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Experimental study is conducted to quantitatively assess the effects of different surface textures on the
friction and cohesion coefficients of concrete-to-concrete bond under different normal stresses. The top
surface of concrete base specimens are treated with five different surface textures; surface ‘‘left as-cast”,
deep groove, indented, and wire-brushing in longitudinal and transverse directions. The roughness pro-
file of the treated concrete base is measured using a portable stylus roughness instrument. In addition,
the ‘‘push-off” test method is conducted to determine the relationship between the roughness profile
and the interface shear strength. Results show that the mean peak height, Rpm has the most significant
influence on the pre-crack interface shear strength where the correlation coefficients, R2 ranged from
0.9009 to 0.9209. Analytical equations are then proposed to predict the friction and cohesion coefficients
by integrating Rpm into the proposed equations. The comparison shows a good concordance with the
experimental results within an acceptable range.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Precast concrete slab is normally tied with cast-in-place con-
crete topping by composite action at the interface between the
concrete layers. The composite action between the concrete layers
plays a significant role in achieving monolithic behavior of the slab
system. Such action, development and provision by the precast
concrete slab and the concrete topping are achieved via mutual
and adequate interface shear and bond strength. The horizontal
shear transfer crossing between two members of concrete must
be maintained through concrete cohesion, friction and dowel
action from the projecting shear reinforcement [1–3].

The type of surface roughness at the interface influences the
cohesion, friction and the bond strength between concrete layers
[4–6]. To characterize the horizontal shear strength at the interface
between concrete layers cast at different times, design codes such
as and ACI 318 [1], Eurocode 2 [2], and CEB-FIB Model Code 2010
[3] recommended certain design values in which based on the sur-
face texture and the surface with projecting shear reinforcement
links. In this study, the comparison is made on the surface texture.
ACI 318 [1] mentioned the interface shear strength is only catego-
rized by two types of surface texture; rough and very rough at full
amplitude of 6.4 mm. The compressive strength concrete is not
specified in ACI 318 [1] as a function of interface shear strength
which is only based on qualitative assessment. On the other hand,
the CEB-FIB Model Code 2010 [3] and Eurocode 2 [2] mention the
compressive strength concrete of concrete layers and categorized
the degree of roughness from very smooth to very rough surfaces.

Eurocode 2 [2] states that the friction and cohesion coefficients
at interface of concrete layers are influenced by the degree of the
roughness. Also, the recommended roughness height for rough sur-
face should be at least 3 mm and for indented or very rough surface
at least 5 mm. The friction coefficient ranged from 0.50 to 0.90,
while the cohesion coefficient ranged from 0.025 to 0.50 which
are postulated for surface profile from very smooth to very rough.
However, the selection of these values may be subjective as it is
difficult to distinguish the characteristic of surface roughness pro-
file between very smooth and smooth as well as between rough
and very rough.

CEB-FIB Model Code 2010 [3] quantifies the surface roughness
by using average roughness, Ra which is determined as the mean
value of texture heights along a certain length, lm. The surface
texture concrete is measured and categorized from very smooth
to very rough by applying the roughening method. Very smooth
surface is cast against steel formwork, thus Ra is not measurable.
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Meanwhile, smooth surface is untreated and cast against wooden
formwork where the average roughness, Ra is taken as less than
1.5 mm, and rough surface is roughened by sand blasted where
the average roughness, Ra is more than 1.5 mm. For very rough sur-
face, the surface is roughened using high pressure water jet where
the indented has an average roughness, Ra of more than 3 mm. The
friction coefficient ranged from 0.50 to 1.40, and the concrete
adhesion is categorized into rough and very rough surface with
mean shear resistance ranged from 1.5 to 3.5 N/mm2.

Studies [4–9] on the quantification of the degree of surface
roughness and its correlation with the bond strength between con-
crete layers cast at different times have been carried out by several
researchers. It was established from these studies that there is a
high correlation between surface roughness and bond strength.
In this study, a ‘‘push-off” test method is used to determine the
interface shear strength between two concrete layers cast at differ-
ent times. The test method is adopted from the shear friction
model. The shear friction model used to characterize the interface
shear strength is separated into two components; Coulomb friction
and cohesion between two surfaces. Furthermore, a linear approx-
imation of the Mohr–Coulomb failure envelope is obtained and the
friction and cohesion coefficients are then determined. The
relationship between horizontal load and interface slip is obtained
under variable normal stresses of 0 N/mm2, 0.5 N/mm2, 1.0 N/mm2

and 1.5 N/mm2. Meanwhile, the peak (or pre-crack) interface shear
strength is also determined from the relationship where the
correlation with the roughness parameters is further evaluated.
The peak or pre-crack interface shear strength is referring to when
the concrete layers having a little slip with the load increments at
maximum before the concrete layers break apart.

The motivation of study is to verify fourteen roughness param-
eters using a portable stylus roughness instrument as tools from
the previous study of only eleven parameters. The aim of this
research is to determine the friction and cohesion coefficients at
the interface for different surface textures of concrete-to-concrete
bond of both precast elements and cast in place by quantifying the
roughness parameter. The highest coefficients of correlation (R2)
from the set of pre-crack interface shear strength and roughness
parameters are then selected and recommended in the proposed
equation to predict friction and cohesion coefficients.
τ

τ

σ

Fig. 1. Mechanical concept of sliding.
2. Existing works on interfacial behavior

Friction is one of main parameters to assess the interface shear
strength and the monolithic behavior of composite concrete-to-
concrete bond [1–3]. The major sources of friction are roughness
interaction, adhesion and plowing [10,11]. The friction referring
to previous study is in general term in which the adhesion is
included as part of friction. To be specific in this study, the
interface shear strength is chosen as the combination of concrete
cohesion or adhesion and friction. The friction in this study
includes the present of variable normal stresses and the ratio of
the shear strength to normal stress is the friction coefficient.
Roughness theory assumes that the frictional force is equal to that
required to work against the roughness of the slope, h. The slope is
taken at relationship of the shear strength to the variable normal
stresses. Such that its associated coefficient can be defined as
l = tanh [12]. The relationship shows that the more intense the
degree of roughness on the surface texture, the higher the value
of friction coefficient. By quantifying the roughness parameter, it
can be used to predict the friction coefficient instead of only
observing the surface quality. The concrete cohesion bond strength
is taken without normal stress applied and the interface shear
strength is at the minimum value that required the stress breaks
the cohesion bond between the concrete layers. The weight of
concrete topping is neglected because of very small value and
the normal stress is taken as zero normal stress. The surface rough-
ness also affects the concrete cohesion bond in which the increase
degree of roughness surface contributing to higher value of
cohesion strength. The higher degree of roughness provides more
surface area for the cohesion bond at the interface concretes. The
cohesion strength in this study includes the tensile strength con-
crete and the cohesion coefficient is taken at ratio of the interface
shear strength to the tensile strength. The cohesion coefficient can
be predicted by quantifying the roughness parameter of the surface
texture. Therefore, the design expression of interface shear
strength in this study is appropriate for the surface textures with-
out provision steel crossing the interface.

The Mohr–Coulomb failure theory criterion suggests that the
shear stress between two contact surfaces against the normal
stress is defined as:

s ¼ C þ l � r ð1Þ
where s is the interface shear strength also known as the peak point
on the failure plane, r is the normal stress, C is the cohesion
strength and l is the friction coefficient. To get a better understand-
ing of Eq. (1), consider two concrete blocks where the top is added
later onto the existing bottom part as shown in Fig. 1. The shear
strength of the composite concrete is assessed when variable
normal stresses are applied and there is the contact of the con-
crete-to-concrete occurred at the surface texture which is made
through cohesion and friction coefficients. When the normal load
is zero (r = 0 N/mm2), the shear stress increases to maximum
cohesion strength, C to break the bond between the two concretes.
For normal stress of more than zero (r > 0 N/mm2), the shear stress
increases more to overcome the sliding resistance caused by fric-
tion. Therefore, the term (C + l � r) is the maximum shear stress
needed to separate the two concrete blocks [13].

