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This paper investigates the effect of moisture content on interface shear strength between offshore clay
and steel plate. Although, sensitive and high plasticity offshore clay deposits are widely distributed in
Malaysia and many other countries in the world, and steel is a vital construction material for many
structures, research works on interaction between offshore clay and steel surface are relatively scarce.
This study aims to evaluate interface shear strength of offshore clay with various steel surfaces, namely
smooth, rough, and corroded. To achieve such aim, direct shear tests were conducted to assess the
effect of moisture content and surface roughness on the interface shear strength. The normal stresses
were ranged to be 50, 100, and 150 kPa. It was found that, the interface shear strength of offshore clay
with rough steel significantly increased by almost 1.5 folds. It was further discovered that, addition of
water content induced a progressive decrease in the interface shear strength. In summary, it has been
observed that rough steel surface higher than the smooth and corroded steel surface enables a better
interaction with offshore clay, enhancing the interface friction angle. The results developed in this
research work can contribute a cost-effective design of structures in offshore clay.
doi: 10.5829/idosi.ije.2016.29.02b.07

1. INTRODUCTION1
Offshore clay is a natural deposited fine grained soil
recovered from offshore at the seabed worldwide. It
poses many challenges to geotechnical engineers due to
its low strength and high compressibility [1, 2]. The
physical and mechanical behaviors of marine clays are
widely investigated to better understand their behavior
[2-5]. According to Thian and Lee [1], offshore clay is
classified as clay (CH), with clay fraction and plasticity
index of 43 and 27%, respectively. Previous research
works have stipulated that marine clay tends to
considerably lose its strength due to disturbance. It
depicts quick clay behavior, high sensitivity and serious
geotechnical hazards [6]. The Malaysia high plasticity
marine clays are often called offshore clay in the
Malaysian
geotechnical
engineering
literature.
Therefore, offshore clays are problematic soil and they
are responsible for many geotechnical problems, such as
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landslides and foundation damages in the
aforementioned regions. With respect to this, offshore
clays are the major regions that are receiving impetus,
since harbors and ports are located on it. Basically,
stability of structures depends on the soil mechanical
behavior. With regard to that, characterization of
offshore clay is an important aspect of its behavior.
Stability analysis for construction in offshore clay
required a detailed assessment of the strength of
sensitive offshore clay. One approach employed the
conventional practice, used laboratory direct shear test.
Previous researches have investigated the effect of
several factors on the shear strength of the soil–steel or
concrete interface [7-11]. Parameters such as natural
soil type, moisture content, surface roughness and
effective normal stress have been the principal factors.
Thick deposits of offshore clays cover vast areas of
Terengganu, Melaka and Tok Bali in Malaysia [12]. The
existence of the offshore clay in such regions has made
infrastructure expansion challenging for geotechnical
industries [6, 13, 14]. The offshore clay deposited in the
aforementioned regions investigated by Thian and Lee
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[1], Gireesha and Muthukkumaran [9]. Since the
mentioned areas are heavily industrialized and
populated, the importance of offshore clay as a
foundation soil, particularly for harbor and ports has led
to several investigations of its geotechnical
characteristics [1, 12]. Although, at the regions where
the offshore clay exists, structure foundations have
adopted using pile foundation as subsurface supporting
structures (i.e. heavy structures such as harbor and port).
The interface shear strength between pile and offshore
clay has not completely investigated yet. Therefore, it is
crucial to examine the interface shear strength of pile
materials (steel plate) and offshore clay to have a
reliable and cost-effective design of friction pile
foundation structures. Hence, the interface shear
strength parameters can be used in stability analysis [68, 10]. This study focuses on the effects of moisture
content variations on the interface shear strength of
three different steel surfaces, namely smooth, corroded,
and rough steel surface with offshore clay. The main
objective of this study is to evaluate the interface shear
strength between offshore clay and steel plate under
application of different water content. In summary, a
notable discovery is that the offshore clay-interface
rough steel surface can be sustainably applied for
construction of steel structures in offshore clay without
sliding. However, sufficient laboratory and field testing
are required.
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thickness of 5 mm, which made up the square shear box
with dimension of 60 mm.

