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Abstract:    Evidence gained from previous field tests conducted on drilled shaft foundation shows that using drilling slurries to 
stabilize a borehole during the construction may influence the interfacial shear strength. This paper deals with an exhaustive study 
of the effects of drilling slurries at the contact between soil and concrete. This study involved adapting a simple shear apparatus 
and performing approximately 100 experimental tests on the interaction between two types of soils; clay and sandy clay and five 
specimens of concrete with different surface shapes. It also involved using bentonite and polymer slurries as an interface layer 
between soil and concrete. Results showed that an interface layer of bentonite slurry between clay and concrete decreases the 
interfacial shear strength by 23% and as an interface layer between sandy clay and concrete, bentonite increases interfacial shear 
strength by 10%. Using polymer slurry as an interface layer between clay and concrete decreases the interfacial shear strength by 
17% while using it as an interface layer between sandy clay and concrete increases the interfacial shear strength by 10%. Fur-
thermore, the data show that using bentonite and polymer slurry as an interface layer between clay and concrete decreases the 
sliding ratio by 50% to 60%, while increasing the sliding ratio by 44% to 56% when these are used as an interface layer between 
sandy clay and concrete. 
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1  Introduction 
 

Constructing drilled shaft foundation sometimes 
requires various types of drilling slurries to stabilize 
the borehole. These slurries are generally divided into 
two groups: the mineral slurries and the polymer 
slurries. Using a slurry mixture may cause loss of 
friction because slurry residual settling may lead to 
the development of thick membranes of weak mate-
rial (mudcake) at both the sides and bottom of  
borehole. 

Many researchers have investigated the effect of 

mudcake on the pile load transfer and the factors 
influencing mudcake formation. These factors in-
clude roughness, exposure time, hydrostatic of slurry 
column, and all affect the thickness layer and side 
resistance (Cernak, 1973; Pells et al., 1978; Nash, 
1974; Wates and Knight, 1975; Holden, 1984; O’Neill 
and Hassan, 1994). Some studies have concentrated 
on the effects of soil type on the pile load transfer 
(Tucker and Reese, 1984; Majano et al., 1994). Ma-
jano et al. (1994) reported that slurry penetrates the 
soil, that filtration of bentonite platelets occurs, and 
that thixotropic gel forms on the surface of mudcake, 
which becomes thicker and more impermeable with 
time. 

Advances in technology have led to polymer 
slurries as new materials to be used in stabilizing 
boreholes, a prospect that has attracted great attention 
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in the last two decades. The semisynthetic polymers 
most commonly used are anionic polyacrylamides 
(AP) and vinyls that are soluble in water and which 
are able to form long hydrocarbon chains when ex-
posed to water (Majano et al., 1993). In general, the 
field research on polymer slurries mainly deals with 
two matters: the ability of polymer slurry to stabilize 
the borehole and the effect of polymer slurry on the 
perimeter load transfer. Studies have shown that 
polymer successfully stabilizes the borehole through 
construction drilled shafts and increases the load 
transfer (Kheng, 1989; Majano et al., 1994; Ata and 
O’Niell, 2000). 

The main cause of a reduced bearing capacity 
when using drilling slurry is the existence of thick 
mudcake, which reduces the side resistance by less-
ening the bond between hole sides and concrete. 
Some reports have shown that this is not an issue 
when the mudcake is not excessive (O’Neill and 
Reese, 1999; Camp et al., 2002). Another report has 
shown that bentonite reduces the side resistance even 
with thin mudcake produced by exposing the hole for 
slurry for short time (Brown, 2002).  

Most of the above-mentioned studies used 
large-scale field tests. Although they presented valu-
able conclusions, the approach is not adaptable to 
conducting multiple tests and is expensive. Direct 
shear and simple shear tests for comprehensive soil 
structure interface applications are more practical 
than large-scale tests and considered optimal for de-
tailed studies.  

