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Introduction

With increasing urbanization rates and development of society, advancement in
geotechnical technologies is essential to the construction of infrastructures.
Geotechnical Investigation is the first step of applying scientific methods and
engineering principles to obtain solutions of civil engineering problems. This
volume brings together scientific experts in different areas that contribute to the
state of the art in geotechnical engineering, such as characterization of geomaterials,
slope stability, tunneling, sustainability in geohazards, and some other geotechnical
issues that are quite relevant in today’s world. This volume is a part of the
Proceedings of the 5th GeoChina International Conference 2018—Civil
Infrastructures Confronting Severe Weathers and Climate Changes: From Failure to
Sustainability, HangZhou, China.
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Numerical Analysis of Tunnel Lining
and Ground Behaviour During Shield
Tunneling—A Case Study in Japan

Grant Hasan(&), Alireza Afshani, and Akagi Hirokazu

Soil and Geotechnical Environment, Waseda University, Tokyo, Japan
grant_hasan@hotmail.com, aafshani@aoni.waseda.jp,

akagi@waseda.jp

Abstract. Numerical analyses are widely used to perform a detailed analysis of
the tunnel excavations. During the tunneling, parameters such as grouting,
overburden, and lining property affect the magnitude and shape of ground
surface settlement. By using the measurement data of a shield tunneling exca-
vation case in Japan, the authors tried to investigate the effects of influencing
parameters on the ground surface settlement. Furthermore, bending moment,
axial force and vertical displacements of tunnel are calculated and compared
with the field measurement data. Ground settlement trough is analyzed and
compared with the other cases of tunneling in previous literatures. The
numerical analyses are conducted in two cases of taking consideration of
buoyancy force and without buoyancy force. The accuracy of the numerical
analysis is checked by comparing the numerical results with the field mea-
surement data.

1 Introduction

Numerical analyses of tunnels are commonly used to predict the ground and tunnel
behavior during tunneling construction. Different models on numerical analysis are
done to predict the ground movement during shield tunneling. The complexity of the
model is different depending on the site condition such as, the ground condition and the
construction method involved.

In this study, by using a 2D modeling of a tunneling excavation case, the tunnel
lining behavior, ground volume loss, and ground trough shape are investigated
numerically. In order to evaluate the effect of buoyancy in tunnel excavation, the
analyses are done in two cases of with and without buoyancy force consideration. The
ground volume loss calculated in this case is compared with other tunneling case
studies with similar soil properties. Ground surface settlement trough is obtained and
compared with Gaussian approximation curve in the two cases of with and without
buoyancy. Ground normalized surface settlement curve is also compared with similar
cases of tunneling induced surface settlement trough.

© Springer International Publishing AG, part of Springer Nature 2019
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2 Case Study Review

The case study is a shield tunneling construction work between Kotake-Mukaihara
station and Senkawa station of Tokyo Metro Yurakucho Lines. Figure 1 shows the top
view map of the Yurakucho lines of A and B. The geological formation is mainly soft
soil and clay mixture, the soil longitudinal profile and the soil layer properties are
showed on Fig. 2 and Table 1 respectively. The average overburden in Tunnel A is
12.6 m which is used in the numerical analysis model. As shown on Fig. 3, the tunnel
lining is an elliptical shape pre-cast concrete lining with the height of 6.6 m and width
of 5.5 m, with segmental ring length of 1.5 m.

Fig. 1. Top view map of Yurakucho tunnel lines of A and B

Fig. 2. Longitudinal profile of soil layers and tunnel lines

2 G. Hasan et al.
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3 The Buoyancy Uplift Force Consideration

The buoyancy is an uplift force that is generated around the tunnel due to the difference
in weight of the completed tunnel and the excavated soil. The buoyancy effect will only
occur in the saturated soft soil condition (Verruijt and Strack 2008).

The uplift force from buoyancy can be calculated as follow:

F ¼ 1� wtð ÞcA ð1Þ

which F represent the buoyancy uplift force (N), wt is the ratio of the mass density of
tunnel to the mass density of the soil, A is area of the tunnel (m2) and c is the mass
density of soil (kN/m3).

In order to evaluate the effect of buoyancy in tunneling construction, analyses are
done in two cases of with and without buoyancy. The analyses are conducted using a
finite element analysis program, Midas GTS. In the analyses, the buoyancy force is
applied on the nodes around the tunnel lining.

Fig. 3. Cross section of the tunnel

4 G. Hasan et al.



4 Lining Analysis

In this section, the behaviour of the Yurakucho tunnel lining and ground surface
settlement trough is demonstrated using the data of introduced case study.

4.1 Modeling Steps

In this part, numerical modeling steps are explained. The parameters listed in Table 2
are used in numerical analysis. The analyses consist of three stages, the which are
defined in Table 3.

4.2 Vertical Displacement

Figure 4 shows the tunnel lining deformation with and without buoyancy considera-
tion, the tunnel lining displacement on the crown for the case of with and without
buoyancy are 10.66 and 13.64 mm respectively. The ground surface settlement and
lining deformation on the last step of the excavation are shown in the Fig. 5. From
these figures, it can be seen that the deformation decreases by buoyancy consideration.
This is due to the uplift force caused by the excavation. The detail values of the vertical
displacement are shown on Table 4. It lists the vertical displacement at ground and
tunnel lining crown and invert for the two cases of with and without buoyancy
consideration.

Table 2. Material properties used in the model

Soil type Layer
thickness
(m)

Mass
density,
c
(kg/m3)

Young’s
modulus, E
(kg/m2)

Poisson’s
ratio, m

Cohesion,
c (kN/m2)

Internal
friction
angle, U
(°)

Drainage
condition

Lm 6.8 1200 8 � 105 0.45 60 0 Undrained
Lc 3.4 1300 8 � 105 0.45 90 0 Undrained
Mg 7.8 2000 2.5 � 106 0.3 0 35 Drained
Tos 4.8 1800 9.5 � 106 0.3 0 35 Drained
Tog 2.6 1800 9.5 � 106 0.3 0 35 Drained
Concrete – 2400 3.82 � 109 0.15 – – –

Table 3. Construction steps details

Steps Description

Initial All the soil elements are set, the boundary condition and gravity load are
applied to take the consideration of the soil self-weight

Excavation The soil element inside the tunnel area are removed, 10% lining bending
stiffness are applied to simulate that the soil elements are excavated slowly. The
buoyancy force is applied in this step

Final The 100% lining bending stiffness is applied

Numerical Analysis of Tunnel Lining and Ground Behaviour … 5



-13.64 mm

-10.66 mm

-8.37 mm

-7.60 mm

Fig. 4. Numerical results of lining deformation on the last step of construction

Fig. 5. Numerical results of ground surface settlement and lining deformation on the last step of
construction for two cases of a without buoyancy and b with buoyancy

6 G. Hasan et al.



Using Eq. (2), the Gaussian approximation are also depicted in Fig. 6. S yð Þ is the
settlement, y as the offset coordinate from tunnel center line, and i as the point of
inflection. and Svmax is the maximum ground surface settlement.

S yð Þ ¼ Svmax � e�
y2

2i2 ð2Þ

The curves show that the Gaussian approximation has a wider trough compared to
the Yurakucho field measurement. This is due to the existence of top soft soil layers in
the Yurakucho site. The field ground surface settlement trough curves fit to the
Gaussian approximation curve.

Table 4. Vertical displacement caused by tunneling

dWOB (mm) dWB (mm) Dd (mm)

Tunnel lining crown −13.64 −10.66 3.08
Tunnel lining invert −7.600 −8.373 1.66
Ground settlement −3.82 −2.22 1.60

dWOB: Displacement without considering buoyancy force
dWB: Displacement with considering buoyancy force
Dd: Displacement difference in vertical displacement
between the two cases of dWB and dWOB
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Fig. 6. Comparison of numerically obtained ground surface settlement with theoretical Gaussian
formula for two cases of with and without buoyancy
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4.3 Bending Moment and Axial Force

The numerical analysis results of the bending moment and axial force are shown in
Figs. 7 and 8. The measurement data of Yurakucho tunnel are also shown in the same
figure comparison. Numerical results have overall same behavior with measured field
data. On Fig. 8, the maximum axial force is close to the measurement data.

Fig. 7. Comparison of field bending moment data measurement to analysis measurement

Fig. 8. Comparison of field axial force data measurement to analysis measurement

8 G. Hasan et al.



5 Ground Volume Loss

Volume loss is defined as the volume of ground loss proportion of final tunnel volume
in a plane. Equations (3) and (4) present the theoretical method to calculate the volume
loss.

As ¼
ffiffiffiffiffiffi

2p
p

� i� Svmax ð3Þ

Vs %ð Þ ¼ As

At
� 100% ð4Þ

where Vs is the volume loss and As is the area of induced settlement, i represent the
point of inflection, Svmax and At represent maximum ground settlement and the area of
tunnel respectively.

Point of inflection (i) is the horizontal displacement to the point where the total
displacement of that point area directed toward to a ‘point sink’ which assumed as the
tunnel axis as shown on Fig. 9. In Fig. 9, the ground surface settlement vectors are
extended towards the tunnel axis. The surface nodes that has the closest intersection to
the tunnel axis is considered as the point of inflection (Potts 2017).

The volume loss in Yurakucho case is ranged between 0.1 and 0.2% by using
Eqs. (3) and (4). Zhang (2011) has showed that the ground volume loss for Old
Alluvium soil which has similar soil properties as Yurakucho site, is approximately
around 0.1–0.9% as shown on Fig. 10. The calculated volume loss from the analysis
results are plotted on the same figure.

Point of Inflection
36.84 m 

Fig. 9. Ground displacement vector on the final step

Numerical Analysis of Tunnel Lining and Ground Behaviour … 9



6 Ground Settlement Trough Ratio

Ground settlement trough or trough width has a parameter K which is the ratio of
surface distance between the tunnel center-line position and the point of inflection i to
the depth of tunnel axis from the tunnel surface z0. This value is mainly used to
calculate the Gaussian formulation. Trough width ratio K differs when the soil stiffness
changes, the softer the soil is the lower the K value become (Moller 2006).

The trough width parameter is obtained from Eq. (5) as follows:

K ¼ i
z0

ð5Þ

Using the case study field data, the value K with buoyancy is 0.543 and without
buoyancy consideration is 0.591. This shows the buoyancy consideration affects the
trough width ratio, as the K value reduces with the influence of buoyancy
consideration.

7 Comparison of Ground Normalized Surface Settlement
with Other Cases

In the following section, the normalized ground surface settlement of Yurakucho tunnel
is compared with other tunnelling cases from previous literature. The other cases are
DLR Tunnel in London and Heinenoord Tunnel in Netherland. The normalized surface
settlement of these two tunnelling cases are shown in Fig. 11 (Tadashi and Soga 1999;
Moller 2006).
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Fig. 10. Comparison of volume loss using EPB to old alluvium (Zhang 2011)
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The normalized ground settlement profile shows that the Yurakucho and
Heinenoord tunnel cases have a close profile shape for w/wmax more than 0.5. This
agreement is due to the similar close K value of the two cases. Yurakucho has
K = 0.591, while the Heinennoord tunnel has K � 0.64. The reason why DLR Tunnel
has a wider transverse distance as shown on Fig. 11 is due to the stiffer soil properties
on the site. The DLR tunnel has K � 0.77 which indicate that it has a stiffer soil
compared to the other case study.

8 Conclusions

In this paper, the lining analysis is done by studying the lining deformation and lining
axial force and bending moment. The axial force and the bending moment have been
compared with the field data. The analyses show how the shape and the magnitude of
the bending moment and axial force satisfy the field measurement. The ground volume
loss in Yurakucho tunnel case is calculated and compared with similar tunnel cases
with similar condition. Yurakucho case is compared to other tunnelling cases from
previous studies. Ground settlement trough were obtained and compared with Gaussian
approximation. The normalized ground surface settlement of Yurakucho case is wider
in comparison with the Gaussian approximation due to the soft ground in the
Yurakucho site. The result shows how the analysis result have similar behaviour and
the normalized graph shows how the Gaussian approximation behave with the change
of K value. The curve with the higher K value created a wider trough curve. The change
of the K value differs as the point of inflection i value changes. The higher point of
inflection value is obtained as the soil is stiffer, as DLR tunnel has a stiffer soil on the
site compared to Yurakucho and Heinennoord tunnel.
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Sustainable Reconstruction in Conditions
of Dense Urban Development

Talal Awwad1,2(&), Vladimir Gruzin3, and Vladimir Kim1

1 L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
dr.awwad.gfce@gmail.com

2 Department of Geotechnical Engineering, Damascus University,
Damascus, Syria

3 S. Seifullin Kazakh Agro Technical University, Astana, Kazakhstan

Abstract. Sustainable Reconstruction in conditions of dense urban develop-
ment is one of the urgent problems of modern construction. It is characterized by
a significant increase in the load on existing foundations, the performance of all
types of work in fairly difficult soil conditions and cramped situations that limit
a performance of certain technological operations and an application of the
necessary devices of mechanization. Therefore, a particular importance is
referred to the using of advanced technologies that ensure minimum construc-
tional, environmental and material risks, taking into account security measures,
for both construction team and the residents in the area of construction. How-
ever, the current trend leads to a significant increase in the cost of reconstruction.
So, innovative solutions that ensure a performance of required indicators of
bearing capacity with reducing the cost of reconstruction works are undoubtedly
relevant. This paper shows that the use of composite materials will significantly
improve the reliability and durability of construction, as well as reduce the
expenditure of building materials and the time of reconstruction. The paper also
presents results of the research on development of rational technological and
constructive solutions of reconstruction in dense building areas.

1 Introduction

Reconstruction of old buildings is one of the relevant problems associated with modern
construction in the areas of congested urban development, it is characterized by
Awwad et al. (2017), Дoлмaтoв (1988), Aбpaмeнкoв and Гpyзин (1999), Awwad
et al. (2016), Aбpaмeнкoв et al. (2012) and Гpyзин et al. (2014c, d, e) Patent№ 28833,
28834, 29158:

(1) Considerable increase of loads applied to the existing foundations;
(2) Implementation of all types of works taking into account difficult soil conditions;
(3) Congested areas, which restrict implementation of some technological operations

and application of the required mechanical tools:

– There are different aboveground material objects and underground utilities in a
construction site and in adjacent areas, which largely reduce the space of an
operational zone;

© Springer International Publishing AG, part of Springer Nature 2019
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– There is a lack of space for operation of excavating, building and road-making
machines, and there is no access way for heavy vehicles during the workflow in
a construction site;

– There are requirements to use progressive technologies, which provide minimal
construction, ecological and material risks, taking into account safety measures
for both construction workers and residents, who live in the area of imple-
mentation of construction works.

During the last years, many experimental, numerical, and analytical studies have
been performed to investigate reinforced soil foundations—RSFs (Chen and
Abu-Farsakh 2015); to investigate the behavior of reinforced soils and foundations for
different reinforcement types: by use of soil cement columns and prefabricated vertical
drains (Ishikura et al. 2016; Ye et al. 2015); stone columns (Killeen and McCabe 2014;
Ng and Tan 2014); Lime pile (Abiodun and Nalbantoglu 2015; Awwad 2016); lime–
cement columns (Larsson et al. 2009); by use of multiple-geocell or planar geotextile
reinforcing layers (Tafreshi et al. 2016); by use of geogrid sheets (Chakraborty and
Kumar 2014). In these terms, there are perspective technologies associated with
improvement of soils adjacent to the existing urban buildings and structures (Aбpa-
мeнкoв et al. 2011; Awwad and Donia (2016); Zhussupbekov et al. 2013; Awwad and
Al-Asali 2014).

Nowadays, in spite of the considerable annual pace of civil and residential con-
struction in many cities and towns of the Republic of Kazakhstan, there are some
unsolved problems associated with buildings and structures constructed in the 1950–
70s, due to different reasons, they are to be demolished or, in the best-case scenario,
renovated. This problem is very characteristic for transformation of the image of
Astana, the capital of Kazakhstan, and its districts (the old city) constructed during the
period of the USSR, when the city was called Tselinograd. The architectural appear-
ance of the old city is mainly represented by 5-floor buildings with walls of 2–3 brick
thickness or made of panels, which rest upon strip foundations. If 5-floor panel
buildings, for example, those, located in Pobedy avenue, near Saken Seifullin Kazakh
Agrotechnical University, are to be demolished; low-rise brick buildings can be suc-
cessfully reconstructed with account of improvement of their soils and increase of
bearing capacity of strip foundations.

2 The Special Features of Reconstruction of Buildings
and Structures During Transformation of the Architectural
Image of the City

Today, when solving problems associated with reconstruction of modern industrial,
civil and residential buildings and structures, which become more difficult every year
and they are characterized by considerable increase of loads applied to the foundations,
a special role in the construction practice is given to application of progressive tech-
nologies of preparation of soils and construction of pile foundations. However, the
existing trend leads to a significant increase of the cost of works in the field of
foundation engineering, therefore, the innovative solutions, which provide achievement
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of the required values of bearing capacity and simultaneously reduce the prime cost of
reinforcement of the earthworks of the existing urban development, are certainly very
relevant.

At the same time foundation engineering has some reserves for increasing effi-
ciency, decreasing estimated costs and improving quality due to:

– Implementation of progressive technologies of reinforcing different types of foun-
dations of the existing buildings and structures with composite materials;

– Application of updated structures of pile foundations;
– Use of innovative technologies of hardening the existing subgrades of different

industrial, civil and residential buildings and structures.

Nowadays a group of scholars is carrying out works for elaboration of rational
technological and structural solutions for reconstruction of construction objects in the
city of Astana, the Republic of Kazakhstan. Under the conditions of congested city
development, the existing 2–3-floor residential buildings and separate structures rest on
strip foundations. Therefore, in the framework of reconstruction of these structures it is
suggested to realize a number of the following technological operations (Fig. 1) using
composite materials in order to increase bearing capacity of the foundations as well as
to enhance considerably reliability and durability of the earthworks. Moreover, it
allows reducing consumption of construction materials and decreasing terms of
reconstruction of the existing foundations of urban buildings and structures. In the view
of the above mentioned the following technological sequence for increasing bearing
capacity of strip foundations is proposed (Figs. 1 and 2).

The method of reinforcement of the soil and foundations of buildings and structures
under the conditions of congested urban development includes the following techno-
logical sequence of operations:

Position 1—the initial state of strip foundation 1 and soil 2 of a building or
structure in a congested urban area is shown.

Fig. 1. The technological sequence of operations for reinforcement of the soil and strip
foundation of a building in a congested urban area. Top view A and B (Side view C and D see
Fig. 2). 1—strip foundation; 2—soil; 3—niche; 4—excavation in the subsoil; 5—rigid
construction material; 6—RC block; 7—frame; 8—strut; 9—column
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Position 2—there are some preparatory operations before implementation of the
technological sequence for reinforcement of soil 2 and foundation 1 of a building
linked to (Fig. 2):

– making niches 3 of length l in the strip foundation equal to the width of the upper
base of concrete block 6 at the distance L3�y between them;

– excavation 4 of soil under niche 3 near strip foundation 1, the volume of excavation
is equal to the volume of concrete block 6;

– filling rigid construction material 5 (clay, crushed stone, concrete mixture etc.) into
excavation 4.

Position 3—RC block 6 is installed in excavation 4 under niche 3 in strip foun-
dation 1 and it is gradually tamped into rigid construction material 5 down to the
designed elevation (Fig. 2) with account of forming the width of the consolidation area
L3�y in soil 2 according to formula (Aбpaмeнкoв et al. 2012):

L3�y ¼ l � Kynp � qmax

Kynp � qmax � q0
� � ; ð1Þ

where q0; qmax—a density of soil before consolidation and its maximum value at
optimum water content after consolidation, respectively;

Fig. 2. Drawings A, B, C and D for positions 2, 3 and 5 of the technological sequence of
operations for reinforcement of the soil and strip foundation of a building in a congested urban
area. 1—strip foundation; 2—soil; 3—niche; 5—rigid construction material; 6—RC block; 8—
strut; 9—column
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Kynp—a coefficient of soil consolidation while driving an RC block into it
according to the condition:

q1
qmax

¼ Kynp � 0:95; ð2Þ

where q1—a required density of the soil.
The RC block is made with the inclination angles of apothems of three lateral

planes, which are equal to b or are more than the angle of internal friction / (see
Figs. 1 and 2):

b�/: ð3Þ

Position 4—frame 7 made of basalt rods or reinforcement is installed in niche 3 and
in the space of RC block 6 for its attachment to strip foundation 1.

Position 5—cast formwork is made (it is not shown in Fig. 1) and strut element 8 is
cast of concrete, after its curing column 9 is installed in the space of RC block 6 for
further increasing the number of storeys in a building and providing the transfer of the
required load to the foundation (see Figs. 1 and 2).

