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Introduction

Although geotechnical engineering is a traditional research field, it still bears many
great challenges, which scientists and engineers commonly face. To make the civil
infrastructures sustainable, new technologies and materials have been proposed and
applied in the field. This volume comprises a set of high-quality, refereed papers.
They address the different aspects of new solutions for challenges in geotechnical
engineering, such as characterization and applications of new materials (e.g. natural
jute fibres, geotextile fabric and permeable concrete), modified constitutive models,
new numerical technologies for traditional problems, and some other geotechnical
issues that are becoming quite relevant in today’s world practice. 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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Abstract. A large area of China Southwest is covered by red clay, which is a
kind of Karst regional special clay with high moisture content, high ductility,
large void ratio, low density, poor compaction. Based on Duncan-Chang model,
the constitutive model of red clay and its mechanical parameters are studied by
laboratory tests and numerical simulation. (1) According to the results of triaxial
consolidated drained tests with different moisture content, the damage forms,
stress-strain curve, the relationships between pore water pressure and displace-
ment changing with the time are analyzed in detail. (2) Based on Duncan-Chang
model, the incremental elastic curve is fitted. The curve is composed of three
segments which represent the deformation law of the clay samples in
compression-shearing process. Correspondingly, the initial tangent elastic
modulus is modified into a three-stage function, and the Duncan-Chang model of
Guiyang red clay is obtained and the parameters such as shear strength, failure
ratio, tangent Poisson’s ratio and tangent volume modulus are calculated. (3) VC
++ programming language is used to modify Duncan-Chang E-B model in the
software of FLAC3D. The results show that the numerical simulation curve is in
good agreement with the stress-strain curve of the experiments, which shows that
the modified Duncan-Chang model has good feasibility and applicability to
Guiyang red clay.

1 Introduction

Red clay mainly exists in the Yunnan-Guizhou Plateau and its adjacent, central and
western regions of Guangxi, western Hunan and other places in China, which is the
product of carbonate rock going through physical weathering, chemical weathering and
laterization in the condition of humid and warm climate, as well as abundant rainfall.
The red clay is a kind of brownish red or isabellinus special soil. It has poorer physical
properties of high moisture content, high plasticity, large porosity ratio, but it has
relatively good mechanical properties such as high strength, low compressibility and so

© Springer International Publishing AG, part of Springer Nature 2019
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on. So it can not use the relevant laws of physical indexes and mechanical parameters
of general cohesive soil to evaluate the engineering properties of red clay (Liao and
Zhu 2004). At the same time, the red clay has the characteristics of typical reverse
profile of “upper-hard and lower-soft” and strong water sensitivity such as softening
with water absorption and cracking with water loss. To analyze accurately geotechnical
engineering problems, it is most important to establish a proper constitutive model.
In the past decades, domestic and foreign scholars have put forward many constitutive
models on the laws of soil deformation, but in fact, these models are only presented for
saturated disturbed soils or sand soils (Shen 1996).

The most famous constitutive models of soils are Duncan-Chang model, Cam-
bridge model, K-G model, Zhujiang Shen model, Tsinghua model and so on. However,
the classic constitutive models of red clay have not yet proposed. Based on the
stress-strain relationship of Chongqing red clay in different stress paths, Zhang and
Deng (1997) considered that K-G model and the elastic-plastic model of Yin’s
double-yield surface can reflect constitutive relationship of Chongqing red clay, and the
corresponding parameters were provided. Liu (2009) used the Mohr-Coulomb model
and the Drucker-prager plastic model respectively to simulate the foundation settlement
of different engineering positions of the Wuhan-Guangzhou express railway in the
FLAC3D software, which found that the calculation error was relatively small and
proved that the numerical simulation is a more effective method for predicting the
settlement value during embankment fills and after construction. On the basis of the
previous research results, Chen and Xing (2010) set up the stress-strain relationship
curve of Guiyang’s red clay with the power function and established loading consti-
tutive model and humidifying (or dehumidifying) constitutive model with high liquid
limit. Based on a large number of indoor dynamic triaxial tests, Liu et al. (2011) studied
the dynamic constitutive relationship and dynamic modulus attenuation law of undis-
turbed red clay in different experimental conditions. Zhou et al. (2014), Fang (2011)
used the Mohr-Coulomb model to simulate the excavation process of red clay in deep
foundation pit and the stability of anchor reinforcement in bedding red clay slope in
FLAC3D software respectively.

Decades of researches for red clay have made a lot of achievements, but there still
exist some disadvantages in the mechanical strength, calculation model and numerical
simulation application. In this article, based on triaxial consolidated drained shear tests
of Guiyang red clay, the Duncan-Chang model is modified and developed in FLAC3D
software, and the numerical experiment is carried out to verify the applicability of the
model.

2 Triaxial Consolidated Drained Test of Red Clay

2.1 Preparation of Standard Samples

Take some soil samples from a deep foundation pit in Guiyang, and the soil samples
are cut into standard cylinders of 39.1 mm in diameter and 80 mm in height according
to the Geotechnical Test Protocol (SL237-1999). 28 samples are prepared at one time
and the initial moisture content is 57.03%. In order to prepare four groups of samples
with different moisture contents, 28 samples were divided into 4 groups at random,
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7 samples in each group. One group keeps their initial moisture content, other three
groups are air-dried for 1 day, 2 days and 3 days respectively, then measuring the
moisture content of each group is 54.5%, 52%, 47%. In this case, swelling-shrinkage
potential of red clay during the air-dried process can be ignored.

2.2 Experiment Methods

The TSZ-1 strain-controlled triaxial instrument produced by Nanjing Soil Instrument
Factory is used for the consolidated and drained shear test. In order to study the
mechanical properties of undisturbed red clay with different moisture contents under
different stress conditions, the confining pressures of the four groups of samples with
different moisture contents are 100 kPa, 150 kPa, 200 kPa, 250 kPa, 350 kPa, 550 kPa
and 750 kPa respectively, and the loading velocity is 0.006 mm/min. The samples at
any stage did not produce pore water pressure in the course of Consolidated Drained
(CD) Test, that is, the total stress is equal to the effective stress, and the volume change
of the samples can be measured according to the water discharge. In the test, the data
record is cut until the axial strain of soil samples reaches 20%.

2.3 Analysis of Experiment Results

Samples damage pattern
In the triaxial CD test, with the increasing load, the radial deformation and failure
surface gradually forms, 28 samples all produce significant shear surfaces. Although
the sample shows a single mode of shear failure, there are some tiny cracks around the
main destruction surface and forming shear zones, and each shear zone has different
shapes and patterns, as shown in Fig. 1: red lines are main damage surfaces, yellow
lines are small cracks.

Analysis of stress-strain curve

The test data of the original record are extracted at a certain time interval, and we can
obtain r� e curves in different confining pressures at the certain moisture content as
shown in Fig. 2. For the same moisture content, when the confining pressure increases

Fig. 1. The destruction patterns of shear zone in triaxial test (Color figure online)
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from 100 kPa to 550 kPa, the softening property of red clay is gradually increasing,
then when the confining pressure increases to 750 kPa, the softening property is
gradually weakening. When the confining pressure is at lower stage (100 kPa, 150 kPa
and 200 kPa respectively), the moisture content has little effect on the curve r� e of
Guiyang red clay. Only when the confining pressure increases to more than 250 kPa,
the effect of moisture content is gradually manifest, the peak strength and residual
strength both decrease with the increasing of moisture content.

The r� e curves in different moisture contents for a certain confining pressure are
shown in Fig. 3. When the confining pressure increases from 100 kPa to 550 kPa, the
softening performance of red clay gradually is more obvious, but the confining pressure
increases to 750 kPa, the softening performance gradually decreases. When the con-
fining pressure is at a lower stage (e.g.: 100 kPa, 150 kPa and 200 kPa), the water
content has little influence on the curve. When confining pressure increases to 250 kPa,
the influence of water content on the curve of red clay is emerging, and with the
increasing of water content, the peak strength and residual strength are decreased.
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Fig. 3. ðr1 � r3Þ� e1 Curves under changing moisture content for the same confining pressure
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Analysis of pore water pressure
The relationships between the ultra-static pore pressure and time in four groups of CD
tests are shown in Fig. 4. The dissipation rate of pore pressure decreases exponentially
with time. The process of dissipation is roughly divided into three stages. When the
time is about 0–100 min, the dissipation is the fastest, when the time is about 100–
400 min, the dissipation is slower, when the time is over 400 min, the dissipation has a
steady trend.

Analysis of water discharge
The magnitude of water discharge is equal to the change of soil volume during the
compression process, which can help us to determine quantitatively the degree of
consolidation. The water discharge variation from the soil with time is shown in Fig. 5.
The relationship curve of the discharge and the time is basically hyperbolic shape. In
the initial state of consolidation, that is, about the first 100 min, the drainage is rapid,
the discharge is large, and then keeps in a stable state after 100 min. In addition to
slight fluctuations caused by local heterogeneity of samples, the same rules are
observed: the greater the confining pressure, the faster the drained rate, the greater the
discharge, the more the soil volume changes.

Fig. 4. Curves between pore water pressure and time
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3 Modified Duncan-Chang Model of Guiyang Red Clay

3.1 Duncan-Chang Model

Kondner (1963) proposed that the triaxial test curve ðr1 � r3Þ� ea of the general soil
could be fitted with hyperbola in accordance with a large number of soil triaxial tests
(Fig. 6).

r1 � r3 ¼ ea
aþ bea

ð1Þ

Where, a and b are test constants, for conventional triaxial compression tests,
ea ¼ e1. Duncan et al. presented a widely used incremental elastic model based on this
hyperbolic stress-strain relationship, which is generally called the Duncan-Chang
model.

The results of the conventional triaxial compression test are settled in accordance
with the relationship of e1=ðr1 � r3Þ� e1, the curve is approximately linear relation-
ship (Fig. 7). Where, a, b is the intercept and slope of the straight line respectively.
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Tangent deformation modulus
Because of dr2 ¼ dr3 ¼ 0, tangent modulus is given as

Et ¼ dðr1 � r3Þ
de1

¼ a

ðaþ be1Þ2
ð2Þ

When e1 ¼ 0, ET = EI then EI = 1/a; the definition of damage ratio is

Rf ¼
ðr1 � r3Þf
ðr1 � r3Þult

; then b ¼ 1
ðr1 � r3Þult

¼ Rf

ðr1 � r3Þf

The relationship of lgðEi=paÞ and lgðr3=paÞ is almost a straight line, so Eq. (3) is
available as

Ei ¼ Kpa
r3
pa

� �n

ð3Þ

Where, PA is the atmospheric pressure pa ¼ 101:4 kPað Þ, the dimension and unit is
the same as r3; K and N are test constants, representing the intercept and the slope of
the straight line respectively.

Fig. 6. ðr1 � r3Þ� e1 hyperbola

Fig. 7. e1=ðr1 � r3Þ� e1 Line
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According to the Mohr-Coulomb strength criterion, there are

ðr1 � r3Þf ¼
2c cosuþ 2r3 sinu

1� sinu
ð4Þ

Substituting Eqs. (3) and (4) into Eq. (2) respectively, there are

Et ¼ Kpa
r3
pa

� �n

1� Rf ðr1 � r3Þð1� sinuÞ
2c cosuþ 2r3 sinu

� �2
ð5Þ

Volume modulus
Duncan et al. (1980) presented E-B model, in which the bulk modulus B replaced
tangent Poisson’s ratio, i.e.

B ¼ Et

3ð1� 2miÞ ð6Þ

The change of average normal stress is Dp ¼ r1 � r3ð Þ=3 as applying partial stress
in the process of triaxial test, therefore

Bt ¼ 1
3
@ðr1 � r3Þ

@em
ð7Þ

Duncan et al. assumed that B is independent of the stress level s and the principal
stress difference ðr1 � r3Þ. For the same r3, if the relationship curve of
r1 � r3ð Þ=3� ev is plotted, regarding the slope of the line between the dot corre-
sponding to the stress level s = 0.7 and origin as the average slope, i.e.

B ¼ ðr1 � r3Þs¼0:7

3ðems¼0:7Þ ð8Þ

Where, ðr1 � r3Þ70% and em70% are the deviation stress and the volumetric strain
respectively when the value of ðr1 � r3Þ reaches for 70% of ðr1 � r3Þf . Thus, B is a
constant for each of triaxial compression tests when r3 is a constant. In the double
logarithmic coordinate, the relationship curve between lg Bt=pað Þ and lg r3=pað Þ is
plotted with dots, we can get a straight line whose intercept and slope is Kb and m, then

Bt ¼ Kbpaðr3paÞ
m ð9Þ

As the value of m can only change in the range of 0–0.49, the value of BT must be
restricted in the range of (0.33–17)ET.

Modified Duncan-Chang Model and Mechanics Parameter … 9



3.2 Modification Method of Duncan-Chang Model

Deformation mechanism of red clay
During the consolidation process, the confining pressure is not sufficient to destroy the
soil, and Nagaraj (1990) proposed the stress-strain curve of the natural structural soil
was divided into three sections during the shearing process. In the first stage, the
difference of main stress ðr1 � r3Þ gradually increases with the increasing of axial
strain. The soil structure maintains an intact state, basically in the elastic deformation
stage. The second stage is that when the difference of main stress increases to the peak.
A lot of destruction of soil begins to occur, and the obvious shear surface appears,
which suggests the soil has broken the yield point and destroyed its original structure,
At this point, the structure of the soil has produced a lot of destruction, soil particles
slip each other, and accompanied by a large number of structural collapse. In the third
stage, when the deformation of the soil continues to increase until the structure of the
soil is completely destroyed, the load that the soil can bear decreases with the aggra-
vating of the soil deformation, and the difference of main stress ðr1 � r3Þ is stable,
which suggests that the soil is completely destroyed. In the process of soil deformation,
the interaction between the plastic body strain and the plastic shear strain always exists,
that is the reason why the soil has strain softening characteristic (He and Kong 2010).
The action of plasticity strain on the shear strain is applied by changing the capacity of
shearing. Under shear strain, when the dilatancy condition is satisfied, the volume
expands and the shear resistance decreases, then there is a strain softening curve with a
hump.

Modified Duncan-Chang model of Guiyang red clay
The r� e curve can be directly obtained through the conventional triaxial test, and it is
rewritten as e1=ðr1 � r3Þ� e1 to represent the process of soil deformation (Wang et al.
2004), As shown in Fig. 8 (regarding a curve that moisture content is 52% and con-
fining pressure is 100 kPa as an example), the three stages of the curve can be three
straight lines to fit: ① y = 0.00288x + 0.00007, ② y = − 0.0036x + 0.0005, ③
y = 0.0064x + 0.0001. The reciprocal of the intercept of the three straight lines is the
initial tangent modulus, and the slope is 1=ðr1 � r3Þult.

Fig. 8. The e1=ðr1 � r3Þ� e1 curve and fitted lines of three stage (w = 52%, r3 = 100 kPa)
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According to Eq. (5), the tangent elastic modulus Et can also be expressed by a
three-step function, as shown in Eq. (10), which is the expression of the modified
Duncan-Chang model.

Et1 ¼ K1pa
r3
pa

� �n1
1� Rf ðr1�r3Þð1�sinuÞ

2c cosuþ 2r3 sinu

� �2
structural integrity stage

Et2 ¼ K2pa
r3
pa

� �n2
1� Rf ðr1�r3Þð1�sinuÞ

2c cosuþ 2r3 sinu

� �2
structural damage stage

Et3 ¼ K3pa
r3
pa

� �n3
1� Rf ðr1�r3Þð1�sinuÞ

2c cosuþ 2r3 sinu

� �2
structural failure stage

8>>>><
>>>>:

ð10Þ

3.2.1 Determination of Parameters

(1) Determination of shear strength parameters

According to a simple method that was proposed by Chen (2003) to obtain cohesion
and internal friction angle, that is, the test results will be plotted on the p − q axis,
where p ¼ ðr1 þ r3Þ=2, q ¼ ðr1 � r3Þ=2, and then the test results are fitted with a
straight line, if the intercept and slope of the straight line are b0 and tan a respectively,
the friction angle a and cohesion c are calculated via Eq. (11), the results are shown in
Table 1.

u ¼ sin�1ðtan aÞ c ¼ b0
cosu

ð11Þ

(2) Initial tangent modulus

The various stages of soil structure damage are linearly fitted. The initial tangent
modulus Ei of each stage and the asymptotic value of the principal stress difference are
calculated in accordance with Eq. (2). The calculated results are listed in Tables 2, 3
and 4.

(3) Destruction ratio Rf

The destruction ratio Rf of the three stages is calculated by Eq. (2). The average value
under each confining pressure is taken as the determined value, as shown in Table 5.

Table 1. Shear strength parameters of red clay with different moisture content w

w b tan a u (°) cos u c (kPa)

47% 51.69 0.1663 9.57 0.9861 52.42
52% 49.40 0.1557 8.96 0.9878 50.01
54.50% 50.33 0.1454 8.36 0.9894 50.87
57% 58.84 0.1359 7.81 0.9907 59.39

Modified Duncan-Chang Model and Mechanics Parameter … 11



(4) Parameters K and n

The relationship diagrams of lgðEi=paÞ� lgðr3=paÞ are plotted in each moisture
content respectively, the intercept of fitting line is lgK, slope is n, the values of the three
stages are shown in Table 6.

(5) Parameters of volume modulus

According to Eqs. (8) and (9), the volume modulus parameters Kb and m are calculated,
the results are listed in Table 7.

Table 2. The corresponding Ei1 values for each confining pressure (unit: kPa)

w r3 (kPa)
100 150 200 250 350 550 750

47% 10000 10000 50000 33333 50000 100000 125000
52% 14286 25000 25000 33333 50000 50000 100000
54.5% 12500 25000 25000 50000 50000 100000 125000
57% 14286 16667 25000 25000 33333 50000 50000

Table 3. The corresponding Ei2 values for each confining pressure (unit: kPa)

w r3 (kPa)
100 150 200 250 350 550 750

47% 1250 1250 833 533 417 370 333
52% 2000 1667 2000 1667 2000 1322 1000
54.5% 2500 3333 2500 625 1667 294 400
57% 1000 833 1100 833 667 714 769

Table 4. The corresponding Ei3 values for each confining pressure (unit: kPa)

w r3 (kPa)
100 150 200 250 350 550 750

47% 12500 14286 20000 33333 33333 50000 100000
52% 10000 20000 20000 50000 33333 33333 50000
54.5% 20000 25000 33333 25000 33333 50000 50000
57% 20000 20000 25000 20000 25000 33333 50000

Table 5. Each stage of destruction ratio value Rf

w Rf

Rf1 Rf2 Rf3

47% 0.61 −0.76 0.82
52% 0.60 −0.68 0.83
54.5% 0.62 −0.66 0.84
57% 0.64 −0.72 0.81
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At this time, the eight parameters required by the development of modified
Duncan-Chang E-B model have all be calculated, they are the shear strength c and u;
the tangential elastic modulus parameters Ei1, Ei2, Ei3, Rf1, Rf2, Rf3, K1, K2, K3, n1, n2
and n3; volume modulus parameters Kb and m.

4 Numerical Test

4.1 Standard Cylindrical Specimen

Triaxial numerical test is used to verify the modified Duncan-Chang model, then the
dynamic link library file (ReDuncan.DLL) is embedded into the main program of
FLAC3D. The size of the model is the same as laboratory test, the method of loading is
vertical axial bi-directional loading, loading rate is 1*10−7 m/s. According to different
confining pressures, the number of calculating steps is from 2000 to 15000 steps. The
model sample is shown in Fig. 9. The data with 52% moisture content are taken as
examples, calculation parameters are shown in Table 8.

4.2 Analysis of Numerical Test Results

Take soil samples of 52% moisture content as examples. The simulated curves of
modified model are compared with the laboratory test curves, and the results are shown
in Fig. 10.

It can be seen from the Fig. 10 that the numerical simulated results of FLAC3D and
the experimental results have some difference, the peak of the simulation is higher than
the peak of the test. When confining pressure is lower, the simulated curve don’t show
the property of softening after reaching the yield, the peak strength is almost
unchanged, and the property of softening is not reflected. When confining pressure is
higher, the softening property of the simulated curve is stronger than that of the test
curve, there are a significant peak and a residual strength at earlier stage. The simulated

Table 6. Elastic modulus parameters of Guiyang red clay

w K1 K2 K3 n1 n2 n3
47% 100.879 12.891 109.194 1.319 −0.751 0.999
52% 151.635 21.306 139.123 0.857 −0.287 0.667
54.5% 137.848 35.653 201.280 1.126 −1.161 0.461
57% 140.055 9.750 170.765 0.679 −0.141 0.421

Table 7. Volumetric modulus parameters Kb and m of Guiyang red clay

w Kb m

47% 266.809 0.6081
52% 266.625 0.5739
54.5% 279.963 0.6202
57% 236.157 0.9914

Modified Duncan-Chang Model and Mechanics Parameter … 13



curve is more volatile. Generally, although the simulation curve and the test curve have
some differences, they still maintain a good consistency.

4.3 Discussion

1. Due to the big pore size and low compressibility of Guiyang red clay, the
stress-strain curve shows the characteristics of weak hardening - weak softening in
the process of confining pressure increasing. In order to describe the stress change at
the peak point, a three-phase modification of Duncan-Chang model is used to
simulate the process. The middle part is the opposite of the first (elastic stage) and
the third (failure stage), which indicates that the strength is decreasing after the
damage of the soil sample.