Figure 1. Map of Peninsular Malaysia

2. LABORATORY INVESTIGATION
2. 1. Soil Sample
The natural deposited soil
sample in the form of offshore clay was obtained at the
seabed depths of approximately 15-20 m in the state of
Kuala Terengganu, Malaysia (Figure 1). Initial
observation and its characterization further show that,
offshore clay is a sensitive and high plastic soil. The soil
has same behavior, from one area to another. The
particle size distribution curve of the soil sample is
illustrated in Figure 2. The main physico-chemical
properties of the offshore clay are specified in Table 1.
The soil sample was classified as CLAY of high
plasticity (CH) according to the Unified Soil
Classification System (USCS). The location of the
offshore clay in the plasticity chart is shown in Figure 3.
It should be noted that the sensitivity of the offshore
clay was determined to be 6.5 (Table 1). Therefore, the
offshore clay is classified as medium to high sensitive
clay. This is justified by Taha and Fall [6], that for the
medium to high sensitive clay, sensitivity (St) must be
ranged between 6 to 8.5.
2. 2. Steel Surfaces
In this research three
different types of steel plates namely, smooth, corroded,
and rough surfaces were used. The steel plates have a

Figure 2. Particle size distribution curve of the offshore clay

Figure 3. Location of the offshore clay in the plasticity chart
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TABLE 1. Physico-chemical properties of the offshore clay
Properties

Average value

Natural moisture content (%)

74

Specific gravity, (Gs)

2.62

Liquid limit (%)

57

Plastic limit (%)

24

Plasticity index (%)

33

Liquidity index

1.5

Clay fraction, particles smaller than 0.002 mm (%)

48

Activity

0.69

Sensitivity

6.5

pH

8.33

Optimum moisture content (%)

22.6

Maximum dry density (kN/m3)

14.9
7.3×10-10

Coefficient of permeability (m/s)

The surface roughness of each steel plate was
assessed as the maximum height over a gage length of
0.2 mm in accordance with the method proposed by
Taha and Fall [6]. For the smooth, rough, and corroded
steel the maximum surface roughness was determined to
be 1, 19, and 24 μm, respectively. It is noticeable that
the surface roughness was chosen to represent typical
steel piles in geotechnical practical applications. The
smooth, corroded and rough steel plates are shown in
Figure 4. Besides, the properties of the steel plate are
tabulated in Table 2.

(a)

(c)
Figure 4. Steel plate: (a) smooth, (b) corroded and (c) rough

TABLE 2. Properties of the steel plate (from manufacturer)
Property (25°C)
3

Density (kg/m )

Value
7.81 × 103

Elastic modulus (GPa)

210

Tensile strength (MPa)

384

Yield strength (MPa)

286

2. 3. Methodology
The offshore clay samples
were firstly oven dried and was thereafter passed
through a 2 mm sieve to remove coarser particles. The
oven dried soil thoroughly mixed with three different
distilled water contents of 30, 50 and 70% in a soil
mixer. Then, the soil admixture was sealed in plastic
bags for the purpose of laboratory testing and
preventing the moisture loss. In order to evaluate shear
strength at the interface, the specified steel plate was
placed at the bottom side of the direct shear box and
then the provided soil admixture was tamped into the
shear box. It should be noted that, steel plate occupied
the first half of the shear box and the soil admixture was
tamped above the steel plate. Meanwhile, porous platens
were positioned at the bottom of the steel plate and the
top of the soil admixture (Figure 5). The assembled
shear box was placed in a direct shear apparatus with
applied shear rate of 0.5 mm/min. To perform the direct
shear test, the soil samples were sheared in a 60 mm
square shear box under application of 50, 100 and 150
kPa normal effective stresses. All the tests have been
carried out in accordance with ASTM standard methods.

3. RESULTS AND DISCUSSION

(b)

3. 1. Interface Shear Strength
The typical
direct shear tests results for offshore clay without
interface, offshore clay-smooth steel interface, offshore
clay-corroded steel interface and offshore clay-rough
steel interface are indicated in Figures 6 to 9,
respectively.
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horizontal displacement until its critical strength was
reached. After the ultimate (critical) strength, the soil
volume was noticed to be almost constant as shearing
continued. The soil specimen is now in the critical state
and the volume is the critical volume. The highest value
of critical shear stress of the offshore clay was
determined to be 73 kPa under application of 150 kPa
normal stress and 30% water content. The strength
envelopes of the offshore clay specimens at 30, 50, and
70% water content are shown in Figure 6 (a1, b1, c1).
The maximum value of internal friction angle was
determined to be 22.5° corresponding to the offshore
clay with 30% water content. The vertical displacement
with respect to each test specimen was plotted against
horizontal displacement as indicated in Figure 6 (a 2, b2,
c2). The offshore clay specimens exhibited contraction
behavior since vertical displacement increased with
increasing horizontal displacement.