Some researchers have used a simple shear ap-
paratus to study the friction between soil and steel 
plates and between soil and concrete (Uesugi et al., 
1990; Tsubakihara et al., 1993; Wang and Lu, 2007).  
Large scale direct shear apparatus have been used to 
study the interface between soil and concrete and also 
between gravel-containing soil and steel plate (Yin et 
al., 1995; Zhang and Zhang, 2009). Zhang et al. (2008) 
used a large simple shear apparatus to explore the 
mechanical behavior of the interface between core 
and filter soils in rock fill dams. Shakir and Zhu (2009) 
used a simple shear apparatus to study the interface 
between compacted clay and concrete. Recently, a 
direct shear apparatus was used to study concrete- 
rock interface and sand-steel interface (Reddy et al., 
2000; Xue et al., 2005; Jeong et al., 2009). Laboratory 
experimental tests to examine the effect of thin layer 

slurries between soil and concrete are few and need 
more investigation. 

In this study, a simple shear apparatus capable of 
measuring the sliding and deformation displacement 
in split form was modified and used to study the soil 
structure interface. The main objectives were: (1) to 
explore the effect of using bentonite slurry and 
polymer slurry as an interface layer between two 
types of soils (clay and sandy clay) and five speci-
mens of concrete with different surface shape; and (2) 
to derive a method for analyzing the sliding and de-
formation displacement obtained from simple shear 
tests. 

 
 

2  Simple shear apparatus and tested  
materials 

2.1 Simple shear apparatus 

Fig. 1 shows a schematic view of the interface 
simple shear apparatus used in this study. Originally, 
the Geotechnical Research Institute in Hohai Uni-
versity, China designed this apparatus to test soil 
structure interfaces. In the present study, we adapted 
the simple shear apparatus and used it to test the in-
terface between soil and concrete under monotonic 
loading. Adapting the apparatus involved using 
Global Digital Systems (GDS) standard pres-
sure/volume controller to apply controlled shear force. 
A proving ring-based dial gauge was used to measure 
the applied shear force. The GDS was used for triaxial 
testing and has been used recently for direct shear 
tests (Zhu and Yin, 2001; Barla et al., 2007). 

 
 
 
 

      
 
 
 

All gauges were linked to a computer which used 
modified software to record dial gauge readings dur-
ing the tests. Containers with inner size 107 mm× 
107 mm were made and filled by concrete mortar. The 
contact area between clay and concrete does not 
change (since the concrete area is greater than contact 
area of the clay sample even when sliding displace-

Fig. 1  Schematic view of the simple shear apparatus 
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ment occurs). A stack of rings made from copper with 
diameter of 60 mm represents the container of sample. 
Minimization of the friction induced between rings 
required lubricating them to allow free occurrence of 
clay mass deformation. The height of the sample was 
10 mm. Normal displacement was measured by strain 
gauge with accuracy 0.001 mm/digit, the same type 
being used for tangential displacement. 

2.2  Computing sliding and deformation  
displacement 

Calculating tangential displacement requires the 
readings of three gauges located at the concrete con-
tainer, at the lower and upper rings of container rings 
(Fig. 1). Fig. 2 shows a schematic diagram for the 
method of calculation the sliding and deformation 
displacement because of shear stress application. 
Sliding displacement is the difference between the 
displacement of bottom ring (which is located in 
contact with the concrete) and the displacement of 
concrete, i.e., ds=dc−dl. Subtraction of the sliding 
displacement from the displacement of the top ring of 
the sample container is the deformation displacement 
(dd=dl−du). Total displacement is calculated by add-
ing sliding displacement to deformation displacement 
(dt=ds+dd). Thus, in a simple shear test, displacement 
can be split into two components: shear sliding dis-
placement and shear deformation displacement, an 
approach which increases the ability to understand 
interface behavior. 
 