2. In the low-middle confining pressure phase, the stress-strain curve shows weak
hardening characteristics, which is close to the original Duncan-Chang model.
During the stress iteration in the plastic stage, the calculated stress increment is
small and the curve is stable and smooth. The numerical test curve is consistent with
the test curve.

3. In the high confining pressure phase, the stress increases fast and the peak value
appears in advance. In the second stage, the stress increment in the negative
direction is greatly modified, and the fluctuation phenomenon may occur during
calculation. Therefore, the softening characteristic of the numerical simulation
curve is higher than the test curve.

Fig. 9. Standard cylindrical specimen model

Table 8. Calculation parameters of modified Duncan-Chang model

Para-meters C (kPa) u (°) Rf1 Rf2 Rf3 K1 K2 K3 n1 n2 n3 Kb m

Value 50 8.96 0.6 −0.68 0.87 152 21 139 0.86 −0.29 0.67 267 0.57
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Fig. 10. Curves of comparison of numerical simulation and laboratory test
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4.4 Conclusions

On the basis of triaxial CD test, the modified Duncan-Chang model of Guiyang red
clay is established by studying the stress-strain relationship of laboratory tests. The
model parameters are calculated and the secondary development in FLAC3D is carried
out to verify the reasonability of the model.

1. The results of triaxial CD test show that the red clay in Guiyang has obvious shear
surface during the shear process, and the stress-strain curve tends to be stable after
reaching the obvious peak point. The process from the elastic deformation stage to
the plastic deformation stage has a weak softening trend. The pore water pressure in
the experiments is exponentially related to the time, and the relationship of water
discharge and the time are hyperbola.

2. After fitting the e1=ðr1 � r3Þ� e1 curve, it is found that the curve has obvious
three-step linear function, and the initial tangent elastic modulus is modified into
segment function, then the Duncan-Chang model of Guiyang’s red clay is obtained,
and the eight parameters needed for the model are deduced. The modified model
can better reflect the development of stress-strain relationship in different stages.

3. After the FLAC3D numerical test, it is found that the trend of simulation curves are
in agreement with the stress-strain curves of the laboratory experiments, however
there is a little difference in value.

4. The suitability of the modified model for red clay with high confining pressure has
yet to be further demonstrated.
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Abstract. In this paper, 10 approaches were initially used to predict the thermal
conductivity (k) of different soils. The comparison showed that three principal
parameters indicating sand content (xs), dry density (qdry), and degree of satu-
ration (Sr) influenced highly the soil thermal conductivity. Moreover, 3
approaches for the volumetric heat capacity (Cv) of soil were used to predict the
experimental data from the literature. The result showed that the classical
approaches can induce the errors because of the non-consideration of the min-
eral and water content. This insufficiency was solved by proposing a new model.
Finally, the most compatible approaches for the thermal properties were
implemented into a 2D subsurface model using finite element method (FEM).
The variation of suction (s), thermal conductivity (k) and temperature (T) with
time and space was then investigated in the numerical simulation model under
the influence of seasonal suction and temperature on the top boundary.

1 Introduction

The heat transport process in porous media is governed by thermal properties, i.e.
thermal conductivity, heat capacity, and thermal diffusivity (Saito et al. 2014).
The thermal properties in soil have a significant influence on the agriculture, biology,
soil mechanics, meteorology and new energies. To be specific, the soil thermal prop-
erties have received attention for more than one century (Forbes 1849). At first, the soil
thermal properties are mainly concentrated on the mechanical and agricultural behavior
of soil. In 1912, the first known record of the concept of using the ground as a heat
source for a heat pump is found in a Swiss patent (Ball et al. 1983). During those years,
due to the lack of geothermal energy usage, the soil thermal properties did not attract
the public attention. It is not until the 1970s after the first oil crisis that geothermal
energy has drawn up more scientists’ eyes (Yang et al. 2010). From the late of the 20th

century till now, the geothermal engineering developed faster than ever and there is a
significant development of the heat transfer in soils.

As the heat transfer in soils can be influenced by its mineral composition, water
content, dry density, temperature and pressure. It is necessary to study the thermal
underground properties to improve shallow borehole heat exchanger (SBHE) perfor-
mance. Thermal response test (TRT) is now widely used all around the world in
geothermal engineering. Using TRT in the site can help engineers to have a general
understanding of the thermal properties. However, it cannot get the variation of
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hydro-thermal properties with time and space. As well, TRT result is merely a result for
a given time and space and money consuming. Therefore, appropriate prediction
models for hydro-thermal properties are welcomed in this field.

2 Proposed Approaches for the Thermal Properties

In this paper, we assumed that the soil thermal properties were influenced by the sand
content, the degree of saturation and the dry density. A least square method (R2) was
also employed to illustrate the capacity of the approaches.

2.1 Soil Thermal Conductivity Approach

All the exiting approaches for the soil thermal conductivity were outlined in Table 1.
The performance of 10 approaches was compared with experimental data from the

literature for 7 different soils: sand (Alrtimi et al. 2016; Abu-Hamdeh and Reeder
2000; Lu et al. 2007; Barry-Macaulay et al. 2013), loam (Lu et al. 2007), clay loam
(Abu-Hamdeh 2001; Lu et al. 2007; Barry-Macaulay et al. 2013), silt loam (Lu et al.
2007; Barry-Macaulay et al. 2013), bentonites (Tang et al. 2008), sandy clay loam
(Barry-Macaulay et al. 2013), and silt clay loam (Barry-Macaulay et al. 2013).
4 approaches with the highest correlation coefficient were shown in Fig. 1. In addi-
tion, the correlation coefficients (R2) of 10 models were reported in Fig. 1 to facilitate
the comparison. The results showed the approach proposed by Nowamooz et al.
(2015) had the highest correlation coefficient among all the aforementioned models.
Furthermore, it needed only three parameters.

2.2 Volumetric Heat Capacity Approach

Soil volumetric heat capacity is the coupling of minerals, water, air and vapor. Table 2
summarized the equations and parameters of two existing approaches as well as a
newly proposed approach.

Figure 2 showed the estimations of 3 approaches compared with the experimental
data reported by Abu-Hamdeh, 2003 (sand and clay). The results showed that the
existing approaches were not the best choice due to the non-consideration of the
mineral content and water content. This insufficiency was solved by proposing a new
approach for the volumetric heat capacity (Cv) with a better correlation coefficient.

3 Characterization of the Hydro-Thermal Soil Behavior

Studying heterogeneous soil could have the benefits of distinguishing the different soil
hydro-thermal properties and evaluating the capacity of the proposed models for the
multi-layered soils. A 2D finite element method code (COMSOL) was used to study the
variation of the temperature (T) and soil suction (s) at different depths of a
multi-layered soil with time.

Hydro-Thermal Properties of the Unsaturated Soil 19



Table 1. Approaches proposed for the thermal conductivity

Approach Equation Parametera

Kersten
(1949)

k ¼ a1 logx� b1ð Þ � 100:6242qd�3:4628
� �� 418:6 a1, b1, w, qd

de Vries
(1963)

xa-v � 0.5: k ¼ xw�vkw þFaxa�vka þFpxp�vkp
xw�v þFaxa�v þFpxp�v

xa > 0.5: k ¼ xaka þFpwðxw þ xpÞkpw
xa þFpwðxw þ xpÞ

xa-v, xw-v, xp-v, ka,
kw, kp, kp-w, Fa, Fp,
Fpw

Johansen
(1975)

kp ¼ kxq�v
q k1�xq�v

o ksat = kp
(1−n)kw

n

kdry ¼ 0:135qd þ 64:7
2700�0:947qd

� 20% soilsð Þ

kdry = 0.039n−2.2 ± 25%(rocks)

k = (ksat − kdry) � (m log Sr + 1.0) + kdry

kp, kq, xq-v, m, ko,
kw,
n, Sr

Sakashita
and Kumada
(1998)

kdry = 0.0479 + 0.222(1 − n) + 0.968(1 − n)3

k = kdry{1 + [(9.750n − 0.706)Sr]
0.285n+0.731}

n, Sr

Coté and
Konrad
(2005)

k ¼ ðkð1�nÞ
p knw � v� 10�gnÞke ¼ aSr

1þða�1ÞSr

h i
þ v� 10�gn kp, v, η, n, kw, kp,

a, Sr

Balland and
Arp (2005) ksat = kp

(1−n)kw
n kdry ¼

ðakp � kaÞqb þ kaqp
qp � ð1� 0:053Þqd

ke ¼ S0:5ð1þ xom�v�0:24xs�v�xcf�vÞ
r

1
1þ exp �18:3Srð Þ

� �3
� 1�Sr

2

� �3
� 	1�xom

k = (ksat − kdry)ke + kdry

kp, n, kw, ka, qb,
qp, Sr, xom-v, xs-v,
xcf-v

Lu et al.
(2007)

kp ¼ kxq�v
q k1�xq�v

o

k = [kp
1−nkw

n − (0.51 − 0.56n)] exp [a(1 − Sr
a−1.33]

+ 0.51 − 0.56n

kq, ko, xq-v, n, a, Sr

Chen (2008) k(n, Sr) = kp
1−nkw

n [(1 − b)Sr + 0.0022]0.78n kp, n, kw, Sr
Haigh
(2012)

aa = ka/kp aw = kw/kp

n ¼ 2n�1
3

k
kp

¼ 2ð1þ nÞ2
aw

ð1� awÞ2
ln

ð1þ nÞþ ðaw � 1Þx
nþ aw

� 	
þ

aa
ð1� aaÞ2

ln
ð1þ nÞ

ð1þ nÞþ ðaa � 1Þx
� 	

8
>>>><

>>>>:

9
>>>>=

>>>>;

þ 2ð1þ nÞ
ð1� awÞð1� aaÞ ðaw � aaÞx� ð1� aaÞaw½ �

ka, kw, kp, n

Nowamooz
et al. (2015)

k ¼ ð0:443xs þ 0:081cdÞ
ð4:4xs þ 0:4ÞSr

1þð4:4xs � 0:6ÞSr þ 0:087xs þ 0:019cd
cd, xs, Sr

aa1, b1, m, a, x, Fa, Fp, Fpw are shape factors; w is gravimetric water content; qd is dry density (g/cm3);
xa-v, xw-v, xp-v, xom-v, xs-v, xcf-v, xj-v are volumetric content of air, water, porous particle, organic matter,
sand, coarse fragment and different materials; kpw is weighing factor; kw, ka, kp, kq, ko, kmj are thermal
conductivity of water, air, soil particle, quartz, other minerals and different materials (w m−1 k−1); ksat
and kdry are saturated and dry thermal conductivity (w m−1 k−1); Sr is soil saturation; n is soil porosity; v,
η and a are parameters related to soil mineral content; xs is gravimetric sand content; cd is soil dry density
multiplied by gravity (kN m−3)
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Sakashita 0.074 Haigh 0.074

Coté 0.744 Nowamooz 0.762

Fig. 1. Comparison between the different approaches proposed for the thermal conductivity

Table 2. Approaches proposed for the soil volumetric heat capacity

Approach Equation Parameter1

de Vries et al. (1963) Cv ¼ 0:46xp�v þ 0:60xom�v þ xw�v ðcal=cm3 �CÞ xp-v, xom-v,
xw-v

Ghuman et al. (1985) Cv ¼ qbe
�0:003X�1:071ðcal/(g �CÞÞ qb, X

Newly developed
approach

Cv = (4.18 − 0.95qd − 0.3xs)
Sr + 0.9qd − 0.2xs

qd, xs, Sr

1xp-v, xom-v, xw-v are volumetric water content of particle, organic matter, and water; qb and qd are
soil bulk density and soil dry density (g cm−3); X is the sum of sand, silt and organic matter in
percentages; xs is sand content by mass; Sr is soil saturation

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

0 0,5 1 1,5 2 2,5 3 3,5 4 4,5

M
od

el
ed

 C
v(

M
J.

m
-3

.k
- 1

)

Experimental Cv(MJ.m-3.k-1)

de Vries model (1963)

Ghuman et al. model(1985)

New model

Model R2

De Vries 0.4776

Ghuman -0.0979

Newly developed 0.8016

Fig. 2. Comparison between different approaches proposed for the volumetric heat capacity
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3.1 Model Description

The 2D geometry was made up of loamy sand and loam (Fig. 3). The generated mesh
contained 55678 triangular elements.

Richards Eq. (1931) was used for calculating the variation of water potential with
time and space, which is based on the conservation of mass. It can be expressed as:

C
@Hp

@t
þr � �K � kr � r Hp þD

� �
 � ¼ 0 ð1Þ

where, C is specific moisture capacity (1/m), Hp is water potential or suction (m), K is
hydraulic conductivity (m/s) of porous media, D is elevation head (m). Mualem
Eq. (1976) was used for the calculation of relative hydraulic conductivity kr:

kr ¼ Sle 1� 1� Sn=ðn�1Þ
e

� �1�1=n
� 	2

Hp\0

1 Hp � 0

8
<

:
ð2Þ

where, relative saturation Se is in the following form:

Se ¼ h� hr
hs � hr

ð3Þ

where, h, hs and hr are volumetric water content, saturated volumetric water content and
residual volumetric water content, respectively; n is van Genucheten parameter; l is
pore conductivity parameter.

van Genucheten (1980) equation was used for the calculation of suction:

Se ¼
1

1þ aHp

�� ��n
 �1�1=n
Hp\0

1 Hp 	 0

8
<

:
ð4Þ

where, Hp is water potential or suction (m); a (m−1) is van Genucheten parameter.

Fig. 3. Model geometry
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Fourier’s equation was in parallel used for heat transfer in soil:

Cv
@T
@t

¼ r � ðkrTÞ ð5Þ

where, t is time. It is worth noting that volumetric heat capacity (Cv) and thermal
conductivity (k) varied with hydraulic conditions described in the previous section.

All the parameters of the numerical modeling were summarized in Table 3, where
qp denotes the particle density (g/cm3).

We assumed that the initial soil was saturated and the underground temperature was
initially 10 °C. On the top boundary, the suction was set to change with time.
The surface suction in winter was the lowest, which reached to 0 MPa. Meanwhile, the
soil surface suction in summer was the highest, which reached 2 MPa (Fig. 4a).
In addition, the top boundary was also influenced by the seasonal temperature variation
during one year as presented in Fig. 4b. It was supposed that there was neither water
nor temperature flow on the other boundaries.

3.2 Simulation Results

By implementing the best approaches for the thermal conductivity and thermal capacity
(models presented in Tables 1 and 2 with the highest correlation in Figs. 1 and 2) into
the finite element numerical model, the simulation results were derived with time and
space. The variation of the suction (s), the thermal conductivity (k) and the temperature

Table 3. Input material properties of the numerical model

Material qdry vs K l a n hs hr qp
Loamy sand 1.63 0.8 1e − 5 0.5 5 1.5 0.39 0.04 2.65
Loam 1.43 0.5 1e − 8 0.5 1.3 1.1 0.46 0.06 2.65
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Fig. 4. a Suction (MPa) and b temperature (°C) applied on the soil surface
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(T) was investigated with depth after 90 days in Fig. 5a, 182 days in Fig. 5b and
270 days in Fig. 5c. It should be mentioned that the soil volumetric heat capacity was
proportional to the saturation in the newly-developed model and the soil thermal
properties affected the soil temperature. It could be concluded from Fig. 5:

(1) The suction fluctuation on the land surface of the model was in a depth between 0
and 1.5 m.

(2) The soil thermal conductivity was related to the soil hydraulic condition (water
content). Moreover, it was dependent on its sand content and dry density.

(3) In these simulations, the layer of sandy loam had a higher thermal conductivity
than the layer of loamy soil with the same water content due to its higher dry
density and sand content.

(4) The soil temperature changed with time and space. For a higher depth, the soil
temperature was less dependent on the surface temperature.

Fig. 5. Suction, thermal conductivity and temperature at different times: a t = 90 day;
b t = 182 day; c t = 270 day

24 F. Tang and H. Nowamooz



4 Conclusions

By comparing 10 models for the soil thermal conductivity, it was concluded that the
model proposed by Nowamooz et al. (2015) was the most convenient. By utilizing
literature results, a new model for the soil volumetric heat capacity was additionally
developed based on the soil degree of saturation (Sr), the particle dry density (qdry) and
the sand content (vs). The new model showed a better performance compared to the
existing models.

A 2D model considering the seasonal hydro-thermal solicitations was then built. It
could be seen from the simulation results that the hydro-thermal properties changed
with time and space, and the selected approaches for the thermal conductivity and
capacity were capable to model the hydro-thermal transfer in soil and to predict the
temperature variations with time and space.
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Abstract. Sediment can be de-saturated by introducing gas bubbles, which is
found in various applications such as methane gas generation in landfill,
microbial-induced gas bubble formation, air sparing method for soil remedia-
tion, heavy oil depressurization for carbon recovery, and gas production from
hydrate bearing sediment. The gas introduction method (e.g., nucleation and
injection) and migration and trapping of gas bubbles affect the hydraulic con-
ductivity, residual gas saturation, and the stability of these gassy sediments.
In this study, the pore-network model is used to investigate gas bubble migration
in porous media. Gas bubbles are introduced by mimicking either nucleation or
injection. Based on the known gas bubble behavior available in the literature,
numerical algorithms are developed to simulate the migration and trapping of
gas bubbles in pore-network model. The effect of gas bubble size distribution
and pore size distribution on residual saturation is investigated. The results show
that gas bubble size distribution becomes wider as gas bubbles coalesce to each
other during migration. And the residual gas saturation increase with increasing
bubble size and permeability reduction becomes apparent as the gas bubble size
and the number of generated gas bubble increase.

1 Introduction

Soils can be de-saturated by several gas formation mechanisms such as microbial
activity in shallow ocean sediments or wetlands, methanogenic degradation of
hydrocarbon contaminants in the subsurface (Amos et al. 2005), decomposition of
municipal solid waste in landfills (van Breukelen et al. 2003), air trapping by
groundwater-level oscillation (Krol et al. 2011), and seasonal temperature variation
resulting in gas solubility change in the subsurface (Ryan et al. 2000). In addition, there
is a possibility of gaseous CO2 formation by the leakage-induced depressurization of
CO2-dissolved brine during the long-term geological CO2 sequestration (Plampin et al.
2014; Zuo et al. 2012; Zuo et al. 2013).

On the other hand, gas bubbles can be also introduced artificially to remediate
contaminated soils, modify the properties of the sediments, and produce resources in
various applications such as air sparging or gas exsolution by supersaturated water
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injection (SWI) for soil remediation (Enouy et al. 2011; McCray and Falta 1997),
denitrification and induced partial saturation (IPS) for liquefaction prevention
(Eseller-Bayat et al. 2013; He and Chu 2014; Rebata-Landa and Santamarina 2012),
heavy oil depressurization to reduce viscosity (e.g., solution gas drive) (Bora et al.
2000; Stewart et al. 1954), methane gas production from hydrate-bearing sediments
(Jang and Santamarina 2011, 2014; Jang and Santamarina 2016), and CO2

sequestration/CO2 foam injection (Zheng and Jang 2016; Zheng et al. 2017). The gas
generation mechanisms in the abovementioned applications include direct gas bubble
injection, depressurization, temperature increase, electrolysis, and drainage-recharge.

Once the gas bubbles are generated in the sediment, they can migrate upward due to
the buoyancy, or are sometimes trapped in the pore space. The gas nucleation,
migration, and trapping and the associated effects are frequently found in the in situ
sediment. Methane ebullition, the release of methane into the atmosphere or the
movement through porous media, is the typical mechanism of greenhouse gas emission
from aquatic ecosystems (Amos and Mayer 2006; Ramirez et al. 2015; Walter et al.
2006). Sometimes, methane bubbles burst out and form a crater in the permafrost
gradually thawing due to the global warming (Moskvitch 2014). The gas bubble for-
mation in the shallow ocean sediment also affects the mechanical properties of the
sediment (Grozic et al. 1999; Sills et al. 1991). In addition, very small gas bubbles
trapped in the porous media can dramatically reduce hydraulic conductivity without the
significant reduction in water saturation (Ronen et al. 1989).

The initial size of gas bubbles upon nucleation, the coalescence of gas bubbles
during migration, the bubble generation rate, and the pore throat size of the sediment
could affect the behavior of gas migration and trapping in the porous media. In this
study, we studied the behavior of gas bubble migration in the porous media and
investigated the effect of gas bubble size on the residual gas saturation and hydraulic
conductivity.

2 Simulation Details

The migration of gas bubbles through the porous media is simulated using the pore
network model extracted from 3DX-ray CT image of soils. Several numerical algorithms
and criteria for the size-dependent velocity of rising gas bubbles, bubble coalescence,
escaping, and trapping in the pore space are summarized in this section.