In Eurocode [2] the interface shear strength between two
concretes cast at different times is a combination of three main
components defined as:

s ¼ c � f ct þ l � rn þ q � f yd l � sin aþ cos að Þ 6 0:5tf cd ð2Þ
where c � fct is the cohesion strength, C resulting from concrete
chemical adhesion in the interface layer, in which c is the cohesion
coefficient and fct is the concrete tensile strength of the lower
strength. The term l � rn is the frictional force resulting from l at
the interface, in which rn is the normal stress, while q � fyd
(lsina + cosa) is the capacity component resulting from the pres-
ence of shear reinforcement crossing the interface, in which q in
the reinforcement ratio, fyd is the design yield stress of the rein-
forcement and a is the angle between the shear reinforcement
and the plane considered.

CEB–FIB Model Code 2010 [3] described the surface texture by
classifying the average roughness, Ra. The interface shear strength
is given as:

s ¼ sc þ lðrn þ қ � q � f yÞ ð3Þ



Table 1
Roughness parameters.

Roughness parameter Description

Ra Average roughness
Rz Mean peak-to-valley height
Rmax Maximum peak-to-valley height
R3z Mean third highest peak-to-valley height
R3zmax Maximum third highest peak-to-valley height
Ry Total roughness height
Rpm Mean peak height
Rp Maximum peak height
Rvm Maximum valley depth
Rv Valley depth
Rq Root-mean-square (RMS) profile height
Rsk Skewness of the assessed profile
Rku Kurtosis of the assessed profile
Rt Total peak-to-valley height
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where қ is interaction ‘‘effectiveness” factor, sc is the adhesion or
interlocking and lðrn þ қ � q � f yÞ is the friction and dowel action
contribution. The assessment on the strong adhesive bonding is
when the adhesive bonding and interlocking are the main contrib-
uting mechanisms to the interface shear strength, while the weak
adhesive bonding is when the friction and dowel action are the
main contributing mechanisms to the interface shear strength.

The design expression of the surface without the provision of
the steel reinforcement crossing the interface is only taken by
the concrete cohesion strength, sc which is also depending on the
roughness classification. The friction from the design expression
is available when the steel reinforcement crossing interface is
provided.

Santos and Julio [14] suggested that the friction and cohesion
coefficients in Eq. (2) should be represented by the roughness
parameter, Rvm in the shear friction design expression given as:

ld ¼
1:366R0:041

vm
cfr

ð4Þ

cd ¼ 1:062R0:145
vm

ccoh
ð5Þ

where ld and cd is friction and cohesion coefficients, respectively;
Rvm is mean valley-depth of surface roughness; cfr and ccoh is partial
safety factor for the friction and cohesion coefficients, respectively.

The authors also proposed the expression of the interface shear
strength (without steel reinforcement crossing the interface) as:

s ¼ c � f ct � 0:25m � f cd ð6Þ
The expression in Eq. (6) is mainly depended on the cohesion

strength of concrete, while for the inclusion of steel reinforcement,
the friction coefficient is only considered in the expression given
as:

s ¼ lðrn þ q � f ydÞ � 0:25m � f cd ð7Þ
The surface texture at the interface is expressed only by con-

crete cohesion strength in which the cohesion coefficient is charac-
terized by the mean valley-depth roughness, Rvm. They mentioned
that the proposed methodology is sufficient for uniform surface
profile such as smooth surface cast against steel, plastic or plywood
molds, slip formed or extruded surface, left ‘‘as-cast” surface after
vibration, surface prepared by wire-brushing, sand-blasting, shot-
blasting, water-blasting or other mechanically prepared surface.
As for non-uniform surface profile such as deepened raking or
indented surface, the values of friction and cohesion are evaluated
based on its geometry profile.

Moreover, Gohnert [15] used the mean peak-to-valley height,
Rz, to determine the horizontal shear strength, employing the
‘‘push-off” test method on 90 specimens where surfaces of the
specimens were roughened using wire brush. Variation in rough-
ness was observed on different specimens depending on the
amount of pressure applied on each surface by the operator. It
was also established that the linear regression of the horizontal
shear strength at 95% confidence level can be expressed as:

s ¼ ð0:2090Rz þ 0:3762Þ
cm

ð8Þ

where Rz is the roughness parameter and cm is the partial safety fac-
tor of the material.

An experimental study by Wallensfelsz [16] on 29 composite
concrete block specimens carried out using the ‘‘push-off” test
method has identified the peak and post-peak shear stresses at
the contact surface at failure. A modification to the existing equa-
tion in AASHTO LRFD by separating them into Coulomb friction and
cohesion was proposed. The Coulomb friction equation is
originated from the clamping force of reinforcement steel crossing
the interface and any normal stress provided to the concrete com-
posite. The study also considered the static friction coefficient
available in Eurocode 2 [2] to predict the interface shear strength
before the two concretes are separated.

Espeche and León [17] modified the Coulomb expression by
considering tensile strength as one of the parameters to identify
the interface failure criterion. It was concluded that the construc-
tion joint interface shear strength of failure can be included
together with the tensile strength, ft, cohesion coefficient, c, and
the internal friction angle, h. In the design shear-friction expression
in Eurocode 2 [2], the interface shear strength is expressed by
means of splitting tensile, cohesion coefficient, friction coefficient
and normal load. The author also mentioned that the interface
failure state is referred to cracking the interface. Furthermore,
the failure criterion was categorized into three modes; sliding,
pure tension and mixed. The sliding mode occurs when the maxi-
mum shear stress is reached even though the interface is under
high compressive stress. On the other hand, the cracking under
tension zone occurs with tensile stress but the shear stress is zero.
The mixed mode failure is defined as the state between the sliding
and tension modes.

Santos et al. [5] adopted 11 roughness parameters from Mum-
mery [18] to quantify the surface roughness. In this study, three
additional roughness parameters are adopted, thus giving a total
of 14 parameters as described in Table 1. The roughness parame-
ters were determined from BS 1134 and Mummery [18,19].
3. Experimental work

The interface shear strength where the concrete base is bonded
together with the new concrete layer applied later as concrete top-
ping should be sustained to achieve its full composite action. The
resistance of interface shear can be achieved through friction
between the surface layers, projecting shear reinforcement and
concrete cohesion. Experimental work is carried out using the
‘‘push-off” test method to determine the friction coefficient and
to correlate them with the interface shear strength under various
normal stresses. This method has successfully been applied in
many studies [15,16,21–23]. However, in this study a more conclu-
sive finding has been observed since the normal loads are applied
at four different stresses at 0 N/mm2, 0.5 N/mm2, 1.0 N/mm2 and
1.5 N/mm2.

A total 60 specimens each consisting of two different concrete
layers of different grades are prepared. The two layers are cast at
different ages. The specimen dimension is 300 � 300 mm with a
100 mm depth for the concrete base as the bottom layer and
75 mm for the concrete topping as the top layer. The design
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compressive strength of concrete base and concrete topping are
40 N/mm2 and 25 N/mm2, respectively. The top surface of the con-
crete base is prepared with five different types of surface textures
as shown in Fig. 2. The surface textures include; (a) smooth or ‘‘left
as-cast” with trowelled finish, (b) deep groove formed using a
16 mm steel bar, (c) roughened by wire-brushing in the longitudi-
nal direction, (d) roughened by wire-brushing in the transverse
direction, and (e) indented surface cast using a corrugated steel
mold. Cubes of 150 � 150 � 150 mm are tested at 7 days, 28 days
and during the test day to determine the compressive strength.
Meanwhile, cylinders of 150 mm diameter � 30 mm height are
tested at 28 days to determine the splitting tensile strength. The
mix design of both concretes is given in Table 2.