 
 
 
 
 
 
 
 
 
 

2.3  Structural material 

Preparing concrete material involved obtaining a 
practical compression strength and repeatedly testing 
with minimum wear in the concrete surface. Five 
containers were made to pour the concrete mortar. 
These containers consisted of four pieces welded to a 
plate at the bottom face. The concrete containers 

minimized the deformation in concrete. They were 
fastened by bolds to another brass plate which moved 
on sliding steel balls. The concrete was prepared by 
mixing the sand and cement with 60% water-cement 
ratio (w/c), and then the five containers were filled by 
the concrete mortar. The weight ratio of cement to 
sand (c:s) was 1:2.5. Scratch was used to fill the 
concrete mortar into concrete containers and spatula 
was used to end the surface. The outer dimensions of 
each container were 150 mm×115 mm×40 mm. Using 
the five containers of concrete in the interface testing 
program required embedding them under wet sand for 
at least 28 d. The compressive strength for concrete 
samples was 23 MPa. 

Fig. 3 shows pictures of a 2.0 cm×1.5 cm con-
crete specimens with different surface shapes using a 
spatula. These pictures represent five surface shapes: 
#1 smooth shape, #2 horizontal lines shape, #3 ran-
dom shape, #4 inclined lines shape and #5 network 
lines shape. 

 
 
 
 
 

 
 
 
 
                            

 
    
 
 
 
 
 

 
   

 
 
 

2.4  Soil and slurry samples preparing 
The experimental study considered two types of 

soils clay and sandy clay. The main properties of clay 
such as plastic limit (lp), liquid limit (ll), plastic index 
(lpi=ll−lp) and specific gravity (Gs) are summarized in 
Table 1. The dry density of clay is 1.65 g/cm3 and the 
optimum water content is about 18%. 

Fig. 2  Schematic view of sliding, deformation, and total
shear displacement 
dt: total displacement; dd: deformation displacement; ds: sliding 
displacement; du: upper ring displacement; dl: lower ring dis-
placement; dc: concrete-plate displacement 
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For the sand, the dry density is 1.9 g/cm3 and the 

optimum water content is about 12%. Table 2 shows 
the properties of sand such as the diameter opposite to 
10%, 30% and 60% finer (D10, D30, D60) as well as the 
coefficient of uniformity (Cu) and coefficient of cur-
vature (Cc). Sandy clay soil was made by mixing 75% 
sand and 25% clay. The sample was prepared by 
compacting soil inside the container of rings with a 
constant dry density. 

 
 
 
 
 
 
Preparing bentonite slurry required mixing small 

quantities of bentonite powder with water and waiting 
for 4 h for hydration. Testing required placing a thin 
layer of bentonite slurry on the sample by the spatula, 
then placing the sample on the concrete after 5 min. 
The final step was to apply constant normal loading 
and shear force. 

Drilling shaft anionic polyacrylamide polymer is 
available commercially in the form of small particles 
packed in small tins of about 400 g. Preparation of the 
sample of polymer slurry involved mixing 1 g of solid 
particles with 1 L of water. The polymer slurry can be 
used within minutes because no hydration occurs. A 
thin film (1 mm) of polymer slurry between soil and 
concrete is then made. 

 
 
 

 
 
 
 
 
 
 
 
 
 

3  Results and discussion 
 

The laboratory test program involves carrying 
out experimental tests with six groups of materials. 
They are clay concrete interface (CCI), clay-bentonite 
slurry-concrete interface (CBCI), clay-polymer slurry 
-concrete interface (CPCI), sandy clay concrete in-
terface (SCCI), sandy clay-bentonite slurry-concrete 
interface (SCBCI), and sandy clay-polymer 
slurry-concrete interface (SCPCI). For each group, 
plan of research involved conducting the tests with 
five types of concrete surface shape. Normal stresses 
ranged from 52 to 400 kPa for soil concrete interface 
without bentonite or polymer slurry at interface and 
ranged from 52 to 204 kPa for the bentonite and 
polymer slurry interface. 

The simple shear test revealed three types of 
relations: shear stress vs. total shear displacement, 
vertical displacement vs. total displacement, and 
sliding displacement vs. deformation displacement.  
Approximately 100 experiments were involved. Be-
cause of space limitations, only the results of SCBCI 
(#3) are presented (#3 refers to a concrete specimen 
type #3). 

