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Abstract

This paper investigates the design formula for the shear strength at the concrete-to-concrete in-
terface proposed in Eurocode with regard to concrete layers with different strengths. Based upon
the results of the study on the applicability of the design formula, push-off test is conducted on
specimens with various indented interfaces to evaluate the actual behavior with respect to the
surface roughness. The experimental results reveal that the interfacial shear strength increases
with higher compressive strength of the concrete layers presenting different strengths and that
the shear strength at the indented interface differs by 20% to 50% compared to the value pre-
dicted by the design formula. Especially, the shear strength developed between the concrete layers
with different strengths appears to be different from the prediction of the design formula as much
as the layers present larger difference in their compressive strengths.
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1. Introduction

The transfer mechanism of the shear stress developed in members made of concrete layers with different
strengths is extremely complex since it is influenced by diverse factors including the reinforcement crossing the
interface, the resistance to compression of concrete with low strength, the roughness level of the interface and
the stresses generated by the loads normal to the interface. Research on this mechanism started in 1960s and was
pursued by Hanson [1], Birkeland and Birkeland [2], Mattock and Hawkins [3], Walraven and Reinhardt [4],
and Loov and Patrnaik [5] who conducted various studies on the shear friction behavior. Recently, the works of
Julio and Santos [6] [7] were recognized as providing the theory elucidating the transfer mechanism of the shear
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stress developed at the interface of concrete layers, which is currently adopted in the design specifications of
Eurocode [8]. These authors explained that the development of this shear resistance is the result of the combina-
tion of the adhesive bond caused by the separate placing of the layers, the dowel action of the reinforcement, and
the friction generated after the occurrence of interfacial cracks [1].

The present study proposes the hybrid girder shown in Figure 1 aiming to reduce the depth of the conven-
tional steel girder-concrete slab composite bridge by composing the upper flange of the steel girder with a casing
made of 80-MPa ultra high performance concrete. For the composite bridge using the hybrid girder, the design
formula for the shear strength suggested in Eurocode is applied to determine the amount of shear reinforcement
necessary to compose the 80-MPa concrete of the casing and the 30-MPa concrete of the slab. However, this
formula does not reflect the difference in strength between the concrete layers and need is to examine its appli-
cability. Therefore, Kang et al. [9] evaluated the shear strength in concrete layers with different strengths with
respect to the interfacial condition between concrete layers by finite element analysis (FEA) and the results
showed that the analytical result is larger by 1.3 - 1.4 times than the value calculated by the design formula. So,
in this study, to understand the real behavior of shear in concrete layers, push-out test is conducted on specimens
presenting various concrete strength, amount of shear reinforcement and interfacial condition to examine the
difference between the prediction of the Eurocode’s design formula and the actual behavior of the members
made of concrete layers with different strengths.

2. Evaluation of Design Formula for Interfacial Shear Strength
with Indented Surface

Eurocode proposes the formula in Equation (1) for the evaluation of the shear strength at the interface of con-
crete layers placed as different times. This formula is composed of three terms.

Vpgi = Cf g + w10, + pfq (usina +cosar) < 0.5vf @)}

The first term cf, is the adhesion resistance between the materials at the interface and is determined by the
design tensile strength of concrete ( f,, ). The second term uo, is the shear frictional resistance generated by
the normalstress (o, ) caused by the external forces and is determined by the surface roughness ( 4 ). The third

term pf, (usina +cosa) is the shear resistance provided by the shear reinforcement and is determined by

the steel ratio ( o), the yield strength of the rebar ( f, ), the angle of inclination of the rebar (« ) and the surface
roughness (u ). The values of the coefficients ¢ and x are given in Table 1 according to the roughness of
the interface.

RC Slab
(30 MPa Normal Concrete)|

Shear Connecting
Headed Stud Reinforcements
for Steel Girder to for Casing to Slab
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(80 MPa UHPC)

<+«—— Steel Girder

Figure 1. Concept of steel girder-UHPC casing hybrid girder.

Table 1. Factors which depend on the roughness of the interface [8].