2.1 Pore Network Model Extraction from X-Ray CT Image

A sediment core used for the X-ray scanning was recovered from Mallik 5L-38 site in
Beaufort Sea, Canada (The grain size distribution of the sediment and the information
on the X-ray scanning is available in Mahabadi et al. (2016a) and Mahabadi et al.
(2016b). The volume of the scanned image is 27 mm3 (3 mm � 3 mm � 3 mm) with
12.5 lm pixel resolution. The obtained CT images provide the three-dimensional
structure of the scanned sediment, including both the grains and the pore spaces
(Fig. 1a). Then, the maximal ball algorithm developed by Dong and Blunt (2009) is
employed to extract the three-dimensional pore-network model from the X-ray CT
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images (Mahabadi and Jang 2014; Mahabadi et al. 2016b) (Fig. 1a). The maximal ball
algorithm generates spheres inscribed in the pore wall. Then, the bigger spheres turn
into the pores of the pore-network model and the size of smaller spheres located in pore
throats are used as the radii of cylindrical tubes connecting the neighboring pores. As a
result, the pore-network model consists of the spherical pores connected by cylindrical
tubes. The extracted pore network model consists of 4593 pores and 19361 tubes with
the tube connectivity per pore (coordination number) of cn = 8.0. Figure 1b shows the
pore and tube size distribution of the extracted pore network model.

2.2 Bubble Generation and Migration

Bubble generation. Gas bubbles are nucleated at randomly selected pores in the
pore-networkmodel. Only one gas bubble is generated per a pore. The ratios of the number
of the nucleated gas bubbles NB over the total number of pores NP used in this simulation
include NB/NP = 0.2, 0.4, 0.6, and 0.8. Regarding the bubble size, either (1) mono-sized
bubbles are nucleated at the selected pores or (2) the sizes of bubbles are determined by the
size of pores that occupy the bubbles. The size ofmono-sized bubbles used in the simulation
ranges from RB = 5 lm to 80lm. And the ratio of the bubble radius RB over the host pore
radius RP used in this study ranges from RB/RP = 0.125 to 0.5.

Rising bubble velocity. The velocity of a spherical solid particle settling in water is
derived from the Stokes’ law (ASTM 2016) in which the gravitational force of the
particle is assumed to be the same as the viscous drag force by the fluid, resulting in the
terminal velocity Vs [m/s]:

Fig. 1. Details of pore-network model simulation. (a) CT-Scan images from 3 mm � 3 mm
3 mm sample of Mallik Sand, and pore network model extracted from the CT-scan image. The
extracted pore network model consists of 4593 pores and 19361 tubes with the tube connectivity
per pore (coordination number) of cn = 8.0. Mean pore radius is µ[Rpore] = 69.3 µm, mean tube
size is µ[Rtube] = 12.5 µm, and mean tube length µ[Ltube] = 45 µm (max[Rpore] = 194 µm, min
[Rpore] = 22 µm, max[Rtube] = 63 µm, min[Rtube] = 1 µm). (b) Pore and throat size distribution.
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Vs ¼ g qs � qwð Þd2
18l

ð1Þ

where g[m/s2] is the gravitational acceleration, qs[kg/m
3] is the particle density,

qw[kg/m
3] is the water density, d [m] is the particle diameter, and l[kg/(m s)] is the

dynamic viscosity of the fluid. For the case of a gas bubble ascending in a fluid due to
the buoyancy, the velocity of the rising bubble VB in water can be estimated from Eq. 1
by assuming the mass density of the gas bubble to be zero.

As a gas bubble moves upward, it is expected that the bubble size increases due to
the decreasing hydrostatic pressure. But, in this study, the size of the gas bubble is
assumed to be constant due to the small change in hydrostatic pressure within a 3 mm
in height of the pore network model [Note that the size of the air bubble increases 3%–

5% while it moves along 1 m in vertical distance (Roosevelt and Corapcioglu 1998)].
Therefore, once a bubble nucleates, a constant velocity is assigned to the bubble.

Bubble migration, coalescence, and trapping. Once a gas bubble is assigned in a pore,
the gas bubble migrates upward through one of the tubes connected to the pore.
Consider a pore i Pi connected to neighboring pores j Pj through tube ij Tij. For each
pore j connected to the pore i, the following value is calculated:

sin h ¼ zj � zi
� �

Lij
ð2Þ

where zj and zi are z-coordinates of Pi and Pj, and Lij is the length of the tube ij Tij

connecting Pi and Pj. Therefore, sinh means the vertical gradient of the tube along
z-axis (−1 � sinh � 1). All tubes connected to Pi are ranked based on sinh values. It
is assumed that the bubble migrates through the tube that has the highest sinh value. If
the tube has a negative sinh value, the bubble will not migrate through the tube due to
the buoyancy. Based on this criterion, the tube with highest sinh-value is selected as the
pathway for bubble migration unless the Pj or Tij is blocked by a gas bubble. When the
radius of the bubble inside Pi is greater than the radii of all Tij connected to Pi, the gas
bubble is considered as trapped in the pore. If there is a trapped gas bubble in a pore,
another bubble could migrate into the pore and coalesces to the existing trapped gas
bubble as long as the coalesced gas bubble size is smaller than the pore size.

A time step Dtm is selected such that only one gas bubble (moving from Pi to Pj
along the tube ij Tij) is allowed to arrive at the neighboring pore j during the time step:

Dtm ¼ min
DLij

vij

� �
ð3Þ

where vij is the velocity of the rising bubble in the tube ij Tij connecting Pi and Pj and
DLij is the distance from the gas bubble in the Tij to the neighboring pore j Pj.
Therefore, only one bubble can reach to the neighboring pore at each time step unless
there is a coalescence between two bubbles in a tube.

The coalescence of gas bubbles can happen in the tube. Consider two gas bubbles,
B1 and B2, migrating in the same tube. At the time t = t1, the locations of small bubble

30 N. Mahabadi et al.



B1 and large bubble B2 are L1 and L2 from the input side (bottom) of the tube,
respectively. The coalescence of the two bubbles occurs at the time t = t1 + Dtc for the
condition below,

L1 þV1Dtcð Þ � L2 þV2D tcð Þ ¼ RB1 þRB2 ð4Þ

where V1 and V2 are the velocity of the rising bubbles B1 and B2 which are dependent
on the their sizes, and RB1 and RB2 are the radii of the bubble B1 and B2.

The time step for bubble coalescence Dtc is calculated from Eq. 4:

D tc ¼ L1 � L2 þRB1 þRB2ð Þ
V2 � V1

ð5Þ

The minimum coalescence time step Dtc is chosen such that only one coalescence
event is allowed to occur for all the bubbles moving in all the tubes. When the two
bubbles are merged together and form a bigger bubble, the velocity of the merged
bubble is calculated based on its new size. If the radius of the merged bubble is bigger
than the radius of the tube, the gas bubble is considered to be trapped in the tube.

Once Dtc is calculated, the smaller time step between Dtm and Dtc is chosen for the
global time step Dt = min[Dtm, Dtc]. Based on the calculated time step Dt, the location
of the bubbles in the pore-network model is updated during the migration and this
procedure is repeated until there is no further movement of gas bubbles in the
pore-network model. During the migration, the bubbles arriving at the outlet pores in
the top layer escape from the pore network model.

Hydraulic conductivity. Once a gas bubble is trapped in a pore, the tubes connected to
the pore loose conductivity. Therefore, for the conductivity calculation, the pore and
the neighboring tubes are removed from the pore network model assuming zero con-
ductivity. At the end of each gas migration simulation, the hydraulic conductivity is
calculated (Jang et al. 2011) and normalized by the hydraulic conductivity obtained for
100% water saturation condition.

3 Results and Analyses

In this study, the effect of bubble size on the gas bubble migration in the porous media
is investigated. Two cases of the bubble size distribution are considered:
(1) mono-sized bubbles, and (2) distributed-sized bubbles. The size of bubbles are
varied from RB = 5 µm to 65 µm for the mono-size bubble case. And for the
distributed-size bubble case, the ratio of the bubble radius RB over the host pore radius
RP varies from RB/RP = 0.125 to 0.5.

Gas bubbles are initially assigned to the randomly chosen pores such that each pore
occupies only one bubble. The ratios of the number of pores that occupy gas bubbles
over the total number of pores in the pore-network model are NB/NP = 0.2, 0.4, 0.6 and
0.8. The generated gas bubbles start migrating upward towards the outlet in the top
layer due to the buoyancy. Some of gas bubbles are trapped in the pore-network model,
which determines the final gas saturation after the simulation. Initial and final images
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during gas bubble migration for mono-sized bubble case (RB = 15 lm, NB/NP = 0.4)
are shown in Fig. 2. During the bubble migration, a rising bubble can be merged with
the bubble already trapped in the upper pore and form a bigger bubble.

During gas bubble migration, some gas bubbles escape from the pore-network
model when they reach to the top layer, some gas bubbles are trapped inside the
pore-network, and some gas bubbles are coalesced to each other forming bigger gas
bubbles. Therefore, the gas bubble size distribution changes and the number of total gas
bubbles NB decrease (Fig. 3). For mono-sized case, initially, there were a total of 1787
uniform-sized (RB = 15 lm) gas bubbles. And there occur bigger gas bubbles during
the simulation due to the coalescence and the size distribution curve becomes wider.
The total number of gas bubble at the end of the simulation is NB = 769. And for
distributed-size case, the number of gas bubbles smaller than RB * 25 lm decreases
(possibly due to escaping and coalescence) and the number of gas bubbles larger than
RB * 25lm increases during the simulation.

The total migration time increases as the size of gas bubbles decreases regardless of
the initial number of bubbles for mono-size bubble case study. In this case, all the
bubbles move at the same ascending velocity as long as their sizes are the same
(predicted by Eq. 1). As a result, the total migration time is only a function of the initial
bubble size for a given pore network model dimension. However, the total migration
time for distributed-sized bubble case also increases as RB/RP decreases. For distributed
sized bubble case, the larger number of nucleated gas bubbles (higher NB/NP) results in
wider bubble size distribution which means NB/NP = 0.8 case could include some
bubbles smaller than the smallest bubble and larger than the largest bubble generated
for the NB/NP = 0.2 case. For the low RB/RP ratio (e.g. RB/RP = 1/8), the smaller gas
bubbles that have low ascending velocity require longer time to escape from the
pore-network model. For the higher RB/RP ratio (e.g. RB/RP > 1/5), the large bubbles
tend to block the pores and prevent the migration of bubbles, which reduces in total
migration time.

At time t=0s
Sg=0.0029, NB=1837

At time t=8.75s
Sg=0.0023, NB=769

Fig. 2. Gas bubble location during gas migration and coalescence. Mono-size bubbles for
bubble size RB = 15 µm and NB/NP = 0.4 (NB = 1837, NP = 4593). Left column shows the
initial nucleation of bubbles and the right column shows the final gas bubble saturation.
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If the radius of the bubble nucleated in a certain pore is bigger than the radii of any
other tubes connected to the pore, the bubble is trapped in the pore. If another gas
bubble migrates into the pore that occupies the trapped bubble, two gas bubbles are
merged together and form a bigger trapped bubble as long as the volume of the
coalesced gas bubble is smaller than the pore volume.

The residual gas saturations, the volume of trapped gas bubbles divided by the total
volume of pore space, for mono-sized and distributed-size bubble cases are shown in
first row in Fig. 4. The higher number of initial bubbles (higher NB/NP ratio) results in
the higher residual gas saturation for a given bubble size.

When a gas bubble is trapped in a pore, the tubes connected to the pore loose the
conductivity. Therefore, as more gas bubbles are trapped in the pore-network model,
the global hydraulic conductivity of the pore-network model decreases. The hydraulic
conductivity of the pore-network model with the trapped gas bubbles at the end of the
simulation is normalized by the hydraulic conductivity of the pore-network model
without the trapped gas bubbles for mono-sized and distributed-size cases (second row
in Fig. 4). For the mono-sized case, the normalized hydraulic conductivity starts
decreasing with increasing gas bubbles noticeably at the bubble radius RB = 20lm
which is near at the average of tube radius. For the case of the initial gas bubble radius
larger than RB = 35lm, the value of the reduced hydraulic conductivity is almost
constant depending on the NB/NP ratio. Especially for the case of the mono-sized gas
bubble larger than RB = 35lm and NB/NP = 0.8 case, the hydraulic conductivity of the
pore-network model at the end of the simulation becomes zero even at Sr = 0.07. For
the mono-sized RB = 50lm and NB/NP = 0.2 case, the hydraulic conductivity is
reduced to 49% of the initial hydraulic conductivity at the very low gas saturation
Sg = 0.07. However, for the distributed-sized case, the hydraulic conductivity at the
end of the simulation is reduced gradually as the RB/RP ratio increases, and the reduced
values becomes constant for the RB/RP ratio higher than RB/RP = 0.33.

Fig. 3. Statistical and spatial bubble size distribution during gas bubble migration for the case of
NB/NP = 0.4. (a) Mono-sized case (the initial size of gas bubble RB = 15 µm).
(b) Distributed-sized case (the ratio of pore size over bubble size RB/RP = 1/5). The change in
gas bubble size distribution is shown during the migration due to coalescence.
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Relevance to in situ condition. In this study, all gas bubbles are generated instanta-
neously in the beginning of the simulation, and then the bubbles start migrating.
However, the gas generation rate will be dependent on the in situ condition: The gas
bubbles are generated very slowly via the natural microbial activity (Abrams 2005;
Leifer and Patro 2002; Whalen 2005). The gas bubble generation by the denitrification
process can be facilitated by injecting nutrient and controlling the environment such as
the pH value of pore fluid (He and Chu 2014; Rebata-Landa and Santamarina 2012).
Sometimes, gas bubbles can be generated very rapidly via the depressurization in the
methane hydrate-bearing reservoir (Jang and Santamarina 2014).

The gas bubble generation rate and the initial gas bubble size upon nucleation can
affect the gas bubble migration and the trapping. The gas bubble size upon nucleation
and slow bubble generation rate (corresponding to the small RB size and the low NB/NP

case used in this study) will make it easier for gas bubbles to migrate upward without
having coalescence and trapping. However, the large size of gas bubbles upon
nucleation and rapid gas bubble generation rate (corresponding to the large RB size and
the high NB/NP case in this study) will facilitate the coalescence of gas bubbles and the
possibility of trapping increases. Therefore, the in situ gas generation rate should be
considered in order to apply the results of the pore-network model simulation to
analyze the in situ gas bubble behavior.

The gas bubble movement (e.g., migration and trapping) through the porous media
(which are in the sinusoidal shape consisting of wide pores and narrow pore throats)
could be different than the gas bubble movement in the cylindrical tubes (Roosevelt
and Corapcioglu 1998). A gas bubble whose size is equivalent to the pore size could
migration and pass through the pore throat. Therefore, the pore-network model

(a) Mono-sized (b) Distributed-sized

NB/NP

NB/NP

Fig. 4. Total migration time, trapped bubble fraction, residual saturation, and permeability
reduction for (a) Mono-sized bubble migration and (b) Distributed-size bubble migration.
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simulation needs to be carefully used to understand the gas bubble behavior (e.g., gas
bubble stability in pore space) at the in situ condition for a long-term prediction (e.g.,
effect of gas bubble formation on hydraulic conductivity and liquefaction prevention).

4 Conclusions

The coalescence of gas bubbles during the gas migration induces the change in the
bubble size distribution. For both mono-sized and distributed-size cases, the bubble
size distribution becomes wider and the total number of gas bubbles decreases during
the simulation.

The residual gas saturation at the end of the simulation increases as the bubble size
RB for the mono-sized case and the RB/RP ratio for the distributed-sized case increases.
This trend is more pronounced as the NB/NP ratio increases from NB/NP = 0.2 to 0.8.
The hydraulic conductivity decreases due to the gas bubble trapping in the
pore-network model. The hydraulic conductivity at the end of the simulation decreases
as the gas bubble size RB or the ratio RB/BP increases. The reduction of hydraulic
conductivity is significant for the NB/NP ratio higher than 0.6: The hydraulic con-
ductivity becomes zero for RB > 35lm.

Finally, the gas bubble behavior and the associated property change obtained by the
pore-network model simulation needs to be carefully used to predict the in situ gas
bubble behavior due to the assumption used in this study.
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Abstract. Sinkholes pose a major threat to public safety and infrastructure.
They can develop via a cluster of inter-related processes, including bedrock
dissolution, rock collapse, soil washing and soil collapse. The dominant
mechanism behind sinkholes formed in rocks is the dissolution of soluble rocks.
Dissolution process may be enhanced by potentially aggressive groundwater
acidity and the presence of caves or fissures. This paper presents a coupled
chemo-mechanical approach to understanding the interaction of chemical
reaction and mechanical deformation processes involved in sinkhole develop-
ment. Dissolution kinetics and enhanced deformation processes are investigated.
Specific solution rate of the constituent mineral and the surface area available for
the reaction are related via a chemo-mechanical coupling with the consideration
of the damage-enhanced dissolution mechanism. Another important coupling
investigated is the potential weakening of rock materials due to dissolution.
Kinetic rates of different minerals are surveyed and used to examine the dis-
solution enhanced deformation. Boundary value problems are formulated
around the cavity to simulate the progression of mineral dissolution and plastic
deformation.

1 Introduction

Sinkholes typically develop in karstic rock masses or soil sediments overlying the rock
masses (Wilson and Beck 1992; Tharp 1999; Waltham et al. 2005; Parise and Lollino
2011; Gutierrez et al. 2014). These soluble rocks primarily refer to carbonate rocks
(limestone, dolomite) and gypsum. Limestone is one of the world’s most widespread
sedimentary rocks, and karst is developed to some degree in almost every country of
the world. Sinkholes can develop by a cluster of inter-related processes (e.g., Gutierrez
et al. 2014), including bedrock dissolution, rock collapse, soil down-washing and soil
collapse.

Sinkholes can be classified in two major categories, sinkholes formed in the karstic
rock (limestone, gypsum or salt), and those formed in soils overlying the karstic rocks
(Waltham et al. 2005). The dominant process behind sinkholes formed in rocks is the
dissolution of soluble rocks. Dissolution process may be enhanced by potentially
aggressive groundwater acidity and result in various dissolution features such as caves
or fissures (Wang et al. 2017); these caves or fissures, in turn, may continue to expand
or grow as a result of dissolution. Collapse and caprock sinkholes are defined by
fracturing, breakdown, and collapse of bedrock slabs and arches as they gradually lose
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the support around dissolution cavities. Sinkholes formed in soils are a widespread
geo-hazard. They are generally caused by the erosion, transport, and failure of the soils
that overlie cavernous rock. Because of its low strength compared to rock, which, if left
over a cave can still be strong enough to stand for a long period of time, a soil arch over
a void is inherently unstable and its collapse can occur rapidly. Their underlying
mechanisms are extremely intricate and traditionally have received more attention from
the geotechnical communities (e.g., Tharp 1999; Goodings and Abdulla 2002; Augarde
et al. 2003), including some of our earlier work (Rawal et al. 2016, 2017).

The present study is focused on the dissolution-dominated sinkholes which mainly
occur in karst rocks. Although they are a less widespread hazard than sinkholes in soils
and pose a lower catastrophic threat, a better understanding of the involved mecha-
nisms is still of vital importance. Even though the geochemical reactions in the karstic
carbonate rocks are generally very slow and their hazardous consequences like sink-
holes occurrence, caves and fissures formation may usually take extensive periods of
time, typically in geological scale, increased human activities in the society have
caused many dramatic effects, many of which lead to accelerated or intensified
chemical interactions; for example aggressive groundwater with high acidity can
substantially enhance the dissolution of limestone or dolomite. In addition, dissolution
of gypsum and salt takes place fairly quickly, the latter has led to increased sinkholes
around the shore of Dead Sea (Shalev et al. 2006).

The dissolution dominated sinkholes are inherently related to the development of
karst environments typically characterized by distinctive landforms arising from dis-
solution and subsurface drainage. Intriguing dynamics between the mineral dissolution
and karst evolution, as well as various hazards associated with karst environments have
been intensively studied by research communities (e.g., White 1988; White 2002; Ford
and Williams 2007; Parise and Gunn 2007; Zhou and Beck 2008; Gutierrez 2010;
Parise 2011; De Waele et al. 2011; Gutierrez et al. 2014). Of particular interest is the
geotechnical modeling of the hydrological and mechanical processes involved in
sinkholes. Kaufmann and coworkers have developed a numerical package to simulate
the evolution of karst aquifer and collapse sinkhole (Kaufmann et al. 2010; Hiller et al.
2011; Kaufmann and Romanov 2016). Ghabezloo and Pouya (2006) developed a
numerical chemical model for the assessment of the progression of weathering process
within the karst caves, which highlighted the need of investigation of the effect of
carbonate dissolution and related mechanical degradation in time-dependent progres-
sion of rock-mass failures around the underground cave. Shalev and Lyakhovsky
(2012) used a viscoelastic damage rheology model to simulate the rock behavior
around a cavity in sinkhole formation. Parise and Lollino (2011) and Lollino et al.
(2013) developed a numerical approach to model the stability of failure in underground
caves where the degradation of the rock mass potentially due to environmental
weathering was considered.

In the present numerical study, the coupled processes of deformation and disso-
lution in karstic rocks are investigated in a chemo-plasticity framework. Kinetic rates of
several typical karst rock minerals are surveyed. Subsequently, the enhanced defor-
mation induced by the chemical dissolution is investigated at a closed-system level.
Finally, typical sinkhole scenarios formulated in a Boundary Value Problem
(BVP) setting are numerically examined.
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2 Mechanisms and Modelling Framework

In this section, we present a general framework for the coupled processes of defor-
mation and dissolution in karst rocks, followed by numerical examples of the typical
kinetic rate and dissolution enhanced deformation. Theoretical developments will adopt
the classical formulations of dissolution kinetics for limestone (calcite and dolomite),
gypsum and salt. The coupling effect is addressed by the specific surface area affected
by mechanical deformation.