3.1  Stress displacement relations 

The shear strength increases with increase in 
normal stress (σn) intensity (Fig. 4a), producing about 
80 kPa for normal stress 204 kPa, and 15 kPa for 
normal stress 52 kPa. Generally, the shape of the 
curve is hyperbolic. Normal displacement also dis-
plays different values with different normal stresses, 
for σn=204 kPa, w=0.61 mm (Fig. 4b), where w is the 
normal displacement. 

Among the three curves of ds vs. dd relation, the  
 

 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Main properties of clay 
ll lp lpi Gs ρd Wc  

35.08 19.98 15.1 2.68 1.65 18% 

 

Table 2  Sand soil properties 
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Fig. 4  Relation between (a) interface shear stress and total shear displacement for SCBCI (#3), (b) total shear displace-
ment and vertical displacement for SCBCI (#3), and (c) deformation and sliding displacement for SCBCI (#3) 
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curve of σn=204 kPa shows the greatest sliding dis-
placement (ds=6.1 mm) (Fig. 4c). The sliding dis-
placement is also greater than deformation displace-
ment (ds>dd, dd=4.2 mm) for the same normal stress. 
As normal stress intensity is changed, displacement, 
whether it is deformation or sliding, is also changed. 
For σn=106 kPa, ds=2.8 mm, dd=5.4 mm, and for σn 

=52 kPa, ds=0.9 mm, dd=6.8 mm. Increasing sliding 
displacement indicates a failure in the contact surface 
between soil and concrete. The average value for 
deformation displacement is 5.5 mm and for sliding 
displacement is 3.3 mm. 

3.2 Maximum interfacial shear strength 

Fig. 5 shows the maximum interfacial shear 
strength and normal stress for clay concrete interface 
(CCI). All the obtained-relations between interfacial 
shear strength and normal stress show a nearly linear 
response. The concrete surface shape affects the re-
sults of the interface. It is expected that a smooth 
surface will give a low angle of friction in comparison 
to the rough surfaces. Tests of interface between clay 
and concrete of a smooth surface type (i.e., CCI (#1)) 
reveal the lowest value of interface shear strength, τ 
=290 kPa, when normal stress is 400 kPa, in com-
parison to other surfaces. Tests of interface between 
clay and concrete of the rough surface (i.e., CCI (#4)) 
show the highest value, τ=290 kPa of maximum in-
terface shear strength for the same normal stress. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Two parameters obtained from fitting line of 

relation between τmax and σn are the cohesion (C) and 
the angle of friction (δ). In the following sections, 
discussion will focus on C and δ as well as the 
maximum interfacial shear strength. 

3.3  Drilling slurries and soil type effects  

Using bentonite slurry as an interface layer be-
tween soil and concrete lessens the angle of friction, 
and increases the cohesion, but the interfacial shear 
strength decreases by 23%, av av av

CBCI CCI CCI( ) /τ τ τ−  

=0.23 (Table 3). Here av
CBCIτ  and av

CCIτ  are calculated 
by taking the average for maximum shear stresses 
obtained by applying the Mohr-Coulomb equation 
(τmax=Cav+σn tan δav) for the parameters Cav and δav 
(Table 3) using three normal stresses (150 kPa, 106 
kPa, and 204 kPa). Average value of angle of friction 
(δav) for CCI is 28.5° and it equals 19.3° when the 
layer of bentonite was used between soil and concrete 
(CBCI). Cohesion increased from 0.5 to 9.0 kPa. 