Implementation of the abovementioned sequence of technological operations for
the technology of upgrading the building foundation under the conditions of congested
urban development provides the required bearing capacity of the subsoil of the foun-
dation due to:

(1) consolidation of the soil with rigid construction material, adjacent to the strip
foundation, by jacking an RC block of the special geometry of cross and axial
sections taking into account Conditions (1) and (2):

– Figure 1 shows technological sequence 3;
– Figure 2—top and side views—B, C;

there are demonstrated the newly formed consolidated zones made of con-
struction material 5, they were formed due to jacking an RC block into a strut,

(2) rigid connection of the existing strip foundation with a newly formed one using
special strut element 8 (see Fig. 1—technological sequences 4 and 5).

The technology of consolidation of soil with rigid construction material by means of
jacking an RC block ensures creation of a consolidated area under the whole combined
foundation that provides general reduction of consumption of construction materials
during reconstruction of buildings and structures in the congested urban areas.

The technical result of the following technological sequence is reached due to
decreasing costs of reinforcement of the foundation of a building or structure while
jacking RC blocks of trapezoid cross-section along its perimeter and forming consol-
idated soil areas around them. Later they are attached to the existing foundation with
the strut elements, which are made using composite materials, and the columns are
installed in them in order to increase the number of storeys of a building.

It is noteworthy, the relevance of applying composite and other reinforcing mate-
rials for underpinning foundations and other construction concrete structures is
doubtless, as composites based on continuous basalt fiber have the following features,
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compared, for example, to steel reinforcement of grade A-Ш (A400C) (A-Sh (A400S))
(Лapин et al. 2012; Дeмeшкин and Швaб 2011):

– an ultimate tensile strength is 3.5–4 times bigger;
– a thermal conductivity is 100–150 times smaller;
– there is a corrosive resistance to aggressive medium, including the alkaline medium;
– environmental friendliness is provided due to the absence of harmful and toxic

substances;
– a predicted durability is minimum 100 years.

Numerous scientific studies have found that the use of continuous basalt fiber as the
main component while making various concrete structures provides not only the sig-
nificant increase of their strength but also the reduction of their weight, therefore,
decreasing consumption of construction materials by 18–32%.

Due to the fact that in some cases there is no possibility to use standard RC blocks
as reinforcing elements of the existing foundations because of some structural features
of an existing building or a proposal of its reconstruction, it is suggested to use the
technology of construction cast-in-place piles in the boreholes, which have been
formed while jacking of working tools of special geometry or drilling holes with a
special working tool (Aбpaмeнкoв et al. 2006; Гpyзин 1999; Гpyзин et al. 2014a, b
Patent № 28832, 28835).

3 Definition of Coefficient of Correlation Between Elements
of Working Tools

The rational correlation of the parameters of basic elements of a jacked working tool,
including a height of a tip HH , a body HK , a bell end, a head Hp;o, and the angles
(a, b, c) of tilt of planes apothems to the axis of these elements allows achieving a
maximum unit bearing capacity of pile foundations on the consolidated soil in different
soil conditions. Depending on physical-mechanical properties of a soil mass of a
construction site, structural features of the existing foundation and its final recon-
struction for obtaining the required soil density while forming a borehole, a structure of
the working tool can include a bell end, a head or nothing (Гpyзин et al. 2003).

The coefficient of correlation between the heights of the tip kH, the body kK and the
bell end (head) kp,o of the working tool, which provide the required bearing capacity of
a cast-in-place pile, are presented by the following dependencies:

kH ¼ HH

H
;

kK ¼ HK

H
;

kp;o ¼ Hp;o

H
;

ð4Þ

where H—a height of the working tool;
HH ;HK ;Hp;o—heights of the tip, the body and the bell end (head), respectively.
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As the maximum soil density in the borehole wall depends on a value of its
deformation, which, in its turn, is defined by a value of stresses applied to the contact
surface of the plate and soil mass, according to Condition (2), the maximum soil
density is provided in the border of soil contact with the lateral surface of the working
body. Consequently, according to the condition of soil weight preservation, we get the
ultimate unit bearing capacity of a future cast-in-place pile.

In order to obtain the ultimate unit bearing capacity of a future cast-in-place pile
and the maximum radial area of consolidation of the soil mass around it, based on the
condition of soil weight preservation, we define its maximum density in the border of
soil contact with the lateral surface of the trapezoid tamping working tool. Based on the
given assumption we define (Aбpaмeнкoв et al. 2006):

DH ¼ D3�y �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kynp � qmax � q0

Kynp � qmax

s
; ð5Þ

where q0; qmax—a soil density before its consolidation and the maximum soil density,
respectively;

D3�y—a diameter of the inscribed circle of a consolidated area of the soil mass while
driving a trapezoid working tool into it;

DH—a diameter of the inscribed circle in the lower base of the body of a working
tool;

Kynp—a coefficient of soil consolidation.
Formula (5) establishes the correlation between a diameter of the inscribed circle in

the lower base of the body of a working tool, a diameter of the inscribed circle of a
consolidated area of the soil mass while driving a trapezoid working tool into it and soil
mass properties. Taking into account congruence (5) there have been defined coeffi-
cients of correlations between heights of structural elements of the working tool (kK, kH
and kp,o) and a height of the working tool H:

– for the tip:

kH ¼ D3y

2 � H � tg a
2

� � �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kynp � qmax � qo

Kynp � qmax

s
; ð6Þ

where kH—a coefficient of correlation between a tip height and a height of the working
tool

a—a cutting-point angle of the trapezoid working tool;

– for the body:

kK ¼
DK � D3y

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Kynp�qmax�qo
Kynp�qmax

q
2 � H � tgb ð7Þ

where kK—a coefficient of correlation between a body height and a height of the
working tool;
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b—an angle of inclination of the plane apothem of the trapezoid body of the
working tool to its axis;

– for the bell end or the head:

kp;o ¼ Ko � DH

2 � H � tgb ð8Þ

where kp,o— a coefficient of correlation between a bell end (head) height and a height
of the working tool;

Ko—a coefficient of relative soil deformation.
Based on the conducted analytical research these have been developed engineering

methods of selection and calculation of structural parameters of elements of the
working tool, which have been implemented during design, production and exploita-
tion of trapezoid working tools of the equipment for making boreholes for cast-in-place
piles which rest upon the consolidated soil:

– with the bell end (Fig. 3a);
– with the head (Fig. 3b);
– without the bell end and the head (Fig. 3c).

The abovementioned working tools have been applied for construction of civil,
industrial and residential buildings and structures.

Fig. 3. The structures of the working bodies for making boreholes in soil: a with the bell end;
b with the head; c without the bell end and the head
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Taking into account technical requirements for a project of works on a foundation
construction and depending on physical and mechanical properties of soil in a con-
struction site, there is used one of the following types of the working tools for soil
compaction in the bottom, walls or head of a formed borehole (see Fig. 4).

4 Conclusions

A successful solution of the problems of reconstruction of residential and civil
buildings and structures in congested urban areas is conditioned by a whole range of
factors, which should be taken into account before implementation of such types of
works. To consider their capabilities, it is necessary to conduct a comparative analysis
to substantiate the applied progressive technologies of reinforcement of the existing
strip foundations with account of using the contemporary mechanical tools, which
provide preservation of structures adjacent to a construction site. Another important
aspect is to define ability of soils adjacent to the foundations under reconstruction to
harden by means of consolidation that will allow increasing bearing capacity of the
foundation under reconstruction according the plan of workflow.

Fig. 4. Construction of a cast in place pile in soil, which rests on the consolidated subsoil:
a forming a consolidated borehole by the working tool along with filling rigid construction
material; b filling the newly formed borehole with commercial concrete; c installation of the a
reinforced frame
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Abstract. In this paper efforts have been made to understand the influence of
unit weight of slurry-deposited coal ash on the slope stability of ash dykes raised
by upstream method. Using the geotechnical properties of compacted ash as
well as slurry-deposited ash, a series of stability analysis have been carried out
to identify the critical factor of safety for incrementally raised ash dykes.
A 19 m high ash pond in Eastern India had been incrementally raised to its
current elevation, by upstream method in four raisings. The ash pond was to be
further raised by providing two raisings (5th and 6th) of 3 m each making the
ash pond 25 m high.
Slope stability analysis of downstream slope of the dykes was carried out for

steady state seepage condition using effective stress parameters for the ash as
well as foundation soil. For the 5th and 6th raising the critical failure surface was
observed to pass predominantly through slurry deposited ash and the foundation
soil beneath it. The factor of safety (FOS) was observed to be low on account of
the low unit weight as well as the low shear strength of ash. It was observed that
for saturated unit weight (csat) of 11.7 kN/m3 the FOS was lower by 12.5% in
comparison to csat of 16 kN/m3 for 5th raising and by 14% for 6th raising in
static condition. Similarly, in seismic condition, the FOS at csat of 11.7 kN/m3

was observed to be low by 14% than that at csat of 16 kN/m3 for 5th raising and
by 15% for 6th raising. The role of unit weight in influencing slope stability of
incrementally raised dykes of slurry ponds has been reported for the first time in
this study and it shows that light-weight deposits such as coal ash can lead to
low FOS when the failure surface passes through the slurry-deposited material.

1 Introduction

According to the data from World Bank on an average 31.5% of electricity production
is from coal source. Figure 1 shows the distribution of percentage of electricity gen-
erated from coal in the different region of the world till the year 2014. This leads to
massive production of coal ash annually. The utilization of coal ash is being encour-
aged throughout the world, but a large percentage of coal ash still remains unutilized.
This unutilized ash is stored in ash ponds through either wet disposal or in mounds
through dry disposal. Coal ash storage ponds are complex geotechnical structures. Coal
ash is discharged, in the form of slurry, from pipes located in the perimeter of the ash
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pond. Depending on the slurry deposition method the slurry usually has solid to liquid
ratio ranging from 1.5:1 in volume for high concentration slurry deposition to 1:6 for
low concentration slurry deposition. Part of the water infiltrates into the deposited ash,
while the rest flows as surface runoff down to the decanting wells.

There are numerous failures of coal ash ponds reported in past. The failure of the
Tennessee Valley Authority’s Kingston Fossil plant, in 2008 led to deterioration of
community health. There are several other examples of slurry pond dam failures
including tailings dams around the world. Hence, the design and construction of
geotechnical earth structures like ash ponds requires assessment of their response to
different properties of the slurry as well as response of the structure under static and
dynamic loading conditions.

Apart from coal ash there are other industrial waste products which are disposed
through slurry deposit in artificially made ponds. Mine tailings are similar by-products
of industries that are hydraulically deposited in dykes. The stability of such dykes
under static loading mainly depends upon the shear strength of the compacted dykes
and the hydraulically deposited fill material. In the present study, the influence of unit
weight of hydraulically deposited coal ash has been studied on the overall stability of
an ash dyke raised by upstream method in four raisings. The stability analysis has been
performed using the procedures outlined in the subsequent sections with Slope/w
software packages for steady-state seepage condition.

Fig. 1. Percentage of electricity generated from coal in different regions of the world. Source
IEA Statistics © OECD/IEA 2014 (iea.org/stats/index.asp)
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2 Literature Review

A significant body of research can be found in the literature for laboratory methods to
determine minimum and maximum dry unit weight of coal ash. The laboratory results
on the minimum dry unit weight studied from literature are presented in Table 1. From
literature review, it was observed that the range of minimum and maximum dry unit
weight of coal ash deposited in ash ponds varies from 7.7–10.5 to 11.9–13.3 kN/m3,
respectively (Gray and Lin 1972; Toth et al. 1988; Dayal 1989; Gandhi et al. 1999;
Horiuchi et al. 2000; Pandian 2004; Kim et al. 2005; Bachus and Santamarina 2014).
The corresponding dry unit weight at 30% relative density varies from 8.6 to
11.2 kN/m3. The minimum saturated unit weight has been calculated from the specific
gravity values reported in the literature or by using representative values if the same
have not been reported. The corresponding minimum saturated unit weight varies from
11.7 to 15.8 kN/m3 over the entire range of dry unit weight. The low unit weight is
attributed to low specific gravity of coal ash which varies from 1.90 to 2.59 (Pandian
2004; Das and Yudhbir 2005; Mishra and Karanam 2006; Jakka et al. 2010).

Table 1. Minimum dry unit weight of coal ash from literature review

Material Minimum dry unit
weight, kN/m3

Minimum saturated unit
weight, kN/m3

References

Raichur Pond
Ash

9.7 14.5 Pandian (2004)

Rae Bareili Pond
Ash

9.4 14.1

Neyveli Pond
Ash

7.7 11.7

Vijaywada Pond
Ash

8.3–9.6 13.2–15.0

Hekinan Fly Ash 8.73 13.1 Porbaha et al.
(2000)Matsushima Fly

Ash
8.48 12.7

Badarpur Pond
Ash

10.5 15.8 Jakka et al.
(2010)

Indraprastha
Pond Ash

9.8 15.0

Mettur Pond Ash 9.27 14.4 Gandhi et al.
(1999)

Pond Ash 8.0–8.4 14.0–14.7 Pant et al.
(2016)

Pond Ash 7.8–8.0 11.8–12.0 Sridharan
(2012)

Bottom Ash 8.89 13.5 Seals et al.
(1972)
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Limited studies are reported in literature on in situ density of pond ash (Gandhi
et al. 1999). Measurement of in situ field density of coal ash ponds is difficult due to
difficulty in retrieving of undisturbed samples from boreholes. The N-values obtained
from Standard Penetration Tests (SPT) are used to describe the density condition of
soil. The N-values at ash ponds vary over a wide range from a minimum of 2 at shallow
depths of 1.5 m to 11–15 at deep depths of 9–19 m (Jakka et al. 2011). A number of
correlations are available to determine unit weight from N-values. However, many of
these correlations are questionable as they are based on a small database or specific
soils.

3 Background

A 19 m high ash pond in Eastern India had been incrementally raised to its current
elevation, by upstream method in four raisings as shown in Fig. 2. The ash pond is to
be further raised by providing two raisings (5th and 6th) of 3 m each making the ash
pond 25 m high from ground level. 4 boreholes (BH-1 to BH-4) were drilled in the ash
pond to a depth of 24 m so as to penetrate at least 5 m into the underlying local soil. In
addition to that 6 boreholes (BH-5 to BH-10) were drilled around the periphery of the
ash pond beyond the toe drain of the starter dyke to a depth of 15 m. Figure 3 shows
the location of the 10 boreholes drilled in the ash pond and around its periphery.
N-values as well as disturbed representative samples of ash and foundation soil were
thus obtained. The ash samples were classified as sandy silt with N-values ranging from
5 to 18. Foundation soil was observed to be clayey silt/silty clay with N-values ranging
from 5 to 30. From the boreholes drilled along the periphery of the ash pond, the
ground water table was observed to be shallow being 1 m below the natural ground
level.

Hydraulically deposited ash

Foundation Soil

Phreatic Line

Starter Dyke
1st Raising

4th Raising

19 m

Fig. 2. Sectional view of the existing ash dyke
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4 Experimental Investigation

Ash samples were collected from a depth of 0.5 m below the existing ash level from the
ash pond. Representative ash samples were tested for complete geotechnical charac-
terization. The ash was non-plastic in nature. Specific gravity value of ash was obtained
to be 2.08 which is considerably lower than that of the natural soils. Grain size dis-
tribution of the ash samples was studied by both sieve analysis and hydrometer anal-
ysis. The ash samples had predominantly silt content (with 30% sand) and were
classified as sandy silt. Compaction characteristics of the ash samples were studied
using standard Proctor as per the Indian standard specifications. Effective-stress
parameters, cohesion (c′) and angle of shearing resistance (/′), of the ash samples were
evaluated by performing direct shear tests on saturated samples in the loose and dense
state. Loose samples were prepared by slow pouring and then saturating while dense
samples were prepared by rodding and tamping and then saturating.

In addition to ash samples, local soil samples were also collected from a depth of
1.0 m below the existing ground level from two locations. Almost 100% of the local
soil particles were finer than 75 l sieve size. From the Atterberg limit tests conducted
on the local soil it was observed that the liquid limit, wl, of the soil was 65% and plastic
limit, wp, was 25%. The plasticity index, Ip, was thus 40%. The local soil was classified
as clay of high plasticity (CH). The specific gravity of the soil was 2.49. The results of
experimental investigation on the ash samples as well as local soil samples are reported
in Table 2.

BH-2

BH-1

BH-4

BH-3

BH-8

BH-9

BH-10

BH-5
BH-6

BH-7

Ash Pond

Starter Dyke

Fig. 3. Plan of the ash pond and location of the boreholes drilled
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5 Selection of Ash & Soil Parameters for Analysis

Figure 4 gives the SPT N-value for BH-1 to BH-4 drilled in the ash pond. BH-3 shows
unusually low N-values. However, an average N-value of 7 was obtained from the field
SPT tests conducted on the ash pond. Using the empirical method for computing /′,
relative density and unit weight of granular soils based on the SPT N-value it can be
inferred that medium dense sand with N-value of 7 has /′ of 30° (Meyerhof 1959).

From laboratory shear strength tests carried out on saturated ash samples, an angle
of shearing resistance of 29° was obtained in loose state (30% relative density). Thus /′
value of 29° was used for the hydraulically deposited soil in stability analysis. Direct
shear tests conducted on saturated sample of dense ash gave /′ value of 34°. The same
was used as the shear strength parameter for the compacted ash dykes. Figures 5 and 6
show the variation of shear stress and vertical displacement with horizontal displace-
ment for the pond ash samples at 30% relative density (Fig. 5a, b) and 70% relative
density (Fig. 6a, b). The behaviour of the ash samples typically resembled those of a
sandy soil. Granular material when sheared show slight initial volumetric contraction
followed by volumetric expansion i.e. dilation (Bolton 1986). The ash samples
exhibited strain-softening behaviour at dense condition with relative density of 70%
while strain-hardening behaviour at loose condition with relative density of 30%.

The angle of shearing resistance of foundation soil has been estimated from cor-
relations given by several researchers (Bjerrum and Simons 1960; Kanja and Wolle
1977; Ladd et al. 1977; Olsen et al. 1986). Corresponding to Ip of 40%, the effective
angle of shearing resistance of the local soil has been estimated as 22°.

Table 2. Engineering properties of ash and soil samples

Property Ash sample Local soil

Sand size (4.75–0.075 mm), % 28 0
Silt size (0.075–0.002 mm), % 72 61
Clay size (<0.002 mm), % 0 39
Specific gravity 2.08 2.49
Maximum dry unit weight, kN/m3 11.9 15.4
OMC, % 28.9 24
Minimum dry unit weight, kN/m3 9.52 –

Liquid Limit, wl, % – 65
Plastic Limit, wp, % Non plastic 25
Plasticity Index, IP, % – 40
Angle of shearing resistance, /, ° Loose (slurry deposited): 29 22

Dense (compacted): 34
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6 Slope Stability Analysis

Ash pond dykes are raised by upstream method in order to enhance the volume of the
pond. Since the pond ash is abundantly available on the construction site itself, it is
economical to use ash as the construction material for raising the ash dyke embank-
ment. Top cover of natural earth is provided to take care of erosion and gully for-
mation. In the present stability analysis, a four-stage dyke incrementally raised by
upstream method on the starter dyke was considered as base case. The analysis has
been carried out for steady state seepage condition. A phreatic line (piezometric line)
has been assigned on the basis of highest slurry level in the ash pond and the con-
figuration of chimney drain and blanket drain of each raising; the software evaluates the
pore water pressure on the basis of the location of the phreatic line. Following are the
salient features of the ash dykes:

Starter dyke was constructed by local clayey soil with a downstream slope of
2.5H:1 V.
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The downstream slope of all the raising have equal inclination on 3H:1 V.
The starter dyke is 6 m high while the further four raisings above starter dyke are of

variable height. At its current elevation with four raisings, the total height of the dyke is
19 m.

The crest width of each raising is of 6 m.
The proposed 5th and 6th raising are 3 m high each, thus making the ash pond

25 m high from the existing ground level.
The issue of stability of an ash dyke with reference to the variability of unit weight

of ash deposited in pond was the focus of the study. Slope stability analysis of
downstream slope of the dykes was carried out for steady state seepage condition using
effective stress parameters for the ash as well as foundation soil. The stability was
checked for static as well as seismic condition. Keeping the angle of shearing resistance
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Fig. 5. Variation of shear stress and vertical displacement with horizontal displacement for the
ash samples at 30% relative density
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of ash constant, the influence of unit weight of ash was identified by varying saturated
unit weight of hydraulically deposited ash from 11.7 to 16 kN/m3 in steps of 1 kN/m3.