Figure 5. Schematic diagram of assembling of the shear box

In general, each figure illustrates 3 types of graphs
i.e. shear stress versus horizontal displacement, shear
strength envelope line and vertical displacement versus
horizontal displacement. The strength envelope line
gives the interface friction angle and interface cohesion.
From Figure 6 (a, b, c), it can be observed that the shear
stress exhibited a rapid trend of increase with its

(a)

(b)

(c)

(a1)

(b1)

(c1)

(a2)
(b2)
(c2)
Figure 6. Direct shear test results on offshore clay with (a, a1, a2) 30% water content, (b, b1, b2) 50% water content, and (c, c1, c2)
70% water content
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Figure 7 depicts typical shear stress-horizontal
displacement, strength envelope and vertical
displacement versus horizontal displacement for the
interface between offshore clay and smooth steel
surface with 30, 50, and 70% water content. In a similar
pattern as compared to that of offshore clay, the shear
stress exhibited a rapid trend of increase with its
horizontal displacement until its ultimate shear strength
was reached. Based on the assumption that Mohr
Columb law is valid, soil specimen was expected to fail
under a combination of normal and shear stresses. The
highest value of interface shear strength between

offshore clay and smooth steel surface was determined
to be 50 kPa corresponding to the test specimen with
30% water content. For the test specimens, here was a
consistent decrease of vertical displacement with
increasing horizontal displacement irrespective of the
normal stress applied (Figure 7 (c, c1, c2)). Such
phenomenon was largely attributed to the contraction
behavior of the soil sample due to its volume reduction.
The interface friction angle and interface cohesion of
offshore clay-smooth steel surface are shown on
graphical plots in Figure 7 (b, b1, b2).

(a)

(b)

(c)

(a1)

(b1)

(c1)

(a2)
(b2)
(c2)
Figure 7. Direct shear test results on offshore clay-interface smooth steel surface with (a, a1, a2) 30% water content, (b, b1, b2) 50%
water content, and (c, c1, c2) 70% water content
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Based on the results of direct shear tests, the relevant
graphical relationships were plotted in Figure 8. There
was a remarkable increase in the shear stress with
increasing horizontal displacement with the higher the
normal stress applied, the higher was the peak shear
stress in the test specimen (Figure 8 (a, a1, a2)). As
expected, the maximum shear stress of the soil
specimen increased with increasing normal stress. It
should be emphasized that at zero normal stress for the
test specimens, no inter-particle friction occurred and
thus the shear strength is equivalent to zero. Figure 8 (b,
b1, b2) indicate the corresponding strength envelope
lines for interface between offshore clay and corroded
steel plate. The corresponding values of cohesion and
internal friction angle are indicated on the graphs of
Figure 8 (b, b1, b2). As shown in Figure 8, the highest
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value of vertical displacement during shearing was
determined to be 0.23 mm. The consistent decline in the
vertical displacement with increasing horizontal
displacement confirmed the fact that all the test
specimens contracted during its shearing process.
Likewise, the results of direct shear tests on interface of
offshore clay-corroded steel with 30, 50, and 70% water
content were obtained. As evident, there is a consistent
increase in the horizontal displacement of shear stress
on interface in such a way that the higher the normal
stress, the greater is its corresponding shear strength. As
such, for the corroded steel plate the test specimens
exhibited contracting behavior with increasing
horizontal displacement. The highest value of interface
shear strength corresponding to the 30% water content
was determined to be 73 kPa.