After 7 days of curing, the top surface of the concrete base cube
is cleaned by compressed air and measured using a Portable Stylus
instrument as shown in Fig. 3 to quantify the roughness values. The
portable stylus roughness instrument is composed of a stylus,
digital dial gauge and a 150 mm long ruler set. The digital dial
gauge has an accuracy of 0.001 mm to measure the peak and valley
of the surface texture. The portable stylus to measure the peak and
valley is moved manually in a straight line using the slider. The
small size and hardness of the probe stylus in the measurement
is important to make sure the precision when dealing at the
surface textures especially between peaks. According to Santos
and Julio [28], the difficulty of the mechanical stylus is well known
when it comes to surface textures in which the size of probe tip
(a) Smooth “as-cast” (b) Deep groov

(c) Longitudinal roughened (d) Transverse roug

(e) Indented

50 mm

Fig. 2. The prepared surface textures for the concrete base; (a) smooth ‘‘as-cast”, (b) deep
with a corrugated steel mold as shown in the schematic.

Table 2
Mix design proportions for concrete base and concrete topping.

Concrete compressive strength (N/mm2) Cement (kg) Fine

Concrete base (40 N/mm2 and W/C = 0.5) 92.5 190.
Concrete topping (25 N/mm2 and W/C = 0.63) 60.3 157.
make it impossible to measure between peaks. Therefore, the mea-
surement spacing at every interval 1 mm is appropriate to get the
profile textures. The instrument is placed on top of the concrete
base and runs perpendicular along the sampling length of
150 mm to measure the peaks height and valleys depth. Readings
are manually taken at an interval of 1 mm. The roughness values
in this study are in milimetric as it is sufficient to distinguish the
surface treatment to quantify the roughness [24,25]. The technique
used to measure the surface profile is referred to the procedures
suggested by BS 1134 [19]. After confirming the two-third com-
pressive strength is achieved at 7 days for the concrete base, the
concrete topping is cast onto the concrete base. Both concrete base
and concrete topping are further cured until the compressive
strength is confirmed at 28 days. For each normal stresses and
surface textures, three specimens are tested using the ‘‘push-off”
method.

3.1. Curing techniques

Curing using wet burlaps is applied in this study as shown in
Fig. 4. The process of curing is very important because it is the
way to control the moisture losses in concrete and to improve
the bond strength between the two layers [26]. After few hours,
the specimens are dried little and as a precaution dry burlaps are
placed onto the specimens during the casting day to prevent the
concrete from drying quickly. After 24 h of casting, the specimens
e

hened

30° 5 mm

50 mm

groove, (c) longitudinally roughened, (d) transversely roughened, and (e) indented

aggregates (kg) Coarse aggregates (kg) Water content (kg)

3 206.4 52
5 170.5 38



(a) Picture of Portable stylus roughness instrument

(b) Schematic Diagram of Portable stylus roughness instrument

150 mm 

10 20 30 40 50 60 80 90 100 110 120 130 140 150

0.000
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Ruler

Digital Dial-Gauge

Slider

Button

Fig. 3. Portable stylus roughness instrument.

Fig. 4. Burlaps used for the wet curing.
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with the burlaps are poured with water and this continues curing
until the test day.

3.2. Test set-up

The experimental work is carried out using the ‘‘push-off” test
method. The schematic diagram and actual test setup are shown
in Fig. 5. The concrete base is fixed to the test frame and the con-
crete topping is subjected to horizontal load by means of hydraulic
jacks and load cell. A roller support is also placed on top of the
specimen to control any uplift that may occur during the test. No
normal load is applied in which at 0 kN (0 N/mm2 as control), then
normal load is applied at 45 kN (0.5 N/mm2), 90 kN (1.0 N/mm2)
and 135 kN (1.5 N/mm2) on top of the roller support. Linear vari-
able displacement transducer (LVDT) is positioned close to the
interface to measure the horizontal displacement or interface slip
throughout the test. Since all specimens are not provided with
any projecting shear reinforcement crossing the interface, there-
fore, failure is sudden and well defined.
4. Test results

4.1. Surface roughness profile

Fig. 6 shows the roughness profile at the interface for the differ-
ent surface textures used in this study. The smooth or ‘‘left as-cast”
surface shows practically constant peaks and valleys height along
the sampling length. The peak heights and the valley depths are
in the range of 0–1.50 mm and 0–0.64 mm, respectively. Surfaces
roughened by wire-brushing in both longitudinal and transverse
directions show high asperities with sharper peaks and valleys
than that of the smooth or ‘‘left as-cast”. The peak heights and val-
ley depths for both longitudinal and transverse rough surfaces are
in the range of 0–5 mm. As for the deep groove type, there are two
highest peaks and valleys showing the gap between the grooves.
The peak heights ranged from 0 mm to 4.09 mm, while the valley
depths are from 0 mm to 1.78 mm. For the indented surface, it is
in a geometrical form of the corrugated profile with less peaks
and valleys. This is because the surface is cast against a steel
corrugated formwork. The peak heights and valley depths of the
indented surface ranged from 0 mm to 2.5 mm.
4.2. Horizontal load–interface slip relationship

Fig. 7 show the relationship between the horizontal load and
interface slip under normal stresses of rn = 0 N/mm2, 0.5 N/mm2,
1.0 N/mm2 and 1.5 N/mm2, respectively. In the figures, only one



N
or

m
al

 lo
ad

Concrete base

Concrete topping

Load cell

Hydraulic jack

LVDTHorizontal load

Roller

(a)               (b)

Fig. 5. ‘‘Push-off” test setup.

S = Smooth, G = Groove, I = Indented, L= Longitudinal Roughened, T = Transverse Roughened

-6.00
-4.50
-3.00
-1.50
0.00
1.50
3.00
4.50
6.00

0 25 50 75 100 125 150

R
ou

gh
ne

ss
 (m

m
)

Length (mm)

S1

G2

I8

L3

T8

Fig. 6. Surface roughness profile.

0

100

200

300

400

500

600

0 5 10 15 20

H
or

iz
on

ta
l L

oa
d,

 P
 (k

N
)

Interface slip (mm)

S8 G8
I7 L7
T7

0

100

200

300

400

500

600

0 5 10 15 20

H
or

iz
on

ta
l L

oa
d,

 P
 (k

N
)

Interface slip (mm)

S6 G5
I5 L6
T4

(a)

(c)

S = Smooth, G = Groove, I = Indented, L = Lon

Fig. 7. Horizontal load–interface slip relationship for (a) rn = 0 N/mm2

6 M.E. Mohamad et al. / Cement & Concrete Composites 56 (2015) 1–14
sample for each of the surface textures is shown. The measured
interface slip is found to influence the bond between the two con-
crete layers. In general, the horizontal load increases steadily with
small interface slip until the failure load is reached. The failure load
is defined as the peak shear load before the cohesion bond at the
interface is broken [23]. When the normal stress is increase from
0 N/mm2 to 0.5 N/mm2, 1.0 N/mm2 and 1.5 N/mm2, the magnitude
of the failure load increases. After reaching the failure load, sliding
develops and the concrete layers separate. At the same time, a
steady drop with a slope resembling that before the peak load of
the horizontal load is observed. The state of the peak load before
the separation of the concrete layers occurred is referred as the
pre-crack interfaced shear strength. The pre-crack interface shear
strength is determined by dividing the peak load to the cross sec-
tional area of the bond surface. Depending on the normal stress
applied, the horizontal load drops to a certain magnitude before
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Table 3
Summary of test results at rn = 0 N/mm2.

