode. The experimental crack 
pattern on the bottom surface of SL-P1.0 (reference slab) 
was compared with the contour figure of principal strain 
at the peak load as shown in Figs. 19a and b, respectively. 
According to Section 3.1, the failure mode was the shear 
failure of the interface between the old and new slabs, in 
which the shear cracks developed at the interface (Fig. 
19a). The development of the shear cracks at the inter-
face can be also confirmed in FEM analysis, in which the 
concentrated principal strain was observed near the 
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Fig. 19 Principal tensile strain on the top surface of SL-P1.0. 
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Table 5 Ultimate capacity of experiment and analysis. 
Specimen PEXP (kN) PFEM (kN) PEXP / PFEM

SL-P1.0 141.0 138.0 1.02 
SL-P0.5 109.0 112.0 0.98 
SL-P2.0 144.0 140.1 1.03 
SL-C30 136.0 133.5 1.02 
SL-C70 153.0 149.5 1.02 

SL-Smooth 139.0 131.1 1.06 
Mean 1.02 

Coefficient of Variation (C.V.) 2.9 
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loading point (Fig. 19b). 
In addition, since it was observed from the experiment 

that the amount of initial prestressing level affected the 
interface shear transfer, the comparison of the experi-
mental crack patterns and the contour figures of principal 
strain at the peak load on the bottom surface of the 
SL-P1.0 and SL-P0.5, are presented in Figs. 20 and 21, 
respectively. According to Figs. 20 and 21, it was ob-
served that the experimental crack patterns in both slabs 
had similarity with the contour figure of the principal 
strains, in which several flexural cracks can be observed 
on the bottom surface of the slabs. Also two other ten-
dencies can be observed in Figs. 20 and 21. First, if the 
initial prestressing level was larger or equal to 1.0 MPa, 
the contour figures of principal strain could flow con-
tinuously across the interface (Fig. 20b). Second, if the 
initial prestressing level was lower or equal to 0.5 MPa, 
the contour figures of principal strain could not flow 
across the interface (Fig. 21b). In agreement with the 
experiment, FEM analysis also showed that the 
prestressing level of larger or equal to 1.0 MPa was more 
capable to resist the sliding shear stress than the 
prestressing level of lower or equal to 0.5 MPa. 

After checking the feasibility of FEM model in 
SL-P1.0 and SL-P0.5, FEM analyses for the remaining 
slabs were conducted and are summarized in Table 5. 
The values used in the interface model are tabulated in 
Table 2. Again, FEM analyses showed a good agreement 
with the experiment. The ratios PEXP/PFEM varied from 
0.98 to 1.06, with a coefficient of variation of 2.9% 
(Table 5).  

In Section 4.2, the experimental ultimate capacities 
will be compared with the predicted ultimate capacities 
by using the existing guidelines. The total area of the 
interface (Ac) is required to calculate the shear capacity 
of the interface in the guidelines. From Figs. 19, 20 and 
21, it was observed that only some parts of the interface 
cracked when the shear failure occurred at the interface. 
Thus, the area of the interface for this study cannot be 
assumed as the total area of the interface, but it should be 
assumed as the effective area (Aeff). Since the values for 
constant in each design guideline were separated based 
on the roughness degree of the interface, the contour 
figures of the principal strain at the cross section of the 

interface for the rough surface (SL-P1.0 as representa-
tive) and smooth surface (SL-Smooth) have been pre-
sented in Figs. 22a and b, respectively. According to the 
shear-friction theory, the shear failure of the interface 
will occur after the yielding of the rebars crossing the 
interface (transverse rebars). Thus, the validation of the 
effective area from FEM analysis was made by com-
paring the number of the transverse rebars which have 
yielded at the failure. It was observed in Fig. 13 that a 
total of four transverse rebars which have yielded at the 
failure in the rough surface (SL-P1.0). Meanwhile, a total 
of six transverse rebars which have yielded at the failure 
in the smooth surface (SL-Smooth). According to these 
observations, the effective area of the interface (Aeff) for 
the rough and smooth surface was proposed as a trape-
zoidal shape and is illustrated in Figs. 22a and b, re-
spectively.  

 
4.2 Predicted shear capacity 
Since the experimental failure mode was a shear failure 
at the interface, the experimental shear capacities were 
compared with predicted shear capacities using JSCE 
Specification (2007), AASHTO (2007), and fib Model 
Code 2010 (2013). The shear capacity predicted by these 
guidelines was considered without partial safety factors.  