The dissolution enhanced damage can be addressed in constitutive formulations for
karst rock minerals, considering the chemical changes and strength evolution. To better
illustrate the possible approach, a chemo-plasticity model is presented here, assuming
rigid plasticity. The yielding function can be generally defined as

f ¼ f rj; pc
� � ¼ 0 ð1Þ

pc ¼ pc eplq ; n
� �

describes an isotropic size characteristic of yield locus (i.e., strength). It

depends on a set of hardening and/or softening parameters that are either mechanical or
chemical in nature. eplq is the deviatoric strain hardening parameter, defined as

eplq ¼ 2
3
_eplij _e

pl
ij

� �1=2

; _eplij ¼ eplij �
1
3
_eplkkdij ð2Þ

Here the chemical parameter, n is chosen to be the mass removal of the material, its
evolution is described by the dissolution kinetic rate which will be discussed in the next
section, as we can define

n ¼ Dm=m0 ð3Þ

It is the ratio of change of mass (or mol) to the original mass (or mol) of the
mineral, thus it is confined to the range [0, 1] and can be directly used as a softening
parameter.

This framework reflects two different and independent ways in which the material
may become harder or softer. One is a classical deviatoric strain hardening and the
other reflects the removal of mass in the weakening of the material. The following
derivation can be easily obtained based on the associated flow rule and Prager’s
consistency condition,

_eplij ¼ � 1
H

@f
@rij

@f
@rkl

_rkl þ @f
@n

_n

� �
; where H ¼ @f

@eplq

2
3
@f
@sij

@f
@sij

� 	1
2

; sij ¼ rij � 1
3
rkkdij

ð4Þ

It describes the dependence of plastic strain on stress (mechanical loading) and
dissolution (chemical effect). The couplings summarized above can be used to model
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the deformation and dissolution of karstic rocks, complementing the stress equilibrium
and kinematic relationships for formulated boundary value problems (BVPs).

In the following, we first attempt to survey the different kinetic rates of common
karst rock minerals and subsequently demonstrate the dissolution enhanced deforma-
tion via the chemo-mechanical coupling discussed above.

2.1 Typical Dissolution Kinetic Rates in Karst Rocks

The rate of dissolution of rocks is believed to generally depend on the solubility and
specific solution rate constant of the constituent mineral, and the surface area available
for the reaction to occur, in an over-simplification of the potentially very complex
reaction processes and kinetics. In the present study, we focus on four typical karst rock
minerals: calcite, dolomite, gypsum, and salt (halite). The first two are the most
common minerals forming rocks in karst terrain and their rates are much slower than
the latter two; gypsum has a moderately fast dissolution and salt dissolves very rapidly
under normal environmental conditions. For comparison, the following rate equation is
adopted for all minerals,

_m ¼ kA 1� C
Csat

� �
ð5Þ

The dissolution rate, _m (mol/s), as also related to Eqs. (3) and (4), is dependent on
the specific surface area, A (m2/m3). k is the rate constant (mol/m2/s). C and
Csat(mol/m3) are the concentration and the equilibrium (saturation) concentration of the
mineral, respectively. Obviously Csat can be related to the so-called solubility,
S (kg/m3), via S ¼ Csatmm, mm is the molar mass of the mineral.

We can simulate the dissolution around a cavity filled with water. Considering a
closed system regarding the mineral concentration in the cavity (R = 1 m) where all
dissolved mineral remains in the cavity, it can be established that
_C ¼ _m=V ¼ kA=V 1� C=Csatð Þ, V is the volume of the cavity; integration of the
equation directly leads to:

C ¼ Csat 1� exp � kA
VCsat t

� 	� �
ð6Þ

Subsequently, the depletion of the mineral dissolved around the cavity can be
computed as

d ¼ mmCsatV
qA

1� exp � kA
VCsat t

� 	� �
ð7Þ

q is the density of the mineral. The solution concentration and the depletion are shown
in Fig. 1. The major constants used in the calculations are summarized in Table 1,
where the rate constants and solubility were based on the data reported in Ford and
Williams (2007). Figure 1a shows that salt and gypsum dissolve very rapidly, taking a
few minutes and hours, respectively, while it would take calcite and dolomite hundreds
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of hours to reach equilibrium. Due to the much higher solubility, salt and gypsum
deplete substantially as a result of surface dissolution around the cavity as shown in
Fig. 1b. The depletion of calcite and dolomite is quite modest, of course, under the
assumed specific scenario of mineral concentration growing in the solution water in the
cavity to eventually reach saturation. In actual geological masses the surrounding
solution varies during the hydrological processes, the dissolution process would pro-
gress continuously once the solution is under the saturation concentration; this is
explored in the following section.

2.2 Dissolution Enhanced Deformation

A critical parameter of the geochemical kinetic law is the specific surface area, A. As
mechanical damage induces micro-cracking leading to a new surface area to be
opened, this parameter is then lined with mechanical strain. For example, the
cumulative frequency of acoustic emission events is known to be proportional to the
inelastic dilatant volumetric strain (Brace et al. 1966; Scholz 1968). Hence, the new
interface surface area generated by the micro-cracking per unit volume of the med-
ium has been proposed to be dependent on plastic dilatancy using a single model of a
two-dimensional hexagonal crystal assembly (Hu and Hueckel 2007). It is pro-
posed that the specific surface area is dependent on the plastic volumetric strain,
via, A0 describes the original available specific surface for

dissolution.

Fig. 1. (a) Concentration evolution of mineral solution in the cavity. (b) Depletion of mineral
around the cavity.

Table 1. Constants used in the simulation.

Mineral Density
(g/cm3)

Molar mass
(g/mol)

Rate constant
(mmol/cm2/s)

Solubility
(mg/L)

Dolomite 2.85 184 1 � 10−7 175
Calcite 2.71 100 1 � 10−6 230
Gypsum 2.32 172 1.2 � 10−4 2,400
Salt 2.16 58 6.7 � 10−1 360,000
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The above formulation is used in the presented numerical example of dissolution
enhanced deformation. We would attempt to first assess a closed-system, element level
behavior when the mineral is subject to dissolution and under a state of constant stress,
which is typical of situations where a constant load (surcharge) is applied on a geo-
logical field or mass, and the stress at any material point varies very little despite that
the mineral is subject to dissolution enhancing the deformation or damage. This sce-
nario leads a simplification of Eq. (4), the first term of the left-handed side varnishes
owing to _rij ¼ 0, a creep-like strain develops.

The plasticity model employed is based on the formulation proposed by Dragon
and Mróz (1979):

f rij; j; n
� � ¼ sijsij � 2ph I01 � rkk

� � ð8Þ

where sij is the deviatoric stress, while the hardening parameter, ph, defining the size of
the yield locus, is a resultant of a mechanical and chemical hardening.

ph j; nð Þ ¼ p0 1þ a0j� b0In
b1 � n0
b1 � f

� �
ð9Þ

a0 and b0 are material constants. b1 is a constant defining the chemical softening
curve. a and b are two independent hardening functions. I1

0 is a constant isotropic stress
value at which the yield limit intersects the isotropic stress axis. Parameter ph = p0 at
no hardening is related to the pre-peak yielding stress value. The details of the
mathematical formulation can be found in Hu and Hueckel (2007). Based on Eq. (4)
and noting that _rij ¼ 0, the volumetric strain can be readily established as

ð10Þ

The above equation is complemented by the rate of the mineral mass loss ratio,
_n ¼ _m=m0, based on the kinetic rate equation discussed earlier,,

ð11Þ

Equations (10) and (11) form a pair of ODEs that can be solved under any given
initial conditions. It is also assumed that the concentration in the cavity is immediately
carried away and the solution remains under-saturation all the time, thus the dissolution
continues until the mineral is completely depleted.

In the present simulation, we also consider that the dissolution of limestone or
dolomite in pure water is extremely low but can be accelerated considerably in acidic
conditions (Sjoberg 1976; Sjoberg and Rickard 1984) under which the dissolution rate
of calcite could rise over several orders of magnitude. Hence a modest range of acidity
and the associated kinetic rate is explored in the simulation as shown in Fig. 2.
A proportional relationship between the rate constant and [H+] concentration (note that
pH = log [H+]) is used (Sjoberg 1976; Ciantia and Hueckel 2013). The strain
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developed in the calcite mineral is solely induced by the mineral dissolution under
constant stresses as described by Eq. (10). As shown in Fig. 2, under neutral or low
acidity the growth develops rather slow and is not significant even after a very long
period of time. Strong acidity drastically accelerates the dissolution and simultaneously
the deformation can reach a very high level after a few days. The evolution exhibits a
strong linear relationship till toward the end of dissolution.

3 Numerical Simulations of Cavity Deformation

Besides element level modeling, numerical simulations can also be performed in the
boundary value problems (BVPs) in which both the evolution and distribution of
deformation can be assessed. Figure 3 shows the domain around a cavity (R = 1 m)
subjected to chemical dissolution, under a constant load from the top surface, estab-
lished in the computational software FLAC (Itasca 2011). The chemical softening
mechanism is introduced to the constitutive law for the simulated rock, a conventional
Mohr-Coulomb failure function is modified with the shear strength parameters (e.g.,
cohesion) decreasing as a result of chemical dissolution.

Figure 4 shows the progressive development of the settlement at the top of the
cavity, under different levels of acidity attacking the soluble calcite around the cavity.
The dramatic rise in the enhanced deformation after certain periods of time is
accompanied with the propagation in the plasticity zone around the cavity. It is evident
that faster dissolution weakens the mineral more rapidly and induces more significant
deformation. For simplicity, in the presented study a constant dissolution rate is used
by ignoring the strain-dependent term in eq. (11), more intricate formulations can be
also explored.

Fig. 2. Development of deviatoric strain induced by the calcite mineral dissolution at various
levels of acidity.
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4 Conclusions

The present study is primarily focused on the mechanisms of dissolution-dominated
sinkholes. A coupled chemo-mechanical model is applied. Kinetic rates of different
minerals are examined numerically in the context of a cavity dissolution, where the
examined scenarios consider the dynamic equilibrium between the dissolution and
precipitation processes around the cavity. Actual scenarios in the field typically involve
the transport of dissolving minerals and water flow; consideration of reactive transport
of hydrogeological processes may be necessary when evaluating the dissolution pro-
cesses at a large field scale. The kinetic rates of different minerals are subsequently
used to demonstrate the dissolution enhanced damage for a closed system which
evolves with time under a constant level of stresses. While their effects are less rapid
and less strong than fast dissolution, slow dissolutions in carbonate rocks can still
induce significant deformation and the effects can accumulate over prolonged periods

Fig. 3. Geometry of the simulated limestone formation around a cavity of 2-m in diameter.

Fig. 4. Progression of the displacement at the top of the cavity under different levels of acidity.
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of time. It should be noted that in this simulation only the dissolution is considered,
reflective of a fastest case scenario when no precipitation is produced to counter the
mineral dissolution. BVPs can be also formulated and solved with computational tools
to simulate possible sinkhole scenarios after the coupled plasticity model is properly
implemented. The influence of kinetic rate is examined at different pH levels. Strong
acidity drastically accelerates the dissolution and simultaneously the deformation can
reach a very high level after a short period of time. The presented BVP simulation
considers the softening of material strength due to chemical dissolution which is
assumed to progress at a constant kinetic rate. Many intricacies about the complex
evolution of fissure or fracture opening due to mechanical damage for enhanced dis-
solution remain an interesting subject for future studies.
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Abstract. Foundation stiffness plays a crucial role in the stability analysis of
structures to incorporate the Soil Structure Interaction (SSI) effects. Current
design approaches of estimating foundation stiffness include advanced dynamic
finite element, distributed spring approach, and lumped spring approach. The
aim of this paper is to overview the different methods for computing the
foundation stiffness and to check their applicability. This has been done by
considering an example: Saraighat Bridge supported on double D shaped cais-
son foundation. Advanced three dimensional finite element analysis is per-
formed to extract the stiffness (Lateral, rotational, and coupling) of double D
foundations and the results are compared to the representative circular foun-
dations. It has been concluded that the stiffness of foundation can be signifi-
cantly affected by its geometry. Furthermore, the stiffness functions are utilized
in computing the fundamental frequency of the bridge and also compared with
the frequency obtained from different approaches. The frequency estimated
using the present study matches satisfactorily well with the monitored data
testifying the validation of the work.

1 Introduction

Design engineers require the foundation stiffness for the stability analysis of structures
to incorporate the Soil-Structure-Interaction (SSI) effects. The current available
approaches in estimating the foundation stiffness include advanced finite/boundary
element and Beams on Nonlinear Winkler Foundation (BNWF). Figure 1 schemati-
cally illustrates the approaches available for modelling the SSI in case of deep foun-
dations. The BNWF approach (Fig. 1b) lacks the continuity of the soil while the earlier
requires highly skilled expertise and is uneconomical. The lumped spring approach
proposed by Poulus (1971)—refer to Fig. 1c, represents a simple method to idealize the
foundation and surrounding soil using four different types of springs. This approach has
been extensively used in dynamic analysis of structures such as offshore wind turbines
(Arany et al. 2016; Shadlou and Bhattacharya 2016) and buildings (Gazetas 1991) in
predicting the fundamental frequency. It requires the minimum input parameters to
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estimate the stiffness values for the analysis helping the designer to arrive at a pre-
liminary or approximate geometry of the foundation in a short period of time. In the
lumped spring approach, non-dimensional solutions for the stiffness estimation of
surface and deep foundations in various directions (vertical-KV, lateral-KL, rocking KR

and coupled lateral and rocking-KLR) were proposed by many researchers (Poulus
1971; Banerjee and Davies 1978; Gazetas 1991; Carter and Kulhawy 1992; Higgins
and Basu 2011; Shadlou and Bhattacharya 2016; Jalbi et al. 2017).

Most of the studies are based on either a cylindrical or a rectangular/square shafts
embedded in homogeneous/non homogeneous soil column. However, foundations with
untraditional geometry may often be required to suit the purpose, such as bridge piers
supporting multilane traffic decks in highly scouring rivers. In those cases, caissons of
double D or hybrid combination of circular and rectangular sections are preferred, see
for example Saraighat Bridge foundation (Dammala et al. 2017a). It is of interest to
point out whether the established non-dimensional forms are sufficient enough to
analyze an untraditionally shaped foundation or in a nutshell, do the available stiffness
formulations take care of geometrical effects of the foundation?

1.1 Objectives

This article highlights the significance of considering geometry effects of rigid caisson
foundations on the SSI modelling. A major bridge supported on rigid double D cais-
sons located in a highly active seismic zone is chosen to bring out the importance of
including the geometry effects in case of deep foundations. The obtained results in
terms of stiffness values are used to estimate the fundamental frequency of the bridge.
The same is compared with the frequencies obtained using other available approaches.
Furthermore, a final check of fundamental frequency of the bridge pier system is
performed with 3D finite element analysis on PLAXIS 3D.

Fig. 1. Idealization of the foundation-soil interaction
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2 Extraction of Lumped Spring Parameters from 3d Fea

A method has been described by Jalbi et al. (2017) to compute the three stiffness terms
(KL, KLR, and KR) from advanced three dimensional Finite Element Analysis (FEA).
A schematic view of the loading conditions along with the idealization is shown in
Fig. 2. The vertical stiffness (KV) is not expected to play a significant role as the caisson
foundations are vertically stable and the influencing wave forms are horizontal shear
waves. Hence, the KV is neglected in this study. The linear range of a load-deformation
curves can be used to estimate foundation rotations and deflections based on Eq. 1.

H
M

� �
¼ KL KLR

KLR KR

� �
q
h

� �
ð1Þ

Equation 1 can be re-written as Eq. 2 where I (Flexibility Matrix) is a 2 � 2 matrix
given by Eq. 3

q
h

� �
¼ I½ � � H

M

� �
ð2Þ

I ¼ IL ILR
IRL IR

� �
ð3Þ

Fig. 2. Schematic representation of a soil domain with pile b rigid body rotation and translation
and c idealization as lumped springs
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To obtain the equation unknowns, one can run a numerical model for a lateral load
(say H = H1) with zero moment (M = 0) and obtain values of deflection and rotation
(q1 and h1). The results can be expressed through Eqs. 4–5.

q1
h1

� �
¼ IL ILR

IRL IR

� �
� H1

0

� �
ð4Þ

q1 ¼ H1 � IL ) IL ¼ q1
H1

ð5Þ

h1 ¼ H1 � IRL ) IRL ¼ h1
H1

ð6Þ

Similarly, another numerical analysis can be done for a defined moment (M = M1)
and zero lateral load (H = 0) and the results are shown in Eqs. 7–8.

q2
h2

� �
¼ IL ILR

IRL IR

� �
� 0

M1

� �
ð7Þ

q2 ¼ M1 � ILR ) ILR ¼ q2
M1

h2 ¼ M1 � IR ) IR ¼ h2
M1

ð8Þ

From the above analysis (Eqs. 4–8), terms for the I matrix (Eq. 3) can be obtained.
Equation 2 can be rewritten as Eq. 8 through matrix operation.

I½ ��1� q
h

� �
¼ H

M

� �
ð9Þ

Comparing Eqs. (1 and 9), the relation between the stiffness matrix and the inverse
of flexibility matrix (I) given by Eq. 10. Equation 11 is a matrix operation which can be
carried out easily to obtain KL, KR and KLR.

K ¼ KL KLR

KRL KR

� �
¼ I�1 ¼ IL ILR

IRL IR

� ��1

ð10Þ

K ¼ I�1 ¼
q1
H1

q2
M2

h1
H1

h2
M2

" #�1

ð11Þ

Therefore, mathematically, two FEA analyses are required to obtain the three spring
stiffness terms. It is important to note that the above methodology is only applicable in
the linear range and it is advisable only to use the obtained stiffness values for Eigen
frequency analysis or a first estimate of the deformations using Eq. 1.
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3 Numerical Model

Finite element analysis package PLAXIS 3D has been used in this study where the soil
is idealized as an isotropic linear elastic material. A “Rigid Body” option has been set
to the foundation where it is restricted to deform axially or in bending, and only the
surrounding soil is mobilized. This assumption is valid since the well foundation has a
low aspect ratio (due to the high diameter/width) and also because concrete has higher
flexural and shear stiffness than soil. The interface between the soil and foundation had
the same stiffness properties as the surrounding soil and a very fine mesh was
implemented for enhanced accuracy.

The extent of the soil contour was taken as at least 50D (D is the diameter) and the
depth h (h is the depth of the soil stratum) was at least twice that of the foundation. The
objective was to ensure the stresses in the soil are not affected by the vicinity of the
translational boundary conditions at the sides and bottom face (Figs. 2 and 3). Previous
work presented in Krishnaveni et al. (2016) modelled the stratum with 5D width, whilst
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Fig. 3. aNumerical model geometry bDouble Dwith the rigid SSI c Stiffness variation with depth
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Abbas et al. (2008) used 40D on finite element software to analyze laterally loaded
piles, which shows a wide range of selected soil extents. To save computational power
and operational time cost, only half the system was modelled due to symmetry.

PLAXIS 3D also allows the user to define either a constant stiffness or stiffness
increasing linearly with depth. These two settings were applied to idealize homogenous
and linear ground profiles, respectively. For parabolic variation of soil stiffness, the soil
stratum was discretized with multiple layers where each layer with a thickness of
0.025 h. An initial stiffness value and linear slope was input to each layer to represent a
parabolic stiffness variation. Homogeneous soils are soils which have a constant
stiffness with depth such as over-consolidated clays. On the other hand, a linear profile
is typical for normally consolidated clays [or “Gibson Soil” (Gibson 1974)] and
parabolic behaviour can be used for sandy soils, see Fig. 3c.

The software also has the capability to model the initial stresses in the stratum and
the change in the stress state due to the construction sequence. Accordingly, the dis-
placements were set to zero prior to application of the loads and values for KL, KR, and
KLR were computed. The first phase of loading consists of a lateral load of 100 kN
(X-axis) with no moments acting while the second phase consists of 100 kN moment in
the secondary axis (Y-axis) with no lateral loads. The displacements (both lateral and
axial) are monitored during the loading and the stiffness values are evaluated as
explained earlier.

3.1 Model Validation

In order to check the efficiency of the numerical modelling and the extracted results, the
developed model is validated with the published literature (Higgins and Basu 2011;
Shadlou and Bhattacharya 2016) of rigid circular foundations as there are no solutions
for double D foundations. Higgins and Basu (2011) proposed non-dimensional for-
mulations to estimate the stiffness of rigid piles in soils of uniform stiffness
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(homogeneous) and linearly varying stiffness. Similarly, Shadlou and Bhattacharya
(2016) proposed such stiffness formulations for both rigid and flexible piles for a wide
range of L/D ratio, where L represents the embedded depth and D is the diameter of the
pile.