Using a bentonite layer between sandy clay and 
concrete shows contrasting results. The bentonite 
increases the average of angle of friction δav, de-
creases the cohesion, however, the interfacial shear 
strength increases by 10%. δav for the example with-
out bentonite is 13.0° while using bentonite make δav 
equal 20.2° (Table 4). Cohesion decreases from 12.9 
kPa for SCCI to 0.4 kPa for SCBCI. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Maximum shear stress vs. normal stress for CCI
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Table 4  Angle of friction and cohesion for SCCI, SCBCI 
and SCPCI interfaces 

C δ (°) Concrete 
type SCCI SCBCI SCPCI 

 
SCCI SCBCI SCPCI

#1   4.5 0.0   6.6  14.2° 19.8° 19.4°
#2 14.1 0.0   1.5  13.1° 19.1° 19.4°
#3 15.0 0.0 10.4  13.0° 20.9° 16.7°
#4 16.6 1.8   5.3  13.4° 20.6° 19.7°
#5 14.1 0.0   6.1  11.5° 20.7° 14.8°
av. 12.9 0.4   6.0  13.0° 20.2° 18.0°

Table 3  Angle of friction and cohesion for CCI, CBCI 
and CPCI interfaces 

C δ (°) Concrete 
type CCI CBCI CPCI 

 
CCI CBCI CPCI

#1 0.7   0.0 0.0  20.8 15.9 24.2
#2 0.0   3.3 10.8  28.4 20.1 26.1
#3 0.0   6.8 18.6  32.3 18.9 18.3
#4 0.5 21.6 34.4  35.4 19.7 11.3
#5 1.4 13.5 6.12  25.8 22.1 14.6
av. 0.5   9.0 14.0  28.5 19.3 18.9
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Using polymer slurry between clay and concrete 
leads to a decrease in the average angle of friction. 
For example, for CPCI, δav equals 18.9° and for CCI it 
equals 28.5°, cohesion increasing from 0.5 kPa for 
CCI to 14.0 kPa for CPCI. The decrease in interfacial 
shear strength, however, is about 17% where 

17.0/)( av
CCI

av
CCI

av
CPCI =− τττ . The decrease in interfa-

cial shear strength for a CPCI of 17% is less than that 
of bentonite (23%). For SCPCI, the average angle of 
friction increased from 13.0 for SCCI to 18.0, and 
cohesion decreased from 12.9 for SCCI to 6.0. There 
was, however, an increase in the interfacial shear 
strength by 10% where av

SCCI
av
SCCI

av
SCPCI /)( τττ − =0.1. 

The type of soil plays an important role in in-
creasing interfacial shear strength or lessening inter-
facial shear strength when slurry was used as an in-
terface layer between soil and concrete (Tables 3 and 
4). For CCI, either of the two slurries used in this 
study (bentonite or polymer) reduced the angle of 
friction by 17% to 23%. For SCCI, using bentonite 
slurry or polymer slurry increases the interfacial shear 
strength by 10%.  

3.4  Roughness effect 

The roughness of concrete surface was deter-
mined using image processing techniques and the 
Fast Fourier transformation tool for three specimens 
of concrete (#2, #3 and #4). A number of experiments 
used a camera with a resolution 512×512 pixels and a 
projector linked to optic source to get 3D images. 
Three images show the surface roughness (Fig. 6). 
The original source for this method is Takeda and 
Mutoh (1983). Recently, Huang et al. (2009) dis-
cussed methods of this type of analysis as well. 

At least 25 lines are selected randomly from each 
image. For each line, the difference between the 
highest peak and the lowest valley (Rmax) is calculated. 
The average of the highest distance between the peak 
and valley in the image represents the degree of 
roughness (R). The degree of roughness is normalized 
by dividing the average degree of roughness by the 
thickness of the sample (10 mm), i.e., Rmax/10. 
Roughness degrees of three types of concrete #2, #3, 
and #4 are 0.25, 0.45, 0.36, respectively. Some points 
in the images are ignored because they form extreme 
values related to image distortion.  