Test specimens Pre-crack interface
shear strength (N/mm2)

Roughness parameter (mm)

Ra Rz Rmax R3z R3zmax Ry Rpm Rp Rvm Rv Rq Rsk Rku Rt

S1 0.61 0.35 0.43 0.66 0.30 0.58 0.45 0.83 0.68 0.41 0.64 0.39 -0.19 1.59 1.32
S2 0.73 0.07 0.30 0.38 0.15 0.18 0.22 0.36 0.22 0.06 0.19 0.09 -0.03 2.80 0.40
S3 0.67 0.48 0.50 0.70 0.37 0.59 0.35 1.04 0.94 0.54 0.79 0.54 0.27 1.67 1.73
G1 1.28 1.11 2.68 3.60 1.37 2.42 3.40 3.27 3.76 0.46 1.98 1.56 1.19 3.61 7.34
G2 1.23 0.86 2.42 3.24 1.01 2.27 3.23 3.00 2.52 0.39 2.05 1.31 1.37 5.37 8.14
G3 1.45 1.37 2.82 4.69 2.44 4.38 3.85 3.40 4.09 0.59 1.63 1.67 1.12 2.89 5.72
I1 1.55 1.24 3.28 4.21 2.35 3.94 4.07 3.44 2.54 0.43 2.27 2.23 0.18 1.19 5.00
I2 1.67 2.21 3.57 5.05 2.85 4.92 4.96 3.60 2.66 0.03 2.39 2.29 0.12 1.14 5.05
I3 1.34 1.07 3.15 4.07 2.14 3.80 4.05 3.21 2.23 0.27 2.03 2.30 0.16 1.19 5.23
L1 2.95 1.03 3.76 6.22 2.70 3.90 5.50 4.43 4.92 0.66 2.27 1.29 0.87 4.33 7.19
L2 3.50 2.00 4.32 6.48 3.24 4.16 5.24 5.92 5.05 0.39 3.32 0.70 0.42 3.73 3.35
L3 3.67 2.14 4.45 7.24 3.43 4.62 5.43 6.24 5.28 0.61 3.46 0.82 1.29 11.56 7.20
T1 3.78 1.52 6.60 7.47 5.36 6.15 5.87 7.66 3.63 1.06 4.66 1.95 -0.16 2.72 8.29
T2 3.45 1.29 4.54 6.15 3.60 5.49 5.06 5.91 4.28 1.37 3.69 1.65 0.34 3.08 7.98
T3 3.17 1.29 4.89 5.96 2.36 4.58 4.34 6.69 3.52 1.80 4.62 1.65 -1.00 3.40 8.15

S = Smooth, G = Groove, I = Indented, L = Longitudinal, T = Transverse.

Table 4
Summary of test results at rn = 0.5 N/mm2.

Test specimens Pre-crack interface
shear strength (N/mm2)

Roughness parameter (mm)

Ra Rz Rmax R3z R3zmax Ry Rpm Rp Rvm Rv Rq Rsk Rku Rt

S4 1.39 0.35 0.57 0.96 0.45 0.66 0.51 0.88 0.84 0.30 0.62 0.43 0.50 2.18 1.45
S5 1.28 0.20 0.52 1.00 0.40 0.79 1.00 0.90 0.96 0.38 0.62 0.27 0.73 4.53 1.58
S6 1.51 0.52 0.61 1.04 0.48 0.86 1.04 1.36 1.56 0.75 1.11 0.67 0.73 2.83 2.67
G4 1.82 0.73 2.07 2.93 1.49 2.65 2.93 2.93 2.86 0.86 1.77 0.94 1.15 3.95 4.63
G5 2.09 1.21 2.28 5.01 1.84 3.91 2.76 3.16 3.04 0.88 2.14 1.41 0.68 2.42 5.17
G6 2.16 1.24 2.36 5.13 2.02 3.27 2.94 3.25 4.20 2.55 3.35 1.51 -0.15 3.25 7.56
I4 2.55 2.18 3.73 5.27 3.24 5.10 4.53 3.93 2.80 0.21 2.47 2.29 0.19 1.19 5.27
I5 2.28 1.01 2.62 4.16 2.02 3.27 2.94 3.82 3.06 0.26 2.58 2.40 0.20 1.20 5.64
I6 2.11 0.93 2.11 3.78 1.87 2.98 2.16 2.96 2.69 0.17 2.47 2.26 0.14 1.17 5.16
L4 3.86 1.37 4.22 6.83 3.18 5.20 4.39 5.82 4.65 1.60 3.73 1.75 0.09 3.04 10.15
L5 4.00 1.43 4.65 6.91 3.25 5.47 4.56 5.97 2.21 1.09 2.70 1.09 0.17 2.60 9.68
L6 3.67 0.86 3.02 3.73 2.32 2.72 3.73 4.12 3.50 1.10 2.59 1.14 0.33 3.79 7.66
T4 4.67 1.39 4.17 6.88 3.29 6.16 2.79 8.32 3.78 4.15 6.37 1.96 -1.00 5.13 10.15
T5 4.84 1.26 5.03 7.95 3.49 4.63 5.76 6.77 5.67 1.74 4.01 1.61 -0.37 4.25 9.68
T6 4.56 1.32 4.32 6.16 3.02 6.27 5.94 6.52 4.89 0.47 2.77 1.29 0.88 5.44 7.66

S = Smooth, G = Groove, I = Indented, L = Longitudinal, T = Transverse.
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it goes plateau. From Fig. 7, the surface treated by wire-brushing in
the transverse direction gives the highest horizontal load showing
higher bond resistance at the surface. As shown in Fig. 7(d), both
the wire-brushing in the longitudinal and transverse direction
surfaces having almost similar results to each other. These surface
textures are tested at normal stress of 1.5 N/mm2 and it gives more
resistance coming from the normal stress to the interface as
there is more friction than the cohesion bond. The mean peak
height, Rpm is 5.18 mm for the longitudinal roughened and
5.42 mm for the transverse roughened and the results finding are
almost similar. The smooth or ‘‘left as-cast” surface gives the lowest
ultimate load than the other surface textures. This indicates that the
rougher the surface textures, the higher the interface shear strength.

4.3. Interface shear strength – roughness parameter relationship

The pre-crack interface shear strength from the ‘‘push-off” test
are compared and correlated with the 14 roughness parameters.
The correlations are given in Tables 3–6 based on various normal
stresses of 0 N/mm2, 0.5 N/mm2, 1.0 N/mm2 and 1.5 N/mm2,
respectively. From the results, the average roughness, Ra, for the
smooth or ‘‘left as-cast” range from 0.07 mm to 0.67 mm and the
mean peak-to-valley height, Rz, range from 0.30 to 0.98 mm. This
finding concurs with previous literatures [15,27] where the rough-
ness is less than 1 mm. According to Santos and Julio [28], for
various types of surface textures the average roughness, Ra, leads
to inaccurate results and hence, additional roughness parameters
may be required to provide more useful interpretation.

In this study, it is found that the roughness parameters Rq, Rsk

and Rku have low correlation with the pre-crack interface shear
strength. The root mean square, Rq is more sensitive to the devia-
tion from the main line than the average roughness, Ra [19,20].
The skewness, Rsk, and the kurtosis, Rku, are also found to be sensi-
tive to the spiky surface of high peaks and low valleys [19,20]. As
shown in Tables 3–6 and 75% of the total specimens have positive
skewness ranging from 0.09 mm to 2.10 mm which contain high
peaks or filled valleys. On the other hand, the remaining 25% give
negative skewness ranging from �0.03 mm to �1.00 mm, all of
which are filled with scratched valley depths or lack of peaks.
The smooth or ‘‘left as-cast”, deep groove, longitudinally and trans-
versely roughened surface textures have both positive and nega-
tive skewness. As for the indented surface, only positive
skewness is observed. Moreover, the kurtosis, Rku, the specimens
show values of more than 3 mm for surfaces with high peaks and
deep valleys, with 53.33% of the total specimens showing from
3.04 mm to 15.31 mm. As for the remaining 46.67% with the kurto-
sis, Rku, of less than 3 mm ranging from 1.14 mm to 2.89 mm, they
contain lower peaks and valleys. Both Rku values of less and more
than 3 mm surface textures of the smooth or ‘‘left as-cast”, deep
groove, longitudinally and transversely roughened, suggesting that



Table 5
Summary of test results at rn = 1.0 N/mm2.