To validate the developed model results for double D, a circular shaft of diameter
5 m is chosen with varying length (30–60 m) representing L/D ratio of 6–12. The soil
column is modelled using the three profiles, homogeneous, linear and parabolic stiff-
ness variation. The elastic modulus of the soil is chosen as 100 MPa for the homo-
geneous profile while for linearly varying stiffness, the incremental stiffness is
calculated based on the diameter of the shaft. However, for the parabolic stiffness, soil
is discretized into many layers and then the corresponding initial stiffness and the
incremental stiffness for each layer are defined accordingly. The loading is applied as
discussed earlier.

Once the lateral and axial displacements at the caisson head are monitored for each
loading, then the rotation is calculated using which the stiffness values are estimated.
The stiffness functions are normalized using the soil stiffness (Eso) and the radius of the
section (r). Figure 4 presents the variation of normalized length (L/D) with the nor-
malized lateral stiffness for different soil profiles along with the comparative literature.
It can be inferred from the Fig. 4 that the present model shows a consistent trend with
increase in L/D ratio in spite of the nominal difference in the magnitude. This difference
is mainly attributed due to the numerical modelling and can be ignored as the mag-
nitude of difference is ±5%. Similarly, normalized KR and KLR are also presented in
Figs. 5 and 6. Hence, the method of extraction is appropriate and can be used to
estimate the stiffness of double D shaped foundations.

Once the stiffness of the foundation is established, the results can be used for the
quick dynamic analysis of the structures supported on such foundations. Such dynamic
analysis was performed by Arany et al. (2016) and Shadlou and Bhattacharya (2016) to
identify the fundamental frequency of offshore wind turbines on using the lumped soil
springs.

3.2 Saraighat Bridge

A bridge (Saraighat Bridge) supported on Double D caisson foundation is chosen to
illustrate the significance of considering the geometry in the analysis. Saraighat Bridge
is a double decker bridge supporting both roadway and railway over the piers and
resting on double D caissons, see Fig. 7. The schematic representation of the bridge
with the foundation details is shown in Fig. 8. This bridge is located in a very high
seismic active zone in India (Assam). Further details about the bridge can be found in
Dammala et al. (2017a).

The double D shaped caisson in this case is represented by two parameters for easy
presentation, the diameter D and the width B as shown in Fig. 8c. It is modelled as
(Fig. 8d) a rigid body due to the sheer size of the foundation. The embedment depth of
the foundation is 41 meters and the surrounding soil is modelled using the homoge-
neous, linear and parabolic variation of stiffness with the appropriate soil parameters
considered from Dammala et al. (2017b). Positive interface elements are considered
with the stiffness of interface equals to that of surrounding soil (Fig. 8d). A horizontal
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load of 100 kN and a moment of 100 kN m is applied at the ground surface (bed level).
Firstly, the extracted KL, KR, and KLR values obtained directly from the FEA will be
compared to the representative circular shaft computed based on solutions provided in
the literature.

4 Results

Initially, two types of analysis is performed in homogeneous soil conditions, one with
the double D shaped and the other with the circular shaft of representative diameter
(9.6 m). Table 1 lists the horizontal (qx) and axial (qz) deformations at shaft head, for
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both the cases in all the soil conditions. It is evident from the results that the dis-
placements experienced by the double D caisson are significantly lower than that of
representative circular shaft testifying the efficiency of double D over circular shafts.

The stiffness values obtained from the analyses for the double D are compared with
the stiffness estimated for the circular shaft based on Shadlou and Bhattacharya (2016)
rigid shaft formulations. Table 2a–c present the results in terms of stiffness values
(KL, KR and KLR) for both the geometrical conditions, at each soil profile. It is quite
interesting to note that the stiffness of double D caisson is remarkably higher than that
of circular shafts. An increase of almost 30–50% is noted in all the cases. This increase
in impedance is obviously attributed due to the higher resistance offered by the rect-
angular portion of the double D caisson.

Table 1. Displacements in lateral and axial directions in both the cases for homogeneous soil
condition

Displacement
direction

Circular section Real geometry % Difference
H = 100,
M = 0

H = 0,
M = 100

H = 100,
M = 0

H = 0,
M = 100

H = 100,
M = 0

H = 0,
M = 100

Lateral 0.08 0.002 0.05 0.007 60 185
Axial 0.01 0.004 0.001 0.0002 900 1900

Fig. 8. Schematic view of a Saraighat Bridge, b central pier, c well foundation and d developed
numerical model with interaction
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5 Natural Frequency Computation—Application

The simulated values of KL, KR and KLR of the double D caisson are utilized in
estimating the fundamental frequency (fnz) of the bridge piers. As the underlying soil
near the bridge is predominantly sandy soil with varying density along the depth
(Dammala et al. 2017b), a linear variation of stiffness assumption would suit better, and
hence adopted the stiffness functions of linear stiffness variation from the present study.
A simple stick model (Fig. 1c) with a lumped mass at the pier head is considered to
model the bridge pier system with the properties presented in Dammala et al. (2017a).
A fnz of 1.05 Hz is obtained by performing linear Eigen vector modal analysis on the
soil well pier system. Debnath et al. (2016) estimated the fnz of the Saraighat Bridge
pier system to vary between 0.9031–0.9119 Hz based on operational modal analysis.
Apart from this, Dammala et al. (2017a) performed similar Eigen vector modal analysis
using the distributed spring approach and arrived at an fnz of 0.8547 Hz.

In order to better check the present results, a three dimensional (3D) finite element
program (PLAXIS 3D) is employed to model the entire support system of the bridge at
the central part (Pier 6). The caisson is embedded in the loose sandy soil from the
ground surface to a depth of 11 m followed by a dense deep sand of 30 m thickness,
further followed by a clay layer of 30 m deep. Appropriate structure and soil properties
along with the loading on the bridge deck are considered from the literature (Dammala
et al. 2017a). Figure 9 shows the developed model. A static lateral load is applied at the
pier head to perform a free vibration analysis of the structure (Fig. 9b). The load is

Table 2. Comparison of lateral stiffness obtained from circular assumption and real geometry

a

Profile Lateral stiffness (KL)
Circular (Shadlou and Bhattacharya 2016) Real geometry (PLAXIS) %D

Homogeneous 7.66 9.77 27
Linear 20.63 29.24 41
Parabolic 12.13 17.07 40

b

Profile Rotational stiffness (KR)
Circular (Shadlou and Bhattacharya 2016) Real geometry (PLAXIS) %D

Homogeneous 5328 7594 42
Linear 19890 30358 52
Parabolic 10712 15156 41

c

Profile Coupled stiffness (KLR)
Circular (Shadlou and Bhattacharya 2016) Real geometry (PLAXIS) %D

Homogeneous 156 204 30
Linear 597 869 45
Parabolic 296 419 41
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taken off in the next phase allowing the structure to vibrate freely (50 s) in order to
monitor the free decay of the system. Similar analysis is presented for a building in the
tutorial manual of PLAXIS 3D (PLAXIS 2013).

The deformed contours of the soil well pier system is shown in Fig. 10, where
almost no significant displacements can be observed in the soil while the pier
experienced a maximum displacement of 0.557 mm. The free vibration decay of the
system is shown in Fig. 11a, b. The enlarged view of the free decay as shown in
Fig. 11b represents a fundamental period of 1.30 s (fnz = 0.769 Hz). Although this is
narrowly different to the monitored frequency of the bridge (0.90 Hz), it gives an idea
that the range of frequency could possibly fall between 0.70 and 1 Hz. The fnz

Fig. 10. Deformation contours of the soil well pier system

Fig. 9. Numerical model of the entire Soil-Well-Pier system along with the pier head loading
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obtained from the lumped spring approach could satisfactorily catch the response of
the system although the stiffness functions utilized are obtained from the static
impedance functions without considering the soil stiffness degradation and damping
characteristics. It may well be inferred that on inclusion of stiffness degradation, the
fnz may further decrease which could possibly yield a closer agreement with the
monitored data. Table 3 lists the fnz from various approaches and the percentage
difference.

6 Conclusions

The available stiffness formulations for the analysis of rigid deep foundations are based
on either traditional circular shafts or on rectangular or square geometry. This study
highlights the significance of having the geometry based non-dimensional formulations
for stiffness estimation with a case study. A bridge located in a highly active seismic
zone resting on massive double D caisson shaped foundations was chosen for illus-
tration. The stiffness of the caisson in both the cases (circular and double D) is esti-
mated using advanced finite element program. Three soil profiles with homogeneous,
linear and parabolic stiffness variation are considered in the analysis. The results
indicate that the geometry of the foundation do effect the stiffness, mostly the rotational
stiffness due to the resistance offered by the rectangular section. Furthermore, the
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Fig. 11. a Free vibration decay of the SWP system, b Enlarged view briefing the fundamental
period

Table 3. Comparison of fnz using different approaches

Approach Monitored
data
(Debnath
et al. 2016)

Distributed springs
(Dammala et al.
2017a)

Lumped
springs (This
study)

Numerical
approach
(PLAXIS 3D)

fnz (Hz) 0.903 0.855 1.05 0.769
%D with monitored
data

– −5.3 +16.28 −14.84
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developed stiffness values are utilized in determining the fundamental frequency of the
bridge pier system and a reasonably close match is achieved with the extracted stiffness
values. Further soil stiffness degradation and damping characteristics need to be con-
sidered to enhance the efficiency of the highlighted geometry effects. Since the fun-
damental frequency calculated using the lumped springs provided a reasonable
estimate, further scope of the work is required to develop such geometry based stiffness
non-dimensional forms for easy-to-use in the design offices for preliminary analysis
and design.
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Abstract. Artificial groundwater recharge is used to increase groundwater in
areas with water scarcity. After groundwater recharge, the water table rises,
causing ground surface uplift from the increased pore water pressure in an
aquifer. To manage groundwater resources effectively, understanding the
hydro-mechanical features of aquifers during groundwater withdrawal and
recharge is necessary. In practice, an artificial pool can be used to collect surface
runoff so that it infiltrates the aquifer and recharges groundwater. Additional
studies are required to understand the effect of various parameters on ground-
water recharge and ground surface uplift. This study used the finite difference
software FLAC 8.0 to examine the influence of the initial degree of saturation
and soil type on the rate of groundwater recharge and ground surface uplift in an
aquifer. Each aquifer was in an unsaturated state before groundwater recharging;
therefore, groundwater recharge analyses were simulated by the two-phase flow
in an unsaturated porous media. The results showed that the ground surface
uplift was the largest when the initial degree of saturation was 70%, sequentially
followed by a saturation of 60 and 50%. The influence of the initial degree of
saturation was negligible on the cumulative groundwater recharge volume
during the study period. Regarding the influence of soil types on ground surface
uplift and the cumulative groundwater recharge volume, the results indicated
that the sandy aquifer had the largest cumulative groundwater recharge volume
during the study period. However, the ground surface uplift in the sandy aquifer
was minimal.

1 Introduction

In recent years, water requirement has increased because of industrial development and
population growth. Excessive groundwater withdrawal from aquifers causes ground-
water depletion, seawater intrusion, groundwater salinization, and ground settlement.
Groundwater recharge is performed to increase groundwater resources. After ground-
water recharge, the water table rises resulting in ground surface uplift caused by
increased pore water pressure within an aquifer. Although several studies have
examined land settlement caused by groundwater withdrawal, only a few have
investigated ground surface uplift caused by groundwater recharge, potentially because
small-scale ground surface uplift does not cause environmental hazards or damage
infrastructure. To manage groundwater resources efficiently, the hydro-mechanical
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features of aquifers during groundwater withdrawal and recharge must be identified. In
practice, an artificial pool can be used to collect surface runoff so that it infiltrates an
aquifer and recharges groundwater. The artificial pool may be used as a stormwater
detention pool to reduce flood disasters and recharge groundwater.

Various studies have recently examined ground surface uplift caused by ground-
water recharge. Giao et al. (1999) used a finite element method code to calculate the
compression and rebound of a multi-aquifer in artificial recharge. Bawden et al. (2001)
used global positioning system data with interferometric synthetic aperture radar
(InSAR) imagery to examine groundwater withdrawal and recharge and found that it
caused long-term subsidence of 12 mm/year. Bell et al. (2008) used the Permanent
Scatterer InSAR (PSInSAR) methodology along with data on water level changes to
investigate the temporal and spatial patterns of an aquifer in response to groundwater
pumping and recharge in the Las Vegas Valley. Teatini et al. (2011) and Gambolati and
Teatini (2015) systematically listed the studies related to ground deformation caused by
the withdrawal and injection of fluid into geological formations.

Most studies on groundwater recharge have examined the influence of geological
conditions and the dimensions of recharge pools on the volume of water that can
penetrate an aquifer. Few hydro-mechanical coupling studies have examined ground
surface uplift caused by groundwater recharge. The deformation caused by the
groundwater recharge of unsaturated soil is more complex because the deformation of
an aquifer is associated with effective stress distribution, pore water pressure, and
saturation degree of the aquifer. The transient distribution of the degree of saturation
during groundwater recharge should be calculated using a seepage analysis of unsat-
urated soil. The location of the groundwater recharge pool can also be selected after
identifying the effect of influencing parameters on ground surface uplift. Therefore,
additional studies are required to understand how various parameters affect ground-
water recharge.

This study aimed to investigate ground surface uplift caused by groundwater
recharge during one rainy season (90 days). Ground surface uplift depends on the
material properties of an aquifer and the hydrogeological conditions. Therefore,
numerical simulations were used to study the initial degree of saturation and soil type
of the aquifer and understand how these influenced ground surface uplift and the
cumulative groundwater recharge volume.

2 Two-Phase Flow Model

A two-phase flow model in finite difference software FLAC 8.0 (Itasca Consulting
Group 2016) allows numerical modeling of the flow of water and gas through porous
media. In the two-phase flow model, void space in porous media is filled with water
and gas, which makes the model suitable for simulating and solving the problem of
hydro-mechanical coupling in unsaturated soils. The pressure difference between gas
and water is called capillary pressure, which is a function of the degree of saturation
and can be represented by the van Genuchten model. For conciseness, only the
water-related details (but not those related to gas) of the two-phase flow model are
presented here. In unsaturated soil, the water transport is described using Darcy’s law:
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qi ¼ �kijkr
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where the tensor kij is the saturated mobility coefficient, kr is the relative permeability
of water, P is pore pressure, q is density of water, and g is gravity acceleration. Relative
permeability, kr, is a function of the degree of saturation by the van Genuchten form
(Itasca Consulting Group 2016):

kr ¼ Sbe 1� 1� S1=ae

� �ah i2
; ð2Þ

where a and b are constant parameters and Se is the effective saturation. In the van
Genuchten model, parameter c was required to calculate the relative permeability of
gas. The effective saturation is defined as

Se ¼ S� Sr
1� Sr

; ð3Þ

where S is the degree of saturation and Sr is the residual degree of saturation.
The capillary pressure Pc can be represented by the van Genuchten form:

Pc ¼ Pg � Pw ¼ Po S�1=a
e � 1

h i1�a
; ð4Þ

where Pg is the pore pressure of gas, Pw is the pore pressure of water, and parameter Po
depends on the material properties. The constitutive law for water is:
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where n is porosity, Kw is the water bulk modulus.
In groundwater recharge, the degree of saturation of the unsaturated soil increases

because of water infiltration into the soil. The capillary pressure and effective stress of
the unsaturated soil decrease in groundwater recharge. The decreased effective stress
causes ground surface uplift.

3 Parameter Estimate and Model Verification

In numerical analysis of this study, the two-phase flow model was adapted to perform
the coupled fluid-mechanical calculation. Recharge model tests were performed to
obtain the values for the two-phase flow model parameters required for numerical
analysis and verify the rationality of the analysis. The parameter values of the
two-phase flow model for three soils (sand, silt loam, and loam) were selected from the
sandbox recharge model test developed by Liu (2001) and cylindrical specimen model
tests performed in this study.
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3.1 Sandbox Recharge Model Tests

A 10-cm-wide, 180-cm-long, 70-cm-high sandbox was used to conduct the tests by Liu
(2001). The sandbox was filled with Ottawa standard sand [average particle size
(D50) = 0.35 mm and uniformity coefficient (cu) = 1.8] layer-by-layer. A trapezoidal pit
was then dug into the sand, with upper and lower base lengths of 30 and 10 cm,
respectively, and height of 10 cm. The surface of the pit was covered with a layer of
impermeable membrane. Water was added to the top of the membrane to fill the pit.
Consistent with Pascal’s principle, the water was connected to an external water source,
so that the water level of the pit remained fixed in the experiments. At the beginning of the
test, the impermeable membrane was gradually pulled away, and the wetting front of the
sand was recorded by a digital camera. In the numerical simulations, the two-phase flow
parameters of the sand were based on the soil-water characteristic curve obtained from
Liu’s experimental results (Liu 2001). A total of 2200 elements, each approximately 2 cm
long, were discretized in a FLAC grid, as shown in Fig. 1. The mechanical boundary
conditions corresponded to roller boundaries at the base and sides of the model. The
boundaries on the bottom and right side of the model were assumed to be impermeable
boundaries. The boundaries on the left side of the model and the surface of pit were
assumed to be seepage boundaries. The non-wetting pore pressure was fixed above the
water level. Thewetting front (experimental results) andflowvector (numerical results) at
60, 600, and 900 s are shown in Fig. 2. The flow vectors (blue arrows in Fig. 2) were
close to the wetting front. Therefore, the parameter values of the two-phase flow for the
sand as well as the numerical analysis procedure were reasonable. Tables 1 and 2 list the
parameter values of the two-phase flow model of the sand.

3.2 Cylindrical Specimen Recharge Model Test

For the selection of parameter values of two-phase flow model for loam and silt loam,
this study performed the cylindrical specimen recharge model tests and inverse analysis
to estimate the optimal parameter values of the two-phase flow model for loam and silt
loam soil. The loam (20% sand, 40% clay, and 40% silt) and silt loam (20% sand, 10%
clay, and 70% silt) were separately placed into in an acrylic cylindrical mold
(approximately 7 cm in diameter and 17 cm in height). The height of the specimens
was 16 cm. An external water source was connected to the bottom of the mold so that

60cm

120cm 30cm

10cm

20cm 10cm

27

Fig. 1. The FLAC mesh of the sandbox recharge model test
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the water level of the specimen could be maintained at a 12-cm height. The valve was
opened at the beginning of the tests for the water penetrate the specimens from the
bottom of the mold. A LVDT was placed on top of the mold to measure the uplift of the
specimen. The numerical simulation was performed through axisymmetric analysis; a
total of 5600 elements, each 0.1 cm long, were discretized in a FLAC grid, as shown in
Fig. 3. The mechanical boundary conditions corresponded to roller boundaries at the
base and sides of the model. The boundaries on the sides of the mesh were assumed to
be impermeable boundaries. The non-wetting pore pressure was fixed on the top of the
model; furthermore, a fixed wetting pore pressure was applied on the bottom of the
model. The different parameter values in the two-phase flow model were substituted to

(a) at 0 s

(b) at 60 s

Fig. 2. Comparison of numerical and experimental results in the sandbox recharge model test
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calculate their corresponding numerical results. By comparing the experimental and
numerical results, the optimal parameter values were obtained when the difference
between the two results was minimal. The numerical simulation results for the optimal
parameter values were compared with the experimental results, as presented in Fig. 4.
Tables 1 and 2 list the parameter values of the two-phase flow model of the loam and
silt loam soils.

(c) at 600 s 

(d) at 900s 

Fig. 2. (continued)
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Fig. 3. The FLAC mesh of the cylindrical specimen recharge model test
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4 Numerical Model

To study the influence of the groundwater recharge parameters on ground surface
uplift, a finite difference program, FLAC 8.0, was used to perform the numerical
analyses of groundwater recharge by a recharge pool. The numerical model of the
parametric analysis was similar to that of the sandbox recharge model test, and the
aquifer model was rectangular, with a length, depth, and element size of 90 m, 20 m,
and 0.5 m � 0.5 m, respectively. The initial depth of the water table was 8 m. The
recharge pool was trapezoidal, with upper and lower base lengths of 10 and 4 m,
respectively, and height of 3 m (Fig. 5). There were 3600 elements in the model. The
material properties of soils were assumed to be satisfied to the Mohr-Coulomb model.
Two-phase flow model was used to perform the coupled fluid-mechanical calculation.
A symmetric numerical model was employed; the right-hand boundary of the model
was a symmetrical axis.

The mechanical boundary conditions corresponded to roller boundaries at the base
and sides of the model. Below the water table, the fluid-flow boundary condition was
the fixed wetting pore pressure. The non-wetting pore pressure was fixed above the

Table 1. The material parameters of the aquifers

Aquifer Density
(kg/m3)

Bulk
modulus
(MPa)

Shear
modulus
(MPa)

Cohesion
(kPa)

Friction
angle
(degree)

Saturated
permeability
(m/s)

Sand 1800 16.6 7.67 − 38 4.8 � 10−4

Silt
loam

1850 12.7 3.91 3.1 26 3.5 � 10−5

Loam 1826 11.9 3.34 5.2 23 3.7 � 10−6

Table 2. The van Genuchten parameters of the aquifers

Aquifer a b c Sr Po (kPa)

Sand 0.66 0.5 0.5 0.2 4.46
Silt loam 0.86 0.5 0.5 0.41 9.81
Loam 0.51 0.5 0.5 0.42 8.53

Fig. 5. Configuration of the groundwater recharge pool
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water level. The boundaries on the bottom and left side of the recharge pool were
assumed to be seepage boundaries during the groundwater recharge period; further-
more, the non-wetting pore pressure was fixed during the empty pool period. The
recharge pool was empty in the beginning. The water level raised to the maximum
water level height (3 m) at a rate of 0.2 m/h. A seepage analysis of the groundwater
recharge was calculated every time the water level rose by 1 m (three times). The
mechanical analysis was performed to calculate the ground surface uplift after every
seepage analysis. The time of a groundwater recharge cycle was assumed to be
360 days. The water level in the recharge pool was full for the first 90 days to recharge
the groundwater. The groundwater recharge stopped on Day 90. The pool gradually
became empty pool after groundwater recharge ceased. The evolution of ground sur-
face uplift was continuously tracked until Day 360.