7 Results of Stability Analysis

Slope stability analysis was performed for both static and seismic conditions using
GEOSLOPE version Slope/W 2007. As per IS 1893, the ash pond lies in earthquake
Zone III. The design values of horizontal seismic coefficient and vertical seismic
coefficient have been calculated using seismic coefficient method and taken as 0.106
and 0.053 respectively. The minimum acceptable factor of safety (FOS) for steady state
seepage condition in static and with seismic loading condition are kept 1.5 and 1.0
respectively as per IS-7894 (1975). The factor of safety (FOS) obtained for the 5th and
6th raising are listed in Table 3.

7.1 Static Condition

The factor of safety (FOS) obtained for the 5th and 6th raising in static condition are
listed in Table 2. With the 5th raising, when the unit weight of slurry deposited ash was
11.7 kN/m3 it was observed that the ash dyke was susceptible to failure with FOS
being less than 1.5. With an increase in saturated unit weight of deposited ash, the FOS
increases and the dyke became stable (FOS > 1.5). For unit weight of 11.7 kN/m3 the
FOS was lower by 12.5% in comparison to that at unit weight of 16 kN/m3 for 5th
raising.

With the 6th raising the FOS obtained was lower by 14% with a unit weight of
11.7 kN/m3 than that at 16 kN/m3. It was observed that the ash dyke was susceptible to
failure at saturated unit weight of 11.7 and 12.5 kN/m3. With an increase of saturated
unit weight, the ash dyke became stable. The failure surface passes primarily through
the slurry deposited ash and the foundation soil beneath it. Typical failure surfaces for
static condition are shown in Figs. 7 and 8.

Table 3. FOS obtained from stability analysis

Saturated unit weight of slurry deposited ash
csat, kN/m

3
Static case Seismic case
5th
raising

6th
raising

5th
raising

6th
raising

11.7 1.44 1.42 0.88 0.86
12.5 1.56 1.50 0.92 0.89
14 1.64 1.60 0.98 0.95
15 1.67 1.63 1.01 1.00
16 1.67 1.65 1.03 1.01
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7.2 Seismic Condition

The factor of safety (FOS) obtained for the 5th and 6th raising in seismic condition
(pseudostatic method) are listed in Table 3. In seismic condition, the FOS at unit
weight of 11.7 kN/m3 was observed to be low by 14% than that at 16 kN/m3 for 5th
raising. The ash dyke was susceptible to failure when the unit weight of slurry
deposited ash varied from 11.7 to 14 kN/m3 with FOS of less than 1.0. The critical
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Fig. 7. Critical failure surface after 5th raising in static condition (csat 11.7 kN/m3)
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failure surface passes through the slurry deposited ash and the foundation soil beneath
it and not through the compacted ash dykes in all cases.

The ash dyke with 6th raising was susceptible to failure when the unit weight of
slurry deposited ash ranged from 11.7 to 14 kN/m3. The FOS lowered by 15% when
the unit weight of the hydraulically deposited ash reduced from 16 to 11.7 kN/m3.
Similar to the stability results for 5th raising, the critical failure surface passed pri-
marily through the slurry deposited ash and the foundation soil beneath it, independent
of the unit weight of the deposited ash. Typical failure surfaces of the stability analysis
can be seen in Figs. 9 and 10.
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Fig. 9. Critical failure surface after 5th raising in seismic condition (csat 11.7 kN/m3)
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7.3 Discussion

The density of the soil contributes both in driving as well as resisting forces in slope
stability analysis. While the normal component of the weight mobilizes shearing
resistance along the slip surface, the component parallel to the failure surface acts as the
driving force. The shear strength of a material is governed by the effective stress. In
lightweight materials like coal ash, even a small increase in density increases the
effective stress significantly which contributes in increasing the shearing resistance.
Therefore, with an increase in density of hydraulically deposited ash, the ash dyke
becomes less susceptible to failure.

In order to study the influence of unit weight of ash on the stability of ash dykes,
the angle of shearing resistance was kept constant. The increase in angle of shearing
resistance for ash deposited at higher unit weight will increase the factor of safety.
Consequently, the percentage difference between FOS at low and high unit weight will
increase further.

8 Conclusion

The in situ density of the deposited ash throughout its depth in ash ponds is very
difficult to measure precisely due to difficulty in retrieving of undisturbed samples.
From literature review, it was observed that that the dry unit weight of loose ash varies
from 7.7 to 10.5 kN/m3. Using appropriate specific gravity of ash, the minimum csat of
ash varies from 11.7 to 15.8 kN/m3. It was observed that for csat of 11.7 kN/m3 the
FOS was lower by 12.5% in comparison to csat of 16 kN/m3 for 5th raising and by 14%
for 6th raising in static condition. Similarly, in seismic condition, the FOS at csat of
11.7 kN/m3 was observed to be less by 14% than that at csat of 16 kN/m3 for 5th
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raising and by 15% for 6th raising. This study reveals that approximation in estimating
the field density of slurry deposited ash gets reflected in the factor of safety of the ash
dykes significantly. Stability of an ash dyke is thus influenced by the unit weight of the
slurry deposited coal ash.

The role of unit weight in influencing slope stability of incrementally raised dykes
of slurry ponds has been reported for the first time in this study and it shows that
light-weight deposits such as coal ash can lead to low FOS when the failure surface
passes through the slurry-deposited material. Hence, precise estimate of unit weight of
the slurry deposited coal ash is an important parameter in safe design of ash dykes
raised by the upstream method.
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Abstract. Changing climate can cause extreme weather events, and variations
in hydrologic, storm and temperature patterns. These changes have an adverse
impact on the performance of pavement system in Texas. It is of extreme
importance to estimate the possible effects of climate change on the performance
of the pavements. These estimates will help transportation officials in making
decisions to accommodate the climate change into planning and design of
pavement systems. The objectives of this study are to document anticipated
change in climate and its impact on the performance of the pavements and to
present various precautionary measures that can be adopted in current pavement
design to withstand the anticipated climate change. In this study, future climate
data is selected from North American Regional Climate Change Assessment
Program (NARCCAP) databases. Pavement Mechanistic-Empirical
(ME) Design software is used for analysis of the pavement performance with
historical climate as well as predicted future climate data. Comparing the
pavement performance with historical climate and predicted future climate data
revealed that the distresses in the pavement structure is increasing with the
future climate scenario. Various adaptation approaches of pavement design to
survive the future climate change are recommended through this study.

1 Introduction

Intergovernmental Policy on Climate Change (IPCC) has identified that the climate
pattern has gradually changed in the last century. The temperature of the atmosphere has
been steadily rising, the area covering snow has gradually decreased, sea level has been
rising, among others. The major factor contributing to climate change is a significant
increase in greenhouse gas (GHG) emissions due to anthropogenic activities (indus-
trialization and a significant increase in global population). Changing climate can cause
extreme weather events, and variations in hydrologic, storm and temperature patterns,
which can be detrimental to the world economy. Various national and international
agencies have spent significant resources on predicting future climates like United States
Geological Survey (USGS), National Oceanic and Atmospheric Administration
(NOAA), Geophysical Fluid Dynamics Laboratory (GFDL) to name the few. These
agencies have used different emission scenarios to forecast the future climate that can be
used to develop strategies to mitigate the influence of climate changing.
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The economy of a country significantly depends on the transportation infrastructure
and climate change can adversely impact the performance of transportation infras-
tructure because it is continuously exposed to the climate. Studies have been carried out
to study the vulnerability of the transportation network to climate change.

United States Department of Transportation (US DOT) Gulf Coast Study (Phase 1),
conducted vulnerability study and observed that the rise in sea levels would affect the
interstates and arterials, 75% of the port facilities, and the average temperature could
increase. As per Sultana et al. (2014), the strength of the pavements reduces by 1.5–
50% due to flooding. Meagher et al. (2012) used Mechanistic-Empirical Pavement
Design Guide (MEPDG) to predict pavement distress by transforming the climate data
with future temperature change, observing an impact on AC rutting with negligible
impact on alligator cracking.

In a joint project (ROADAPT research project) funded by European countries,
many countries have developed climate adaptation strategies, and policies like the
United Kingdom requires to consider effects of climate change in planning and design
stages. Similarly, New Zealand government provides information and guidance to the
local authorities on integrating climate change considerations into decision-making
processes.

Although climate influences all modes of the transportation, it is beyond the focus
of this study. Therefore, this study is mainly focused on pavement infrastructure. The
pavement design uses historical climate data to estimate service life of the designed
pavement. Since the pavement infrastructure will be exposed to the changing climate, it
is very likely that the estimated service life will be reduced and significant economical
and natural resources will be required to maintain and rehabilitate pavement infras-
tructure. To mitigate the influence of climate change, the transportation agencies need
to use future climate data in designing future pavement infrastructure that is resilient to
climate change. Thus, the main objectives of this study are:

(a) Evaluate influence of climate change parameters on the performance of pavements,
and;

(b) Evaluate adaptation methods to enhance the resiliency of pavement infrastructure.

Pavement Mechanistic-Empirical (ME) Design software for predicting pavement
performance was used for estimating design service life of pavements. The Pave-
ment ME design software uses Integrated Climate Model (ICM) to account for climate
influence. ICM consists of weather details (Temperature, Wind Speed, Relative
Humidity, Sunshine, and Precipitation) for the geographical location of the project at an
hourly interval. Although software consists of historical weather database and doesn’t
take into account the changing climate, North American Regional Climate Change
Assessment Program (NARCCAP) climate data source was extracted and was used for
estimating design service life.
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2 Climate Models

NARCCAP utilizes Special Report on Emission Scenario (SRES) A2 emission sce-
narios for predicting future climate. This climate data source uses a dynamic down-
scaling method to produce the data at the local resolution of 31 � 31 miles
(50 � 50 km). NARCCAP includes six Regional Climate Models (RCMs) and four
Global Climate Models (GCMs) namely: RCMs are (1) Hadley Regional Climate
Model Version 3 (HRM3), (2) Regional Climate Model 3.0 (RCM3), (3) the Canadian
Regional Climate Model (CRCM), (4) Experimental Climate Predication Center
Regional Spectral Model (ECPC), (5) Mesoscale Meteorological Model Version 5.0
(MM5I), and (6) the Weather Research and Forecasting Model (WRFG), GCMs are
(1) the Hadley Centre Climate Model (HadCM3), (2) Community Climate System
Model (CCSM), (3) the Canadian Global Climate Model (CGCM3), and (4) the
Geophysical Fluid Dynamics Laboratory (GFDL) model.

The eleven climate model obtained from NARCCAP is from here onwards referred
as CRCM-CCSM, CRCM-CGCM3, HRM3-HADCM3, HRM3-GFDL, MM5I-
HADCM3, MM5I-CCSM, RCM3-CGCM3, RCM3-GFDL, WRFG-CCSM, WRFG-
CGCM3, and ECP2-HADCM3, (RCMs-GCMs, i.e., CRCM is RCM, and CCSM is
GCM in CRCM-CCSM model).

NARCCAP climate data simulations are available for a current period of 1968–
2000 and future simulation from 2038 to 2070.

3 Methodology

To evaluate the influence of the climate change on pavement service life, an existing
Fort Worth (Texas) pavement design was selected. The thickness of individual layers is
shown in Fig. 1, and relevant traffic information and location of the site is included in
Table 1. The design analysis is performed for 20 years of service life. Although
pavement design software predicts various performance parameters, this study evalu-
ated rutting and International Roughness Index (IRI) while analyzing the performance
of the pavement section. Based on the literature review and discussions with TxDOT
engineers, it was identified that maintenance measures are taken when IRI exceeds
100 in./mile and rutting is more than 0.4 in.

The following steps outline performance prediction process:

1. North American Regional Climate Change Assessment Program (NARCCAP)
climate data source was used for generating climate data files to be used in Pave-
ment ME Design software using the method described in Meagher et al. (2012) and
Sharma et al. (2017).

2. The influence of the following weather condition changes on the pavement
performance:
(a) Using the historical climate database for analysis.
(b) Using the future climate parameters (mainly temperature and precipitation)

obtained from NARCCAP.
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(c) Changing the water table depth to consider a change in bearing capacity of the
subgrade layer due to saturation.

(d) Considering both changes in climate parameters and bearing capacity of the
subgrade layer.

3. Considering adaptation method:
(a) Increasing the thickness of the Asphalt Concrete (AC) layer.
(b) Changing the Performance Grade (PG) binder.
(c) Changing AC layer mix type.
(d) Changing the modulus of the subgrade layer.

4 Results and Discussion

The results of the analysis are discussed in the following paragraphs for the pavement
section analyzed (Fig. 1).

Fig. 1. IH 30 frontage road pavement section selected for this study

Table 1. Design criteria for pavement section in fort worth, TX

Highway location IH 30 Frontage road, Tarrant
County

Annual average daily traffic (AADT) beginning 22,990
Annual average daily truck traffic (AADTT)/percentage
of trucks

828/3.6%

Analysis period 20 years
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4.1 Climate Parameters Summary

Mean annual temperature, precipitation, wind speed and relative humidity for eleven
climate models for 30 years of the period (2038–2070) and the existing climate con-
ditions (Pavement ME Climate) is shown in Fig. 2. The existing mean annual tem-
perature used in Pavement ME Design is 66.8 °F, while CRCM-CCSM climate model
estimates that the mean annual temperature increases to 69.1 °F in the future. The mean
annual precipitation increases from 33.9 in. (Pavement ME Climate) to 59.7 in. for
CRCM-CCSM climate model. Wind speed and relative humidity increase from 9.8 to
13.9 mph and 65–71% respectively. An extensive evaluation (Sharma et al. 2017)
identified that most influencing climate parameters were temperature and precipitation
and were used in the analysis.

4.2 Pavement Distresses

To minimize clutter, the data extracted from CRCM-CCSM climate model is used for
explaining the results because the predictions from the selected climate model were
closer to the average predictions from all the future climate models. The rutting and
roughness index estimated from the analysis are shown in Figs. 3 and 4, respectively.

4.2.1 International Roughness Index (IRI)
The estimated IRI shown in Fig. 3 suggests that the IRI is dependent on the climate.
An IRI value of 100 in. /mile (a milestone for triggering maintenance) will be attained
within 9.6 years of service (with historical climate data) while same IRI will be attained
within 8.3 years of service (with CRCM-CCSM data). Thus, maintenance will be
scheduled a year earlier than planned.

Fig. 2. Historical and future climate data for fort worth
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4.2.2 Asphalt Concrete (AC) Rutting
Figure 4 illustrates the change in AC Rutting for 20 years based on historical weather
data (Pavement ME Climate) and future weather data (CRCM-CCSM model). Based
on the maintenance criterion (an action is needed if the pavement section reaches
0.4 in. of AC rutting), the maintenance is required after 6 years of service
(CRCM-CCSM data) while maintenance is required after 15.8 years of service (his-
torical climate). This suggests that change in climate will reduce service life by 9 plus
years requiring some rehabilitation activity earlier than anticipated.

Fig. 3. Influence of climate change on IRI

Fig. 4. Influence of climate on AC rutting
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4.3 Saturation Damage

One of the predictions of climate models is that frequency and intensity of precipitation
will change in future. In the case of heavy rainfall, the water table will increase and
saturate the subgrade layer. The bearing capacity of subgrade layer will reduce under
saturation and is evaluated in this study. It is assumed that extreme rainfall is occurring
at an interval of 1, 2, 3, 5, 10, and 15 years of service of the pavements, saturating the
subgrade soil for 7.5 days, 15 days, one month and two months. During this heavy
rainfall period, the water table is raised closer to the subgrade soil. Since the focus was
to evaluate the influence of saturation, the historical climate data files were used in the
analyses. The influence of the change in water table depth on the pavement distresses is
summarized in Figs. 5 through 7.

Due to saturation of the subgrade, there is no variation in AC rutting; the only effect
will be on the subgrade rutting. Since the software generates AC and total rutting, the
AC rutting was subtracted from the total rutting and is shown in Fig. 5. The trend
shows an increase in rutting when subgrade is saturated. The influence of rutting on IRI
is shown in Fig. 6.

The Fig. 7 changes in subgrade modulus due to saturation. The trend indicates that
modulus drops with saturation, but after lowering of water table, the modulus goes
back to previous levels. The drop in modulus suggests that the bearing capacity of
subgrade layer is reduced, but the IRI change is not significant. In this case, it can be
concluded that the influence of saturation is minimal; however, this was not true for
other parts of the state where the soil is moisture dependent. The saturation of subgrade
layer reduces the bearing capacity of soils, especially in Eastern Texas. The loss of
modulus and recovery of the modulus after reduction in saturation is as expected.
However, permanent loss in the modulus needs to be further evaluated to identify the

Fig. 5. Combined base and subgrade rutting
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reasons for the loss. If true, the level of reduction in the modulus suggests that with an
increase in truck traffic may further enhance damage because of loss of modulus (factor
of safety).

4.4 Moisture Damage and Climate Change Parameters

A worst-case scenario was considered when the simulated future climate files are used
along with the subgrade moisture damage (changing the water table depth). Figures 8,
9 and 10 shows the changes in the distress with the inclusion of CRCM-CCSM climate

Fig. 6. Influence of subgrade saturation on IRI of the pavement section

Fig. 7. Change in subgrade modulus due to saturation
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model and subgrade saturation in comparison to the historical climate conditions. As
shown in Fig. 9, when worst-case climate scenario occurs then the maintenance years
changes from 9.6 to 8.5 years which earlier with only CRCM-CCSM climate model
was reduced to 8.9 years. Figure 10 shows the change in the subgrade modulus, with
different scenarios. The combined effect of CRCM-CCSM climate model and change in
water table depth reduces the subgrade modulus significantly.

Fig. 8. Combined base and subgrade rutting of the pavement section

Fig. 9. Influence of climate model and saturation on IRI of the pavement section
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4.5 Adaptation Methods

One of the objectives of this study was to propose adaptation strategies for mitigating
the influence of climate. Since pavement section is located in a regional location, the
adaptation strategies need to be regional because pavement sections hundreds of miles
apart need different strategies. To withstand changing climate either pavements need to
use high-performance materials or enhanced layer thickness or both. The following
strategies to minimize the influence of climate change, have been proposed that can
enhance the resiliency of the pavements, explained in the subsequent sections.

4.5.1 Adaptation Methods for Climate Change

1. Increasing the Thickness of AC Layer

Adaptation is required to maintain the resiliency of the pavement sections in the event
of climate change. One of the adaptation strategies can be to increase the thickness of
the AC layer. For the pavement section in Fort Worth (Texas), the thickness of the AC
layer is increased by an inch, and the performance of the modified pavement section is
similar to the one with the historical climate data. As we can see in Fig. 11, the increase
in the thickness of the AC layer improves the performance of pavement section (IRI).
In the figure, CC refers to climate change for CRCM-CCSM climate prediction models.
With existing climate and design, the section was required to have maintenance after
9.1 years while if the climate change occurs the performance of the section will
decrease, and maintenance is required after 8.3 years. If we consider the climate change
early on in design and construction, the pavement section will require maintenance
after 9.4 years similar to the existing conditions.

Fig. 10. Influence of climate model and saturation on subgrade modulus of the pavement
section
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2. Binder Grade Change

Changing the Performance Grade (PG) of the binder can also improve the performance
of the pavement section. Figure 12 shows the change in IRI of the pavement sections
for different binder grade types. If we change the binder grade from PG 70-22 to PG
76-22 for CRCM-CCSM climate model the maintenance year change from 8.3 to
8.8 years.

Fig. 11. Influence of AC thickness on pavement performance

Fig. 12. Influence of binder grade type on pavement performance
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3. Increasing the Thickness of AC Layer and Changing Binder Grade

Changing the Performance Grade (PG) along with layer thickness further improves the
performance of the pavement sections as well. If the binder grade is changed from PG
70-22 to PG 76-22 and the increase in thickness by one inch for CRCM-CCSM climate
model, the maintenance year change from 8.3 to 9.8 years (Fig. 13).

4. Changing Mix Type

Similarly, the third adaptation strategy could be to change the mix type of the AC
layer. Table 2 shows the AC mix types typically used along with the reference for the
mix specifications used by TxDOT. Figures 14 and 15 illustrates AC Rutting, and IRI
distresses of the selected pavement section over the years with the change in the mix
types for the AC layer. Type C and Type D behave similarly while using SP mix will
improve the performance of the pavement section.

Fig. 13. Change in performance of pavements with binder grade change and increase in AC
thickness

Table 2. Asphalt mix type specifications

Item type Specifications

Dense-graded hot mix asphalt (Item
340, 341) Type C, Type D

Texas Department of Transportation (TxDOT)
“Standard Specifications for Construction and
Maintenance of Highways, Streets, and Bridges”Stone Matrix Asphalt (SMA) (Item

346)
Superpave Mix- Coarse (SP-C) or
Performance Mix (Item 344)
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4.5.2 Adaptation Methods for Moisture Damage
Improving Subgrade Modulus: Heavy rainfall influences the water table depth, making
the sub-grade completely saturated during heavy precipitation season. One of the
adaptation methods could be to improve the subgrade material quality against the
moisture damage. In Fig. 16, it can be observed that by enhancing sub-grade (higher

Fig. 14. AC rutting of the pavement section for different AC mix types

Fig. 15. IRI of the pavement section for different AC mix types
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modulus) from 4.5 ksi (initial modulus) to 6 ksi, there is an improvement in the per-
formance of the pavements.