Test specimens Pre-crack interface
shear strength (N/mm2)

Roughness parameter (mm)

Ra Rz Rmax R3z R3zmax Ry Rpm Rp Rvm Rv Rq Rsk Rku Rt

S7 1.81 0.21 0.53 1.22 0.44 1.09 0.95 0.65 0.85 0.13 0.41 0.27 0.93 4.16 1.26
S8 1.71 0.62 0.78 1.22 0.61 1.09 1.18 1.23 1.88 0.45 0.81 0.76 1.36 3.37 2.69
S9 1.51 0.67 0.81 1.24 0.67 0.97 1.24 1.64 1.84 0.83 1.21 0.78 0.29 2.21 3.05
G7 2.31 0.79 2.16 3.89 1.59 3.33 2.76 2.46 2.70 0.30 1.21 0.95 0.88 3.10 3.90
G8 2.63 0.52 1.82 4.07 1.30 2.50 3.39 2.22 3.05 0.41 1.01 0.76 2.04 6.64 4.07
G9 2.60 0.87 1.71 5.24 2.18 5.64 5.24 2.46 4.84 0.74 1.62 1.26 2.10 6.86 6.46
I7 2.78 2.10 3.05 4.23 2.30 3.37 4.32 3.48 3.13 0.46 2.51 2.35 0.23 1.23 5.64
I8 3.22 2.17 3.60 5.04 2.87 4.88 4.97 3.64 2.64 0.05 2.44 2.25 0.12 1.14 5.08
I9 3.44 2.21 3.77 5.00 2.19 4.98 4.91 3.79 2.59 0.02 2.41 2.29 1.07 1.14 5.00
L7 4.59 0.64 3.20 3.83 2.13 6.95 8.92 4.01 2.26 0.82 2.69 0.96 -0.30 4.62 4.95
L8 4.87 0.92 3.95 3.21 2.32 4.21 3.80 4.76 3.33 0.68 2.15 1.04 0.40 2.57 4.48
L9 4.67 0.73 3.81 3.04 2.03 4.02 4.75 4.63 2.95 1.13 2.68 1.01 0.85 4.48 5.63
T7 6.17 1.77 7.77 8.92 6.01 3.37 4.32 8.86 6.65 1.09 4.56 2.29 0.48 3.29 11.21
T8 6.00 1.66 4.77 5.90 3.48 4.88 4.97 7.29 3.76 2.52 5.27 2.10 -0.27 2.72 9.03
T9 5.72 1.42 4.51 5.74 3.32 4.98 4.91 6.87 3.76 1.71 3.46 1.32 0.18 4.31 7.22

S = Smooth, G = Groove, I = Indented, L = Longitudinal, T = Transverse.

Table 6
Summary of test results at rn = 1.5 N/mm2.

Test specimens Pre-crack interface
shear strength (N/mm2)

Roughness parameter (mm)

Ra Rz Rmax R3z R3zmax Ry Rpm Rp Rvm Rv Rq Rsk Rku Rt

S10 1.99 0.39 0.58 0.91 0.48 0.77 0.24 1.19 0.57 0.60 0.85 0.45 -0.57 1.90 1.42
S11 1.85 0.54 0.80 1.70 0.66 1.53 0.88 1.30 1.47 0.50 0.85 0.62 0.67 2.18 2.32
S12 2.11 0.65 0.98 2.14 0.77 1.83 2.14 1.45 2.57 0.46 0.90 0.81 1.24 4.17 3.47
G10 2.90 0.32 1.93 4.03 1.03 1.94 3.98 2.53 2.87 1.50 2.83 1.30 0.21 2.42 5.71
G11 3.62 0.58 2.18 4.21 1.16 2.33 4.21 3.21 4.58 1.03 1.62 0.84 2.76 15.31 6.20
G12 3.47 0.41 2.05 4.15 1.05 2.15 4.15 3.12 4.90 0.79 1.96 1.03 1.52 8.19 6.85
I10 3.50 2.10 3.74 5.04 2.84 4.83 4.85 3.84 2.61 5.04 2.43 2.19 0.11 1.16 5.04
I11 3.22 1.02 2.74 4.15 2.03 3.20 2.78 3.49 2.80 5.24 2.44 2.26 0.17 1.19 5.24
I12 3.72 2.24 3.82 5.34 3.37 4.88 5.23 3.86 2.94 5.34 2.40 2.35 0.22 1.20 5.34
L10 6.40 0.45 2.74 4.23 2.09 3.20 4.78 5.43 2.19 1.17 2.80 1.17 -0.38 2.57 4.99
L11 6.34 1.19 4.21 6.61 2.87 2.94 4.79 5.54 5.30 1.33 2.89 1.57 1.01 4.31 8.19
L12 5.78 0.78 2.98 4.24 1.95 3.04 2.44 4.57 2.15 1.59 3.29 1.02 -1.04 4.74 5.44
T10 6.29 4.45 3.23 4.45 2.03 3.20 4.87 5.32 3.97 2.68 5.26 1.82 -0.53 3.67 9.23
T11 6.51 6.63 4.61 6.63 3.54 5.86 3.98 5.99 2.84 1.38 3.79 1.37 -0.73 4.21 6.63
T12 6.45 4.69 3.45 4.69 2.65 3.98 1.73 4.95 1.87 1.51 3.35 1.07 -1.15 5.00 5.22

S = Smooth, G = Groove, I = Indented, L = Longitudinal, T = Transverse.
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they contain a mixture of high and low peaks and also deep and
low valleys. For the indented surface, Rku is found to be less than
3 mm since the specimens contain low peaks and valleys. This is
because the indented surface was cast against a steel corrugated
formwork, thus resulting in blunter peaks and valleys. The rough-
ness parameters, Rq, Rsk, and Rku are less correlated to the pre-crack
interface shear strength as the measurement of the sharpness of
the peaks and valleys vary for each type of surface textures.

As shown in Tables 3–6, the mean peak height roughness, Rpm,
for smooth or ‘‘left as-cast” are 0.83 mm, 0.36 mm, and 1.04 mm,
while for the deep groove they are 3.27 mm, 3.00 mm, and
3.40 mm. The indented surfaces give the values of 3.44 mm,
3.60 mm and 3.21 mm, while for roughened in the longitudinal
direction, they are 4.43 mm, 5.92 mm, 6.24 mm. As for the trans-
versely roughened, the values are 7.66 mm, 5.91 mm, and 6.69 mm.
This shows that by considering Rpm for the roughness parameter,
the deep groove surface roughness increases up to 333.78% com-
pared with the smooth or ‘‘left as-cast” surface. Meanwhile, for
the indented surface roughness there is an increased up to
359.85%. For the longitudinally roughened and transversely rough-
ened, the roughness increase up to 644.28% and 808.93%, respec-
tively. By considering Rpm, it gives good indication in representing
the roughness values as it increases linearly with the pre-crack
interface shear strength. As a result, the roughened surface in the
transverse direction gives the highest value of Rpm with the highest
pre-crack interface shear strength. This is then followed by the
roughened surface in the longitudinal direction, indented, and deep
groove. The lowest pre-crack interface shear strength is observed
for the smooth or ‘‘left as-cast” surface with the smallest Rpm.

The Eurocode 2 [2] categorizes a surface as rough when its
roughness is at least 3 mm and for very rough or indented surface
when the roughness is more than 5 mm. The roughness parameter,
Rt, for the indented surface measured in this study showed similar
value as indicated in Eurocode 2 [2], implying the fitness of
currently adopted testing method.