5 Parametrical Study

5.1 Influence of Various Initial Degrees of Saturation

Figure 6 shows the history curves of the cumulative groundwater recharge volume with
different initial degrees of saturation of a sandy aquifer. The simulated groundwater
recharge occurred for 90 days. It also illustrates that the cumulative groundwater
recharge volume increased with time during the groundwater recharge period. The
cumulative groundwater recharge volume remained unchanged when the groundwater
recharged ceased. Furthermore, the history curves of the cumulative groundwater
recharge volumes for different initial saturations of the sandy aquifer nearly coincided.
The initial degree of saturation of the sandy soil had little effect on the history curve of
the cumulative groundwater recharge volume.

Figure 7 illustrates the ground surface uplifts at different locations of the ground
surface (the center of the recharge pool was the origin of the coordinate) on Day 90 for
the groundwater recharge in the sandy aquifer with a different initial degree of satu-
ration. The ground surface uplift at the end of the 90 days is reflected in the figure
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Fig. 6. Influence of initial degree of saturation on the cumulative groundwater recharge volume
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(the water level of the recharge pool was maintained at 3 m). The maximum ground
surface uplifts on Day 90 at an initial degree of saturation of 50, 60, and 70% were
0.028, 0.03, and 0.031 m, respectively. Ground surface uplift within 40 m from the
recharge pool was obvious; however, the ground surface uplift was relatively low
beyond the recharge pool. The ground surface uplift increased slightly during the
recharge period when the initial degree of saturation increased for the sandy aquifer.

Figure 8 shows the ground surface uplift history curves at 14 m from the center of
the recharge pool (x = 14 m) for different initial degree of saturations of the sandy
aquifer during groundwater recharge. The ground surface uplift was the largest when the
initial degree of saturation was 70%, sequentially followed by saturations of 60 and
50%. The ground surface uplift related to the water level of the recharge pool. When the
water level of the recharge pool increased to the maximum level (3 m), the ground
surface uplift also increased. When the water level of the recharge pool remained full,
the ground surface uplift remained at a fixed value. Conversely, the ground surface uplift
decreased as the water level of the recharge pool fell after the groundwater recharge
period. It can be because that the left-side boundary of the mesh grid was assumed to
allow water to flow out from the boundary freely. Therefore, when the groundwater
recharge ceased, the ground surface gradually returned to its original position.

5.2 Influence of Various Soil Types

Figure 9 illustrates the history curves of the cumulative groundwater recharge volumes
for different soil aquifers. The cumulative groundwater recharge volume of the sandy
aquifer was the largest, followed by the silt loam aquifer. The loam aquifer had the
lowest cumulative groundwater recharge volume, potentially because the cumulative
groundwater recharge volume and saturated permeability coefficient of a soil aquifer
are related. The permeability coefficient of unsaturated soil is related to the saturated
permeability coefficient and the degree of saturation of the soil. When the permeability
coefficient of the unsaturated soil aquifer is low, less water infiltrates the soil over a
groundwater recharge period.
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Figure 10 shows the ground surface uplift history curves at 14 m from the center of
the recharge pool (x = 14 m) for different soil aquifers during the groundwater recharge
period. The ground surface uplift of the silt loam aquifer increased with time during the
groundwater recharge period. Ground surface uplift still increased in the silt loam
aquifer even after the groundwater recharge period, but decreased after Day 105,
probably because of the low permeability coefficient of silt loam. Therefore, ground-
water could have been largely retained in the study area. Ground surface settlement
occurred in the loam aquifer during the groundwater recharge period because the weight
of the pool water was applied at the bottom of the pool. The settlement decreased over
time because the pool water infiltrated the loam aquifer causing the soil to swell. The
ground surface uplift was detected after Day 95. The lower permeability coefficient of
the loam soil, because of its high clay content, resulted in less groundwater uplift in the
loam aquifer. Moreover, during the groundwater recharge period, less water infiltrated
the loam soil than it did the other soils because of lower permeability; in other words, the
rate of ground surface uplift in the loam aquifer was relatively low.
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Figure 11a, b demonstrates the relationship between the ground surface uplift and
ground surface position at the end of the groundwater recharge period (Day 90) and
that of the groundwater recharge cycle (Day 360), respectively. Figure 11a shows that
the ground surface uplifts in the silt loam and sandy aquifers were obvious at the end of
the groundwater recharge period (Day 90), particularly near the groundwater recharge
pool. The maximum ground surface uplifts in the silt loam aquifer and sandy aquifer
were approximately 3.1 and 2.8 cm, respectively. Figure 11b shows that the sandy
aquifer had no obvious ground surface uplift at the end of the groundwater recharge
cycle (Day 360), potentially because the groundwater flowed out of the study area
because of the high permeability of sand. During this time, the groundwater in the silt
loam aquifer flowed, but not beyond the study area, because of its low permeability.
The zone of influence on ground surface uplift of the silt loam was wider than that of
the other two soil types. On Day 360, the surface of the loam aquifer had an obvious
uplift near the recharge pool. Other than the unloading effect caused by the empty
recharge pool, the water that infiltrated the loam aquifer during the groundwater
recharge period flowed to around, increasing the degree of saturation near the recharge
pool, resulting in the obvious uplift.
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6 Conclusions

By using the finite difference software FLAC 8.0 with a two-phase flow model, a
parametrical study was examined ground surface uplift induced by groundwater
recharge. The initial degree of saturation and different soil types on ground surface
uplift and the cumulative groundwater recharge volume were discussed. The study
results are summarized as follows:

1. Compared with the numerical and experimental results, it is clear that the numerical
analysis used in this study is rational.

2. The initial degree of saturation had a non-significant effect on the cumulative
groundwater recharge volume. When the initial degree of saturation of the aquifer
was 70%, the ground surface uplift was the largest, sequentially followed by the
initial degree of saturations of 60 and 50%.

3. The sand aquifer had the largest cumulative groundwater recharge volume, followed
by the silt loam aquifer. The loam aquifer had the lowest cumulative groundwater
recharge volume. At the end of the groundwater recharge period (Day 90), the
ground surface uplifts in the silt loam and sandy aquifers were obvious. Because of
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the high permeability of sand, the recharged groundwater flowed out of the study
area. However, no obvious ground surface uplift in the sandy aquifer were noted at
the end of the groundwater recharge cycle (Day 360). Constructing walls within a
sandy aquifer to contain the groundwater may prevent the recharged groundwater
flow out, it may be able to improve this situation.
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Abstract. This paper presents numerical model of reinforcement of causeway
embankment over soft soil deposit using bamboo grid mattress and stone col-
umns. A series of experimental tests were undertaken to obtain several
mechanical parameters of stone columns, and mechanical characteristics of
bamboo grid. The soft soil is silty clay in deep layer in which its index and
engineering properties derived from oedometer tests. FEM model of a causeway
embankment over bamboo grid mattress overlying deep soft soil reinforced by a
group of granular columns encased with geotextile, was developed. To validate
the FEM model, full scale experimental of similar model was conducted. It was
found that FEMmodel is well agreement with the experimental model. The result
explains the stress-strain behavior in bamboo grid mattress and stone columns,
interacted with the soft soil as response to increasing embankment height.
Bamboo grid mattress enhances the bearing capacity of the soft soil in supporting
embankment leading to the decrease of settlements, while stone columns affect
the acceleration of consolidation of the soft soil. The results would be beneficial
for application of local natural materials such as bamboo for soft soil rein-
forcement as bamboo is widely available in developing Asian countries.

Keywords: Stone columns and bamboo mattress � Soft soil bed
Settlement � Drain � Reinforcement

1 Introduction

At infrastructure development in most countries, reliable infrastructures are required
within high performance of stability and serviceability. Infrastructures have to be built in
cost-effective foundation with sufficient load-bearing capacities and minimum long-term
settlement. However, natural condition of lowland areas for infrastructure have become
common problem since soft soil foundation in the area can cause excessive settlement
which generates undrained failure of the infrastructure. Therefore, proper ground
improvements are necessary to undertaken before constructing the infrastructure in
order to prevent unacceptable excessive and differential settlement and increase bearing
capacity of the foundations (Indraratna et al. 2013). Among other ground improvement
techniques, stone column is one of world widely practised since the technique was

© Springer International Publishing AG, part of Springer Nature 2019
S. Wang et al. (eds.), New Solutions for Challenges in Applications
of New Materials and Geotechnical Issues, Sustainable Civil Infrastructures,
https://doi.org/10.1007/978-3-319-95744-9_7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95744-9_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95744-9_7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95744-9_7&amp;domain=pdf


adopted in 1970’s in the US. Stone columns can significantly improve bearing capacity,
accelerate consolidation, increase slope stability, and control liquefaction (Fatahi et al.
2012). In comparison to other ground improvement such prefabricated vertical drains
(PVDs), stone columns are stiffer and faster dissipation of excess pore water pressure
from softclay (Basack and Rujiatkamjorn 2016; Guetif et al. 2007). The behaviour of
stone column within typical fill embankment is that the total imposed stress can generate
the increase of excess pore pressure, progressive settlement of soft clay and arching
occurs due to the weight of fill arches over the stone columns (Low et al. 1994;
Abusharar et al. 2009; Deb 2010). In such situation, stone columns are combined with
geosynthetics reinforcement involving geocells and geogrids. In this study, geosynthetic
materials can be alternatively replaced by an innovative and sustainable materials such
as bamboo mattress as bamboo is cost effective, environmental friendly material, and
posses higher tensile strength compared to geosynthetics (Hedge and Sitharam 2015).
Recent study of the use of bamboo as soft soil reinforcement is bamboo cells (Hedge and
Sitharam 2015). Even though, such issue of durability of bamboo in the natural con-
dition, bamboo is able to resist towards such weathering in the fully saturated soil. The
use of such ecomaterial of bamboo mattress as soft soil reinforcement combined with
conventional stone columns remains endeavoured to be investigated. Therefore, this
study examines the performance of embankment reinforced with stone columns and
bamboo mattress, resting on soft soil bed with fully saturated.

2 Full Scale Experiment of Embankment Supported
with Bamboo Mattress and Stone Columns

In order to examine the effect on stone columns with bamboo mattress on the per-
formance of embankment on sofy soil bed, a full scale experiment was undertaken. In
this way, embankment was constructed on the top of grid system of bamboo used as
matrass, and granular columns underlying by soft soil beds (Fig. 1). The soft soil
consists of a clay silt layer, underlying by silty clay, clay tuff, and gravel clay. The soft
soil is around 4 meters deep, and stone columns were inserted, lying from the top (clay
silt) to bottom of the layers (clay gravel). The stone columns are in 0.6 m diameter with
3 m length. Meanwhile, the size of the embankment is 10 m � 10 m � 3.5 m. The
granular columns were encased with geotextile non-woven. Totally, stone columns are
16 columns with a 1.8 m space between each column (Fig. 2). The construction of
embankment was in three stages, in which settlement measurement undertaken during
the stage of embankment filling.

Laboratorium tests were conducted to obtain index and engineering properties of
the soft soil, embankment, and stone columns (Table 1).

2.1 Measured Settlements of Reinforced and
Unreinforced Embankments

Measurements of settlements were undertaken at the embankments within two different
conditions such as unreinforced and reinforced embankment. At the unreinforced
embankment, stage of construction was started by filling a 0.85 m embankment on the
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ground, and the settlement was measured over 24 days. After that, in the second stage,
additional 1.10 m thick embankment was laid on the top of the first stage of
embankment, and the measurement of the settlement was undertaken for 18 days. In
the last stage, 1.20 m embankment was laid on the top, and the observation of the
settlement over 24 days (Fig. 3). It can be seen at Fig. 4 that primary settlement due to
elastic response of the ground to embankment load was still happened until the end of
construction. Total settlement was accounted for 75 cm.

At the reinforced embankment with bamboo grid mattress and granular columns, the
first stage is filling 1.30 m embankment of the ground which was already set up with 16
granular columns and bamboo grid mattress. The observation of settlement was over
7 days. The second stage is 1.20 m thick embankment laid on the top offirst embankment
with a 50 days settlement observation (Fig. 3). At this stage, the consolidation settlement

(b)

(a)

Clay Gravel

Clay Silt

Silty Clay

Clay Tuff
Stone  Columns

Bamboo Grid Ma ress

Embankment

3 m

1.80 m 1.80 m 1.80 m

10 m

3.50 m
1:1 1:1 

4 m

Fig. 1. Schematic (a) and cross sectional (b) views of reinforced embankment with bamboo
mattress and stone columns.
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was occurred and 90% consolidation can be achieved. The third stage of embankment is
1.10 m embankment with 50 days observation of settlement. Again, 90% consolidation
was achieved at several days in the end of construction. Total settlement is 84 cm (Fig. 4).
It is obvious that bamboo grid mattress and granular columns can accelerate settlement,
and increase of the height of embankment that can be supported by soft soil ground.

Fig. 2. Schematic 3-dimension of stone columns.

Table 1. Properties of the silty clay, embankment, and stone column.

Silty clay

Unit weight, c, (t/m3) 1.689
Plasticity index, PI (%) 59.50
Unconfined strength, qu (kPa) 32.8
Undrained shear strength, cu (kPa) 16.4
Effective internal shear angle, /′ (°) 24.60
Pre-consolidation pressure, Pc (kPa) 103
Compression index, Cc 1.107
Void ratio, e0 2.987
Consolidation coefficient, Cv, (m

2/day) 7.5 � 10−3

Embankment

Unit weight, c, (t/m3) 1.802
Cohesion, c (kPa) 0
Internal shear angle, /, (°) 30

Gravel materials for
stone column

Specific gravity 2.90
Density, (kg/m3) 2.88
Abrasion, (%) 23.36
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3 Numerical Model of Embankment Supported
with Bamboo Mattress and Stone Columns

Analyses of the behavior of the reinforced embankment were undertaken by using
FEM modeling of PLAXIS. In this model, soft soil of the ground was modeled as
undrained soft soil creep (SSC), while the embankment as Mohr-Coulomb
(MC) model. The bamboo grid mattress was defined as plate and granular columns
as drained MC.
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3.1 Mechanical Properties of Geotextile Encased Stone Column

To obtain several mechanical parameters of granular columns such as elastic modulus
(E), and Poisson ratio (v), experimental uniaxial tests were undertaken. A stone column
with diameter 15 cm and 30 cm height, encased with geotextile, was subjected to axial
load (Fig. 5). The stone column was loaded with a load until failure (Table 2). It can be
suggested that, based on uniaxial load test. The elastic modulus (E) of the stone column
reached at 1317 MPa with Poisson ratio (v) of 0.4. Figure 6 shows the increase axial
stress with deformation on the stone column. It must be noted that the geotextile used
to reinforce stone column is geogrid with tensile strength of 302 kN/m.

3.2 Mechanical Properties of Bamboo Mattress

Mechanical characteristics of bamboo grid were obtained through loading tests. There
were two loading tests with different loading position. First is load point at perpendicular
of bamboo rows, and second is a parallel of bamboo rows (Fig. 7). It can be seen in Fig. 8,
ultimate load for Bamboo grid ranges from 38 kN to 59 kN, and maximum deformation

Fig. 5. Stone column encased with geotextile was subjected to uniaxial load.

Table 2. Stress - deformation on stone column during uniaxial load tests.

r (kN/m2) UCS (Mpa) dv (mm) dh (mm) ɛh
0 0 0 0 0
19,782 1.12 0.0211 0.0030 0.000140
22,961 1.3 0.0261 0.0043 0.000174
22431.38 1.27 0.0267 0.0048 0.000178
21724.88 1.23 0.0267 0.0049 0.000178
21018.38 1.19 0.0266 0.0050 0.000177
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is 97 mm. In terms of elastic modulus of bamboo mattress, it depends on direction of
loading. It was found that the perpendicular load on bamboo rows generates larger elastic
modulus (715 MPa) than the parallel one (460 MPa). Similar result was found in the
sample 2, where 693 MPa is at the perpendicular load pattern compared to 497 MPa at
parallel load pattern. Based on the results of bending moment tests, stiffness of bamboo
mattress can be computed as seen in Table 3.

3.3 FEM Model

In the FEM model, the soft soil ground was modelled as silty clay with soft soil creep
(SSC) constitutive model, undrained. To compute input parameter in SCC, engineering
properties were obtained from Triaxial and Oedometer tests. Based on Coefficient of
compressibility (Cc) of 1.107 and initial void ratio of 2.987, modified compression
index (k*) was computed to be 0.12. Swelling index (Cs) of 0.158 can be used for
modified swelling index (K*) at 0.035, and creep index at 0.034 for modified creep
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index (l*) at 0.003. The parameter used for FEM for other materials including stone
column, embankment, and bamboo mattress can be seen Table 4.

Since stone column can behave as reinforcement as well as vertical drain, the stone
column can be modelled as stone column with vertical drain inside the stone column.
To model stone columns as drain, equivalent horizontal drain was then computed by
using Hird et al. (1992) equation which is used to transform the insitu 3D unit-cell
axisymmetric condition into equivalent 2D multidrain plane strain condition. As a
result, horizontal soil permeability at 1 � 10−4 m/day was converted to 9.98 � 10−5

m/day, assuming no smear zone around the stone column. This value is equivalent to
the 6.65 � 10−5 m/day horizontal permeability by considering smear zone (Hird et al.
1992). It is noted that the equivalent horizontal permeability without smear zone is
larger than that with smear zone. This indicated that the convertion of horizontal
permeability in this study is still reasonable.

To validate the FEM model, the similar stage of construction in the field test of
embankment without reinforcement was simulated. It was found that the FEM
embankment model generates closed result of the simulated settlement (70.4 cm) to the
measured settlement (74 cm) in the field (Fig. 9). For comparison, silty clay model
with Hardening Soil (HS) was also modelled with several parameters such as Eref
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Fig. 8. Load vs deflection at bamboo mattress bending moment test with (a) perpendicular and
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Table 3. FEM parameter used for bamboo mattress.

Material Type model Diameter (m) EI (kN m2/m) EA (kN/m) W (kN/m/m)

Bamboo mattress Plate 0.4 5563.75 414562.56 2.640
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4300 kPa, Eref
oed of 4300 kPa, Eref

ur of 14,400 kPa, m of 0.9, and Knc
0 of 0.546. The

simulations yield the simulated settlement at 70 cm, closed to the measured settlement
at 74 cm (Table 5). Overall, the FEM models generate well agreement results to the
field test model, indicating that the FEM models is are reliable, particularly for the
FEM model with silty clay SSC.
The Effect of Stone Column and Bamboo Mattress on Settlement of Embankment
The performance of stone column with bamboo mattress in reducing settlement and
accelerating consolidation was examined. In this way, the size of the reinforced
embankment model is similar to that in the field test. For reinforcement, the
embankment was supported with 3 stone columns, in which each column has a 0.6 m
diameter and 3 m length. In the interface between the embankment and the top of stone
column, a bamboo mattress with a 10 m length was placed (Fig. 9). The parameter of
bamboo mattress is shown in Table 3. The filling of 0.9 m thick first embankment was
simulated over 7 days, and then followed by a 1.1 m thick second embankment was
simulated over 50 days, and 1.2 m thick third embankment was simulated over

Table 4. Input parameter for FEM of embankment, and stone column, and bamboo mattress.

Stone column

Constitutive models MC [-]
Drainage drained [-]
cunsat 17.94 [kN/m3]
csat 20.68 [kN/m3]
kx 1.0 [m/day]
ky 1.0 [m/day]
/ 50 [°]
c 1.0 [kN/m2]
E 1317 [kN/m2]

Embankment

Constitutive models MC [-]
Drainage drained [-]
cunsat 17.00 [kN/m3]
csat 18.00 [kN/m3]
kx 1.0 [m/day]
ky 1.0 [m/day]
/ 30 [°]
c 1.0 [kN/m2]
E 8000 [kN/m2]

Bamboo Grid

Model Plate
EI 5563.75 [kNm2/m]
EA 414562.5 [kN/m]
t 0.4 [m]
w 2.64 [kN/m/m]

Numerical Modelling of Reinforced Stone Columns and Bamboo Mattress … 85



50 days. For comparison, the embankment was simulated to be supported by the stone
columns without the interface of bamboo mattress. This aims to examine the effect of
bamboo mattress on settlement of the embankment. It can be seen in Table 6, the stone
column with bamboo mattress can accelerate settlement 96.4% faster than the unre-
inforced embankment. In terms of settlement, bamboo mattress and stone columns
reinforcement yield settlement slightly lower than the only bamboo mattress rein-
forcement, 12 cm compared to 14.9 cm. However, their settlements are about a half
(54.6%) to the settlement of the unreinforced settlement. This reveals that stone col-
umns contribute mainly to vertical drain of the soil below the embankment while
bamboo mattress increase the soil’s bearing capacity. The effectiveness of bamboo
mattress can be seen in Fig. 10 that the settlement of the embankment reinforced with
stone columns minus bamboo mattress yields remain large settlement (18.9 cm) than
other methods. This suggested that the bearing capacity generated by the stone columns
is not significant increased.