Surface condition c H Remarks
Very smooth 0.25 0.5 A surface cast against steel, plastic or specially prepared wooden moulds
Smooth 0.35 0.6 A free surface left without further treatment after vibration
Rough 045 07 A surface with at least 3 mm roughness at about 40 mm spacing,

Achieved by raking, exposing of aggregate
Indented 0.50 0.9 A surface with indentations
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The design formula for the shear strength of Eurocode was established to calculate the shear strength devel-
oped at the interface of members having identical strength but placed at different time. It is thus necessary to ve-
rify the applicability of this design formula when those members have different strengths.

In this regard, Kang et al. [9] conducted the FE analysis for the evaluation of the shear strength in concrete
layers with different strengths. The authors concluded that the analytical result is larger by 1.3 - 1.4 times than
the value calculated by the design formula as shown in Figure 2. And the authors also concluded that the design
formula provides conservative shear strength with a safety factor of about 1.6 if calculation is done by substitut-
ing the properties of the material with lower strength in the design formula in the case of concrete layers with
different strengths.

3. Push-Out Test of Interface between Layers with Different Strengths
3.1. Test Variables

Push-off test was performed to evaluate the shear strength developed at the interface between concrete layers
with different strengths. The test specimens were fabricated according to the execution or not of surface treat-
ment, the diameter of the reinforcement, and the number of shear connectors.
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Figure 3 presents the shape of the specimens. The upper and lower concrete blocks were made according to
the considered configuration: Model NC30-SC80 and model NC30-NC30. After the fabrication, the real
strengths measured through compressive test on samples were 31.8 MPa and 74.55 MPa, respectively.

As shown in Figure 4, various number of reinforcements from 1 to 6 were arranged. The interface between
the concrete layers was non-treated or indented with 6-mm deep indents spaced at intervals of 40 mm as shown
in Figure 5.

3.2. Test Method

The test was conducted under static loading using a UTM (Universal Testing Machine) with capacity of 2000
kN. Loading was applied through displacement control as speed of 0.5 mm/min until a displacement of 5 mm
and speed of 1 mm/min for displacements beyond 5 mm.

As shown in Figure 6, the loading plate pushed the upper block so as to provoke the sliding motion at the in-
terface. A vertical plate was disposed to prevent any risk of overturning. A support plate equipped with roller
device was installed between the specimen and the vertical plate to eliminate the friction between the fixing jig
and the specimen.
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Figure 3. Shear test specimen (unit: mm).
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Figure 6. View of push-off test.
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3.3. Test Results

Table 2 arranges the test results of each specimen. A series of three specimens were fabricated for each test va-
riable and the corresponding average is compared to the value of the shear strength calculated by the design

formula.

Figure 7 plots the shear strength with respect to the reinforcement ratio of the shear reinforcement. Shear
failure occurred at the interface for reinforcement ratio smaller than 4.0, but shear failure occurred together with
crushing at the supporting face of the concrete block for reinforcement ratio larger than 4.0, which did not meet
the expected shear strength. Considering only the cases with reinforcement ratio below 4.0, nearly all the speci-
mens developed shear strength higher than that predicted by the design formula.

Figure 8 compares the test results and predictions of the design formula with regard to the test variables. Ex-

Table 2. Shear strength measured by shear test and comparison to design equation.

Specimen

$1-D10
$2-D10
$3-D10
$4-D10
$6-D10
$1-D16
$2-D16
$3-D16
S4-D16
$6-D16
R1-D10
R2-D10
R3-D10
R4-D10
R6-D10
R1-D16
R2-D16
R3-D16
R4-D16
R6-D16
NR1-D10
NR2-D10
NR3-D10
NR4-D10
NR6-D10
NR1-D16
NR2-D16
NR3-D16
NR4-D16
NR6-D16

Surface
cond.