The pre-crack interface shear strength increased as the normal
stress increased from 0 N/mm2 to 1.5 N/mm2. The application of
normal stress is to determine the friction coefficient for each type
of surface textures. At normal stress of 0 N/mm2, the highest pre-
crack interface shear strength is equal to the cohesion strength
before the bond is broken. Bond failure load is determined as the
peak shear load at the point before the cohesion bond at the inter-
face is broken [22]. The bond failure load depends solely on the
tensile strength of concrete-to-concrete bond and the cohesion
coefficient. The cohesion coefficient increases when the value of
roughness parameters increases. The determination of pre-crack
interface shear strength is applied same to all of the test specimens
at normal stress from 0 N/mm2 to 1.5 N/mm2. The increase of nor-
mal stress linearly increased the pre-crack interface shear strength.
The slope of the linear line regression is taken as the friction



Table 7
Coefficient of correlation, R2, between roughness parameters and pre-crack interface
shear strength.

Roughness parameters Applied normal stress

0 N/mm2 0.5 N/mm2 1.0 N/mm2 1.5 N/mm2

Ra 0.4497 0.3208 0.1508 0.3658
Rz 0.7994 0.8498 0.8073 0.5976
Rmax 0.8428 0.7423 0.5035 0.5279
R3z 0.7510 0.7709 0.6819 0.4697
R3zmax 0.6375 0.6919 0.3511 0.3386
Ry 0.6823 0.6624 0.3604 0.1927
Rpm 0.9009 0.9131 0.9115 0.9209
Rp 0.6657 0.5821 0.4005 0.0796
Rvm 0.3773 0.2642 0.4979 0.0000
Rv 0.8080 0.6088 0.8089 0.6769
Rq 0.0374 0.1213 0.2039 0.0520
Rsk 0.0027 0.2973 0.2592 0.2051
Rku 0.2303 0.2368 0.0003 0.0070
Rt 0.3728 0.8063 0.6667 0.4544
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coefficient as in the Coulomb friction equation. The contribution of
friction and cohesion coefficients to the interface shear strength is
related to the roughness parameter.
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Fig. 9. Relationship between pre-crack interface shear strength and normal stress.
5. Correlation coefficient of roughness parameters and pre-
crack interface shear strength

The correlation coefficients of the roughness parameters and
the pre-crack interface shear strength are shown in Table 7 and
Fig. 8. The mean peak height, Rpm shows the highest correlation
coefficient (R2) with the pre-crack interface shear strength at
0.9009, 0.9131, 0.9115 and 0.9209 for normal stresses of 0 N/mm2,
0.5 N/mm2, 1.0 N/mm2 and 1.5 N/mm2, respectively. This is
followed by Rz (0.7994, 0.8498, 0.8073 and 0.5976), Ry (0.8080,
0.6088, 0.8089 and 0.6769), Rmax (0.8428, 0.7423, 0.5035 and
0.5279) and R3z (0.7510, 0.7709, 0.6819 and 0.4697). According
to Taylor [29], for R (in absolute value) 60.35 or R2 6 0.12, it is gen-
erally considered as low or weak correlation. As for 0.35 < R 6 0.67
or 0.12 < R2 6 0.45 it is treated as having moderate correlation,
while 0.67 < R 6 1.0 or 0.45 < R2 6 1.0 as strong or high correlation,
and RP 0.90 or R2 P 0.81 as very high correlation.

Based on this relationship, it is therefore recommended to use
roughness parameters of Rpm, Rz, Rv, Rmax and R3z, to represent the
roughness values since their correlation coefficients are in the high
to very high domain. Out of the 14 roughness parameters, the
mean peak height, Rpm, is considered in the study since R2 P 0.81
0 0.2 0.4 0.

Rt
Rku

Rsk
Rq

Rv
Rvm

Rp
Rpm

Ry
R3zmax

R3z
Rmax

Rz
Ra

Fig. 8. Coefficient of correlation, R2 between roughness parameters and pr
and they can be characterized as very high correlation. It is later
used in the shear-friction expression to determine the friction
coefficient.

6. Determination of friction and cohesion coefficients

The mechanism to break the concrete interface bond between
existing and newly added concrete is considered as static friction
condition. The frictional force not only comes from the surface
roughness, but also cohesion which significantly contributes to
resist sliding effect between the concrete layers. In determining
the cohesion coefficient, the self-weight of the concrete topping
is ignored. This is because the self-weight is relatively small and
is negligible. Without the applied normal load, the pre-crack inter-
face shear strength is determined which is the maximum load to
break the bond between concrete layers. As shown in Fig. 9 the
cohesion strength is determined at normal stress, rn = 0 N/mm2

which is the minimum pre-crack interface shear strength to break
the bond between the concrete layers. The cohesion coefficient is
derived from expression, c = s/ft for each of the surface textures.
The Coulomb friction model is then adopted by relating the pre-
crack interface shear strength to the normal stress. The relation-
ship is shown in Fig. 9 where the normal stresses are represented
by rn. The slope from the linear regression best fit line is character-
ized as the friction coefficient, l. Each of surface textures gives dif-
ferent friction coefficients. The increase degree of roughness
surface would increase the friction coefficient value. The increase
6 0.8 1

σ = 0.5 N/mm2

σ = 0 N/mm2

σ = 1.0 N/mm2

σ = 1.5 N/mm2

e-crack interface shear strength under four variables normal stresses.
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of normal stress perpendicular to the surface texture gives the
increment to degree of slope from linear regression which is the
friction coefficient value. The interface shear strength design
expression includes the friction terminology when the normal
stress is available. Both friction and cohesion coefficients value
increase when the degree of roughness is increase. The roughness
of surface spreads more surface area for the concrete cohesion
bond and this would increase the interface shear strength value.
Meanwhile, the friction coefficient value increase with the increase
of degree of roughness.

The friction and cohesion coefficients calculated from Fig. 9 are
represented in Tables 8 and 9 for each of the surface textures. The
finding shows that the friction coefficient from the experimental
work ranged from 0.84 to 2.02, while the cohesion coefficient
ranged from 0.27 to 1.21. The highest friction and cohesion
Table 8
Comparison of the friction coefficient between the experiment, Eurocode 2 and Eq. (9).

Surface type Normal stress
(N/mm2)

Roughness parameter of the
mean peak height, Rpm (mm)

Frictio

Experi

Smooth/‘‘left as-cast” 0 0.74 0.84
0.5 1.05
1.0 1.17
1.5 1.31

Deep Groove 0 3.22 1.30
0.5 3.11
1.0 2.38
1.5 2.95

Indented 0 3.42 1.34
0.5 3.57
1.0 3.64
1.5 3.73

Longitudinal Roughened 0 5.53 1.85
0.5 5.30
1.0 4.47
1.5 5.18

Transverse Roughened 0 6.75 2.02
0.5 7.20
1.0 7.67
1.5 5.42

Table 9
Comparison of the cohesion coefficient between the experimental, Eurocode 2 and Eq. (10

Surface type Normal stress
(N/mm2)

Tensile strength
(N/mm2)