Based on JSCE Specification, the design capacity for 
shear transfer Pu was computed using the following 
equations: 

2( sin sin cos )u c s y c kP p pf A Pτ τ θ α θ θ= + − +  (2) 

1( )b b
c c y nf pfτ μ α σ −′= −  (3) 

0.08 /s yfτ α=  (4) 

{ }0.75 1 10( 1.7 / )n yp fα σ= − −  (5) 

where 
p: reinforcement ratio (p=As/Ac) 
As: area of reinforcement crossing the interface 
Ac: area of the interface 
θ: angle between interface and reinforcement at the 

interface (θ = 90o in this study) 
fy: yield strength of reinforcement 

+1.00e-002 

+8.10e-003 
+7.15e-003 
+6.20e-003 
+5.25e-003 
+4.30e-003 

+9.05e-003 

+3.35e-003 
+2.40e-003 
+1.45e-003 
+5.00e-004 

(b) FEM analysis 

Fig. 21 Principal tensile strain on the bottom surface of SL-P0.5. 

Lack of 
integrity

(a) Experimental crack pattern  
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Pk: shear capacity of shear key (Pk=0 in this study) 
μ: coefficient of friction (μ=0.45 in this study) 
σn: average normal compressive stress acting on the 

interface 
b: coefficient representing configuration of planes (For 

segmental joint, b=0.5). 
AASHTO provision gives the following design for-

mula to estimate the nominal shear resistance of interface 
Pu: 

( )u c s y cP cA A f Nμ ′= + +  (6) 

but not greater than the lesser of Eqs. (7) and (8). 

1u c cP f Aκ ′≤  (7) 

2u cP Aκ≤  (8) 

where 
c: cohesion factor (0.28 ksi or 1.93 MPa for rough, and 

0.025 ksi or 0.172 for smooth)  
Nc: compressive force normal to the interface 
κ1: friction of the concrete strength to resist the inter-

face shear (Table 6) 
κ 2: limiting the interface shear resistance (Table 6) 
μ: coefficient of friction (Table 6). 
In fib MC2010, the shear resistance of the interface τu 

was evaluated by the following equation: 

1 2 , ,

Interlock Friction Dowel action

( )u c n y c cube y c cubef f f vfτ τ μ σ κ ρ κ ρ β= + + + ≤ (9) 

where 
τc: interlocking strength (Table 6) 
κ1: interaction factor of reinforcement due to simul-

taneous bending of rebars (Table 6) 
κ2: interaction factor for the dowel action (Table 6) 
fc,cube: cube compressive strength (fc,cube = fc,cylinder 

/0.85) 
β: coefficient allowing for angle of diagonal concrete 

strut (0.5 for rough and 0.4 for smooth) 
v: reduction factor for strength of diagonal concrete 

strut, which is calculated by Eq. (10).  

1/ 3

,

300.55 0.55
c cube

v f
⎛ ⎞= ≤⎜ ⎟
⎝ ⎠

 (10) 

It must be noted that the design guidelines assume the 
area of the interface as the total area of the interface 

Fig. 22 Effective area of the interface (Aeff). 

h: thickness of the slab; a: length of rectangular concentrated loading;   : transverse rebars which have yielded at the failure

(a) Rough surface (SL-P0.5, SL-P1.0, SL-P2.0, SL-C30 and SL-C70) 

a0.5h 0.5h 

2h h + a 2h 

26.6o 

(b) Smooth surface (SL-Smooth)

h 

45o

a0.5h 0.5h

h hh + a

h 

Table 6 Values for constant in AASHTO and fib MC2010.

Codes Surface 
roughness τc μ κ1 κ2

AASHTO Smooth 
Rough 

- 
- 

0.6 
1.0 

0.2
0.3

0.8
1.8

MC2010 Smooth 
Rough 

0.5-1.5 
1.5-2.5 

0.5-0.7 
0.7-1.0 

0.5
0.5

1.1
0.9
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(Ac=150 000 mm2 in this study). According to the pre-
vious discussions in Section 4.2, the area of the interface 
for the rough and smooth surfaces should be determined 
as the effective area (Aeff) and are presented in Figs. 22a 
and b, respectively. The effective area of the interface 
(Aeff), the cross-section area of the yielded transverse 
rebars (As), and the ultimate prestressing levels (σu) are 
tabulated in Table 7. 