4.5.3 Adaptation to Moisture Damage and Climate Change
In the case of extreme events (considering changing climate along with moisture
damage) the adaptation is shown in Fig. 17. The increase in the thickness of the AC
layer along with improving the sub-grade quality improves the performance of the
pavement sections leading to resiliency in the event of a change in climate.

Fig. 16. Adaptation to moisture damage in the subgrade

Fig. 17. Adaptation to moisture damage and climate change
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5 Closure

• Eleven climate models were considered in this study, and every model simulated the
different change in mean annual temperature and precipitation. So, average model
simulation is used for analyzing the pavement performance.

• The service life of pavements is reduced in the event of change climate and extreme
events.

• Increase in AC layer helps in mitigating the impact of the climate change.
• Change in the PG grade and/or use of better performing mix types enhances the

performance of the pavement sections in the event of climate change.
• Better quality of the subgrade (high modulus) maintains the pavement performance

if extreme event leads to a reduction in bearing capacity of the subgrade layer.
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Abstract. Analyses of mechanical interactions between soil and structural
members in geotechnical engineering are long-standing challenges in the design
of piles, foundations, retaining walls, and culverts. Due to the high nonlinearity
of these problems, numerical solutions using finite element method (FEM) and
finite differences are dominant in engineering practice. In this paper, a detailed
procedure of FEM implementation is presented to solve 2D frictional interaction
problems with finite sliding. This presentation starts from the geometrically
exact theory to express the kinematics of contact, virtual work equation and
linearization in the local convective coordinate system. Formulations of the
contact tangent stiffness become straightforward and easy to understand. Tan-
gential behavior is simulated by the regularized Coulomb friction law and
constraints are enforced by the penalty approach. If linear finite elements are
used, local smoothing is essential to improve convergence performance. Two
applications in geotechnical engineering are presented to demonstrate the
capabilities of this implementation.

Keywords: Node-to-segment � Penalty � Frictional � Finite element
Covariant coordinate

1 Introduction

Soil-structure interaction problems are frequently encountered in geotechnical engi-
neering, such as interactions between soil-culvert, soil-retaining wall, soil-pile,
soil-concrete dam, etc. Contact states can be “in contact” or “open” in the normal
direction, and “sticking” or “sliding” in the tangential direction. These problems are
highly nonlinear in nature and closed-form solutions are only available for few cases.
Most solutions have to be obtained by numerical approaches like the finite element
method (FEM). After more than thirty years of effort, a framework for analysis of
contact problems has been well established and general-purpose FEM programs are
available to solve complicated contact problems in today’s engineering practice.
However, due to complexity in theory and significant difficulties in the development of
programs, availability of FEM software to solve interaction problems in geotechnical
engineering is still limited.
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Using FEM to solve soil-structure interactions can trace its origin to the early
1960s. Goodman [1] developed an interface element with zero thickness to simulate the
interface behavior in rock. Desai and Zaman [2] proposed a thin-layer interface element
to simulate rock joints. In these methods, node-to-node contact status must be main-
tained. This approach has the benefit of convenient implementation. However, when
the interface has finite sliding this approach can have major difficulties because
node-to-node contact status cannot be maintained.

In solid mechanics, versatile approaches have been developed to solve general
multi-body contact problems. References [3–5] are early advances in this field where
Lagrange multiplier method or the penalty method is employed to apply contact
constraints. The interface can be frictionless or frictional. Among various approaches,
the penalty method has attracted more interest. Although impenetrability
(non-penetration) is only approximately satisfied, the penalty approach has advantages
of good convergence performance and convenient incorporation into current FE codes.
Kikuchi and Oden [6] have discussed theoretical formulations and implementation of
penalty approach for frictionless and frictional contacts. Other early references related
with the penalty approach can be found in [7, 8].

In linearization of the variational equation, the direct approach is popular in
publications in which linearization is applied to discrete configurations. However,
procedures of linearization to generate a consistent stiffness matrix are usually com-
plicated and difficult to understand. An alternative approach is known as covariant
approach. Kinematics of contact bodies are expressed in local coordinate system.
Linearization is applied to the weak form of the continuous version to obtain the
tangent contact stiffness in a covariant form. This approach involves many covariant
operations; however, formulations of contact stiffness are straightforward and more
understandable. Details of this approach can be found in [9, 10].

In this work, implementation of computational contact analysis to solve problems
in geotechnical engineering is introduced. After the introduction section, the kinematics
of contact, virtual work and tangent stiffness in the covariant form are described.
Following is the section about finite element discretization, calculation of closest point
projection (CPP) and other issues related with program development. In the last sec-
tion, two applications in geotechnical engineering are presented.

2 Kinematics of Contact

The configuration of a contact problem between two solid bodies is depicted in Fig. 1.
We use the symbols XA and XB to denote solid bodies and Cu, Cr, and Cc to denote the
displacement boundary, force boundary and contact boundary respectively. The ter-
minology “master-slave” is adopted to distinguish XA from XB. The “master” body has
a larger Young’s modulus or stiffer material. In geotechnical engineering, structures are
usually concrete or steel. Thus, the “master” title is assigned to the structure and
“slave” is assigned to the soil generally. In the “node-to-segment” approach discussed
in this work, the terminology “contact pairs” is used to describe the interaction on the
interface. Each contact pair includes one “slave” point from the slave body and one
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piece of the “master” 2D curve or 3D surface as depicted in Fig. 2. The local coor-
dinate system is defined on the master body side. We denote the position vector of the
slave point by rs and the master surface by the position vector

q ¼ q n1; n2
� � ð1Þ

where n1; n2 are local coordinates. When contact happens, impenetrability should be
satisfied so that the slave point has zero gap to its projection on the master surface. The
procedure to find the “Closest Point Projection (CPP)” can be expressed as

x

y

z

A

B

u

c

Fig. 1. Configuration of two-body contact problem

rs

slave

1

master2

1

2

n

3

Fig. 2. Local coordinate system and closest point projection

56 D. Xu et al.



minjjrs � q n1; n2
� �jj ð2Þ

The normal gap n3 between the slave point and its CPP is computed using

rs ¼ q n1; n2
� �þ n3n ð3Þ

where n is the outward unit norm on the master surface.

3 Normal Contact

In the normal direction, a slave point may have a positive gap (separation) with zero
contact traction, or touch the master surface with zero gap and non-zero contact
traction. This geometrical constraint can be described by the Kuhn-Tucker condition by
measurement of n3 (see Fig. 2 for definition of n3).

n3 [ 0; no contact and tN ¼ 0
n3 � 0; in contact and tN ¼ R

Nn
3

�
ð4Þ

where tN is the normal contact traction and �N is the normal penalty parameter. One may
note that tN is negative in Eq. 4 and penetration does not vanish when contact occurs.
Although the penalty approach satisfies the non-penetration constraints approximately,
results with good engineering accuracy are still available when appropriate penalty
parameters are used. In theory, �N is recommended to be set as large as possible.

4 Tangential Contact

A frictional contact is more common than a frictionless one. The interface of
soil-structure interactions is often rough and tangential friction stresses may play an
important role in analysis. However, interface friction is a complicated phenomenon
that involves normal pressure, roughness of the interface, temperature and relative
velocity, etc. Among various approaches, the Coulomb friction law is widely adopted.
Classical Coulomb law assumes that there is no relative tangent displacement when the
tangential force is smaller than a threshold value. Once sliding starts, the tangent
friction force is linearly proportional to the normal pressure. The classical Coulomb law
has implementation difficulties due to the sudden change from zero relative displace-
ment to sliding. Regularized Coulomb friction law is recommended which allows a
small relative motion before sliding.

Tangential contact status should be distinguished as “sticking” or “sliding”. As an
analogy to elasto-plasticity, we define the tangential sliding function as

U ¼ tTj j � ltN ð5Þ

where l is the coefficient of interface friction and tT is the tangential contact traction.
Equation 5 has the difficulty of differentiability and regularization is necessary.

Implementation of Computational Contact Analysis … 57



We follow the same regularization as in [14], and rewrite the relative sliding velocity vr
in the regularized form:

dtT
dt

¼ ��Tvr ð6Þ

where �T is the tangential penalty parameter.
The left part in Eq. 6 is the time derivative of the tangent contact tractions. For

static problems in 2D assumptions, local coordinates reduce to one parameter and we
can use an increment of displacement Dn1 to replace the rate form of Eq. 6. Thus,

T1
nþ 1 � T1

n ¼ ��TDn
1 ¼ ��T n1nþ 1 � n1n

� � ð7Þ

The subscript n and n + 1 represent consecutive load increments. At initial con-
ditions, T1

0 ¼ 0, n10 ¼ nc, where nc is the initial Closest Point Projection.
Determination of tangential contact status of a slave point under the n + 1 load

increment has the following steps:

• Calculate trial of tT . In case of a 2D problem, trial of T1 at n + 1 load increment is
calculated as

T1;trial
nþ 1 ¼ ��TDn

1 ð8Þ

• Real tangential traction is determined by the returning mapping algorithm.

T1 ¼
T1;trial
nþ 1 if T1;trial

nþ 1

��� ���� ljtN j
q1j j keepsticking

� Dn1

Dn1j j
ljtN j
q1j j if T1;trial

nþ 1

��� ���� ljtN j
q1j j changetosliding

8<
: ð9Þ

If sliding occurs, update closest point projection nc using

nc ¼ n1nþ 1 �
Dn1

Dn1
�� �� ljtN j�T q1j j ð10Þ

where q1 is the first derivative q1 ¼ @q

@n1

5 Weak Equilibrium

On the contact interface, active contact tractions between XA and XB have the same
value, but directions are inverted. Therefore, it is possible to write the total contact
traction tc acting on the slave point as
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tc ¼ tNnþ tT ¼ tNnþ Tiqi ð11Þ

Assuming the interface deformation to be small and problems to be static, the
virtual work of the two-body contact problem has the following form

Z

XA

rA : rdu� bA � du� �
dXþ Z

XB

rB : rdu� bB � du� �
dX

� Z
Cr

tAr � dudCr � Z
Cr

tBr � dudCr � Z
Cc

tc � drs � dqð ÞdCc

ð12Þ

where du is the virtual displacement and b is the body force.
The last component in Eq. 12 is the virtual work dWc contributed from the contact

tractions. In 2D conditions, dWc can be simplified to follows:

dWc ¼ dWc
N þ dWc

T ¼ Z
tNdn

3 þ T1 q1 � q1ð Þdn1� �
dCc ð13Þ

6 Linearization

In this section, we focus on linearization of the contact virtual work dWc only. Since
contact analysis is highly nonlinear, an iterative method such as Newton’s method is
required. Therefore, it is necessary to develop the tangent stiffness of Eq. 13.
Operations of the time derivative to Eq. 13 are quite complicated. Thus, this part is
omitted in this paper. Interested readers can refer to [9–11] for more detail. Here we
only list results after linearization. Assuming the problems are 2D, the normal and
tangential contact stiffness have the following formulations:

7 Directional Derivative of the Normal Part

Dv dWc
N

� � ¼ Z
s

�NH �n3
� �

drs � dqð Þ � n� nð Þ vs � vð Þds

� Z
s

�Nn
3H �n3

� �
ds � n� sð Þ vs � vð Þþ drs � dqð Þ � s� nð Þ @s

@t

� 	
ds

� Z
s

�Nn
3H �n3

� �
j drs � dqð Þ � s� sð Þ vs � vð Þds ð14Þ

where vs ¼ drs
dt is the absolute velocity of the slave point, v ¼ dq

dt is the velocity of the
point with CPP on the master surface, j is the curvature, and H �ð Þ is the Heaviside
function.

Equation 14 has three components as mentioned in Ref. [13]. These components
include the primary part, the rotation part and the curvature part sequentially. If
deformation at the interface is small, the rotation and curvature parts can be ignored.
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Additionally, the curvature part vanishes if linear finite elements are used because the
curvature of a straight line is zero.

8 Directional Derivative of the Tangential Part

Contact statuses in the tangential direction are distinguished as “sticking” and “slid-
ing”. For the sticking status, linearization has the following result:

Dv dWc
T

� � ¼ � Z
s

�T
q1 � q1

drs � dqð Þ � q1 � q1ð Þ vs � vð Þds

� Z
s

Treal

ðq1 � q1Þ2
drs � dqð Þ � q1 � q1ð Þ @v

@n
þ dq1 q1 � q1ð Þ vs � vð Þ

� 	
ds

� Z
s

Trealh11
ðq1 � q1Þ2

drs � dqð Þ q1 � nþ n� q1ð Þ vs � vð Þds

ð15Þ

Similar to Eq. 14, the second and third lines in Eq. 15 are the rotation and curvature
parts respectively, both of which can be ignored if the contact deformation is small.
Obviously, the tangent stiffness for the sticking pair is symmetric if only the primary
part of Eq. 15 is used.

For the sliding status, we have the directional derivative of dWc
T as the following:

Dv dWc
T

� � ¼ � Z
s

�Nl � sign Ttrial
1

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
q1 � q1p drs � dqð Þ � q1 � nð Þ vs � vð Þds

� Z
s

l tNj j � signðTrealÞ
ðq1 � q1Þ3=2

drs � dqð Þ � q1 � q1ð Þ @v
@n

þ dq1 q1 � q1ð Þ vs � vð Þ
� 	

ds

� Z
s

lh11 � signðTrealÞ
ðq1 � q1Þ3=2

drs � dqð Þ 2q1 � nþ n� q1ð Þ vs � vð Þds

ð16Þ

Again, the second and third components in Eq. 16 can be omitted when the contact
deformation is small.

h11 in Eqs. 15 and 16 is the covariant component of the curvature tensor. The
primary part of the tangential stiffness for the sliding pair is non-symmetric as indicated
in Eq. 16. Consequently, the global tangent stiffness is also non-symmetric.

9 Finite Element Discretization

In the procedure of finite element discretization, original continuous domains
are replaced by finite number of small quadrilateral or triangular elements. In contact
analysis, three methods are developed in the discrete level: node-to-node,
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node-to-surface, and surface-to-surface. Node-to-node approach is the simplest one, but
applications are limited to small sliding cases. Node-to-surface or node-to-segment is
applicable to contact problem subjected to finite sliding and large deformations. The
only limitation is that the slave body has to be approximated by linear finite elements.
The surface-to-surface approach is the latest approach which has no limitation of
quadratic approximation. This approach is still under development but represents the
direction of computational contact analysis. However, this approach is more compli-
cated than the node-to-surface approach in both theory and programming. In this paper,
the node-to-segment approach is employed which is suitable for most contact problems
in geotechnical engineering.

The discrete version of a contact pair includes one finite element node from the
slave body and one line segment from the master body. In 2D cases, independent
coordinates in the local coordinate system reduce to one parameter n1. Let x1 and x2
represent position vectors of the start and end nodes of the master segment (Fig. 3),
Closest Point Projection (CPP) has a close form solution as follows:

nc ¼
2rs � x2 � x1ð Þ � x2 � x2 þ x1 � x1

x2 � x1ð Þ � x2 � x1ð Þ ð17Þ

Points on the master segment can be interpolated by

q n1
� � ¼ 1� n1

2
x2 þ 1þ n1

2
x1 ð18Þ

where n1 ¼ �1 at x2 and n1 ¼ 1 at x1.
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Fig. 3. Depiction of contact pair and location of closest point projection (CPP)
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The position vector from the slave point to the master surface is determined by

rs � q n1
� � ¼ �10 1�n1

2 0 1þ n1

2 0

0� 10 1�n1

2 0 1þ n1

2

" # xs
ys
x2
y2
x1
y1

2
6666664

3
7777775
¼ N½ � xf g ð19Þ

By means of Eqs. 18 and 19, the tangent stiffness of Eqs. 13–16 can be rewritten to
the discrete form. If deformation is small, only the primary parts are reserved. The
normal part of the tangent stiffness matrix reads as

KN½ � ¼ �NH �n3
� �

NT
� �

n� n N½ � ð20Þ

Similarly, the tangent stiffness matrix for the sticking pair is revised as

Kstick
T

� � ¼ �T NT
� �

s� s N½ � ð21Þ

and the sliding pair has tangent stiffness as

Kslide
T

� � ¼ l�N
Dn1

Dn1
�� �� NT

� �
s� n N½ � ð22Þ

Assembling of these contact stiffness KN½ �, Kstick
T

� �
and Kslide

T

� �
into the global

system tangent matrix follows standard procedures.

10 Contact Smoothing

Curved boundaries are not smooth after being discretized by linear finite elements. If
structures have a rectangular shape, the corners are also not smooth. These non-smooth
profiles have following issues:

a. Normal and tangential units jump from one segment to its adjacent segment.
b. Normal and tangential units have no unique value at the interaction node.
c. Unrealistically large penetration may occur at corners of the rectangle.

This non-smoothing transition of local unit vectors often triggers convergence
issues. A typical example is occurrence of “chattering” when the slave node slides back
and forth around an intersection on the master surface. In this paper, a Hermite
interpolation method is used to smooth the contact interface as depicted in Fig. 4.
Segments x2x3 and x3x4 are adjacent FE edges on the master body. Point xa locates at
aL23, where 0� a� 0:5 and L23 is the length of segment x2x3. Tangents at ends of this
interpolated curve xaxb are defined as
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dxa
dn
¼ x3
� xa;
dxb
dn
¼ xb
� x3

ð23Þ

The Hermite curve is interpolated by

x ¼ 1
4

n3 � 3nþ 2
� �

xa þ 1
4

�n3 þ 3nþ 2
� �

xb þ 1
4

n3 � n2 � nþ 1
� � dxa

dn

þ 1
4

n3 þ n2 � nþ 1
� � dxb

dn

ð24Þ

where n is the local coordinate of the interpolated curve xaxb.
When Hermite smoothing or other high order smoothing algorithm is used, CPP

procedure should use the Newton method to find nc.

11 Numerical Examples

Two examples in geotechnical engineering are presented in this section. Examples are
analyzed by the FEM software package EnFEM which was developed following
implementations in this paper. Quadrilateral linear four-node elements are used for both
examples.

12 Embedded Culvert Subject to Gravity Load
and Unsymmetrical Ground Surcharge

The initial configuration of this example is illustrated in Fig. 5. The culvert is made up
of concrete with Young’s modulus 2.8 	 107 kPa. This culvert has a 180 cm outer
diameter and a 144 cm inner diameter. The soil is modelled using the Mohr-Coulomb
elasto-plastic material model. The coefficient of friction between the concrete and soil is
0.6. Applied loads include the gravity load and a surcharge load of 35 kPa/per unit
length. Since the ground surcharge is not symmetrical, full model of culvert is used in
simulation.

Two stages are considered in this analysis: stage one, with gravity load applied, and
stage two, with the additional ground surcharge applied. The normal contact pressure
and friction stress at the end of each stage are plotted in Figs. 6 and 7 respectively.

x2
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xb
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master

initial gap

Fig. 4. Smoothing C0 continuous boundary by Hermite interpolation
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Note that central angles start from the culvert top and rotate in the clockwise direction.
Dashed orange lines are results at the end of stage 1. After the surcharge is applied,
distribution of contact pressure is no more symmetric. The minimum normal pressure
locates around the right interface between soft and stiff soil layers. Moment and thrust
forces at the end of each stage are plotted in Figs. 8 and 9 respectively. Distributions of
moment and thrust forces for each stage follow the same oscillation rhythm with shift
of peaks due to the unsymmetrical total loads.

Relative sliding between soil and the culvert is very small, so that all contact pairs
are sticking. No gaps are developed in this simulation.
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13 Stability Analysis of Slope Strengthened by a Stabilizing
Pile (2D)

The second example is a 2D stability analysis of slope strengthened by a stabilizing
pile. The strength reduction method is used to estimate the factor of safety against
sliding. The stabilizing pile has 20 cm width and 15.6 m of length. Embedded length
into the lower soil layer is about 5 m. Material properties and model geometry are
shown in Fig. 10. The Mohr-Coulomb elasto-plastic material model is used for the soil.