Silty Clay

Stone Columns 

Bamboo Ma ressEmbankment for Causeway

Fig. 9. FEM model of the reinforced embankment with stone columns and bamboo mattress.

Table 5. Comparison of the simulated settlements and the measured settlement for embank-
ments without reinforcement.

Soil Settlement (m) generated in
embankment filling at the
period
24th day 42nd day 68th day

Silty clay HS 0.02 0.08 0.7
Silty clay SSC 0.03 0.37 0.7
Silty clay in field test 0.226 0.410 0.745
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4 Conclusions

1. The use of stone columns would accelerate the settlement by 96% while the use of
bamboo mattress would increase bearing capacity a double than that of the
embankment without reinforcement.

2. The reinforcement of embankment with combination of stone columns and bamboo
mattress seems to be more effective compared to the other methods including the
reinforcement with bamboo mattress and the reinforcement with stone columns.

3. Stone columns work as vertical drain while bamboo mattress performs to distribute
embankment loads over larger area of the soft soil, leading to the increase of the
bearing capacity.

Table 6. Results of the simulated settlements for embankments reinforcement model.

Embankment
reinforcement model

Elastic
settlement
(m)

Consolidation
settlement (m)

Total
settlement
(m)

Period
(days)

Unreinforced 0.122 0.104 0.226 2802
Bamboo mattress 0.066 0.083 0.149 2644
Stone columns 0.096 0.093 0.189 977
Stone
columns + bamboo
mattress

0.018 0.105 0.123 101
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Abstract. Over Coarse Grained Soil is widely used as filling material for
subgrade in mountainous highway, and the settlement and stabilization of high
embankment settlement is critical to operation safety of mountainous highway.
The constitutive relationship of over coarse grained soil is theoretical basis for
settlement and stability analysis. So a rigid contact model for over coarse
grained soil particles is established combined with the distribution of contact
force and normal of contact force based on the research of contact characteristics
of particles and ignoring the deformation of particle. The local constitutive
model is acquired after analyzing the relationship between contact force of
particles and local stress in over coarse grained soil. Furthermore, a three
dimensional discrete constitutive model is built up. It is proved through discrete
constitutive model that the fabric will change during the deformation of over
coarse grained soil which results the change of physical and mechanical char-
acteristics. The change of fabric affects the macro mechanical responses char-
acteristics of over coarse grained soil.

Keywords: Embankment subgrade � Over course grained soils
Discrete granular soil particle � Fabric � Constitutive model

1 Introduction

Over coarse grained soil such as gravel soil, soil-rock aggregate mixture, boulder and
rockfill is a typical granular media composed of discrete particles within two or three
orders of magnitude in dimension. And it is widely applied in embankment in
mountainous highway. The physical and mechanical characteristics is quite different
from fine grained soil. Over coarse grained soil is a loose and discrete media in
substance, and the contact between particles is discontinuous point-contact. From the
paper of Luan and Ugai (1999), for over coarse grained soils and other loose granular
media, the research of physical constitutive model of deformation and strength char-
acteristics to overcome inherent limitation of mechanical methods of continuous
medium with basis of micro mechanics is quite potential.
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Fabric is an important concept in mechanics of granular media which can describe
dimensional arrangement feature and interaction of granular particles’ (Arthur et al.
1977; Mahmood and Mitchell 1974; Oda 1977). Micro fabric of over coarse grained
soil is closely related to particle size, shape, rigidity, gradation, void ratio, contact
number between particles and stacking manner. Granular media is compose of large
number particles, so fabric has statistical significance.

Macro Characteristics of over coarse grained soil can be described by several key
micro fabric parameters. Void ratio is a key physical parameter of over coarse grained
soil (Oda et al. 1980; Chang 1990). Direction fabric describes the dominant stacking
manner of over coarse grained soil particles in three-dimensional space. Particle Pi
contacts to neighbor particle P1 to P5, and the contact points are C1 to C5, contact
normal are n(1) to n(5). The relation between Particle Pi and its neighbor particles
includes contact point number and contact normal, as shown is Fig. 1.

Fabric ellipse is introduced to describe contact normal. Fabric ellipse is a
second-order tensor. Probability density function of contact normal Eða; bÞ is closely
related to stress ellipse and has specific physical meaning. Probability density function
Eða;bÞ changes in loading process so as to change the strength of over coarse grained
soil which can result strain-hardening or strain-softening (Oda 1972a, b, c).

It is proved by experiment that probability density function Eða; bÞ can represent
the three-dimensional distribution of contact normal (Oda 1972a, b, c). Therefore,
particle characteristic of over coarse grained soils, interaction and essential fabric of
spatial uniform distribution between particles can be descripted objectively. Based on
mathematical function of statistical distribution of the reflected fabric parameters, the
relationship could be set up between inherent evolution of microstructure fabric
parameters over coarse grained soils and macroscopic mechanics responses.

Granular media mechanics is assumed that over coarse grained soil is composed of
solid particles contacted with each other, and interaction between particles obeys the
laws of probability.

Granular media mechanics is applied in study the mechanical phenomena on the
contact points of particles, and describes the phenomena according to the formula of

Pi

C1

n(4)

C5

C4

C2

C3

P1

P2

P3

P5

P4

n(1)

n(2)

n(3)

n(5)

Fig. 1. Particle pi in relation to its neighbor particles
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mathematical statistics. Some mechanical models have been built by different research.
However, those models can’t interpret the relationship between fabric change and
mechanical response of over coarse grained soils under load very well.

2 Rigid Particle Contact Model of Over Coarse Grained Soil

There is a certain gradation within over coarse grained soil particles where large
particles act as the skeleton and fine particles fill in the void between the large particles.
Both the interaction between particles and between the filled surrounding medium
should be belong to solid contact mechanics in terms of the mechanical characteristics
(Stake 1983). It is supposed that the number of over coarse grained soil particles is
enormous amount, so the macro mechanical parameters have statistical significance.
The uneven stress of microcosmic can be described by average stress (Chang 1988a, b).
When the over coarse grained soil particle number is infinity, and over coarse grained
soil is continuous in the certain space, the summation in the calculation could be
changed into integral (Zhong and Yuan 1992).

The particle contact normal density distribution function Eð~nÞ is introduced, where
~n is the contact unit normal vector. The number of contact points within the ~n !
~nþ d~n is Eð~nÞd~n. Supposing fið~xa;~nÞ is the contact force component located at the
contact point~xa with normal~n. For a certain volume V of the over coarse grained soil,
the total contact vectors is zero based on the conditions of static equilibrium.

Z
fið~nÞEð~nÞd~n ¼ 0 ði ¼ x; yÞ ð1Þ

where fið~nÞ is the average of contact force within ~nþ d~n.
The contact between particles is one of the most fundamental problems in particle

mechanics model (Mao 1994). Assumed that the over coarse grained soil particles are
rigid, and the deformation of particles is ignored, so the contact of over coarse grained soil
particles is elastic contact. Over coarse grained soil appears sliding or rolling possibly
under load, so that two adjacent particles can be viewed as two rigid body connected by
deformed springs on the contact point (Mindlin et al. 1953). Therefore, the deformation of
particles is transformed into spring deformation under the contact force. Choosing two
similar particles of P, Q in the over coarse grained soil, it is shown in Fig. 2.

For particle P, the equilibrium equation can be established.

Xm
a¼1

f pai ð~xa;~n0Þðxpaj � xpj Þ ¼
Xm
a¼1

f pai ð~xa;~n0Þðxpai � xpi Þ ð2Þ

where M is the contact number of particle p; ~n0 is a unit branch vector, and

~n0 ¼~xp �~xq

Lpqj j , Lpqj j is branch length.

Putting the summation of all particles into integral form in over course grained soils.
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Z
fið~nÞLjð~n0ÞEð~nÞdX ¼

Z
fjð~nÞLið~n0ÞEð~nÞdX ð3Þ

where Lið~n0Þ is the average of contact force of the branch vector within ~nþ d~n.

Under the contact force, the strain tensor is eijðx*aÞ, the displacement of contact

point is uiðx*aÞ. Ignoring rotation of particles, the equation is shown as below

uið~xaÞ ¼ eijð~xaÞLjð~xa;~n0Þ ði; j ¼ x; yÞ ð4Þ

The virtual work of contact force in the unit volume is

W ¼ 1
2V

X
fið~xa;~nÞeijð~xaÞLjð~xa;~n0Þ ð5Þ

where factor 2 represents each particle counted twice.
The virtual work for average stress is W ¼ �rijeij.
From Eqs. (2), (5), considering the symmetry of the stress tensor, the equation is

obtained as follow.

�rij ¼ 1
4V

XM
a¼1

½fið~xa;~nÞLjð~xa;~n0Þ þ fjð~xa;~nÞLið~xa;~n0Þ� ð6Þ

The integral form is

�rij ¼ M
4V

Z
½fið~nÞLjð~nÞþ fjð~nÞLið~nÞ�Eð~nÞd~n ð7Þ

Equation (7) links the macroscopic average stress tensor and microscopic
first-order tensor together. The over coarse grained soil particle size can be classified
into 2 classes, and each class has an average particle size �dk with Nk particles.
Assuming that all the over coarse grained soil particle size is �d, then

Fig. 2. The rigid contact model of over coarse grained soil
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Vs ¼
Xl
k¼1

Nk � p
�d3k
6

¼
Xl
k¼1

p�d3k
6

�Mk

�m

¼ M
�m

Xl
k¼1

p�d3k
6
; �d ¼

Xl
k¼1

�d3k

 !1=3
;

So

�rij ¼ 3�m
2ð1þ eÞp

Xl
k¼1

�d2k

 !�2
3

Z p

0

Z 2p

0
½fið~nÞnj þ fjð~nÞni�Eð~nÞSincdcdb

ð8Þ

where �m is the average coordination number; e is void ratio, i, j = 1, 2, 3.
For three dimensional form, the particle contact force density distribution function

could be described as follow:

fiEð~nÞ ¼ Ci þCijnj þCijknjnk þCijklnjnknl þ � � � ð9Þ

Omitting the higher order term, then

fiEð~nÞ ¼ Ci þCijnj ð10Þ

And Z
X

ðCi þCijnjÞEð~nÞdn ¼ 0 ð11Þ

So

Ci ¼ 0 ð12Þ

Therefore

fiEð~nÞ ¼ Cijnj ð13Þ

By substitution formula (13) into the formula (8)

�rij ¼ 4�m
ð1þ eÞ

Xl
k¼1

�d3k

 !�2
3

Cij ð14Þ
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The three dimensional relationship between integral contact force and stress is

fi ¼
ð1þ eÞ Pl

k¼1

�d3k

� �2
3

4�mEð~nÞ �rijnj ð15Þ

Eðn*Þ can be expressed as

Eðn*Þ ¼ 1
4p

Nijninj ð16Þ

Substituting formula (16) into formula (15), and the relationship between integral
contact force and stress is

fi ¼
pð1þ eÞ Pl

k¼1

�d3k

� �2
3

2�mNijninj
�rijnj ð17Þ

Assuming that the contact force is fi (i = n, s, t; n, s, t as the local coordinate), then
the relation between force and displacement on the contact point can be expressed as in
incremental form.

Dfi ¼ DijDUj ð18Þ

where Dij is contact stiffness tensor.
In local coordinates n, s, t, Dij can be expressed as

Dij ¼ Dnninj þDssisj þDttitj ð19Þ

For macroscopic isotropic over coarse grained soil, the tangential contact stiffness
is isotropic on the particle contact plane, so

Dss ¼ Dtt ¼ Ds ð20Þ

Generally, the normal contact stiffness is a function of the normal contact force.

Dn ¼ C1f
b
n ð21Þ

where C; b functions are associated with the over coarse grained soil characteristic,
particle size and surface roughness.

The tangential stiffness is

Ds ¼ C2Dnð1� fs
fn tanul

Þg ð22Þ

where C2; g coefficients are related to the material itself; /l is frictional angle between
particles.
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3 Three Dimensional Discrete Constitutive Model

Over coarse grained soil particles are randomly stacked, so it can be described by fabric
density distribution function. According to findings of Rothenburb and Bathurst (1988)
and Bathurs and Rothenburb (1988), the density distribution function of over coarse
grained soil particle fabric content could be described approximately by three function
in the two dimensional case.

Contact normal vector

EðhÞ ¼ 1
2p

ð1þ a1ðcos h� h1Þ� ð23Þ

Normal contact force

fnðhÞ ¼ f0½1þ a2 cos 2ðh� h2Þ� ð24Þ

Tangential contact force

ftðhÞ ¼ �f0a3 sin 2ðh� h3Þ ð25Þ

where the minus is negative tangential contact force to rotate counter clock wise
positive; a1; a2; a3 are coefficients reflecting the degree of anisotropy; h1; h2; h3 denote
fabric shaft angle, maximum normal contact force, average contact angle of maximum
tangential contact force respectively.

f0 is average tangential contact force.

f0 ¼
Z2p
0

fnðhÞdh ð26Þ

Substituting formula (23–25) into the formula (8)

�r11 ¼ �mf0
ð1þ eÞp

Xl
k¼1

�d2k

 !�1=2

½1þ 1
2
ða1 cos 2h1 þ a2 cos 2h2 þ a3 cos 2h3Þ

þ a1a2
2

ðcos 2h1 cos 2h2 þ sin 2h1 sin 2h2Þ�
ð27Þ

�r22 ¼ �mf0
ð1þ eÞp

Xl
k¼1

�d2k

 !�1=2

½1� 1
2
ða1 cos 2h1 þ a2 cos 2h2 þ a3 cos 2h3Þ

þ a1a2
2

ðcos 2h1 cos 2h2 þ sin 2h1 sin 2h2Þ�
ð28Þ

r12 ¼ �mf0
ð1þ eÞp

Xl
k¼1

�d2k

 !�1=2

ða1 sin 2h1 þ a2 sin 2h2 þ a3 sin 2h3Þ ð29Þ
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Stress is associated with void ratio, the number of contact points and fabric con-
tents. If the relationship between contact force and contact displacement is linear, the
formula is obtained as follow by Hooke’s law.

Dr ¼ EDe ð30Þ

The tangential stiffness

Ds ¼ kDn ð31Þ

where k is a constant, generally k ¼ 0:1� 1:0.
The relationship between strain and stress of over coarse grained soil can’t be

derived directly, and the strain should be linked to contact force. Over coarse grained
soil relationships between stress and strain can be derived when the local constitutive
relation is confirmed.

The contact stiffness tensor is

Dij ¼ Dnninj þDssisj ði; j ¼ 1; 2Þ ð32Þ

Local contact constitutive relation of incremental form

Dfi ¼ DijDuj ð33Þ

where Dfi is incremental contact force on the contact point; Duj is incremental dis-
placement on the contact point.

For the over coarse grained soil, the number of particles is homogeneous on the
large scale, and its displacement is linear distribution without forming shear zone.

Duj ¼ liDeij ¼ lð~xaÞniDeij ð34Þ

where Deij is strain increment.
The relation between contact stress increment and strain increment is

Dfið~xa;~nÞ ¼ lð~xaÞðDnninj þDssisjÞnkDekj; ði; j ¼ 1; 2Þ ð35Þ

Substituting formula (35) into formula (34), the incremental formula of force and
strain is

Drij ¼ AijklDeij; ði; j ¼ 1; 2Þ ð36Þ

where

Aijkl ¼ 2�m
ð1þ eÞp

Z2p
0

ðninjnknl þBijklDsÞEðhÞdh ð37Þ

Bijkl ¼ ðnisjnksl þ njsinksl þ nisjnlsk þ njsinlskÞ=4 ð38Þ
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Eijkl ¼ 1
4
ðnitjnktl þ njtinktl þ nitjnltk þ njtinltkÞ ð39Þ

It is clear that stiffness tensor conforms to symmetry of stress tensor and strain
tensor, then

Aijkl ¼ Ajikl ¼ Aklij ð40Þ

For three dimensional condition, density function is

Eðn*Þ ¼ 1
4p

ð41Þ

Substituting formula (41) into formula (40), and integral is

Drxx
Dryy
Drzz
Drxy
Drxz
Dryx

2
6666664

3
7777775
¼

D11

D21 D22

D31 D32 D33

0 0 0 D44

0 0 0 0 D55

0 0 0 0 0 D66

2
6666664

3
7777775

Dexx
Deyy
Dezz
Dcxy
Dcxz
Dcyz

2
6666664

3
7777775

ð42Þ

where

D11 ¼ D22 ¼ D
5
ð12Dn þ 3Ds þ 5DtÞ

D33 ¼ D
5
ð12Dn þ 8DsÞ

D44 ¼ D
5
ð4Dn þDs þ 5DtÞ

D55 ¼ D66 ¼ D
10

ð8Dn þ 7Ds þ 5DtÞ

D12 ¼ D21 ¼ D
5
ð4Dn þ 3Ds � 5DtÞ

D31 ¼ 4D
5

ðDn � DsÞ

D32 ¼ D23 ¼ 4D
5

ðDn � DsÞ

D ¼ �m
8ð1þ eÞp�r

For isotropous fabric, there is

Nij ¼ 1 i ¼ j
0 i 6¼ j

�
ð43Þ
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And the density function obeys the formulaZ
X

Eð~nÞdX ¼ 1 ð44Þ

So

N11 þN22 þN33 ¼ 3 ð45Þ

Stiffness matrix can be expressed as

N11 N12 N13

N21 N22 N23

N31 N32 N33

2
64

3
75 ¼

1 0 0

0 1 0

0 0 1

2
64

3
75!

C11

C21 C22 symmet -

C31 C32 C33 rical

C41 C42 C43 C44

C51 C52 C53 C54 C55

C61 C62 C63 C64 C65 C66

2
666666664

3
777777775
¼

Q

S Q symmet -

S S Q rical

0 0 0 R

0 0 0 0 R

0 0 0 0 0 R

2
666666664

3
777777775
ð46Þ

There are three equivalent coefficient for stiffness tensor.

Q ¼ �m
10ð1þ eÞp�r ð3Dn þ 2DsÞ ð47Þ

S ¼ �m
10ð1þ eÞp�r ðDn � DsÞ ð48Þ

R ¼ Q� S
2

¼ �m
20ð1þ eÞp�r ð2Dn þ 3DsÞ ð49Þ

There are only two independent coefficient in 12 coefficient, it indicates that the
stress-strain characteristics of over coarse grained soil is isotropous when its fabric is
isotropous.

The average bulk modulus �K, shear modulus �G and Young modulus �E are
respectively

�K ¼ Sþ 2
3
R ¼ �m

6ð1þ eÞp�r Dn ð50Þ

�G ¼ �m
20ð1þ eÞp�r ð2þ 3nÞ ð51Þ
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�E ¼ �m
2ð1þ eÞp�r

2þ 3n
4þ n

ð52Þ

Poisson’s ratio

t ¼ 1� n
4þ n

ð53Þ

It is proved that the bulk modulus and shear modulus of over coarse grained soil is
related to void ratio and coordination number.

The bulk modulus is only related to the normal contact stiffness, shear modulus is
both related to the normal and tangential contact stiffness, Poisson’s ratio is only related
to contact stiffness, coordination number, void ratio and particle size, but other
parameters are related to particle size and its’ distribution, the relationship are shown as
Figs. 3, 4, 5 and 6.

Dn/D0

0D
K

Fig. 3. The relationship between bulk modulus and normal contact stiffness ratio

0 0.2 0.4 0.6 0.8 1 
Ds/Dn 

0G
G

Fig. 4. The relationship between shear modulus and contact stiffness ratio
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4 Conclusions

The physical and mechanical properties of over coarse grained soil are closely related
to particle spatial stacking mode, void ratio and its’ spatial distribution. The relation-
ship between average force and contact point is set up by analyzing the force between
particles and normal direction of contact based on the fabric characteristics of over
coarse grained soil. Due to fabric change during the process of deformation, rela-
tionship between force and strain is nonlinear as same as relationship between stress
and contact force, the relationship between stress and contact force is affected by the
fabric. The mechanical response of over coarse grained soil in the large scale proved
that the changes of fabric contents play an important role on the deformation charac-
teristics of materials.

The rigid contact model of over coarse grained soil is established based on the
microstructure of over coarse grained soil particles. Local constitutive relation of over
coarse grained soil is acquired by the connection between contact forces of local stress
between particles. Based on the local constitutive relation of over coarse grained soil,

0

1

2

3

0 0.2 0.4 0.6 0.8 1
Ds/Dn 

0E
E

Fig. 5. The relationship between Young modulus and contact stiffness ratio

0
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0.2

0.3

0 0.2 0.4 0.6 0.8 1
Ds/Dn 

υ

Fig. 6. The relationship between Poisson’s ratio and contact stiffness ratio
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the constitutive relation of three dimensional granular of over coarse grained soil has
been set up. These studies provide foundations for the further research.

Particle flow code (PFC 3D) method is a feasible method for experimental verifi-
cation of three Dimensional Discrete Constitutive Model. The author will write other
paper to discuss.