Roughness para
mean peak heig

Smooth/‘‘left as-cast” 0 2.99 0.74
0.5 1.05
1.0 1.17
1.5 1.31

Deep groove 0 3.22
0.5 3.11
1.0 2.38
1.5 2.95

Indented 0 3.42
0.5 3.57
1.0 3.64
1.5 3.73

Longitudinal roughened 0 5.53
0.5 5.30
1.0 4.47
1.5 5.18

Transverse roughened 0 6.75
0.5 7.20
1.0 7.67
1.5 5.42
coefficients are found for the roughened surface in the transverse
direction with l = 2.02 and c = 1.21, respectively, followed by the
longitudinal direction roughened surface with l = 1.84, c = 1.05,
respectively. For the indented surface, the friction and cohesion
coefficients are l = 1.34 and c = 0.54, respectively, while the groove
surface are l = 1.30, c = 0.44, respectively. The lowest friction and
cohesion coefficients are the smooth or ‘‘left as-cast” surface with
l = 0.84 and c = 0.27, respectively. The friction and cohesion coeffi-
cients in this study are found to be higher than the values given in
Eurocode 2 [2]. However, it should be noted here that the friction
and cohesion coefficients given in Eurocode [2] are categorized
based on the surface finishes i.e. smooth or ‘‘left as-cast”, rough
and very rough. Therefore, the comparisons in Tables 8 and 9 are
merely based on the assumption made by the author. For example,
for deep groove surface and roughened surface in the longitudinal
n coefficient, l lexp

lcalc

ment as shown in Fig. 9, lexp Cl. 6.2.5(2) Eurocode 2 Eq. (8), lcalc

0.60 0.78 1.09
0.89 0.95
0.93 0.91
0.98 0.87

0.70 1.40 0.93
1.38 0.95
1.24 1.05
1.35 0.97

0.90 1.43 0.94
1.45 0.92
1.47 0.92
1.48 0.91

0.70 1.73 1.07
1.70 1.09
1.59 1.17
1.69 1.10

0.70 1.87 1.08
1.92 1.05
1.97 1.03
1.72 1.18

).

meter of the
ht, Rpm (mm)

Cohesion coefficient, c Cexp

Ccalc

Experiment as
shown in Fig. 9, cexp

Cl. 6.2.5(2)
Eurocode 2

Eq. (9), ccalc

0.27 0.20 0.28 0.96
0.30 0.89
0.31 0.87
0.32 0.84

0.44 0.40 0.51 0.87
0.49 0.89
0.42 1.06
0.48 0.93

0.54 0.50 0.53 1.02
0.55 0.98
0.56 0.96
0.57 0.94

1.05 0.40 0.88 1.20
0.83 1.27
0.68 1.54
0.81 1.30

1.21 0.40 1.17 1.03
1.30 0.93
1.46 0.83
0.85 1.42
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and transverse direction, the comparison of the friction and cohe-
sion coefficients are taken as rough surface in Eurocode 2, whereas
for indented is taken as very rough. The increase of normal stress
and roughness parameter linearly increases the pre-crack interface
shear strength. This shows that the contribution of friction and
cohesion coefficients to the pre-crack interface shear strength is
related to the roughness parameter. The friction and cohesion coef-
ficients tend to increase by increasing the value of roughness
parameters.

In this study, the relationship between the mean peak height,
Rpm, and the empirically determined friction coefficient is
expressed as:

l ¼ 0:8766R0:3978
pm ð9Þ

Meanwhile, the theoretical cohesion coefficient is determined
expressed as:

c ¼ 0:2363e0:237Rpm ð10Þ
Substituting Eqs. (9) and (10) into Eq (2), where no provision of
shear reinforcement crossing the interface is made, the theoretical
interface shear strength expression is simplified as:

s ¼ 0:2363e0:237Rpm
� �

f t þ 0:8766R0:3978
pm

� �
rn ð11Þ

However, the proposed expression in Eq. (11) is limited to the
five types of surface textures used in this study and also subjected
to normal stress of up to 1.5 N/mm2.

7. Discussion

In order to ensure full composite action of the concrete-to-con-
crete bond, the design must be able to transfer the horizontal shear
strength crossing the interface with adequate cohesion and fric-
tional force. Therefore, the equations to determine the interface
shear strength proposed by previous researchers or available in
the codes of practice are usually based on the static friction condi-
tion. The static friction condition is a mean to hold the concrete
layers from moving relative to each other. The surface roughness
of the existing concrete acts as a mechanical interlocking to grip
the new added layer from being separated. The higher the degree
of roughness of a particular surface, the higher the friction and
cohesion coefficients. In this study, the surface roughness is quan-
tified into the roughness parameter of the mean peak height, Rpm,
to determine the friction and cohesion coefficients.

The current study suggests that the components of friction and
cohesion coefficients in the interface shear strength equation can
be clearly characterized by the roughness parameter. As shown
in Fig. 10, the relationship between friction coefficient and rough-
ness parameter, and that of the cohesion coefficient and roughness
μ = 0.8766Rpm
0.3978
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Fig. 10. Relationship between; (a) friction coefficient and the roughness parameter of the
mean peak height, Rpm.
parameter can be expressed as power and exponential relation-
ships as given in Eqs. (9) and (10). The significance of the relation-
ships is to characterize the friction and cohesion coefficients by
quantifying the mean peak height, Rpm. The variation of the friction
and cohesion coefficients is taken from the three samples of each
normal stress series. Each of samples has different mean peak
height, Rpm with different friction and cohesion coefficients. The
friction and cohesion coefficients increase as the mean peak height,
Rpm increases. This also means that when the mean peak height of
the surface roughness increases, the stress required to break the
bond and to overcome the roughness increase during the separa-
tion of the concrete layers.

The comparison on the calculated friction coefficient, lcalc, by
integrating them with Rpm is summarized in Table 8 and shown
graphically in Fig. 11(a). Comparison with the experimental values
shows that the results lie along the 1:1 line. The percentage differ-
ences for the smooth or ‘‘left as-cast” are 9%, 5%, 9% and 13% for
normal stress of 0 N/mm2, 0.5 N/mm2, 1.0 N/mm2 and 1.5 N/mm2,
respectively. This shows that as normal stress increases, the
percentage of difference increases as well. This may be attributed
to the normal stress acting as a clamping stress which results in
higher friction coefficient. Furthermore, since the surface is smooth
or ‘‘left as-cast”, there may be less bonding action and the interac-
tion depends solely on the clamping stress. As for the other
surfaces, the percentage of difference is less than 10%, and there is
no particular pattern (whether increase or decrease) when the nor-
mal stress is increased from 0 N/mm2 to 1.5 N/mm2. However, the
results from two specimens from each of the longitudinally and
transversely roughened surfaces are 17% and 18% higher than the
control. This may be ascribed to variability in surface roughness
which depends on the pressure applied when wire brush is used.

The calculated cohesion coefficient, ccalc is summarized in Table 9
and shown graphically in Fig. 11(b). Fig. 11(b) shows that the
results lie along the 1:1 line. For smooth or ‘‘left as-cast” surface,
the difference in percentage is 4%, 11%, 13% and 16% for normal
stress at 0 N/mm2, 0.5 N/mm2, 1.0 N/mm2 and 1.5 N/mm2, respec-
tively. As for the roughened surface in the longitudinal direction
at rn = 0 N/mm2, 0.5 N/mm2, 1.0 N/mm2 and 1.5 N/mm2, the cohe-
sion coefficient is higher than the calculated values with percentage
difference of 20%, 27%, 54% and 30%, respectively. While the trans-
verse direction at rn = 1.0 N/mm2 and rn = 1.5 N/mm2, the cohesion
coefficient is higher than the calculated values with 17% and 42%
differences. The properties of cohesion coefficient, c or s is found
to be proportional to the concrete tensile strengthwhen it is consid-
ered at rn = 0 N/mm2 in the s = c � ft expression. The properties of
the interface shear strength, s is found to be proportional to the ten-
sile strength of the concrete when rn = 0 N/mm2. From expression
s = c � ft, the cohesion coefficient, c is then determined. In this study,
the self-weight of the concrete topping is not added in the normal
c = 0.2363e0.237Rpm
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Table 10
Comparison of design expression, friction and cohesion coefficient.