-40
-30
-20
-10
0

10
20
30
40

0 60 120 180 240 300 360

Fr
ic

tio
n 

st
re

ss
 (k

Pa
/m

)
Central Angle (degree)

Fig. 7. Friction stress

-30

-20

-10

0

10

20

30

0 60 120 180 240 300 360

M
om

en
t (

N
*m

/p
er

 m
)

Central Angle (degree)

Fig. 8. Moment of culvert

-250

-200

-150

-100

-50

0
0 60 120 180 240 300 360

Th
ru

st
 (k

N
/m

)

Central Angle (degree)

Fig. 9. Thrust of culvert

Implementation of Computational Contact Analysis … 65



This model has two analysis stages. Gravity load is applied during the first analysis
stage followed by strength reduction stage until computations no longer converge.
Calculated safety factor is about 1.412, while the safety factor without a stabilizing pile
is about 1.31. Figure 11 displays the contour of horizontal displacements at failure. The
deep blue zone indicates rapid soil motion to the left when slope failure occurs.

Contact pressure and friction shear stresses are plotted in Fig. 12. Approximately at
depth 10 m, there is a severe jump of contact tractions. Contact statuses above this
location are sliding while statuses are sticking below this location.

14 Conclusions

This paper presents implementation of computational contact analysis. Formulations in
covariant form show unique advantages of being concise and easy to understand.
Although non-penetration is satisfied approximately, the penalty approach provides
convenient implementation and robust performance in contact problems involving
finite sliding. Experience has found that local smoothing is essential if linear finite
elements are used because the node-to-segment approach is sensitive to non-smooth
interfaces. Two examples of 2D soil-structure interaction problems are presented.
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Fig. 10. Stability analysis of slope strengthened by a stabilizing pile

66 D. Xu et al.



These examples were solved using a FEM software package that was developed using
the recommendations of this paper.
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Abstract. This paper studies the performance improvement due to the presence
of geocell layer at the base of the embankment over soft clay deposit. The
experimental study was carried out by conducting tests on model embankments
overlying soft clay with reinforcement by geocell mattress at the interface
between the earthen embankment and soft clay foundation bed, by varying its
parameters like aspect ratio (pocket size), and type of infill material. Experi-
ments were also carried out for unreinforced foundation soil beneath the earthen
embankment, to show comparative performance and ground improvement due
to soil reinforcement using geocell mattress. Test results indicated a consider-
able percentage reduction in settlements, lateral deformations and percentage
increase in ultimate capacity of geocell reinforced embankments, over unrein-
forced embankment. The test results were also validated using finite element
analyses of geocell reinforced foundation over unreinforced foundation.

1 Introduction

Construction of embankment or other geotechnical structures over soft soil has always
been a challenge for engineers or contractors. The difficulty arises mainly due to large
settlements and lateral deformations that take place due to the extremely low shear
strength of the soft foundation soil. Methods like soil excavation and replacement or
piling are not practical or economical in many cases. In this aspect, the use of geocells
has been a major contribution as a ground improvement technique. Geocell rein-
forcement is generally provided at the foundation level, however it can also be
effectively provided as a slope reinforcement technique owing to its three-dimensional
structure. Geocells are three-dimensional, honey-combed like, polymeric structures
which are interconnected at their joints. Due to its 3-D structure, it can contain the soil
at the base of the embankment, which helps to distribute the load over a wider area by
providing a stiff and rigid base to the embankment and thus, improving the
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performance of embankments over soft soil in terms of increased bearing capacity and
reduced settlements and lateral deformations. From literature, it has been also seen that
it is economical as well as much less time consuming than piling or other conventional
methods.

Use of Geocells has been established to be an effective reinforcement technique by
experimental studies in the laboratory (e.g. Rea and Mitchell 1978; Mhaiskar and
Mandal 1994; Emersleben and Meyer 2008), by numerical modeling (Mehdipour et al.
2013; Leshchinsky and Ling 2013) and also by conducting field studies of geocell
applications (Paul 1988; Sitharam and Hegde 2013). Mandal and Gupta (1994), Dash
et al. (2001a, b, 2004), Tafreshi and Dawson (2012) reported the beneficial effects of
using geocells on strip footing by conducting laboratory model tests. Krishnaswamy
et al. (2000) observed that geocell used at the embankment base overlying soft clay
could greatly reduce the deformations for various applied surcharge pressures. Dash
et al. (2003a, b) conducted laboratory model tests on circular footings using geocells to
investigate the improvement in performance of circular footings. Latha et al. (2006),
Zhang et al. (2010) studied the advantages of geocell application at the base of
embankment over soft foundation soil by conducting laboratory model embankment
tests. The confinement effect provided by the geocells on sand samples were studied by
triaxial compression tests and found that a large amount of apparent cohesion is
developed in the reinforced samples (e.g. Rajagopal et al. 1999; Chen et al. 2013)
which showed that the shear strength of soils increased using geocells. Chen and Chiu
(2008) conducted laboratory model tests on geocell retaining walls and found con-
siderable reduction in settlement and lateral displacement. Pokharel et al. (2009),
Pokharel et al. (2010) carried out laboratory tests to study the improvements in bearing
capacity of base course using geocell. Hegde and Sitharam (2017) conducted labora-
tory studies as well as numerical simulations using three types of cellular reinforce-
ment, namely geogrid cells, commercial geocells and bamboo cells and obtained the
best performance using bamboo cells owing to its higher stiffness.

Robertson and Gilchrist (1987) reported the selection of geocell mattress as the
most cost effective method for constructing a 4 m high embankment over soft foun-
dation soil. The selection of geocell option was made after economic analysis of
excavation and replacement. Other options were not considered because they were
either impractical or would take too long to construct. Paul (1988) examined four
alternatives for embankment construction over areas in Scotland and found geocell
option to be the most economical and rapid. Mehdipour et al. (2013) studied the
behavior of geocell reinforced slopes and found that the lateral deformation and shear
strain of slope considerably decreased. Leshchinsky and Ling (2013) studied the
confinement provided by geocells to railway ballast through numerical modeling and
showed that geocell was effective in reducing the stresses on the subgrade by dis-
tributing it more uniformly.

The purpose of the present research is to show the improvement in performance of
geocell reinforced soft foundation soil of embankment with respect to increase in
bearing capacity and decrease in settlements and lateral deformations of embankment
and heaving of soft clay foundation under applied loads and validate the results using
finite element analyses.
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2 Model Tests

2.1 Materials Used

Soft foundation bed was prepared using locally available clayey and organic soil in the
ratio 1:3 by weight. The specific gravity of the soft soil was found to be 1.56 by water
pycnometer method. The undrained shear strength of soft foundation bed was found by
unconfined compression tests. Locally available clayey soil was used as embankment
soil and also as infill material in geocells. The effective shear strength parameters of
embankment soil were found by consolidated drained triaxial tests. The properties of
the soft foundation soil and embankment soil used in the present investigation are given
in Table 1. In few tests, dry river sand was also used as infill soil. The properties of the
sand used as infill material are given in Table 2. The geocell was constructed using
biaxial geogrid. The ultimate tensile strength of the biaxial geogrid was 20 kN/m at
failure strain 25%. The properties of geogrid used for geocell construction are given in
Table 3. The geocells were constructed having diamond pattern for all the tests.

Table 1. Properties of soft foundation soil and embankment soil used in the present
investigation

Property Soft foundation soil Embankment soil

L.L. (%) 52 53.9
P.L. (%) 25 22.64
Optimum moisture content (%) 24.91 17.2
Max dry density (kg/m3) 1320 1540
Mean specific gravity (G) 1.56 2.39
Placement moisture content (%) 40 17.2
Placement density (kg/m3) 1670 1540
Cohesive strength (kPa) 20 90
Angle of internal friction (°) – 7

Table 2. Properties of sand used as infill material

Property Infill sand

Minimum density, qmin (kg/m
3) 1370

Maximum density, qmax (kg/m
3) 1700

Uniformity coefficient (Cu) 1.55
Coefficient of curvature (Cc) 0.903
Mean specific gravity (G) 2.69
Porosity (η) (%) 0.2
Maximum void ratio (emax) 0.992
Minimum void ratio (emin) 0.605
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2.2 Test Set-up

A steel tank having dimensions 1150 mm � 550 mm � 975 mm was fabricated for
conducting model tests on embankment overlying soft clay. The test set-up was pre-
pared in a two-side Perspex fitted steel tank so that the deformation behavior of the
embankment could be clearly observed. Geocell mattress was placed above soft clay
bed within the tank and the embankment was constructed above the geocell layer. The
test bed was instrumented using proving ring and dial gauges. The load was applied to
the embankment using a hydraulic jack supported against a reaction frame. The load
was measured using a pre-calibrated proving ring of capacity 10-tonne. The vertical
displacements and lateral deformations were measured using dial gauges of sensitivity
0.01 mm and maximum deflection 50 mm. Figure 1 represents the test set-up of the
model embankment tests used in the present investigation.

Table 3. Properties of geogrid used for geocell construction

Property Geogrid

Ultimate tensile strength (kN/m) 20
Failure strain (%) 25
Thickness (mm) 2
Aperture opening shape diamond

Fig. 1. Test set-up of model embankment tests
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2.3 Test Bed Preparation

2.3.1 Preparation of Soft Clay Bed at Foundation
The soft foundation bed was prepared by using clayey and organic soil in the ratio 1:3
by weight. The soil was mixed with predetermined amount of water to maintain same
placement moisture content throughout and uniform moisture distribution was
obtained. The foundation was prepared by layer-wise proper compaction of the soil to
the desired height. The amount of soil needed, water content of soil, height of fall and
number of blows of the compacting equipment required to achieve the desired density
was determined prior to the model tests through a series of trials. The water content and
compaction were carefully controlled to achieve a fairly uniform test condition
throughout the entire test program. Each layer was uniformly compacted in order to
achieve uniform density in all the tests. Undisturbed samples were taken from each
layer to determine the in situ unit weight and moisture content of the foundation soil so
that uniformity could be maintained for each test.

2.3.2 Fabrication and Laying of Geocell Mattress
After leveling the soft foundation bed, a layer of geocell mattress was placed at the
interface of the soft foundation and embankment which was truncated at the
embankment toe. The geocell mattress was prepared by cutting the geogrid to required
length and height from full rolls. The geogrids were bound with wires to achieve the
desired diamond shape. After the fabrication of geocell layer, the geocell pockets were
filled with sand/clay by dropping it from a certain height. The height of fall to achieve
the desired relative density was determined beforehand through trials with different
heights of fall. Samples were collected in small aluminium cans of known volume to
monitor the relative density achieved. The cans were placed at different locations in the
test tank and the difference in densities was measured and found to be less than 1%.

2.3.3 Preparation of Clay Embankment
The embankment having a slope 1:1 was prepared by compacting the soil in four equal
layers till the desired height was attained. The embankment was compacted at optimum
moisture content to achieve the maximum dry density. The amount of soil, number of
blows and height of fall were determined prior to the model tests by a series of trial
tests. Each layer was compacted using calculated number of blows to achieve uniform
density in all the tests. Undisturbed samples were taken during each loading and
unloading stage to carefully monitor the water content and compaction to maintain
uniformity during each test.

2.4 Test Procedure

The experimental program for the model tests conducted is given in Table 4. Surcharge
pressure was applied on the embankment using a hydraulic jack. A 10-tonne proving
ring was used to measure the surcharge load. Until the deformation under a particular
load increment had stabilized, it was maintained constant. Uniform surcharge pressure
distribution was achieved using an arrangement of three steel I-sections between two
rigid steel plates running for full width of the tank on the embankment crest. Four dial
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gauges were placed at different locations to measure vertical and horizontal deforma-
tions (Fig. 2 a, b). Two dial gauges (Dg1 and Dg2) measured vertical settlements
(Fig. 2a); Dg3 measured lateral deformations near the embankment toe and Dg4
measured the heaving of the soft foundation under applied load (Fig. 2b). For each test,
the pressure versus deformation readings were taken till the ultimate capacity was
reached. The laboratory model tests continued for approximately 30 min. After each
test, the foundation and embankment soil were completely unloaded and again freshly
prepared for the next test. The moisture content and density were maintained uniformly
by taking undisturbed samples for each loading and unloading stage. The geocell
mattress was also carefully removed after completion of each test. The trial test results
on reinforced and unreinforced ensured uniformity of test conditions.

2.5 Model Test Results

Since the model tests were completed in approximately 30 min, the short term behavior
of the embankment under applied load was considered in this study. Figure 3 shows the
pressure-settlement behavior of unreinforced and geocell reinforced embankments for

Table 4. Experimental program for the model tests conducted

Type of
material

Pattern Thickness
(mm)

Type of infill
material

Aperture size
(mm)

Aspect
ratio

No. of
tests

Unreinforced – – – – – 1
Geocell Diamond 25 Clay 75 � 75 0.33 1

100 � 100 0.25 1
Sand 75 � 75 0.33 1

100 � 100 0.25 1

Dg1 & Dg2

Hydraulic jack

Proving ring

Steel tank

Dial gauges Dg3 placed at embankment 
toe  and Dg4 on soft ground 

Dg3
Dg4

(a) (b)

Fig. 2. Dial gauges placed at different location in the model tests: a Dg1 and Dg2 for vertical
settlements; b Dg3 at embankment toe and Dg4 on soft foundation for heaving measurement
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different aspect ratios and infill materials. From the model test results, it was observed
that for unreinforced case, the pressure-settlement curve slope became almost vertical
beyond a settlement of 7.5% of embankment top width, indicating failure. It can be
seen that the clay-filled geocells (h/D = 0.25) gives an ultimate capacity of 218.72 kPa
as compared to the unreinforced embankment (82 kPa) which means that 166.67%
increase in ultimate capacity was achieved using clay-filled geocells. Also at the
ultimate capacity of unreinforced embankment, clay-filled geocells (h/D = 0.25) gave
87.9% reduction in vertical settlement. For sand-filled geocells having same aspect
ratio (h/D = 0.25), increase in ultimate capacity was 6.25% over clay-filled geocells
and further reduction in vertical settlement was 11.27%.

For clay-filled geocells having higher aspect ratio 0.33, increase in ultimate capacity
over 0.25 sand-filled geocells was 5.88%. The reduction in settlement for clay-filled
geocells (h/D = 0.33) was 28.25% over sand-filled geocells (h/D = 0.25) at the ultimate
capacity of 0.25 sand-filled geocells. For same aspect ratio (h/D = 0.33), sand-filled
geocells gave further increase in ultimate capacity of 11.11% over clay-filled geocells. It
was observed that the pressure-settlement curves were much stiffer than unreinforced
case, indicating that performance substantially improved using geocells.

Figure 4 shows the lateral deformation at the toe of the embankment for different
values of applied pressure. It is observed that lateral deformation is considerably
reduced using geocell as reinforcement irrespective of the infill material. This happens
due to the frictional resistance offered by the composite geocell-infill system. However
for the same aspect ratio, sand-filled geocells gave better results as compared to
clay-filled geocells. A higher aspect ratio increased the performance of geocell irre-
spective of the infill material.
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Figure 5 shows the heaving of soft foundation bed under applied pressure during
the model tests. The heaving of the soil also follows the same pattern i.e. it reduces
using geocells of higher aspect ratio and sand as infill material.
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Thus, the highest load carrying capacity was achieved by using geocell having
75 mm pocket size (h/D = 0.33) i.e., smaller pocket size. The different aspect ratios
were achieved by varying only the pocket size as height of geocell layer was kept
constant in all tests (25 mm). The decrease in pocket size results in increase in con-
finement of cells per unit volume and increase in rigidity of geocell mattress which
results in the performance improvement. Sand as infill material can be compacted with
better stiffness and rigidity than clay. However, in absence of good quality sand near
construction site, locally available clay can also be used as infill material.

3 Fem Modelling

Midas GTS Software (Midas 2013) was used to perform three-dimensional finite
element analyses of model embankments. Midas GTS is a commercially available,
fully integrated 2D and 3D finite element software. In this investigation, straight
analyses have been used to validate the test results which implies that while the soft
foundation was modeled using elasto-plastic, Mohr-Coulomb, undrained relationship,
the embankment soil and infill material were modeled using elasto-plastic,
Mohr-Coulomb, drained relationship.

3.1 Geometry and Mesh Generation

For validating the model test results, a three dimensional finite element model of
exactly the same geometry as laboratory model embankment was prepared using
Midas GTS. The linear elastic model was used to simulate the loading plate. The
modulus of elasticity for the loading plate and Poisson’s ratio were taken from Sow-
miya (2013). The geometry of the geocell layer of individual pocket size 100 mm �
100 mm was prepared with the required diamond shape over the surface of the
foundation soil. It was then extruded as a solid element of required height. The geocell
was modelled as a linearly elastic material. The Young’s modulus of geocell used was
120 MPa from a range of values of geocell stiffness used by Leschinsky and Ling
(2013). The Poisson’s ratio for the geocell was assumed to be 0.2. The undrained
Mohr-Coulomb model was used to model the soft foundation while the drained
Mohr-Coulomb model was used for the infill soil and embankment. The undrained
shear strength parameters for the foundation soil and the effective shear strength
parameters for the embankment soil used were the same as found experimentally as
already given in Table 1. The moduli of elasticity and Poisson’s ratio for the
embankment soil, infill sand and soft foundation soil were taken from Bowles (1996).
The effective angle of internal friction for infill sand was found by direct shear tests.
The cohesion value was assumed to be 0.1 kPa for ease of computation. After
geometry modeling, the mesh was generated using auto-mesh generation option having
triangular elements. A desired element size with adaptive seeding was used for this
purpose. The model components were separated using ‘Boolean Cut’ option before
auto-mesh generation. Figure 6a–f shows all the model embankment components used
for the three-dimensional finite element model. The parameters assigned to each mesh
set of individual embankment components for straight analyses are given in Table 5.
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3.2 Boundary Conditions

Roller supports were assigned to the vertical faces of embankment model meaning that
the side boundaries of the model in the tank were restrained only in the horizontal
direction while vertical displacements were allowed to occur, but no boundary con-
ditions were applied to the sloping surfaces of the embankment layers. The bottom face
of the subgrade was considered fixed. The default values of most of the computational
control parameters were kept same as given in Midas GTS except displacement norm,
which was changed to 0.01.

3.3 Validation of Test Results Using FEM

The results of the model embankment tests were compared with that of FEM results.
A total of two tests using straight analyses were simulated for geocells having aspect

(a) (b)

(d) (e) (f)

(c)

Fig. 6. Components of model embankment: a model embankment with all layers; b loading
plate; c embankment soil layer; d geocell; e infill soil; f soft foundation

Table 5. Parameters for straight analyses of FEM model

Model
components

Straight analysis model parameters
used in FEM

E
(MPa)

l (cu)
(kPa)

/′
(°)

Loading plate Elastic 200,000 0.27 – –

Embankment
soil

Mohr coulomb (drained) 6 0.3 90 7

Sand Mohr coulomb (drained) 30 0.3 0.1 30
Soft
foundation
clay

Mohr coulomb (undrained) 2 0.4 20 –

Geocell Elastic 120 0.2 – –
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ratio 0.25 with sand and clay as infill material. The tests were completed in 30 min.
Figure 7 shows the comparison of FEM results with the measured results of laboratory
model tests for aspect ratio of 0.25, having sand and clay as infill material. The FEM
analysis gives fairly similar behavior as compared to the model test results. Figures 8a,
b show the distribution of total displacements and vertical stresses for different model
embankment components for sand-filled geocell (h/D = 0.25). The displacement
contours portray the efficiency of geocell in reducing vertical displacements while the
vertical stress contours show that the incorporation of geocell leads to minimizing the
stresses gradually in the subsequent layers leading to a shift from punching to local
shear failure. The presence of a geocell layer shifts the potential failure planes further
downwards leading to increase in ultimate capacity. From the FEM results, it is clear
that the geocells having sand as infill material gives better results than clay as infill
material. Also higher aspect ratios give better performance in terms of ultimate capacity
and reduction in settlements, lateral deformations and heaving of soft foundation bed.
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FEM for geocells with 0.25 aspect ratios and sand and clay as infill materials

Performance of Geocell Reinforced … 79



4 Conclusions

Laboratory model tests were conducted on model embankments and FEM modeling
using straight analyses were performed. From the present study, the following con-
clusions can be drawn:

1. The inclusion of geocell mattress at the base of embankment can increase its ulti-
mate capacity by about 3 times to that of unreinforced embankment.

2. The improvement in performance increased when geocells with higher aspect ratio
(smaller pocket size) was used.

3. For the same aspect ratio, geocells having sand as infill material gave better results
than clay, both in terms of increase in ultimate capacity and decrease in settlements,
lateral deformations and heaving of soft foundation.