Smooth

Indented

Indented

Upper
layer

SC80

NC30

Concrete strength

Bottom
layer

NC30

Dia. of

rebar

(mm

10

16

10

16

10

16

)

No. of

rebar

o A W DN P OO R WN R, OO RO, OO RN P OO PR O®ODN P O R~ OWN PR

Steel

ratio

(AdA)

0.55
1.09
1.64
2.18
3.27
1.40
2.79
4.19
5.59
8.38
0.55
1.09
1.64
2.18
3.27
1.40
2.79
4.19
5.59
8.38
0.55
1.09
1.64
2.18
3.27
1.40
2.79
4.19
5.59
8.38

Measured shear force (kN) Stress (MPa)
Test Equation
A B c Al g )
1526 1805 2388 1906 1.3 1.18
944 4101 2213 3157 22 131
250.3 300.7 2228 2579 18 1.44
2814 3708 206.3 2862 20 157
3405 4101 395.0 3819 27 1.84
4994 1764 2333 3030 21 1.39
337.7 370.0 4004 3694 26 1.72
1958 2798 1995 2250 1.6 2.06
357.6 4183 2835 3531 25 2.39
4227 4022 4385 4211 29 3.06
4232 3601 3298 3710 26 1.70
400.0 4685 531.7 466.7 3.2 1.89
4188 569.1 436.2 4745 33 2.09
4244 5272 3983 4500 3.1 2.29
478.1 458.6 5166 4844 34 2.68
4816 500.6 5488 5103 35 2.00
406.4 4058 527.1 4464 3.1 251
436.4 450.1 493.7 4601 3.2 3.01
438.4 548.6 5555 5142 36 351
621.6 549.3 6104 5938 41 4,52
288.4 359.6 2843 3108 22 1.70
366.0 2894 3019 3191 22 1.89
380.0 3445 4021 3755 26 2.09
4715 4429 4039 4394 31 2.29
501.4 4816 4317 4716 33 2.68
369.0 373.0 358.1 366.7 25 2.00
3405 3459 4218 3694 26 251
4309 3250 3833 379.7 26 3.01
505.5 460.6 529.5 4985 35 351
529.6 530.5 - 530.1 3.7 452

W2

112
1.67
1.24
1.26
1.44
152
1.49
0.76
1.03
0.96
152
171
158
1.37
1.26
1.77
1.24
1.06
1.02
091
1.27
1.17
1.25
1.34
1.22
1.27
1.02
0.88
0.99
0.82
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cept for the cases with reinforcement ratio larger than 4.0, the test specimens are seen to develop 20% to 40% of
the shear strength predicted by the design formula. Especially, model NC30-SC80 with indented interface shows
shear strength around 40%. Besides, model NC30-NC30 with indented interface develops shear strength larger
by about 20% than that predicted by the design formula.

Figure 9 compares the analytical results and predictions with regard to the interfacial surface roughness and
the strength difference, respectively. The indented surface increased the shear strength by about 40% compared
to the smooth surface. For the same indented surface, the difference in the compressive strength between the
concrete blocks contributed to a difference of approximately 20% in the shear strength.

4. Conclusions

Shear test was conducted to evaluate the shear strength according to the surface roughness of the interface be-
tween concrete layers with different compressive strengths of 80 MPa and 30 MPa. The experimental results
were then compared with the predictions provided by the design formula of Eurocode. The following conclu-
sions can be drawn.

(1) For the interface between two concrete blocks with the same compressive strength of 30 MPa (NC30-
NC30), the shear strength was larger by about 20% on the average compared to the prediction of the design
formula. Besides, the interface between two concrete blocks with different compressive strengths of 80 MPa and
30 MPa (SC80-NC30) developed actual shear strength larger by more than about 40% compared to the predic-
tion of the design formula.

(2) Specimen SC80-NC30 experienced increase of its shear strength by about 40% owing to the presence of
indents compared to the smooth interface. This increase could be attributed to the increase of the shear friction
force brought by the interlocking effect of the indents. Considering that the shear resistance improved thanks to
the indents, this opens room for alternatives like the reduction of the amount of shear reinforcement.

(3) In case of indented interface, the increase of the compressive strength of one concrete block to 80 MPa
improved the shear strength at the interface by about 20% compared to having two concrete blocks with the
same strength of 30 MPa. Unlike the prediction of the design formula, the shear strength between two concrete
layers with different strengths is expected to augment with larger difference between these compressive
strengths. Accordingly, it is necessary to specify the value of the strength to be applied in the design formula,
and a modified design formula shall be proposed to evaluate the shear strength between two concrete layers with
different strengths by means of complementary studies.
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Figure 9. Comparison of shear strength with respect to design variable. (a) Interfacial condition; (b) strength of concrete
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