Eventually, the predicted ultimate capacities using 
JSCE Specification, AASHTO, and fib MC2010 are 
listed in Table 7 and are presented in Fig. 23. The cal-
culation procedures for the rough (except for 
SL-Smooth) and smooth surfaces (SL-Smooth) were 
separated. This was because the values for constant in 
each design guideline were also separated based on the 
roughness degree of the interface (Table 6). The results 
demonstrated that all the selected design guidelines in 
both rough and smooth surfaces provided a good lower 
limit for the experimental ultimate capacities. From Ta-
ble 7, JSCE Specification gave PEXP/PCAL that varied 
from 1.01 to 1.15 with a coefficient of variation (C.V.) of 
4.3%. AASHTO specification provided PEXP/PCAL ratio 
that varied from 1.01 to 1.16 and C.V. of 4.7%. fib 
MC2010 gave PEXP/PCAL ratio that varied from 1.01 to 
1.17 and C.V. of 5.0%. 

Moreover, for the smooth surface, fib MC2010 gave 
the most accurate prediction compared to the other 

guidelines with PEXP/PCAL of 1.04 (Table 7). This was 
because fib MC2010 explicitly took into account the 
simultaneous action of bending resistance and axial re-
sistance produced from the rebars crossing the interface 
(the dowel action), which was predominant in the smooth 
surface. 

 
5. Conclusions 

Based on the experimental results and FEM analyses of 
the widening prestressed concrete deck slabs crossed by 
steel bars and subjected to a concentrated load, the fol-
lowing conclusions can be drawn: 
(1) The failure mode of the widening PC deck slabs 

supported on three sides and subjected to a con-
centrated load immediately adjacent to the interface 
is the shear failure of the interface between the old 
and new slabs. This failure mode is governed by the 
loss of confinement of rebars crossing the interface. 

(2) The ultimate capacity of the PC deck slabs in-
creases with the increase in the prestressing level 
and concrete strength of the new slab. However, it 
does not increase proportionally with the prestress-
ing level and concrete strength.  

(3) The variation in surface roughness of the interface 
does not show any remarkable influence on the ul-
timate capacity as long as the amount of prestress-

Table 7 Comparison of experiment and calculation. 
JSCE AASHTO fib MC2010 

Specimen Aeff (mm2) As (mm2) σu (MPa) PEXP (kN) PCAL (kN) PEXP / 
PCAL PCAL (kN) PEXP / 

PCAL PCAL (kN) PEXP / 
PCAL 

SL-P1.0 1.10 141.0 135.6 1.04 122.0 1.16 129.9 1.09 
SL-P0.5 0.60 109.0 106.5 1.02 102.3 1.07 107.8 1.01 
SL-P2.0 2.21 144.0 142.1 1.01 142.5 1.01 140.4 1.02 
SL-C30 1.30 136.0 126.9 1.07 119.8 1.14 123.6 1.10 
SL-C70 

25 000 4D6 (126.7) 

1.17 153.0 133.2 1.15 132.9 1.15 130.7 1.17 
SL-Smooth 30 000 6D6 (190.1) 1.01 139.2 128.1 1.09 127.1 1.09 133.2 1.04 

Mean  1.06  1.11  1.07 
Standard deviation  0.05  0.05  0.05 

Coefficient of Variation (C.V.)  4.3  4.7  5.0 
Aeff: effective area of the interface; As: total area of the transverse rebars which have yielded at the ultimate load; σu: average 
prestressing level at the ultimate load; PEXP: ultimate capacity from experiment; PCAL: ultimate capacity from calculation 
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Fig. 23 Accuracy of design guidelines. 
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ing force is sufficiently introduced to the interface. 
An obvious difference is only observed just before 
the failure, in which the shear slip occurs on the 
smooth surface. 

(4) Experimental results and FEM analyses indicate 
that the prestressing levels of 1.0 MPa and 2.0 MPa 
can provide sufficient shear strength to the interface 
for transferring the shear stress to the adjacent deck 
slab. 

(5) Coulomb friction model with and without cohesion 
coefficients is supposed to be appropriate to simu-
late the behavior of the interface between the old 
and new deck slabs crossed by steel bars and sub-
jected to the prestressing force.  

(6) The effective area of the interface for the widening 
PC deck slabs supported on three sides and sub-
jected to a concentrated load is proposed in this 
study. It is required to compute the shear capacity 
of the interface using JSCE Specification, 
AASHTO, and fib Model Code 2010 instead of the 
total area of the interface as it was assumed in these 
guidelines. The calculated results indicate that all 
guidelines provide a good lower limit to predict the 
ultimate capacity of the interface. 
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