4. The settlements, lateral deformations and heaving of soft foundation were greatly
reduced using geocell mattress.
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Abstract. The ever-increasing urbanization, globalization and population have
led to construction of pavement in rural areas. It has been a cause of concern of
depletion of natural resources at an alarming rate but also gradually becoming a
challenge for sustainability. This paper presents the application of mine over-
burden (OB) dump material for replacing the natural aggregate in rural roads.
OB dump also known as colliery spoil which is the solid residual material
resulting from the mining of coal. It is likely to contain varying proportions of
sandstone, shale, mudstone and coal fragments. These overburden can be used
in various ways as a substitute for conventional material for rural roads. The coal
producing countries (including India) accumulate large amounts of OB close to
collieries. The existing coal mine overburden might be a good alternative for
aggregate and provide a suitable base and sub base material in rural roads. Use
of OB may provide an economical solution to reduce the transportation cost that
has to be hauled from a long distance under such conditions also reduce the
environmental influence caused by coal mining. In this present study the 1:3
scaled laboratory model tests have been carried out on an unpaved pavements
with OB as base and sub-base layers. Monotonic as well as cyclic tests have
been conducted using computer controlled pneumatic cyclic actuator. The tests
were conducted with various soil conditions and loading patterns. A finite
element analysis for monotonic loading has been done with different soil con-
ditions. Based on the test results, it can be concluded that Dhanbad soil of
subgrade CBR 3 gives better results than other subgrade of low CBR. The
overburden aggregate shows similar behaviour to that of virgin aggregates.
Therefore overburden dumps can be used as a replacement of base and sub-base
layers for rural roads where the utility of low volume roads are high.

1 Introduction

Rural Roads are recognized as an infrastructure for the social, economic and agricul-
tural growth of the country. Rural infrastructure has a direct link in improving liveli-
hoods, health and productivity and reduced poverty. Rural roads constitute more than
80% of the total road network in India Fig. 1 and Table 1. Roads are a lifeline for rural
communities, linking them to markets, education, health and other facilities. Better

© Springer International Publishing AG, part of Springer Nature 2019
M.-C. Weng et al. (eds.), Current Geotechnical Engineering
Aspects of Civil Infrastructures, Sustainable Civil Infrastructures,
https://doi.org/10.1007/978-3-319-95750-0_7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95750-0_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95750-0_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95750-0_7&amp;domain=pdf


roads provide improved market access which, in term results in favorable input and
output prices and improving the economic condition of the rural poor.

The Government of India in order to accelerate development and growth made
huge investments in power, industry, transport and essential social services like edu-
cation and health. Efforts were also made to improve the productivity of agriculture
sector in the country. However benefits of all these investments were not reaching the
majority of its population living in the rural areas. In the early 70s, planners decided to
give a major thrust to the development of rural roads through investing in various
schemes which had provisions to provide help for developing rural roads despite of that
the rural roads development still lacked adequate planning and management and the
need for National and State highways remained a priority in the successive years. To
improve and maintain its usage alternative such as use of mine stone overburden in low
volume and unpaved roads need to be explored. As most of the roads in the United
States and the world are low-volume unpaved roads (Tingle and Jersey 2007), materials
required for construction and maintenance of these roads put a huge burden on the
environment every year. The possible use of mine stone overburden to replace natural
and produced materials therefore could provide a better choice in environmental terms
as compared to other materials such as sand, gravel and aggregate.

1.1 Production of Mine Waste

Coal is the most abundant fossil fuel resource present in India. Currently, India stands
fourth in the world in terms of identified reserves. There are 44major coalfields located in
the Indian peninsular, in addition to 17 in the north-eastern region. In India production
from opencast mining which currently accounts for 73.8% of total coal production. India
has reached the forefront of the world coal scene, ranks fourth in total coal production and
is the third largest coal producer from opencast mines. The average stripping ratio
(overburden to coal) during the last three decades was 1.97 tonnes/m3 (Chalukya 2000).
Increasing coal mining waste and the accelerating pace of industrialization have stretched
the self-sustaining capacity of the ecosystem to the point where its delicate equilibrium is
threatened. Table 1 and Fig. 2 gives a clear cut idea about the production ofmine stone or
OB dumps in worldwide and in India during the mining process.

Rural Roads 
84%

NH
2%

SH & MDRs
14%

Fig. 1. Status of rural roads in India
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Opencast excavation of coal deposits involves the removal of overlying soil and
rock debris and their storage in overburden dumps. These overburden dumps change
the natural land topography, affect the drainage system and prevent natural succession
of plant growth resulting in acute problems of soil erosion and environmental pollution.
The overburden consists of alluvial loose sand, gravel, shale and sandstone. Sandstone
are sedimentary rocks consists of quartz and feldspar and found in various colours like
white, grey, red, buff, brown, yellow and even dark grey. The specific gravity of
sandstone varies from 1.85 to 2.7 and compressive strength varies from 20 to
170 N/mm2. Its porosity varies from 5 to 25% (Sharzynska 1995a). There is various
application of mine stone in railways, roadways, harbour, mining and hydraulic
Engineering as described in (Sharzynska 1995b). The results on test sections with other
base materials (sand, aggregate and quarry waste) can be found in Pokharel et al. (2010,
2011), and Yang et al. (2011).

2 Facility, Equipment and Test Preparation

Test facilities at the Indian Institute of technology ISM Dhanbad were used for this
research. The material properties were determined at IIT ISM Dhanbad. A photo-
graphic view of the model test set-up is given in Fig. 3. To apply monotonic and cyclic
loadings on the model, the tank was mounted on the loading frame of a cyclic Actuator
with Computer Control System. The set up consists of specially fabricated rectangular

Table 1. Total length of road network in India 32 lakh km

S.no Road network in India Length (km)

1 National highways (NH) 65,600 km (2.04%)
2 State highways and major district roads (SH and MDRs) 4,32,000 km (13.5%)
3 Rural roads 27 lakh km (84.4%)

Fig. 2. Production of mine stone in the world (after Krystyna M Skarzynska 1995)
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steel tank with the dimension of 120 cm � 80 cm � 60 cm and is made up of 6 mm
thick steel plates and suitable angles acting as stiffeners for conducting model tests on
low volume roads. The tank is fitted with Perspex sheet on both sides so that observers
could visualize the failure of the pavement. The other two sides of the tank are smooth
and rigid to create plane strain conditions in the tank. A Polythene sheet lubricated with
oil on the wall to reduce friction and allow free vertical movement. The granular layer
(sub base and base layer) and subgrade were compacted using a 10 kg steel hammer
and a 20 kg specially manufactured sheep foot roller respectively.

2.1 Instrumentation Used

Monotonic and cyclic loading were applied at the top of the pavement by a circular
plate which was in turn connected to pneumatic load cell of the cyclic actuator. Model
pavement were adequately instrumented to record important responses during the tests.
The instrumentation consists of displacement transducer and pneumatic load cell to a
computer controlled data acquisition system. A load cell of 20 kN capacity was used to
measure the vertical load.

3 Test Procedure

3.1 Bed Preparation and Instrumentation

The subgrade soil bed was prepared as follows: first, the dry soil was sieved to remove
foreign particles; a required amount of water was then mixed with the soil. The soil
which was used in this study namely Dhanbad soil was mixed with water manually by
bare feet in a 30-kg batch each in a large ceramic tub to break up any clods present base
on a trial and error procedure. The soil was then filled up in separate cylindrical drums

Fig. 3. The typical model test
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and covered up with wet jute bags for 24 h for moisture equalization. At the bottom of
the test tank, circular holes were provided at constant interval. These holes were
covered with a layer of non-woven geotextile and subgrade soil was placed over it
ensuring a drainage boundary at the bottom of the tank. The test tank was filled with
required amount of subgrade soil and compacted in four layers to achieve desired
density. Kneading compaction was carried out using a small specially manufactured
sheep foot roller of 20 kg weight as shown in Fig. 4. After the compaction process
samples were collected from three different location in plan and from four different
depths at each location to monitor water content, dry density and undrained shear
strength. The entire surface area was then covered with wet jute sheets and the soil bed
was left in this condition for further 24-hour moisture equalization. The sub-base and
base layer which consist of overburden aggregates were prepared and compacted in two
layers by manual compaction to ensure uniformity. The required amount of moorum
was added in granular layer to fill the gap between the aggregates.

3.2 Loading System

The axle load in most states varies from 80 kN (18,000 lb) to 90 kN (20,000 lb) (Yoder
and Witczak 1975). In this study, 1:3 scaled laboratory model test consist of single tire
of 20 kN (4500 lb) is considered. The load is transferred to the pavement surface
through a contact pressure of single tire. The tire contact pressure on the road is equal
to the tire pressure, which is equivalent to 550 kPa. A circular loading plate was used to
apply the wheel load on the laboratory model pavement section. The following

Fig. 4. Kneading compaction using sheep foot roller
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equation were used to determine the dimensions of the loading plate to simulate the
effect of a wheel load (Yoder and witczak 1975):

rc ¼
ffiffiffiffiffiffiffiffi

P
Pcp

r

ð1Þ

D ¼ 2rc ð2Þ

where, rc is the radius of contact surface, P is the total load on the tire, Pc is the tire
inflation pressure and D is the diameter of contact surface. In this study the thickness of
the loading pate was 20 mm and the diameter of the loading plate was 124 mm.

3.3 Model Test Procedure

A total of 8 tests were conducted in two groups on pavement section. Group 1 was
termed as monotonic test and Group 2 as Cyclic test. The pavement section consisted
of Dhanbad soil as subgrade of depth 40 cm, overburden aggregate as sub-base and
base of depth 15 cm and 5 cm respectively. The designed pavement section was
according to the guidelines for the design of flexible pavements for rural roads (IRC SP:
72-2007). The above section was in a reduced laboratory model test of 1:3 scale. In
Group 1 as termed as monotonic test, four tests were conducted on different soil
condition of Dhanbad soil and in Group 2, four cyclic tests were conducted on sub-
grade of Dhanbad soil of CBR 2 of load 2.4 and 3.6 kN and CBR3 of load 2.4 and 3.6
kN.

4 Material Properties

4.1 Subgrade

The locally available Dhanbad soil is used as a subgrade soil for this study which are
classified as sandy silt of low plasticity. Important characteristics of the Dhanbad soil
are summarized in Table 2. Standard Procter compaction and CBR tests on this soil
were carried out in the Laboratory. The optimum moisture content and the maximum
dry density were 16% and 18.8 kN/m3. The compaction curves are shown in Fig. 5.
The grain size distribution of subgrade as shown in Fig. 6 has a D10 of about 0.18 mm,
a D60 of about 0.82 mm and a uniformity coefficient of about 4.55. It can be concluded
that soil is well graded soil (Table 3).
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5 Mine Overburden Aggregates

Mine overburden material named as sandstone brought from a mine overburden dump
site in Jharia coalfield Dhanbad, Jharkhand, were used in this study as sub-base and
base layers. Materials used for sub-base and base layer was a crushed aggregate of
sandstone of sedimentary rock. The crushed aggregates are then sieved in reduced scale
of 1:3 of gradation of sub base and base layer according to the code of rural roads
manual (IRC SP:20-2002). The D10 and D60 sizes are approximately 11 and 28 mm
respectively, giving a uniformity coefficient of 2.54. Therefore sub base can be

Table 2. Overburden of mining waste in India (in million tonnes)

1999–
2000

2000–
2001

2001–
2002

2002–
2003

2003–
2004

2004–
2005

2005–
2006

1. Coal
Production 300 310 323 337 356 377 407
overburden 1100 1135 1183 1235 1304 1383 1493
2. Bauxite
production 7.1 7.99 8.59 9.87 10.92 11.96 12.34
overburden 4.3 4.84 5.20 6.0 6.6 7.2 7.5
3. Limestone
Production 129 123.6 129.3 155.74 153.39 165.75 170.38
overburden 135 129.4 135.3 163.0 160.5 173.5 178.3
4. Iron ore
Production 75 80.7 86.2 99.1 122.8 145.9 154.4
overburden 69.9 75.2 80.3 92.3 114.5 136 143.9
5. Others
Production 7.5 5.02 4.91 7.82 8.32 9.24 9.44
Overburden 14.5 10.60 10.38 15.20 16.26 19.30 18.61
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Fig. 5. Water content and dry density relationship of Dhanbad soil
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classified as a uniform fine gravel. The specific gravity, water absorption, aggregate
impact test, los angles abrasion test and slake durability were conducted as shown in
Table 2. Aggregate impact value indicates a relative measure of the resistance of
aggregate to impact. Bureau of Indian standards (BIS) for aggregate impact value are
used to classify the stone aggregates with respect to toughness property. The aggregate
impact value of soft aggregates for road construction is given in Table 4.

Fig. 6. Grain size distribution of various pavement layer materials

Table 3. Physical properties of subgrade soil

S. no Properties Dhanbad soil

1 Dry density (kN/m3) 18.8
2 OMC (%) 16
3 Specific gravity 2.62
4 Coefficient of uniformity, Cu 4.55
5 Coefficient of curvature, Cc 0.978
6 D10 (mm) 0.18
7 D30 (mm) 0.38
8 D60 (mm) 0.82
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6 Finite Element Method

Finite Element Method (FEM) is a powerful tool to analyze engineering problems, the
accuracy of which depends on several factors. First, the extent of meshing of the
individual components. Second, incorporation of the parameters that has major influ-
ence on the problem. Finally, the interpretations of the result should be reasonable.
Accordingly, the FEM is used in this study to perform a comparative analysis of the
results obtained from the two methods i.e. experimental and FEM.

6.1 Material Properties

Material properties used for the FEM analysis is same as that for the experimental
setup. The properties of each component is shown in Table 5.

Table 4. Basic properties of mine stone aggregate

S.
no

Properties Minestone Physical requirement of course aggregate for
WBM for sub base and base course (IRC)

1 Specific gravity 2.28 2.5–3.2
2 Water absorption

(%)
4.7 4.0

3 Aggregate impact
test (AIV) (%)

36 50

4 Los Angeles
abrasion test (%)

69 40

5 Slake durability
test (%)

96 –

Table 5. Material properties

Soil layer E (kPa) µ Ƴ (kN/m3) C ɸ

CBR < 0.16 Subgrade 100 0.49 18 4 0.1
Sub-base 190 0.35 20 0.1 35
Base 240 0.3 21 0.1 30

CBR = 0.2 Subgrade 100 0.49 18 4 0.1
Sub-base 3800 0.35 20 0.1 35
Base 5200 0.3 21 0.1 30
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6.2 Finite Element Model

Finite Element Modelling of the experimental setup is done using the geotechnical
analysis software, Midas GTS NX. A three-dimensional model of the subgrade,
sub-base and base layers is loaded on top to get the load settlement profile of the base
layer. The subgrade is modelled using elastic-plastic, Mohr-Coulomb constitutive
relationship, the sub-base and base layers are modelled using elastic-plastic,
Mohr-coulomb, effective stress (drained) relationship. Each layers of pavement are
divided into proper element size using the auto mesh option. The FEM model is shown
in Fig. 7.

6.2.1 Boundary Conditions
The use of proper boundary condition is the most vital part so as to represent the exact
physical setting of the actual problem. Therefore, to obtain this several tools are used
such as restraints to the nodes of boundary layer. In this study, roller supports is used
for the vertical boundaries and the bottom boundary face is considered as fixed. The
intermediate boundaries between the layers are set as drainage boundary.

6.2.2 Loading
A vertical load of 10 kN is applied on the plate with 10 load steps with a maximum of
350 iterations in each step. The loading is performed for twenty minutes and dis-
placements for each loading step is obtained.

Fig. 7. Finite Element method test
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7 Results and Discussions

7.1 Monotonic Tests

A strain controlled monotonic test was conducted on an unreinforced pavement section.
The result of this test was used to determine the magnitude of cyclic load to be applied
during cyclic tests. During the monotonic test the loading was applied at the strain rate
of 0.06 mm/sec. These tests were conducted to find out the effect of subgrade condition
on the load settlement responses. Based on (Vesic 1963) the failure loads under
monotonic loading for different soil conditions for unreinforced pavements were
obtained as 4 kN and 6 kN respectively. A threshold stress is defined as critical stress
level is above CLRS, plastic deformation is non-terminating. Based on (Sharma 2007
and Sowmiya 2013) threshold stress ratio (TSR) has been obtained as 60% for low
plasticity soils. Based on this cyclic load of 2.4 kN (TSR = 60%) of subgrade of CBR 2
and 3.6 kN (TSR = 60%) of subgrade of CBR 3 were used for different soil conditions
of Dhanbad soil.

7.1.1 Effect of Subgrade CBR on Total Settlement
Figure 8 presents the effect of Subgrade soil CBR value on the total settlement of the
pavement. From the results it is concluded that CBR of less than 2 shows the behavior
of punching shear failure and local shear failure and CBR above 2 shows General shear
failure.

7.1.2 Effect of Compaction Energy on Total Displacement
Figure 9 presents the effect of compaction effort on the total displacement. It is con-
cluded that the subgrade compacted with sheep foot roller gives better load carrying
capacity than the subgrade compacted with hand kneading.
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7.1.3 Finite Element Prediction
Figure 10 presents the finite Element prediction of the comparison of load displace-
ment curves of model test and numerical model. Both the model test and numerical test
shows the similar behavior compacted with hand kneading and sheep foot roller. The
compaction with hand kneading shows that soil is loosely packed and shows punching
and local shear failure while compaction with sheep foot roller shows that soil is
capable of taking the desired load for transportation with nature of General shear
failure.

7.2 Cyclic Tests

The cyclic tests of pavement section was carried out on two different soil conditions of
CBR 2 and CBR 3 of load 2.4 and 3.6 kN. For the subgrade of CBR 2 threshold
stress ratio was taken as 60% as 2.4 kN of 4 kN failure load and cyclic tests were
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conducted in four steps i.e. 1.2 kN (30% of failure load), 1.6 kN (40% of failure load), 2
kN (50% of failure load) and 2.4 kN (60% of failure load). Considering the Indian
typical mixed traffic condition varying axle loads in a particular lane, the above load
steps have been applied. For the subgrade of CBR 3 threshold stress ratio was taken as
60% as 3.6 kN of 6 kN failure load and cyclic tests were done in four steps i.e. 1.8 kN
(30% of failure load), 2.4 kN(40% of failure load),3 kN(40% of failure load) and 3.6 kN
(60% of failure load).

7.2.1 Loading Pattern of Cyclic Model Test
The actuator with load cell was placed over loading plate. A sinusoidal load pattern has
been followed at an increasing magnitude of load cycle of 100 to 25,000 with fre-
quency of 0.67 Hz (Perkins et al. 2012) has been applied with Dhanbad soil as sub-
grade with different soil conditions of 2.4 and 3.6 kN cyclic load was applied as shown
in Figs. 11 and 12. Initially the stiffness of the model pavement was very low for low
volume roads, therefore a slow frequency of 0.67 Hz was applied. A strain controlled
loading was applied during monotonic tests while a stress controlled loading was
applied during cyclic tests.

Fig. 11. Sinusoidal loading sequence of 2.4 kN

Fig. 12. Sinusoidal loading sequence of 3.6 kN
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7.2.2 Effect of Subgrade CBR on Rut Depth
Figure 13 shows the typical initial cyclic loading pattern up to 1000 loading cycles of
the model test results of CBR 3 with 3.6 kN. Figure 14 shows the model test section,
the effect of subgrade CBR 2 and 3 on rut depth for cyclic load of 2.4 kN. The
pavement section with subgrade CBR 2 shows more rut depth as compared to subgrade
CBR 3 for different steps of loading pattern of 1.2, 1.6, 2.0, 2.4 kN respectively. It is
due to the fact that CBR 3 is stiffer than CBR 2.The behavior of subgrade of CBR 3
shows the pattern of general shear failure while the CBR 2 shows the pattern of local
shear failure.

Figure 15 shows the model test section the effect of subgrade CBR 2 and 3 on rut
depth for cyclic load of 3.6 kN.The pavement section with subgrade CBR 2 shows
more rut depth as compared to subgrade CBR 3 for different steps of loading pattern of

Fig. 13. Typical initial cyclic loading pattern up to 1000 loading cycles of the model test results
of CBR 3 with 3.6 kN
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1.8, 2.4, 3.0, 3.6 kN respectively. It is due to the fact that CBR 3 is stiffer than CBR 2.
It is concluded that the behavior of subgrade of CBR 3 shows the pattern of general
shear failure while the CBR 2 shows the pattern of local shear failure.