Roughness affects the angle of friction in dif-

ferent ways. For CCI, the linear response shows an 
increase in the angle of friction with the roughness 
degree by 19.75R and for CBCI shows a decrease by 
5.72R (Fig. 7). For CPCI, the linear response shows a 
dramatic decrease in the angle of friction by 39.66R. 
The cohesion slightly increases with roughness by 
0.1R for CCI, by 20.20R for CBCI, and by 41.48R for 
CPCI (Fig. 8). The cohesion increases because the 
bentonite and polymer behave as bond material be-
tween clay and concrete. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  3D images for the concrete surface. (a) #2; (b) #3; 
(c) #4 
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The angle of friction for SCCI decreases by 

0.41R and the angle of friction for SCBCI increases 
by 8.76R. The angle of friction for SCPCI decreases 
by 12.61R (Fig. 9). Cohesion increases with rough-
ness. It increases by 4.74R for SCCI, slightly de-
creases by 0.37R for SCBCI, and decreases by 42.56R 
for SCPCI (Fig. 10). The cohesion increases dra-
matically when using polymer as an interface layer 
between sandy clay compared to cohesion of SCCI. 
Using bentonite as an interface layer between sandy 
clay and concrete shows contrast results. It increases 
the cohesion also, but the increase is small compared 
to both SCCI and SCPCI. 

3.5  Sliding ratio 

Inspecting the simple shear tests and relation of 
sliding displacement vs. deformation displacement 
reveals two types of failure: (1) sliding failure and (2) 
deformation failure. Sliding failure occurs when the 
sample continues in sliding until failure.  Deformation 
failure occurs when the deformation displacement (dd) 
continues until failure. Increasing the sliding  

 
 
 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
displacement during the simple shear test may be 
related to inefficient concrete surface shape, which 
augments the interfacial shear strength. It also may be 
related to high shear strength of the soil sample. 

Based on the relation between sliding displace-
ment and deformation displacement, we could define 
a parameter used to recognize between the two types 
of failure above-mentioned. Sliding ratio (Sr) presents 
the ratio of sliding displacement to the total  
displacement: 

 

,
ds

s
r dd

dS
+

=                            (1) 

 
where Sr is the sliding ratio, ds is the sliding dis-
placement, and dd is the deformation displacement. 

The sliding ratio varies between zero and one. 
Zero means the sample deforms without sliding and 
one means the sample slides without deformation. 
Sliding failure manifests a sliding ratio (Sr) greater 
than 0.5, while deformation failure manifests a sliding 
ratio (Sr) less than 0.5. 

Fig. 7  Angle of friction vs. roughness Rmax/10 for CCI,
CBCI and CPCI 
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Fig. 8  Cohesion vs. roughness Rmax/10 for CCI, CBCI
and CPCI 
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Fig. 9  Angle of friction vs. roughness Rmax/10 for SCCI, 
SCBCI and SCPCI 
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Fig. 10  Cohesion vs roughness Rmax/10 for SCCI, 
SCBCI and SCPCI 
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Except in the case of CCI, the average sliding 
ratio (Sr

av) shows a magnitude less than 0.5 (Tables 5 
and 6). The case CCI reveals the largest amount of the 
average sliding ratio (Sr

av), which is equal to 0.75. 
This magnitude confirms occurrence sliding failure 
because it is greater than 0.5. Polymer slurry as an 
interface layer between clay and concrete (CPCI) 
reduces the average sliding ratio (Sr

av) to 0.45. Ben-
tonite slurry also reduces the average sliding ratio to 
0.38. Polymer and bentonite increase the cohesion 
from 0.5 for CCI to 9.0 for CBCI and 14 for CPCI 
causing the sample to deform until failure. They in-
crease the bond between clay and concrete, then de-
crease sliding compared to the case of CCI. 

SCCI has the lowest magnitude of average slid-
ing ratio (Sr

av), 0.25 (Table 6). Using bentonite slurry 
as an interface layer between soil and concrete 
(SCBCI) increases the sliding ratio to 0.36 and using 
polymer slurry as an interface layer between soil and 
concrete (SCPCI) increases the average sliding ratio 
to 0.39. Bentonite and polymer increase sliding, and 
may act as a lubricant between concrete and sandy 
clay. Failure by deformation, however, still occurs 
because the average sliding ratio is less than 0.5.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

3.5.1  Sliding and deformation shear stress 

Based on the proposed sliding ratio, multiplying 
the applied shear stress by the sliding ratio gives the 

sliding shear stress (Eq. (2)). Subtracting sliding shear 
stress from the applied shear stress gives the defor-
mation shear stress (Eq. (3)). 