(a)

(b)

(c)

(a1)

(b1)

(c1)

(a2)
(b2)
(c2)
Figure 8. Direct shear test results on offshore clay-interface corroded steel surface with (a, a1, a2) 30% water content, (b, b1, b2) 50%
water content, and (c, c1, c2) 70% water content
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3. 2. Role of Water Content on Interface Shear
Strength
Effect of water content on interfacial
shear behavior of the offshore clay-steel plate interface
is established in Figure 9. It is evident in Figure 9 that
the interface cohesion increased while the water content
raised from 30 to 70%. It is justifiable to state that water
had a pronounced impact on the clay fractions in a way
that it absorbs the clay particles due to clay water
holding capacity which led to the enhancement of soil
cohesion. From Figure 9 it is observable that high water
content is capable to induce high interface cohesion
between offshore clay and steel plate. The highest value
of interface cohesion was determined 17.5 kPa is
corresponding to the interface of soil-corroded steel
plate.
Figure 10 illustrates the impact of water content on
the interface friction angle of the offshore clay with
steel plate. From this figure, it can be observed that
higher water content is associated with a lower friction
angle at the interface. It is shown in the figure that when
the water content increases from 30 to 70%, the internal
friction angle of offshore clay drastically decreases from
22.4° to 10°. Based on the data in Figure 10, both
internal and interface friction angles of offshore clay
interface with steel plates decreased, while the water
content increased. It is inevitable that shear strength
parameters would be affected by water content.
Previous practices indicate that disease of friction angle
is in close relation with change of water content in the
test specimens [15].
3. 3. Effect of Surface Roughness on Interface
Shear Strength
The surface roughness is found to
have a remarkable effect on the shear strength
parameters as shown in Figure 11. Based on Figure 11,
the test specimen of offshore clay-interface rough steel
plate had the highest interface cohesion and friction
angle of 11.3 kPa and 22.4°, respectively.

Figure 10. Effect of moisture content on interface friction
angle

Figure 11. Effect of surface roughness on the interface shear
strength parameters of offshore clay with 30% water content

It is observable in Figure 11 that the test specimens
of offshore clay-interface smooth and corroded steel
plates indicate an almost similar friction angle.
Therefore, utilization of steel plate with rough surface
could increase the interface shear strength by almost 1.5
folds when compared to that of smooth steel interface.
4. CONCLUSIONS

Figure 9. Effect of moisture content on interface cohesion

Effect of moisture content on interface shear strength
between offshore clay and steel plates were investigated
using laboratory direct shear test apparatus. Based on
the results the following conclusions are summarized.
(1) The interface shear strength between offshore
clay and smooth, rough, and corroded surface was found
to be 50, 73, and 57 kPa, respectively.
(2) Utilization of rough steel surface had the utmost
increase in interface shear strength between offshore
clay and steel plate. Therefore, rough steel surface can
increase the interface shear strength of the geotechnical
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structures that are in contact with offshore clay. Thus,
from the roughness point of view, rough steel surface
indicates higher asperity in compare to that of smooth
and corroded surfaces.
(3) It was revealed that water content had a
pronounced impact on the interface shear strength
parameters between offshore clay and steel plates.
Based on the results, high water content induced high
cohesion and small friction angle.
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در تحقیق حاضر تاثیر درصد رطوبت روی مقاومت برشی بسیج شده در سطح مشترک بین یک نوع خاک چسبنده و سه
نوع صفحه فوالدی با سطوح متفاوت مورد بررسی قرار گرفته است .گرچه این نوع خاک رس حساس که از عمق دریا
بدست آمده به وفور در کشور های مختلف دنیا یافت می شود ونیز فوالد ییی از مااحح کلیدی در صنتت ساختما
محسوب می گردد .تاکنو اندرکنش بین فوالد و خاک مذکور به طور کامل مورد تحقیق قرار نگرفته است .در این پژوهش
مقاوت برشی بین نمونه خاک با درصد رطوبت های مختلف ( 03 ،03و  03درصد ) و سه نوع فوالد با سطوح صاف ،زنگ
زده و زبر آز مایش گردیده است .به منظور ارزیابی تاثیر درصد رطوبت و نیز زبری سطح فوالد روی مقاومت برشی فال
مشترک خاک و فوالد آزمایشات برش مستقیم انجام یافته است .نتایج آزمایشات آزمایشگاهی نشا می دهند که مقاومت
برشی فال مشترک خاک و فوالد برای سطح زبر دارای بیشترین مقدار بوده و در مقایسه با سطوح صاف و زنگ زده
حدودا"  5.0برابر افزایش یافته است .نتایج این تحقیق می تواند در طراحی سازه های فوالدی مستقر در دریا مانند اسیله
ها مفید باشد .گرچه انجام آزمایشات آزمایشگاهی و صحرایی بیشتری توصیه می گردد.
doi: 10.5829/idosi.ije.2016.29.02b.07
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