7.2.3 Effect of Cyclic Loads on Subgrade CBR
Figures 16 and 17 shows the effects of cyclic loads of 2.4 and 3.6 kN on subgrade CBR
2 and 3, respectively. In seems that, with same subgrade CBR 2 and different loading
conditions the displacement is more in case of cyclic load of 3.6 kN than 2.4 kN. For the
first 100 and 1000 cycles the rut depth is steep in both the cases. In third cycle of 10,000
the rut depth is increasing but constant in both the loading cases of same soil condition.
In fourth cycle of 10,000, obviously the rut depth is increasing but constant in both the
cases. The modulus of the pavement section has been changed due to increasing traffic
loading. After ‘n’ number of traffic passes the pavement layers get compacted and the
overall stiffness of the pavement section also increased. This is reason for the reduction
in the incrimination of the rut depth with increasing the loading cycles.
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Figures 18 and 19 shows the effect of cyclic load 2.4, 3.6 kN on subgrade of CBR 2
and 3, respectively. For the first 100 cycles the rut depth is more in subgrade with CBR
2 than subgrade with CBR 3. For the second 1000 cycles the rut depth is steep in both
the soil conditions. For the third 10,000 cycles rut depth is constant in both the
subgrade of CBR 2 and CBR 3 but rut depth has increased significantly in subgrade of
CBR 2. For the last 10,000 cycles rut depth is uniform in both the cases.
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8 Conclusion

This paper presents the results of the experiment conducted on reduced scale model test
and numerical tests on sample test section that include mine stone overburden materials
in base and sub base layer. The following conclusion can be drawn from this study that
Mine stone overburden materials can be used as pavement materials for base and sub
base courses in unpaved roads as sustainable alternative. Laboratory model test results
shows that the subgrade condition will play a major role for the load settlement
response of the pavement. This is the preliminary study of the behaviour of modelled
rural pavement using overburden aggregates as a base as well as sub-base layer.
Moreover, the detailed study has been needed to study the resilient behaviour as well as
the breakage characteristics of the overburden aggregates.
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Abstract. In the current geotechnical engineering practice, soil-water charac-
teristic curves (SWCCs) are essential for quantifying the mechanical responses
of unsaturated soil. The SWCC can be measured from laboratory or estimated
from some empirical equations. Measured SWCCs are usually conducted for
drying curve by using Tempe cell or pressure plate device. Because of the time
consuming associate the absorption, the wetting SWCC can be approximated by
estimating the magnitude of the hysteresis loop at the inflection point on the
drying SWCC. The SWCC is commonly plotted as a curve between (gravimetric
or volumetric) water content and and the logarithm of soil suction. The general
shape of the SWCC looks similar to the S-shaped function. An accurate
mathematical modelling of the S-shaped curve is usually required for engi-
neering computation such as numerical analyses. In this paper, a new method to
quantifying the SWCC, i.e., via the S-shaped equation proposed by Liu et al.
(2013), is employed to represent the SWCC. Comparisons between the equation
simulations and experimental data are made. Discussions on the equation sim-
ulations and characteristics of the mechanical properties of unsaturated soils are
also presented.

1 Introduction

Soil-water characteristic curves (SWCCs) have an important role for unsaturated soil,
as it can be used to estimate many property functions such as permeability and shear
strength functions. The SWCC is commonly plotted as a curve between (gravimetric or
volumetric) water content and the logarithm of soil suction as shown in Fig. 1. The
general shape of the SWCC looks similar to the S-shape function, in which two points
of change in slope along the curve have physical meanings. The first point is defined as
air-entry value, where the largest voids start to desaturate as suction is increased. The
second point is defined as residual condition, where the removal of water from the soil
becomes considerably difficult. The SWCC can be then divided into three zones,
namely, the boundary effect zone in the low suction range, the transition zone between
the air-entry value and the residual value, and the residual zone at high suctions as
depicted in Fig. 1. The SWCC is not a single-valued curve, but it is hysteretic nature
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associated with the drying (desorption) and wetting (absorption) as presented in Fig. 2.
Consequently, it is difficult to know whether the unsaturated soil is presently on the
drying curve, the wetting curve or somewhere in between these two boundaries
(Fredlund et al. 2012).

In geotechnical engineering practice, the SWCC can be measured from laboratory
or estimated from some empirical equations. Measured SWCC are usually conducted
for drying curve by using Tempe cell or pressure plate device. On the other hand, the
laboratory tests for measuring wetting curve are considered too costly because of the
time consuming associate the absorption. The wetting SWCC can be approximated by
estimating the magnitude of the hysteresis loop at the inflection point on the drying
SWCC. For simplicity reasons, the effect of hysteresis can be sometime ignored and
use only the drying SWCC for the estimation. (i.e., the upper bounding branch of the
SWCCs shown in Fig. 2).

There are several empirical equations that have been proposed to estimate SWCCs
(i.e., Brooks and Corey 1964; van Genuchten 1980; Fredlund and Xing 1994 and
Fredlund and Pham 2006). Most of SWCC equations present the form of a continuous
function being asymptotic at both ends. Only the transition zone between the air-entry
value and residual suction has sufficient slope for the calculation of soil suction.
Fredlund et al. (2011) summarized some commonly used SWCC equations including
more recent development in geotechnical engineering. The SWCC equations can be

Fig. 1. Typical SWCC (after, Frendlund et al. 2012)

102 S. Likitlersuang and M. D. Liu



categorized based upon the range of soil suction conditions that can be well defined by
the equations. It is noted that the proposed SWCC equations have been firstly devel-
oped and applied in agriculture-related disciplines. However, some mathematics and
their physical meanings in geotechnical and geoenvironmental engineering are some-
what different from those in agriculture.

It has been widely observed that the SWCC is S-shaped. Based on the mathematical
function proposed by Liu et al. (2013), a new method/equation is proposed to describe
the SWCC in this study. The SWCCs for different soils under various conditions are
simulated, and comparisons between the equation simulations and experimental data
are made. Discussions on the equation simulation and characteristics of the mechanical
properties of unsaturated soils are also presented.

2 Proposed Equation for SWCCS

Because of the important role of SWCCs in unsaturated soil mechanics, several
equations for SWCCs have been proposed and used in research and engineering
practice. For examples, they are Brooks-Corey equation (Brooks and Corey 1964),

Fig. 2. Hysteresis loops comprising the SWCC (after, Fredlund et al. 2012)
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van Genuchten equation (van Genuchten 1980), and Fredlund and Xing equation
(Fredlund and Xing 1994). There are four parameters for Brooks-Corey equation and
for van Genuchten equation, and five parameters for Fredlund and Xing equation. All
the equation parameters are essentially determined by fitting. However, Brooks-Corey
equation and van Genuchten equation cannot represent the SWCC for the entire range
of matric suction. Although Fredlund and Xing equation was the best fitting equation
among the SWCC equations, the method to determine the parameters was still com-
plicated (see an example in Zhai and Rahardjo 2012). In this paper, a new equation is
proposed based on the work by Liu et al. (2013). It is given as follows

hw ¼ hw;max for hw [ hw;max
a
w 1þ w� 1ð Þe�bwc� �þ d for hw � hw;max

�
ð1Þ

In the equation, hw is the volumetric water content, and w is the suction with a unit
of kPa. There are five parameters in total introduced in the equation. The three main
parameters are a, b, and c, defining the curvature of a SWCC. Parameter d defines the
asymptotic value of the curve. There is an additional parameter describing the maxi-
mum value of the volumetric water content, hw,max.

Parameters a, b, and c are assumed to be positive. Mathematically, the valid range
for variable w, which is dependent on c, is given as

w� 0 for c� 1
w[ 0 for 0\c\1

�
ð2Þ

Parameter c is determined by trial and error. It is suggested that some systematic
research on the parameter should be carried out for the convenience of engineering
application. It can be seen that the new function has the following features. (1) The
asymptotic line for the proposed function is hw = d. (2) The value of suction w varies
linearly with the value of parameter a. This is clearly shown in Eq. (1). Therefore,
parameter a is determined by the amplitude of the S-shape curve. (3) The limit value for
hw, as w approaches zero, is as follows

hw �!w ! 0
a for c[ 1
aþ ab for c ¼ 1
1 for c\1

8
<

:
ð3Þ

The function has a singular point at w = 0 for c < 1. The value of a can be
determined from Eq. (3) for c > 1. For c = 1, an equation for parameter a and b is
found, i.e., aþ ab ¼ hw; for x¼0.

3 Simulations

In this section, the SWCCs for eight soils with nine cases are simulated via the proposed
equation. The tests are reported in three papers. Values of equation parameters identified
are listed in Tables 1, 2 and 3. As seen in Eq. (1), the determination of parameters a, b and
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c needs special effort. In this study it is found that parameter c is relatively stable.As can be
seen in the values listed in the Tables, it may be assumed as constant for a given soil.
Parameter b is usually less than 0.5. It is a variable but usually its value changes gradually
with influencing factors such as the value of net stress. Comparisons of equation simu-
lations and experimental data are shown in Figs. 3, 4 and 5.

The data on Khon Kaen loess were reported by Likitlersuang and Sevilla 2013. The
SWCCs for two net stresses are obtained, i.e., 150 and 200 kPa. Comparisons of
simulations and data are shown in Fig. 3. The observed data are represented reasonably
well by the proposed equation. The initial volumetric water content for the loess is
essentially constant, i.e., hw,max = 29.2% for net stress being equal to 150 kPa, and
hw,max = 35.3% for net stress being equal to 200 kPa. The maximum volumetric water
content changes with net stress.

The experimental data reported by Fredlund and Xing (1994) are simulated. There
are three types of soil: sandy soil, silty soil, and clayey soil. Comparisons of simula-
tions and data for the three sets of tests are shown in Fig. 4. The influence of particle
size on SWCCs is clearly seen in this set of test data. With the decrease in soil particle
size, suction increases steadily, and the range of volumetric water content increases
steadily. The experimental data of soil for both clay and sand are described satisfac-
torily, including different ranges in the variation for matric suctions and volumetric
water contents.

Table 1. Data for Khon Kaen loess

Tests and figures hmax (%) a b c d Comments

Net stress = 200 kPa, Fig. 3 35.3 53 0.25 0.25 0 SWCCs flat initially
Net stress = 150 kPa, Fig. 3 29.2 78 0.4 0.25 0

Table 2. Data for a sandy soil, a silty soil, and a clayey soil

Tests and figures hmax (%) a b c d Comments

Sandy soil, Fig. 4 37.4 37.4 0.15 2 0 Influence of soil particle size clearly seen
Silty soil, Fig. 4 57.5 57.5 0.011 0.68 0
Clayey soil, Fig. 4 91.3 91.3 0.017 0.4 0

Table 3. Data for SWCCs reported by Mahmood et al. (2016)

Tests and figures hmax (%) a b c d Comments

Soil 1, Fig. 5 41.4 28 0.26 0.5 5.9 For this set of data, d 6¼ 0
Soil 2, Fig. 5 47.3 33 0.2 0.5 8.2
Soil 4, Fig. 5 31.4 20 0.15 0.5 4.9
Soil 5, Fig. 5 52.1 36 0.16 0.5 9.5
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SWCCs for four types of soil reported by Mahmood et al. (2016) are also simu-
lated. Comparisons of simulations and experimental data are shown in Fig. 5. The
experimental data of these soils are modelled highly satisfactorily. It is also seen that
the asymptotic value for this set of data is not zero.

Fig. 3. SWCCs for Khon Kaen loess (data after Likitlersuang and Sevilla 2013)

Fig. 4. SWCCs for a sand, a silty, and a clay (data after Fredlund and Xing 1994)
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4 Conclusions

In this paper, a new equation for SWCCs is proposed. The equation is an elemental
function and thus can be employed conveniently in mathematical modelling and
numerical analyses. There are five parameters in the equations. Two of the parameters,
hw,max and d, can be determined from the SWCC straightforward, and the other three
need to be determined by fitting. The SWCCs for eight soils with nine cases are
simulated via the proposed equation, and it is shown that the proposed equation has the
capacity to represent the curves of various soils satisfactorily.
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Effects of Dry Density and Water Content
on Mechanical Properties of Sand-Bentonite

Buffer Material
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Abstract. Mechanical properties of the buffer material of deep geological
repository are influenced by various factors. The engineered barrier system of a
deep geological repository is subjected to local groundwater flow after it is
decommissioned. The changes in water content of buffer material could affect
deformation and suction properties. In this study, the influence of water content
and dry density on the mechanical properties of sand-bentonite buffer material
were investigated. The triaxial compression tests were performed on
sand-bentonite specimens of 1400, 1600 and 1800 kg/m3 of dry density and 6,
12 and 18% of water content. The volumetric strains of specimens were eval-
uated using a newly built double-cell type triaxial testing apparatus. Total
suction of specimens was measured using the chiller-mirror hygrometer tech-
nique. Total suction was measured on identical specimens prepared for suction
measurement and triaxial compression tests. The results indicate that water
content reduces deviator stress while dry density increases it. The results also
suggest that water content changes strain-softening behaviour of relatively less
saturated specimens into strain-hardening behaviour when water content is high.
A high confining pressure (of 1.0 MPa) inclines towards strain-hardening
behaviour than a small confining pressure (of 0.1 MPa). Water content also
increases strain-hardening behaviour. In contrast, dry density reduces
strain-hardening behaviour, particularly under a small confining pressure. The
results also indicate that dry density reduces the magnitude of volumetric
expansion. A high confining pressure encourages volumetric expansion. While
water content decreases frictional behavior, it increases cohesive behaviour
under a relatively low dry density (of 1400 and 1600 kg/m3). In contrasts, water
content reduces cohesive behaviour under a high dry density (of 1800 kg/m3).
Thus, a micro-scale analysis would produce more insights on this. While water
content has huge influence on total suction, both dry density and confining
pressure have no effects on it.

1 Introduction

Radioactive wastes are classified according to various standards. As illustrated in
Fig. 1, the radioactive wastes can be classified into six different classes based on the
half-life time of radioactive wastes (IAEA 2009). High level radioactive wastes need
advanced disposal system to keep them away from people and environment as
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radioactive wastes emit heat for very long time. It has been widely accepted that deep
geological repository is a safe solution for high level radioactive wastes in many
countries. The concepts and designs of deep geological repositories are still being
discussed in many parts of the world.

The basic features of deep geological repository are shown in Fig. 2. As illustrated
in Fig. 2, a deep geological repository is constructed in a deep stable hard rock. It could
be several hundred meters below the ground surface. The nuclear wastes are stored in
canisters either in horizontal drifts or vertical boreholes. As a part of the multi-barrier
system, the buffer material is used to protect the radioactive wastes being infiltrated into
the outside environment as illustrated in Fig. 2. The engineered barrier system is
constructed by an expansive soil to allow swelling such that any voids can be filled by
the buffer material. There have been various types of clayey soil discussed as potential
buffer material in many countries. In Europe, MX-80 has widely been selected as a
buffer material (Herbert and Moog 1999; Nakashima 2006; Hurel and Marmier 2010).
In China, Gaomiaozi (GMZ) bentonite has recently been proposed as a potential buffer
material (Ye et al. 2009). In Japan, Kunigel VI bentonite has been studied as a possible
buffer material (Komine and Ogata 2004; Imbert and Villar 2006).

An engineered barrier provides various purposes including the mechanical stability
for the waste canisters, serving as a buffer around it, sealing discontinuities in the
boreholes and delaying water infiltration from the host rock (Ye et al. 2014).
Bentonite-type materials are generally selected as a buffer material for an engineered
barrier system because of its high swelling capacity, low permeability, micro-porous
structure and good sorption properties (Pusch 1992; Komine and Ogata 1994). The
buffer material during the construction and early stage of a deep geological repository
remains unsaturated due to low water content. However, in its running time, water
could infiltrate into the buffer material, and thus makes it saturated or
partially-saturated. It could be several hundred or thousand years due to low
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Fig. 1. A conceptual illustration of the radioactive waste classification (inspired by IAEA 2009)
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permeability of the host rock. Swelling and permeability characteristics of bentonite
materials have been studied in greater capacity compared to strength properties of
bentonite-based buffer material (Cui et al. 2008; Schanz et al. 2010; Wang et al. 2012).
In this study, we investigated the influence of water content and dry density on
deformation and suction behaviour of sand-bentonite buffer material.

2 Materials and Testing Program

The buffer material is prepared using 70% of bentonite and 30% of sand (by
mass-based). This ratio has been accepted as a possible buffer material for the deep
geological repositories in Japan (Mitachi 2008). The sodium-type bentonite contains
around 48% of montmorillonite, which is an essential mineral for sealing properties.
Kunigel VI also consists of quartz, which is an important mineral for thermal con-
ductivity (Tang et al. 2008). The mineral compositions of Kunigel VI bentonite are
given in Table 1. The index properties of bentonite and silica sand are given in Table 2.
The grain size distribution of sand is shown in Fig. 3.

Surrounding 
rock

Canister 
of nuclear 

wastes
Disposal pit

Buffer 
material

Fig. 2. A schematic diagram of a deep geological repository
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2.1 Triaxial Compression Test

The specimens for triaxial compression tests were prepared with 6, 12 and 18% of
water content and 1400, 1600 and 1800 kg/m3 of dry density. Two identical specimens
of each condition were prepared for triaxial compression tests as the tests were per-
formed under 0.1 and 1.0 MPa of confining pressure. First, pre-determined amount of
sand and bentonite are mixed. Then, water is added to the sand-bentonite mixture using
a high-pressurised sprayer, and simultaneously mixed water and the sand-bentonite

Table 1. Mineral compositions of Kunigel VI bentonite (Cui et al. 2008)

Mineral Amount (%)

Montmorillonite 46–49
Pyrite 0.5–0.7
Calcite 2.1–2.6
Dolomite 2.0–2.8
Analcite 3.0–3.5
Feldspar 2.7–5.5
Quartz 29–38
Field organic 0.31–0.34

Table 2. Index properties of Kunigel VI bentonite and silica sand

Property Bentonite Sand

Particle density, qs (kg/m
3) 2767 2666

Liquid limit, wL (%) 430.5 n/a
Plastic limit, wP (%) 26.7 n/a
Plasticity index, Ip 403.8 n/a
Mean grain size, D50 (mm) n/a 0.230
Coefficient of curvature, Cc n/a 0.865
Coefficient of uniformity, Cu n/a 2.200
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Fig. 3. Particle size distribution of sand
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mixture. As bentonite absorbs water and could make larger particles, water should be
spread uniformly and mixed quickly. Then, the sand-bentonite mixture is put into the
mold shown in Fig. 4a. The soil is placed in three layers, and each layer is given a hand
compaction by a small tool shown in Fig. 4a. Then, it is compressed by a hydraulic
jack shown in Fig. 4b. A prepared specimen is shown in Fig. 4c. Once the specimen
reaches its pre-defined height (around 80 mm), it is removed from the mold by
applying a hydraulic force. It is important to note that, height of the specimen again
reduces slightly here. However, the reduction in height is affected by water content and
dry density because the cohesion between the surfaces of the mold and the specimen is
influenced by water content and dry density. Therefore, ± 2% difference in the design
dry density and measured dry density is accepted for dry density. Finally, after trimmed
both ends (roughly by 5 mm each), a specimen of 70 mm high and 35 mm diameter is
prepared. A difference of ±5 is accepted for water content as it is measured by three
disks of 20 g each (from roughly 170–220 g of the sand-bentonite mixture). Table 3
includes the details of the specimens prepared for triaxial compression tests. In Table 3,
the measured values are reported.

Triaxial compression test is performed using the newly built double-cell type tri-
axial testing apparatus shown in Fig. 5. The triaxial compression tests were performed
under unconsolidated undrained condition. The specimens are covered with a 3 mm
thick rubber membrane. The testing apparatus is designed such that the confining
pressure applied to the outer cell also applies to the inner cell, in which the specimen is
mounted. The volume change of specimens is measured by a burette attached to it as
shown in Fig. 5. The shearing load is applied with a loading rate of 0.1%/min. The load
is applied by a Mega-torque motor. The triaxial compression tests are performed based
on the Japanese standards (JGS 2009).

Manually 
controlled 

lever

Specimen’s mold 
mounted on

(a)

Compression 
tool

Top part

Bottom 
part

(b)

(c)

Fig. 4. The sample preparation: a the mold and its compaction tool, b hydraulic jack and
c a prepared specimen
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2.2 Total Suction

In addition to the specimens prepared for triaxial compression tests, identical speci-
mens were also prepared for suction measurements. Then, a small piece around the half

Table 3. The details of the specimens for triaxial compression tests

Specimen
notation

Water
content,
w (%)

Total
density, qt
(kg/m3)

Dry
density, qd
(kg/m3)

Degree of
saturation, Sr
(%)

Void
ratio
(e)

TT_6_1800_0.1 7.16 1925 1796 37.4 0.524
TT_6_1800_1.0 5.83 1900 1795 30.4 0.525
TT_12_1800_0.1 13.13 2029 1793 68.3 0.526
TT_12_1800_1.0 11.90 2021 1806 63.2 0.515
TT_18_1800_0.1 17.52 2084 1773 88.2 0.543
TT_18_1800_1.0 18.05 2101 1780 91.9 0.537
TT_6_1600_0.1 6.78 1681 1574 25.1 0.739
TT_6_1600_1.0 5.99 1688 1593 22.8 0.718
TT_12_1600_0.1 13.26 1778 1570 48.8 0.744
TT_12_1600_1.0 12.26 1791 1595 46.9 0.715
TT_18_1600_0.1 18.20 1889 1598 69.9 0.712
TT_18_1600_1.0 17.81 1894 1608 69.4 0.702
TT_6_1400_0.1 5.63 1460 1382 15.7 0.980
TT_6_1400_1.0 5.55 1473 1396 15.8 0.961
TT_12_1400_0.1 11.20 1554 1398 32.0 0.958
TT_12_1400_1.0 12.08 1562 1393 34.3 0.964
TT_18_1400_0.1 17.04 1689 1443 52.0 0.897
TT_18_1400_1.0 17.40 1603 1365 47.4 1.004

Load cell

Specimen

Burette

Inner cell

Outer cell

Confining 
pressure 

Pressure 
transducer

Differential 
pressure 

transducer

Fig. 5. A schematic diagram of the double-cell type triaxial testing apparatus
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size of the sample cup is prepared from the specimen of 70 mm high and 35 mm
diameter. When a sample is placed on the sample cup and inserts into the chamber, it
starts to equilibrate with the headspace of the sealed chamber. Total suction is mea-
sured using the Dewpoint PotentiaMeter (WP4C) shown in Fig. 6. The device has a
digital display to read the measurements. Total suction is measured using the chilled
mirror hygrometer technique (Agus et al. 2010). The temperature of samples should be
managed such that the temperature difference between a sample and the chamber
should ideally be within 0 and −0.5 °C (it should always be negative). Suction mea-
surements were also obtained on the specimens tested in triaxial compression tests.