Codes/authors Surface textures Design expression of interface
shear strength

Friction
coefficient, l

Cohesion coefficient, c

Eurocode 2 Very smooth s = c � fct + l � rn + q � fyd (l � sin
a + cos a) 6 0.5 tfcd

0.50 0.025
Smooth 0.60 0.20
Rough 0.70 0.40
Very rough/indented 0.90 0.50

CEB–FIB Model 2010 Very smooth s ¼ sc|{z}
Adhesion

þl:ðrn þ j � q � f yÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Friction

60.5 –
Smooth (Ra < 1.5 mm) 0.50–0.7 –
Rough (Ra P 1.5 mm) 0.7–1.0 sc = 1.5–2.5 N/mm2

Very Rough/indented (Ra P 3 mm) 1.0–1.4 sc = 2.5–3.5 N/mm2

ACI 318 Clean, free of laitance and intentionally roughened 0.55 – –
Clean, free of laitance and intentionally roughened
to a full amplitude of ¼ in. (6.4 mm)

1.79 – –

Santos Smooth s = c � fct 6 0.25m � fcd (no
reinforcement is provided) s = l
(rn + q � fyd) 6 0.25m � fcd
(reinforcement crossing the
interface)

ld ¼ 1:366Rvm0:041

cfr
cd ¼ 1:062Rvm0:145

ccohRough
Very rough/indented
Shot-blasting
Hand-scrubbing/raking

Gohnert Rz s = (0.2090Rz + 0.3762)/cm – –

Proposed design expression Smooth as-cast s = c � fct + lrn 6 0.25m � fcd (no
reinforcement is provided)

l ¼ 0:8766R0:3978
pm

c = 0.2363e0.237Rpm

Groove
Indented
Wire-brushing in longitudinal way
Wire-brushing in transverse way
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stress expression. The first component of the interface shear
strength expression, c � ft is to include the shear strength from
cohesion and aggregate interlock at the interface.

The comparisons of the design expression, friction and cohesion
components between different Code of Practice and previous liter-
atures are summarized in Table 10 and also shown in Fig. 12. In
this study, the average roughness, Ra for the smooth or ‘‘left as-
cast” is 0.30–0.53 mm, deep groove is 0.80–1.21 mm, indented
and wire-brushing roughened in the longitudinal direction is
0.72–1.04 mm and transverse direction is 1.05–1.47 mm. Based
on the recommendation by CEB–FIB Model Code 2010 [3], both
the roughened and indented surfaces show that Ra < 1.5 mm,
which falls under the smooth surface category. The different find-
ings from the current work are because of the roughening tech-
nique, where CEB–FIB Model Code 2010 [3] specifies that the
rough and very rough surfaces are treated by sand blasting or using
high pressure water blasted, and also using high pressure water
jetting. In the current work, the surface is roughened manually
by wire brushing, which is a common practice in the precast indus-
try to produce rough surfaces.

From the CEB–FIB Model Code 2010 [3] design expression given
in Eq. (3), the interface shear strength only assessed the cohesion
bond strength, sc neglecting the contribution from the cohesion
coefficient and tensile strength. The cohesion bond strength is
based on the rough and very rough surfaces. From the finding in
this study, the cohesion bond strength can only be assessed for
the indented surface since Ra P 1.5 mm. The relationship is shown
in Fig. 12(c). The other surface textures are not quantified for the
cohesion bond strength as the surfaces are categorized as smooth
since Ra < 1.5 mm. From Fig. 12, the proposed design expression
given in Eq. (11) presents the highest interface shear strength
among the other six design expressions.

CEB–FIB Model Code 2010 [3] and Eurocode 2 [2] exhibits sim-
ilar pattern for the indented surface as both codes considering
them as rough surface as shown in Fig. 12(c). Meanwhile, ACI
318 [1] only specifies the surface as smooth and rough, therefore
no particular pattern can be observed. The expression proposed
by Gohnert [15] appears as the lower bound for all types of surface
textures at which the interface shear strength is less or equal to
1 N/mm2. The CEB–FIB Model Code 2010 [3] design expression
shows a lower bound value for the smooth or ‘‘left as-cast”, deep
groove and both roughened surfaces. As shown in Fig. 12(e), the
proposed design expression under rn = 1.5 N/mm2 produces lower
interface shear strength than the specimens under rn = 1.0 N/mm2.
This is because the mean peak height, Rpm under rn = 1.5 N/mm2 is
less than the surface texture under rn = 1.0 N/mm2.

The current study is based on two components of friction and
cohesion coefficientswhich can be predicted by quantifying the sur-
face textures for the smooth or ‘‘left as-cast”, groove, indented and
roughened in both the longitudinal and transverse direction. This
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Fig. 12. Comparison of proposed design expression with codes of practice and previous researchers design expressions.
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present finding replicates the finding by Santos and Julio [14] but
without the inclusion of partial safety factor and roughness param-
eter for surfaces ‘‘left as-cast”, wire-brushing, sand-blasting, shot-
blasting and hand-scrubbing or raking. However, differences in
the specific criteria used to define friction and cohesion coefficients
are the main differences between the present study and to that of
Santos and Julio [14]. For instance, comparisons on the criteria for
quantifying the interface shear strength and roughness parameter
shows similar components to predict the friction and cohesion coef-
ficients. However, different testing method is adopted to establish
the design expression. The current work only uses the design
component expression for friction and cohesion coefficients which
are quantitatively assessed with the roughness parameter, Rpm.

8. Conclusion

Experimental work is carried out to study the influence of rough-
ness parameters on concrete-to-concrete bond on the interface
shear strength and to propose an empirical expression of the friction
and cohesion coefficients. Five different types of surface textures are
prepared and experimentally tested using the ‘‘push-off” test
method. The main findings of study can be concluded as follows:
(a) The roughness parameters, Rpm, Rz, Ry, Rmax and R3z, showhigh
correlation with the pre-crack interface shear strength,
where R2 values ranging from 0.46 to 1.0. However, the
roughness parameter, Rpm, is considered to predict the friction
and cohesion coefficients since it has the highest correlation.

(b) The friction and cohesion coefficients from the experimental
work are determined from the regression line of the shear-
friction relationship formed between the pre-crack interface
shear strength and normal stress.

(c) The friction coefficients, l and cohesion coefficients, c from
the experimental work are higher than the values given in
Eurocode 2.

(d) The friction coefficients, l in CEB–FIB Model Code 2010 is
lower than the experimental results. This is because the
surface identification is based on the average roughness, Ra.
Therefore, for deep groove and roughened surfaces in both
the longitudinal and transverse direction in the current study
is identified as smooth in CEB–FIB Model Code 2010 even
though the authors quantified them as rough surface. In
CEB–FIBModel Code 2010, rough surface is produced by sand
blasted or using high pressure water blasted, while very
rough and indented using high water pressure water jetting.
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(e) The cohesion coefficient is not provided in CEB–FIIB Model
Code 2010 but the cohesion bond strength is quantified only
for rough (1.5–2.5 N/mm2) and very rough (2.5–3.5 N/mm2)
surfaces.

(f) It is possible to separate the parameters of the interface
shear strength expression in order to establish predictive
relationship between friction and cohesion coefficients and
roughness parameter.

(g) The agreement of the friction and cohesion coefficients
between the experimental and empirical is in acceptable
range.

(h) Eqs. (9), (10) and (11) are empirical expression proposed in
this study to calculate the friction coefficient, cohesion coef-
ficient and interface shear strength, respectively by taking
the mean peak height, Rpm, as the roughness parameter.

(i) The roughness at the top surface of the concrete base is
found to be influencing the interface shear strength of the
concrete-to-concrete bond.

(j) Actual roughness measurement should be specified and sta-
ted the method used and by only stating the roughness
depth is not sufficient.

(k) The surface treated by wire-brushing in the transverse
direction gives the highest horizontal load followed by the
longitudinal direction, indented, deep groove and smooth
or ‘‘left as-cast” surfaces.

(l) As the surface texture becomes rougher, it produces higher
asperities hence contributing to higher interface shear
strength.
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