 
τs=τtSr,                                     (2) 
τd=τt–τs,                                   (3) 

 
where τs is the sliding shear stress, τd is the deforma-
tion shear stress and τt is the total shear stress. 

Total shear displacement is also divided into 
sliding displacement and deformation displacement.  
They can be measured directly through carrying out a 
simple shear test. 

 
dt=ds+dd,                                (4) 

 
where dt is the total displacement, ds is the sliding 
displacement and dd is the deformation displacement.  
The relations of τs vs. ds and τd vs. dd show nearly the 
same hyperbolic shape that was seen with τ vs. dt 
(Figs. 11 and 12). The graphs represent the results 
obtained by performing the simple shear test on 
SCBCI (#3). These two figures show the failure 
characteristics of contact between soil and concrete as 
well as the failure characteristics of soil sample. They 
represent the sliding and deformation characteristics 
of the sample during the test. 

3.5.2  Sliding and deformation parameters 

Applied shear stress is distributed to sliding shear 
stress (which causes sliding displacement), and de-
formation shear stress (which causes deformation dis-
placement). Relations of sliding shear stress vs. sliding 
displacement and deformation shear stress vs. defor-
mation displacement are shown in Figs. 11 and 12.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Table 5  Average sliding ratio for CCI, CBCI and CPCI 
Sr Concrete 

type CCI CBCI CPCI 
#1 0.77 0.26 0.44 
#2 0.98 0.93 0.59 
#3 0.86 0.28 0.31 
#4 0.57 0.20 0.48 
#5 0.56 0.23 0.44 
av. 0.75 0.38 0.45 

Table 6  Average sliding ratio for SCCI, SCBCI and SCPCI
Sr Concrete type 

SCCI SCBCI SCPCI 
#1 0.19 0.24 0.43 
#2 0.38 0.65 0.39 
#3 0.25 0.35 0.41 
#4 0.17 0.17 0.27 
#5 0.27 0.38 0.44 
av. 0.25 0.36 0.39 
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Fig. 11  τs vs. ds for SCBCI, concrete #3 
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Maximum sliding shear stress (τs) vs. normal 

stress (σn) has a linear response. The slope of the 
linear relation of τs vs. σn gives the angle of sliding δs, 
and the threshold gives the cohesion Cs (Fig. 13). The 
angle of deformation (δd) represents the slope of lin-
ear relation of maximum deformation shear stress τd 
vs. normal stress σn and Cd represents the cohesion of 
the soil. 

 
 
 
 
 
 
 
 
 
 
 
 
Tables 7 to 10 show the sliding angle and de-

formation angle for all groups. The sliding angles (δs) 
and deformation angles (δd) are coherent with the 
sliding ratio (Sr). For instance, the lowest average 
sliding angle (δs

av) that was calculated for SCCI is 
3.27° and superlative sliding angle for CCI is 23.16° 
(Tables 7 and 9). This is compatible with the sliding 
ratio, where Sr

av for SCCI equals 0.25 and the greatest 
Sr

av is for CCI, which is equal to 0.75. The larger the 
sliding angle, the larger sliding ratio, and vice versa. 
The data suggest a precise failure formula which can 
make use of the sliding ratio derived from the sliding- 
deformation relationships. The failure formula con-
siders the sliding parameters (δs, Cs) and the defor-
mation parameters (δd, Cd). Beginning from the real-
ity that total magnitude of shear stress equals to  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

sliding shear stress plus deformation shear stress: 
  

τt=τs+τd.                                     (5) 
 