3 Results and Discussion

Figures 7 and 8 show the influence of water content and dry density on stress-strain
behaviour of sand-bentonite buffer material under a small (i.e., 0.1 MPa) and high
confining pressure (i.e., 1.0 MPa) respectively. Figures 7 and 8 clearly indicate that
water content decreases deviator stress while dry density increases it. Thus, it suggests
that the buffer material of a deep geological repository reduces its strength after several
years; could be several hundreds of thousands, when the local groundwater flow makes
into the buffer material through the impermeable host rock. As indicated in Fig. 7a–c,
water content also changes strain-softening behaviour of relatively dry specimen into
strain-hardening behaviour under a small confining pressure regardless of dry density.
Thus, the buffer material of a deep geological repository mainly yields strain-hardening
behaviour in its long life time. Under a high confining pressure, as shown in Fig. 8a–c,
many specimens yield strain-hardening behaviour compared to a small confining
pressure. Therefore, the buffer material of a deep geological repository constructed in
deep ground simply yields strain-hardening behaviour. We can see only the specimen
of low water content (e.g., around 6%) and high dry density (i.e., 1800 kg/m3) yields
strain-softening behaviour under a high confining pressure. Thus, less likelihood of
such behaviour in a deep geological repository in its long-term life cycle. The results

Digital 
display

Sample 
tray

Fig. 6. The suction measurement device
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also indicate that buffer materials of high water content under high confining pressure
exhibit large deformations before shear failure as proven by strain-hardening behaviour
in Figs. 7 and 8.

Figures 9 and 10 show the influence of water content and dry density on the
volumetric strain behaviour under a small and high confining pressure respectively.
Under a small confining pressure (of 0.1 MPa), water content increases volumetric
expansion as illustrated in Figs. 9a–c. In contrast, dry density discourages volumetric
expansion. The results further indicate that a highly compacted specimen (e.g.,
1800 kg/m3 of dry density) encourages volumetric contractions, particularly until the
specimens become fully saturated. When the specimens become full saturated, volu-
metric expansion appears as shown in Fig. 9a. Under a high confining pressure (of
1.0 MPa), the specimens yield only volumetric expansion as shown in Fig. 10a–c. It is
also worth to note that unlike a small confining pressure (of 0.1 MPa), the highest
water content (of 18%) does not yield the largest volumetric expansion as depicted in
Fig. 10a–c. In fact, the specimens of around 12% water content yield the largest
volumetric expansion under a high confining pressure. The results further indicate that
dry density decreases the magnitude of volumetric expansion as indicated in Fig. 10a–c
(except the sole specimen of 12% water content and 1800 kg/m3 of dry density shown
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in Fig. 10a. This case needs to be further studied as it behaves differently to other
specimens). Volumetric expansion is a key parameter in designing a deep geological
repository as the buffer material should expand to occupy any voids made by chemical
reactions of the radioactive wastes. A low dry density would increase volumetric
expansion, but it would also reduce the strength as illustrated in Figs. 7 and 8.
Therefore, the results suggest that dry density should be carefully designed along with
the confining pressure (influenced mainly by the depth) and water content of the buffer
material, which is mainly influenced by the initial water content of bentonite and
permeability characteristics of the host rock.
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The strength parameters were evaluated using the Mohr Coulomb failure criteria.
Figure 11 illustrates a typical Mohr stress circle. In Fig. 11, the data from an additional
triaxial compression test under 0.5 MPa of confining pressure is also included to confirm
the accuracy of the Mohr Coulomb failure criterion from two specimens. Figure 12a, b
illustrate the variations of cohesion and internal friction angle with water content and dry
density. Figure 12a depicts a highly compacted specimen (e.g., of 1800 kg/m3 of dry
density) reduces its cohesion with water content. In contrast, relatively less compacted
specimens (e.g., of 1600 and 1400 kg/m3 of dry density) increase cohesion with water
content. Amicro-level analysis would givemore insights as water seems to produce bigger
particles upon bentonite absorbing water. As shown in Fig. 12b, internal friction decreases
withwater content, and at highlywet specimens (e.g.,water content of around18%), there is
no big variation due to dry density. In fact, both 1600 and 1800 kg/m3 dry densities exhibit
similar frictional angles under all water contents. Figure 13 illustrates the variation of
compressive strength with water content and dry density. Except the specimens of loosely
compacted (i.e., 1400 kg/m3 of dry density) under a small confining pressure (of 0.1 MPa),
all other specimens indicate both water content and dry density reduce the compressive
strength. The loosely compacted specimen under a small confining pressure seems to
slightly increase compressive strength with water content up to 12%, and then slightly
reduces. In Fig. 13, the ultimate strength in strain-softening specimens and peak strength in
strain-hardening specimens are considered as the compressive strength.
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Fig. 9. The influence of water content and dry density on volumetric strain behaviour under
a 1800, b 1600 and c 1400 kg/m3 of dry density and a small confining pressure, rc of 0.1 MPa
(w is water content, Sr is degree of saturation and qd is dry density)
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a 1800, b 1600 and c 1400 kg/m3 of dry density and a high confining pressure, rc of 1.0 MPa
(w is water content, Sr is degree of saturation and qd is dry density)
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Figure 14 shows the variation of total suction with water content and dry density.
The results clearly indicate that total suction drastically decreases with water content.
However, dry density does not affect total suction. Also, it indicates that there is no
effects of confining pressure on total suction or any effects from shear loading from
triaxial compression tests. This is an important observation as it hints that suction of a
buffer material is not affected by the depth (i.e., confining pressure) or loading. Thus,
an earthquake might not change suction properties of the buffer material of a deep
geological repository. However, more studies are needed before concrete conclusions
are drawn on this.
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4 Conclusions

In this study, triaxial compression tests and suction measurements were performed on
sand-bentonite buffer material of deep geological repository. The buffer material was
prepared with 6, 12 and 18% of water content and 1400, 1600 and 1800 kg/m3 of dry
density. The following conclusions are drawn from the study.

Water content decrease deviator stress while dry density increases it under both a
small (0.1 MPa) and high confining pressure (1.0 MPa). The results also indicate that
the specimens of less water content and high dry density under a small confining
pressure yield strain-softening behaviour. In contrast, highly compacted specimens of
high water content yield strain-hardening behaviour. Under a high confining pressure,
all the specimens except very low water content and high dry density yield
strain-hardening behaviour. In contrast, highly compacted specimen of less water
content yields strain-softening behaviour under a high confining pressure.

Under a small confining pressure, water content encourages volumetric expansion.
Thus, the specimens of high water content yield volumetric expansion whereas the
specimens of low water content exhibit volumetric contraction. Under a high confining
pressure, all specimens yield volumetric expansion. The results also indicate that
irrespective of confining pressure, dry density reduces the magnitude of volumetric
expansion.

Water content reduces the internal friction angle while dry density has less effects
on internal friction angle. In fact, irrespective of dry density, the specimens of high
water content (e.g., around 18%) tend to produce similar internal friction angle.
Therefore, it would suggest dry density has less effects on frictional behaviour of a
buffer material after several thousand years. In contrast, except high dry density (e.g.,
1800 kg/m3), water content increases cohesion. Therefore, it suggests after a long time,
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a buffer material might have similar cohesion irrespective of dry density. However,
under a high dry density (e.g., 1800 kg/m3) water content reduces cohesion.

The compressive strength of buffer material also indicates that the effects of dry
density on it diminish when water content is high as it approaches a similar value under
high water content. Therefore, it suggests that a high dry density such as 1800 kg/m3 is
not necessary to maintain a high compressive strength when a buffer material is
infiltrated by local groundwater flow.

The results of total suction indicates that while water content drastically reduces
total suction, dry density has no effects on total suction. The results also suggest that
confining pressure has no effects on total suction, which would indicate that an
earthquake might have no effects on suction behaviour. However, it needs further
studies to draw concrete conclusions on this.
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Abstract. Clays are used for the construction of waste containment barriers,
mainly because of its low hydraulic conductivity. In general, at several places, it
may not be possible to obtain the clay satisfying the essential requirements as a
liner material. Hence at many places commercially available bentonites is often
used for the construction of clay liners. Bentonite undergoes significant changes
in volume upon saturation. Several physical and chemical stabilization methods
are in practice to stabilize the bentonite. Previous studies report that contaminants
with high concentrations attack the clay minerals leading to an increase in their
permeability. Exfoliated vermiculite, finds several applications in construction
industry, and it is also found to be good absorbent material. Hence this study has
been carried out to find the optimal percentage of vermiculite that can be added to
the bentonite so that it satisfies the essential requirements of clay liners and it can
also absorb the heavy metals from the contaminants. The tests for index prop-
erties and engineering properties of bentonite-vermiculite mixtures were per-
formed. The test results show that 30% of vermiculite can be added to bentonite,
so that the essential requirements of the liner can be maintained.

1 Introduction

Bentonite, a commercially available clay, is commonly used in the construction of
hydraulic barriers because of its very low hydraulic conductivity. Bentonite, composed
of montmorillonite clay mineral, undergoes significant changes in volume because of
which it fails to control the migration of leachate present in the dumped wastes. In
order to minimize the volume change attributes several stabilization techniques are
adopted, most popular being sand-bentonite mixtures. In sand-bentonite mixtures, sand
is added to bentonite to a certain percentage so that the essential requirements for use as
landfill liners are maintained. These requirements include permeability equals to or less
than 10−7 cm/s, finer fraction greater than 30%, plasticity index greater than 10% and
cation exchange capacity (CEC) greater than 10 meq/100 g (Daniel 1993; Rowe et al.
2004). Extensive research has been carried out on sand-bentonite mixtures and many
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correlations are available with several geotechnical properties (Stern and Shackelford
1998). Al-Rawas et al. (2006) reported that bentonite mixed with 20% sand showed
very low hydraulic conductivity but the hydraulic conductivity of sand-bentonite
mixture increased drastically under the permeation of chemical solutions. However due
to desiccation, the bentonite present in the liner shrinks resulting in an increase in the
hydraulic conductivity of the liner (Mukherjee and Mishra 2017). Several studies
evaluated the use of various additives such as lime, cement, fly ash, etc. to control
desiccation cracking. Initial results of these studies indicated that soil shrinkage
reduced, but in many cases the additives resulted in an increased hydraulic conductivity
with a decrease in soil plasticity.

Vermiculite, an interesting clay mineral, found in many parts of the world, belongs
to 2:1 phyllosilicate mineral, composed of hydrated magnesium-aluminium-iron sheet
silicates containing water molecules within the layered structure (Mitchell and Saga
2005). This vermiculite when heated between 870 and 1100 °C, the internal structure
gets disturbed and the volume expands to several times that of the original material. This
process is known as exfoliation (Marcos and Rodriguez 2014). This exfoliated vermi-
culite becomes light in weight under the exfoliation process with good thermo-insulating
properties. Exfoliated vermiculite is used in making light-weight concrete (Silva et al.
2010), thermal insulations (Abidi et al. 2015) and also extensively used as a good
adsorbent material instead of activated carbons in the removal of heavy metals because
of its high CEC and reactive surfaces. Vermiculite as an absorbent has been studied for
the removal of Mercury (Do Nascimento and Masini 2014), Chromium (Sis and Uysal
2014; Dultz et al. 2012), Zinc (Sis and Uysal 2014), Cadmium (Mathialagan and
Veeraraghavan 2003) and even dyes from textile industries (Mysore et al. 2005; Duman
et al. 2015; Da Fonseca et al. 2006, Marcos and Rodriguez 2014). As the exfoliated
vermiculite is found to be an effective and excellent material used for the removal of
heavy metals from the waste disposal, this paper is aimed at investigating the potential
use of exfoliated vermiculite-bentonite mixtures instead of sand-bentonite mixtures as a
landfill liner, so that it can absorb the heavy metals in the leachate as well as it can
stabilize the volume change attributes of bentonite. The main objective of the study was
to investigate the potential use of bentonite vermiculite mixtures. The present study
focuses on permeability characteristics as well as swelling and shrinkage characteristics
of bentonite with the addition of various percentages of exfoliated vermiculite. One of
the main objective is to determine the optimum percentage of bentonite vermiculite
mixture so that the essential requirements of compacted clay liner can be maintained.

2 Experimental Investigation

2.1 Test Materials

Commercially available sodium bentonite was used in the present study. Various
properties of the bentonite have been determined and reported in Table 1. Exfoliated
vermiculite of particle size in the range of 1–4 mm was used in the present study. The
various physical and chemical properties of the vermiculite supplied by the manufac-
turer are reported in Table 2. The SEM analysis has also been carried out on exfoliated
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vermiculite sample. Figure 1 shows the SEM image of exfoliated vermiculite. Cation
Exchange Capacity was determined for both bentonite and vermiculite using methyl
blue test. The CEC is found to be 14 meq/100 g for bentonite and 16 meq/100 g for
vermiculite. The CEC of the vermiculite is more when compared to bentonite, so
addition of vermiculite will not affect the essential requirement of vermiculite.

Table 1. Properties of the bentonite used for this study

Soil properties Value

Specific gravity 2.73
Liquid limit (%) 129
Plastic limit (%) 30
Shrinkage limit (%) 1.8
Dry density 1.64 g/cc
Optimum moisture content 20%
Free swell index (FSI) (%) 128

Table 2. Physical and chemical properties of the exfoliated vermiculite

Physical properties
Bulk density 64–160 kg/m3

Water holding capacity 220–325% by wt.
MOH 1–2
pH 6–9
Chemical properties
Silica 39.4%
Magnesium 25.2%
Alumina 8.8%
Potassium 4.5%
Iron 4.0%
Calcium 1.8%
Carbonate 1.4%
Titanium 0.8%
Fluorine 0.5%

Fig. 1. SEM image of exfoliated vermiculite
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2.2 Index Properties Tests

Tests for index properties such as liquid limit, plastic limit, shrinkage limit and
shrinkage strain tests have been conducted on bentonite-vermiculite blends as per the
ASTM standards. Liquid limit and Plastic limit tests were conducted as per ASTM D
4318-10 (1996). Shrinkage limit test was determined according to ASTM D427-04
(2007). After determining shrinkage limit, diameter and thickness of the soil pat were
measured using digital calliper to determine radial and axial shrinkage strains. The
axial and radial shrinkage strains were calculated using the following expressions.

Axial shrinkage strain

2a¼ hi � hf
hi

� 100 ð1Þ

where: hi is the initial thickness, and hf is the final thickness.
Radial shrinkage strain

2r¼ Di � Df

Di
� 100 ð2Þ

where: Di is the initial diameter, and Df is the final diameter.

2.3 Shrinkage Limit Tests

Standard Proctor compaction, hydraulic conductivity and swelling tests have been
conducted on bentonite and bentonite mixed with various percentages of vermiculite as
discussed earlier. Initially Standard Proctor compaction tests have been conducted as
per ASTM D 698-12 (1996) for determining the optimum moisture content for the
bentonite blended with different percentages of vermiculite. After performing com-
paction tests, hydraulic conductivity tests were performed for the bentonite and
bentonite-vermiculite blends compacted at their respective optimum moisture content
and maximum dry density obtained from compaction tests. Hydraulic conductivity tests
were performed using rigid wall permeameter according to ASTM D5856 (1996). Soil
was compacted in the mould and the mould was placed in the water bath for four days
to allow for full saturation of the sample. The permeability tests were performed using
de-aired tap water. Swelling tests were conducted in the prefabricated mould of
diameter 10 cm and 15 cm height. Soil was compacted in the mould in three layers of
thickness of 2.5 cm. A dial gauge was fitted at the top of the soil layer. After setting the
dial gauge reading to zero, water was added continuously at the top of the clay bed and
the swelling was monitoring continuously at various time intervals until the swelling
attained equilibrium.
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3 Discussion of Test Results

Figure 2 shows the variation of liquid limit and plastic limit for varying vermiculite
content. It is observed that the liquid limit of the bentonite reduced marginally when
compared to plastic limit. The plastic limit tends to increase with percentage of ver-
miculite. Upon addition of 30% vermiculite to bentonite the liquid limit was found to
be 120%, whereas the plastic limit found to be 62%, resulted in a plasticity index of
58%. Figure 3 shows the variation of shrinkage limit of bentonite blended with varying
percentage of vermiculite. The shrinkage limit of the bentonite is 1.8%, which is
considered to undergo large volume changes (Holtz and Gibbs 1956). Upon addition of
vermiculite, the shrinkage limit tends to increase rapidly. The shrinkage limit of ben-
tonite blended with 20% vermiculite is 17.9% and beyond 20% vermiculite there is no
significant increase in shrinkage limit. According to Holtz (1956), if the shrinkage limit
is greater than 16%, the soil does not undergo significant volume change. Addition of
vermiculite also reduces the shrinkage strains of bentonite (Fig. 4). Both axial and
radial shrinkage tends to decrease with increase in vermiculite content. Axial strain
reduced to 47.3% and radial shrinkage reduced to 39.4%, when 30% vermiculite
content was blended with bentonite.

Figure 5 shows the variation of maximum dry density and optimum moisture
content (OMC) of bentonite with different percentage of exfoliated vermiculite con-
tents. The reduction in dry unit weight of bentonite with an increase in vermiculite
content is due to the replacement of soil with vermiculite of lower specific gravity
leading to increase in volume and decrease in unit weight. Conversely, the OMC
increased with higher vermiculite content. The increase in OMC with increased ver-
miculite content was likely due to the larger amount of water absorbed by the ver-
miculite because of its inherent water retention capacity.
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Achieving specific value of permeability is one of the important criteria for the clay
to be used as a liner material. Permeability of the clay should be less than 1 � 10−7

cm/s. Variation in the hydraulic conductivity of vermiculite-bentonite mixtures is
reported in Fig. 6. For bentonite sample, the hydraulic conductivity was found to be
3.86 � 10−09 cm/s. The hydraulic conductivity reduced to 7.10 � 10−9 cm/s, when
vermiculite content was 10%, beyond 10% vermiculite content, the permeability tends
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to increase. For bentonite blended with 30% vermiculite, the permeability was found to
be 1.93 � 10−07 cm/s. Beyond 30% vermiculite, the permeability was found to be
high, which is greater than the essential requirement of the clay liner. Swelling of
bentonite was also reduced due to the addition of vermiculite (Fig. 7). Swelling
decreased from 14.1 to 6.9 mm when vermiculite was varied from 0 to 30%.
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4 Conclusions

Based on the results and discussion presented here, the following conclusions can be
made.

With addition of 30% vermiculite to bentonite, the liquid limit is found to be 120%
and the plastic limit found to be 62%; resulting in a plasticity index of 58%. The
shrinkage limit tends to increase rapidly. The shrinkage limit of bentonite blended with
20% vermiculite is 17.9% and beyond 20% vermiculite, there is no significant increase
in shrinkage limit.

Axial strain reduces to 47.3% and radial shrinkage reduces to 39.4%, when 30%
vermiculite content is blended with bentonite. Swelling also tends to decrease with an
increase in vermiculite content. The swelling reduces to 51%, when 30% of vermiculite
content is added to bentonite.

The hydraulic conductivity reduces to 7.10 � 10−9 cm/s, when vermiculite content
is 10%, beyond 10% vermiculite content, the permeability tends to increase. For
bentonite blended with 30% vermiculite, the permeability is found to be
1.93 � 10−07 cm/s. Beyond 30% vermiculite the permeability is found to be high,
which is greater than the essential requirements of the clay liner.
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