Since τs=σn tan δs and τd=σn tan δd, the failure equation 

Fig. 12  τd vs. dd for SCBCI, concrete #3 
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Fig. 13  Maximum shear stress vs. normal stress for
SCBCI, concrete #3 
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Table 7  Sliding angle and sliding cohesion for CCI, 
CBCI and CPCI 

C δ (°) Concrete 
type CCI CBCI CPCI 

 
CCI CBCI CPCI

#1 0.5 0.0 0.0  20.5   4.1 10.7
#2 0.0 3.1 6.4  28.0 18.8 15.4
#3 0.0 1.9 5.8  27.7   5.2   5.8
#4 0.3 4.2 16.3  20.3   3.9   5.4
#5 0.8 3.1 2.7  19.3   8.4   6.6
av. 0.3 2.5 6.3  23.2   8.1   8.8

Table 8  Deformation angle and deformation cohesion 
for CCI, CBCI and CPCI 

C δ (°) Concrete 
type CCI CBCI CPCI 

 
CCI CBCI CPCI

#1 0.2 0.0 0.0  0.3 11.8 13.5
#2 0.0 0.2 4.4  0.4   1.3 10.7
#3 0.0 4.9 12.8  4.6 13.7 12.6
#4 0.2 17.4 18.1  15.1 15.8   5.9
#5 0.6 10.4 3.4  6.5 13.8   8.0
av. 0.2 6.6 7.7  5.3 11.3 10.1

Table 9  Sliding angle and sliding cohesion for SCCI, 
SCBCI and SCPCI 

C δ (°) Concrete 
type SCCI SCBCI SCPCI 

 
SCCI SCBCI SCPCI

#1 0.9 0.0 2.8  2.7 4.8 8.3
#2 5.3 0.0 0.6  5.0 12.3 7.5
#3 3.8 0.0 4.2  3.3 7.3 6.8
#4 2.8 0.3 1.4  2.3 3.5 5.4
#5 3.8 0.0 2.7  3.1 7.9 6.6
av. 3.3 0.1 2.3  3.3 7.2 7.0

Table 10  Deformation angle and deformation cohesion 
for SCCI, SCBCI and SCPCI 

C δ (°) Concrete 
type SCCI SCBCI SCPCI 

 
SCCI SCBCI SCPCI

#1 3.6 0.0 3.8  11.5 15.1 11.1
#2 8.8 0.0 0.9    8.2   6.8 11.9
#3 11.2 0.0 6.2    9.7 13.6   9.9
#4 13.8 0.3 3.9  11.2   3.5 14.3
#5 1.5 0.0 3.4  12.9   7.9   8.2
av. 9.7 0.3 3.7    9.7 13.0 11.0
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will be expressed as 
 

τt=Cs+σn tan δs+Cd+σn tan δd.               (6) 
 
Eq. (6) requires evaluating four parameters: co-

hesion and angle of friction for contact, and cohesion 
and angle of deformation for the soil. These can be 
computed from the simple shear apparatus with the 
aid of the sliding ratio proposed in this study. 

 
 

4  Conclusion 
 

This study used simple shear tests to explore the 
effect of using thin layers of bentonite and polymer 
between soil and concrete on the interfacial shear 
strength. Five specimens of concrete with different 
surface shapes were used with two types of soil: clay 
and sandy clay. The following conclusions were 
obtained: 

1. Using bentonite slurry as an interface layer 
(1–2 mm) between clay and concrete reduces the 
interfacial shear strength by 23% and using bentonite 
slurry as an interface layer (1–2 mm) between sandy 
clay and concrete increases the interfacial shear 
strength by 10%.  

2. Using polymer slurry as an interface layer 
between clay and concrete decreases the interfacial 
shear strength by 17% and using polymer as an in-
terface layer between sandy clay and concrete in-
creases the interfacial shear strength by 10%. Using 
bentonite and polymer slurry as an interface layer 
between clay and concrete decreases the sliding ratio 
by 50%–60% while increasing the sliding ratio to 
44%–56% when used as an interface layer between 
sandy clay and concrete.  
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