The application of basic theories of discrete mechanics and particle mechanics is a
promising method to study stress-strain characteristics of over coarse grained soil. And
the contact force of over coarse grained soil particles and contiguous normal distri-
bution need further research.
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Optimization Charge Scheme for Multi-row
Ring Blasting Design Adopting Equilateral
Triangle Layout Based on Modified Harries’
Mathematical Model from a Fragmentation

Perspective: A Case Study

Mingzheng Wang, Xiuzhi Shi, and Jian Zhou(&)

School of Resources and Safety Engineering, Central South University,
#932 Lushan South Road, Changsha 410083, China

mz_wang@csu.edu.cn, shixiuzhi@263.net,

csujzhou@hotmail.com

Abstract. To eliminate undesired phenomena such as brow damage and
excessive fines owing to the energy concentration on the collar of the ring, a
fragment simulation using a charge scheme optimization algorithm is proposed
based on modified Harries model in this article. First, the traversal algorithm for
an arrangement of regular holes (holes charged to the collar) is proposed based
on the analysis of the current interval charge design method in ring blasting.
Second, a new developed mathematical model based on Harries model is
introduced to predict the fragment size of the column charge using the super-
position method. Then, the optimization criteria based on the calculated blasted
fragment matrix are discussed. Finally, a case study is introduced to illustrate the
usage and optimization procedure of the program. Ten trial blastings were
conducted in the Tonglvshan copper mine to verify the feasibility and effec-
tiveness of the optimization algorithm. The findings reveal that the probability of
brow damage was reduced efficiently.

Keywords: Ring blasting � Charge scheme optimization � Fragmentation
matrix � Harries’ mathematical model

1 Introduction

Fan-pattern holes are widely used in many mining methods owing to economical
advances in stoping and high drilling efficiency. Meanwhile, the planned spacing
diminishes as it nears the collar; the explosive charge in the sector is always uneven
compared to the parallel holes, which may lead to undesired phenomena including
hanging roofs, brow damage or over crushing. Moreover, in the design of the under-
ground mine blast, it is common to use double powder factor to ensure fine breakage in
the limited space available (Darling 2011). Thus, it is important to prevent adverse
phenomena caused by the concentration of energy, especially in the lower part of the
ring, by improving the quality of the blasting design and optimizing the charge
structure.
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Many researchers have proposed solutions to these problems. To achieve better use
of the explosive energy, Hagen (1987) suggested drilling holes in a fan-pattern based
on a reoriented equilateral triangle. Zhang (2011, 2014) suggested decoupling the
charge (using cartridge charges in the lower parts of the holes) or moving primers to the
toe of holes to reduce tensile stress in the eyebrow region. These modifications can
effectively reduce the overcrush effect near the brow due to the concentration of
explosive energy. However, a reasonable scheme for the charging and stemming length
(as shown in Figs. 1 and 2) is a basic requirement for ring blasting design whenever the
mentioned measurements are applied. Therefore, it is necessary to discuss the method
used to develop an optimal charge scheme for fan-pattern holes, especially in the region
near the brow.

The final blasting effect is mainly influenced by two factors. The first is the basic
blasting condition, including rock properties, the structure of the rock mass and free
face, etc. The second is the design aspect, which covers the drilling pattern, charge
structure, explosive properties and detonation method (Scott et al. 2006; Saharan et al.
2006). The design parameters should change in concert with the variation of the initial
conditions and should be synchronized with them for a better blasting effect. For mass
blasting in underground production, some initial conditions, such as the rock condition
and the free face vary notably along the blasting area, which makes it difficult for the
engineers to ensure that the design parameters exactly match the given conditions.
A mathematical model or simulation tool is needed that can provide a rationale for
designers to adjust the design parameters accurately based on the results of numerical
simulations.

There are several mature mathematical models of blasting that have been used in
the field. For blasting mechanics and process simulation, there are the fracture
mechanics blasting model proposed by Margolin and Adams (1982), the KUS damage

Fig. 1. The influence of the charge scheme on the block size distribution in ring blasting.
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model proposed by Taylor et al. (1986), the PPV damage model (Holmberg 1979; Blair
1999) and the BLAST-CODE model proposed by Qu et al. (2002). For fragment
prediction, the Harries model (1983, 1990) can simulate the development of cracks and
the fragment size generated by a sphere cartridge. Morin and Ficarazzo (2006) pro-
posed a working form of the Kuz-Ram fragment prediction model based on Monte
Carlo simulations. There is a hybrid finite-discrete element model proposed by An et al.
(2017) that can simulate the rock crushing, block casting and muck pile profile.
However, most mature software products are aimed at the computer-aided design of the
layout of the drill-holes, muck pile profile prediction and the prediction of the block
size distribution in an open pit mine (Chung et al. 1991; Carter 1992; Liu et al. 2014).
There are also many geological data management software packages and cartography
systems used in underground mines. However, the functionality of the computer-aided
design tools that meet the specific demands of complex mining operations is limited.

This article introduces a new algorithm for calculating the optimal fan-hole charge
scheme. First, the current design method for determining the fan-hole charge scheme
and its deficiencies are discussed in the context of the rock-crushing mechanism for
ring blasting. Second, the methodology of the proposed algorithm is introduced in

Fig. 2. System flowchart and partial code of the algorithm for the proposed method.
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detail. Then, a case study of the Tonglvshan copper mine is presented and the two
different charge scheme projects, one manually developed and the other designed by a
program, are compared. Finally, more blasting data were acquired during on-site
observation, and production data were also collected to verify the effectiveness of the
optimization algorithm.

2 Problem Description

The process of the excavation by blasting described from the fragmentation aspect is
illustrated in Fig. 1. The in situ block size distribution is been changed into the post
blasting fragment distribution. There are three different post blasting curves in the
Figure, where the curve 1 has the most uniform distributed fragment, the curve 3 is the
worst. The different quality of the three blasting curves can be influenced by three
aspects (Saharan 2006): the rock condition, the explosive and charge design, and the
boundary condition. In the underground ring blasting operation, the charge scheme
design may cast a significant impact on the blasting effect in light of the limited
boundary condition and the layout of fan-pattern drill-hole. As mentioned above, the
explosive energy concentration usually occurred at the collar of the ring. Thus, as we
can imagine that the resource of fine particles in the fines region in the Fig. 1 is located
in the brow of the ring. Besides the fines ore, the brow damage and the back damage
are also result from the unreasonable explosive distribution in the centre or the brow of
the ring to a much extent (Darling 2011).

The current design method of the ring blasting is kind of randomness and uncer-
tainty (Wang et al. 2017). First, dividing the drill-holes in the ring into several groups,
where there are at least three holes in each holes. The holes located on the boundary of
each groups are charged to the collar, which means the length of stem is equal to the
minimum permitted stem length. Hereinafter refer to as REH (regular hole). Second,
the charge length of the other holes in the groups are determined by the maximum
spacing principle ensuring that the time delay between holes would not be influenced
(Darling 2011). The stem length of these holes are always longer than the minimum
permitted stem length. Hereinafter refer to as IRH (irregular hole).

The charge scheme is mainly determined by the arrangement of the REHs. How-
ever, it is kind of subjective and random. There are two contrary idea about the
arrangement of the REHs:

1. The location of the two adjacent REHs should be arranged as close as possible,
ensuring the ample crushing effect by a higher the powder factor.

2. The explosives in the collar of ring should be reduces, thus the spacing of the REHs
should be located as far as possible.

Actually, the most of designers’ principle is in between these two rules mentioned
above, influenced by their experience and the specific condition of different mine.

Besides the interior effect of charge length between different holes in the same ring,
the mutual influence of the charge scheme in each rings should also be considered.
The reorientated equilateral triangle arrangement of drilling holes between rings can
eliminate the adverse effect due to the uneven distribution of holes (Hagen 1987).
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However, the charge schemes of two adjacent rings are different. The spatial distri-
bution of explosive must have a significant impact on the holistic blasting effect.

So, these three principles should be considered in charge scheme design for the
multi-ring blasting with triangle arranged fan-pattern holes:

1. The charge distribution should keep in step with the variation of the rock condition
in different blasting region.

2. The arrangement of REHs in each ring should be optimized.
3. The mutual influence between rings should be considered, the charge scheme

design should be optimized according to the geometric parameters of holes in
adjacent rings. In underground mining operations, the rock condition, boundary
conditions and free surface profile varies considerably with each blasting case, even
in the same stope. Using only one type of charge scheme as is current practice is not
reasonable. Determining the specific condition of each ring and calculating different
charge schemes manually places too much of a workload on the blast designer.
Thus, faced with complex and mutable geologic conditions, the issue of how to
calculate an optimal charge scheme efficiently will be discussed in this article.

3 Methodology

According to the previous discussion, the issue is concerned with three key points.
First, there are many feasible charge schemes that meet the requirements of current
basic charge rules for ring blasting. Second, to figure out which one is the most
suitable, rational evaluation criteria are needed that can describe each project quanti-
tatively. Third, for the applicability and operability of the design method, the method
must not only deal with the complex and mutable geological condition in underground
mining but also must not require too much manual work for the designers.

In this article, a computer-aided design and optimization method is proposed; the
program is implemented using AutoCAD on a Visual LISP platform. Figure 2 shows
the major steps to establish a computer-aided ring blasting design and simulation
system. The detailed steps are given as follows.

Step 1. Generate all the possible REH arrangement projects in each rings based on
input drill-hole parameters. Then, filter the results using the primary demands of the
blasting operation and other customer constraints provided by the designer, and cal-
culate the set of all the feasible REH arrangement projects by traversal algorithm
(Wang et al. 2017). Calculate the charge length of IRHs, and acquire the set of all
feasible charge schemes. Finally, combining all the projects between two adjacent rings
in the minimum calculated unit.

Step 2. Based on the geometric conditions of the blasting area and the accuracy
required, generate a 3D meshed model of the blasting region.

Step 3. Calculate the blasted block size value at each node of the 3D model based
on the modified Harries mathematical model (Wang et al. 2017) and the in situ block
size distribution. Then, acquire the 3D blasted block size value matrices of each fea-
sible charge scheme.
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Step 4. Calculate several indexes of each block size matrix to evaluate the quality of
each charge scheme. The two key evaluation index of the block size distribution D50

and D90 � D10 are adopted which can be used to measure the centralization and the
fluctuation range of the size value. A fragment size nephogram in the 3D blasting
model can also be drawn for further analysis to compare the blasting performance of
each project.

4 Case Study

4.1 Background and Calculation Model

The Tonglvshan copper mine is located in Daye Hubei Province, producing 800
thousand tons of ore per year, using sublevel stoping as the major mining method. The
stopes are laid perpendicular to the trend of the ore body. The length of each stope is
equal to the thickness of the vein. The width of each stope is 8.0 m. The height of each
level is about 40.0 m. There are three sublevels (with a height of around 13.0 m) in
each level. For blasting operations, the diameter of a drill-hole is 64 mm. The space
between each ring is 1.6 m in lateral blasting area. The drill-hole toe spacing is 1.9 m,
and the minimum permitted stem length at the collar of a drill-hole is 1.2 m.

The 9225# room stope at the −450 m level was selected as the trial stope. The
geometric properties of the blasting model are illustrated in Fig. 3. The drill-hole
parameters, explosive parameters and rock mass properties are given in Tables 1 and 2.

Fig. 3. Geometric properties of the calculated model.
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4.2 Multi-scheme Optimization

Inputting the rock parameters, charge parameters and geometric information of
drill-holes, the program put out nine projects for ring No. 1, nine projects for ring
No. 2. The result of all the projects are given in Tables 3 and 4. Finally, there are 81
kinds of projects generated in this unit of rings after combination.

Then, the final fragment matrixes of all the combination are calculated. And the two
key index of the fragment distribution are calculated. The result is shown in Fig. 4.

Among all the projects whose D50 located in the reasonable fluctuate range. The
project marked in the figure has the minimum D90 � D10. Thus, it is determined as the
optimal charge project for the two adjacent rings in the unit.

5 Discussion

The optimized project (Hereafter Project A) adopts the charge scheme 2# for ring
No. 1, 1# for ring No. 2 according to the program. The specific charge parameters of
the charge scheme can be found in Tables 3 and 4. In comparison with the previous
blasting design data in the Tonglvshan mine, there is a combination similar with the
charge scheme, which the designers were accustomed to use in former blasting oper-
ation. Adopting charge scheme 7# for ring No. 1, 9# for ring No. 2. Thus, it is
necessary to compare the two charge schemes, Project A and B, the optimal charge
scheme and the manually designed scheme.

First, the nephogram of fragment size can be drawn according to the final blasted
fragment matrix of each project. The fragment size in the blasting region of Project A
and B is shown in Figs. 5 and 6. Figure 5a is the fragment in the whole calculated
region, Fig. 5b–e are the fragment nephograms of Project A, starting at the plan

Table 1. Geometric parameters of the fan-holes in the model

Borehole (No.) Depth (m) Angle (degree)

1-1 4.5 45
1-2 7.2 63
1-3 13.9 76
1-4 11 84
1-5 10.7 89
1-6 10.9 85
1-7 13.8 78
1-8 5.5 59
2-1 5.9 57
2-2 10 71
2-3 13.5 81
2-4 10.4 88
2-5 10.3 86
2-6 13.3 81
2-7 8.2 70

Optimization Charge Scheme for Multi-row Ring Blasting Design … 109



z ¼ 0 m, there are five sectors spacing 0.8 m parallel to the ring. Figure 6a is the
fragment distribution in the whole calculated model. Figure 6b–e are the nephograms
of the optimized charge scheme (Project B). For Project A, the distribution of REHs is
more dispersed compared with that of Project B; the explosives are also uniformly
distributed in the brow of the ring. This result can be clearly reflected in the fragment
size nephogram of the plan z ¼ 0 m, seen in Figs. 5b and 6b, and of z ¼ 0:8 m, seen in
Figs. 5c and 6c. After optimization, fines in the brow of the ring were notably reduced.
The optimization has a positive effect on the brow protection and the improvement of
the fragment size distribution.

Then, ranking the elements of the final fragment matrix by the size value, the
proportion of elements at series size levels raising at a given increment was calculated.
Then, the fragment distribution was generated by fitting with the Rosin-Rammler

Table 2. Parameters referenced in the paper

Parameters Value

Rock properties
m* Poisson’s radio 0.25
q* Density 3.3 g/cm3

CP* Longitudinal wave velocity 5200 m/s
T* Dynamic ultimate tensile strain of rock 2.0e-4
D50situ* Mean value of in situ block size distribution 1.0 m
e The tangential strain at the wall of hole
n Number of cracks
k Block size value m
k0 (i, j, k) Fragment matrix of in situ block size
k1 (i, j, k) Fragment matrix of blasting block size
kfnl (i, j, k) Fragment matrix of the final blasted block size
Explosive parameters
q1* Density 1.1 g/cm3

P* Pressure of explosion 7500 MPa
K* Adiabatic index 2.0
Borehole properties and charge parameters
b* Radius 0.032 m
d* Toe spacing of drill-hole 1.9 m
B* The minimum permitted stem length 1.2 m
S* Influence radius of column charge 0.95 m
(D50min, D50max)
*

Fluctuation range of reasonable mean size of
fragment

(0.15 m,
0.25 m)

D10 Sieve size of 10% passing value m
D50 Sieve size of 50% passing value (mean value) m
D90 Sieve size of 90% passing value m
* Meshing scale 0.1 m
(l, h, h) Cylindrical coordinates of the calculated point

Parameters marked with * represent the input parameters in the calculation.
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model. The fragment size distributions of the two projects are shown in Fig. 7. It can be
clearly observed that the fines of Project A were reduced. Although the D50 value is
increased, the fragment distribution was more concentrated compared with Project B.

Brow damage and undesired fragment quality are frequently seen adverse phenomena
in the Tonglvshan copper mine. To justify the validity of the optimization program, further
tests were conducted. The results using the computer-designed method and manually
designed method were compared, after carrying out 10 blastings using the optimization
method. Among the 10 times the computer designed blastingwas performed, brow damage
appeared 1 times and no bulk appeared.According to the production data in the Tonglvshan
mine, the average rate of brow damage or back damage is higher than 30% in previous
production, which indicate that the possibility of brow damage can be efficiently reduced
due to themore reasonable charge structure. Figure 8a shows the broken brow at the end of
the tunnel in 9312# room stope Sublevel No. 3 at the −485 m level; Fig. 8b is a photo of
bulk in a blasting case carried out in 9312# room stope Sublevel No. 2 at the−485 m level.

Table 3. Charge schemes of the ring No. 1 calculated by the program

Charge scheme Charge length for each holes (m)
1-1 1-2 1-3 1-4 1-5 1-6 1-7 1-8 Total

1# 3.3* 3.7 12.7* 5.1 8.3 5.5 12.6* 2.9 54.1
2# 3.3* 4.7 8.0 9.8* 6.4 5.5 12.6* 2.9 53.2
3# 1.9 6.0* 8.0 9.8* 6.4 5.5 12.6* 2.9 53.1
4# 3.3* 4.7 11.5 6.5 9.5* 5.6 12.6* 2.9 56.6
5# 1.9 6.0* 10.4 6.5 9.5* 5.5 12.6* 2.9 55.3
6# 3.3* 3.7 12.7* 5.1 9.5* 5.5 12.6* 2.9 55.3
7# 3.3* 3.7 12.7* 5.1 8.3 9.7* 8.3 4.3* 55.4
8# 3.3* 4.7 8.0 9.8* 6.4 9.7* 8.3 4.3* 54.5
9# 1.9 6.0* 8.0 9.8* 6.4 9.7* 8.3 4.3* 54.4

Holes marked * represent that they are REHs in the specific charge scheme.

Table 4. Charge schemes of the ring No. 2 calculated by the program

Charge scheme Charge length for each holes (m)
2-1 2-2 2-3 2-4 2-5 2-6 2-7 Total

1# 2.6 8.8* 8.9 8.0 6.6 12.1* 3.9 50.9
2# 4.7* 5.4 12.3* 5.3 6.6 12.1* 3.9 50.3
3# 4.7* 6.8 8.3 9.2* 6.6 12.1* 3.9 51.6
4# 2.6 8.8* 8.3 9.2* 6.6 12.1* 3.9 51.5
5# 4.7* 6.8 8.3 9.2* 7.9 9.1 7.0* 53
6# 2.6 8.8* 8.3 9.2* 7.9 9.1 7.0* 52.9
7# 4.7* 6.8 11.1 7.9 9.1* 9.1 7.0* 55.7
8# 2.6 8.8* 9.0 7.9 9.1* 9.1 7.0* 53.5
9# 4.7* 5.4 12.3* 5.3 9.1* 9.1 7.0* 52.9

Holes marked * represent that they are REHs in the specific charge
scheme.
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The linear superposition method is adopted in the modified Harries model, which
considers the linear accumulated effect of sphere units to substitute for the effect of
blasting of column charges. However, linear superposition may have some deficiencies
(Blair 2008). Thus, to obtain a more rational result regarding the damage effect of
column charges based on Harries’ model, the algorithm needs to be further improved to
find a suitable non-linear superposition function to describe the accumulated damage
due to rock blasting. Moreover, delayed initiation is always used in ring blasting to

Fig. 4. Results of the evaluation index of the nine feasible charge schemes.

Fig. 5. The nephograms of fragment size in blasting region of the charge schemes A.

112 M. Wang et al.



reduce vibration and improve the utilization of energy in the stress wave. However, the
delay time is not a major variable controlling fragmentation (Blair 2009). Some
small-scale tests (Johansson and Ouchterlony 2013) and numerical simulations (Schill
and Sjöberg 2012; Yi et al. 2012) also show that the short delay has no significant
impact on fragmentation. The program should achieve a more uniform distributed

Fig. 6. The nephograms of fragment size in blasting region of the charge schemes B.

Fig. 7. Comparison of the blasted fragment distribution of the two charge schemes, A and B.
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charge scheme according to the predicted blasted fragment distribution. Thus, the time
effect is not considered in the modified Harried model.

6 Conclusion

To achieve the optimum charge scheme at the collar of the ring in ring blasting, a new
computer-aided design and fragment simulation optimization program is proposed
based on the modified Harries model. By inputting the geometry information of the
fan-holes, rock mass properties, explosive parameters and boundary conditions, all the
feasible charge schemes and the final blasted fragment matrix of each project can be
calculated. The optimum charge scheme can be selected by comparing some key
indexes of the fragment matrix and analysing the fragment nephogram of the blasting
region. To verify the feasibility of the optimization program, some field blasting tests
were conducted in the Tonglvshan copper mine. The following conclusions were
reached:

1. By comparing the simulation results of the two charge schemes that were designed
manually and via the optimization program, it was found that the optimization
program can reduce the explosive concentration on the brow of the ring and that the
theoretical fragment distribution can also be improved.

2. In 10 field tests, there is only one time brow damage occurred, where the average
rate of brow damage is higher than 30%. This result indicates the optimization
program can positively affect brow protection and can improve the quality of the
blasting distribution. However, more trial blasting needs to be conducted to verify
the reliability and the feasibility of the optimization method.

3. The algorithm proposed in this article is intended to acquire a more uniform dis-
tributed charge scheme and to reduce the explosive concentration at the brow ring.
The time effect should be further considered about the modified Harries model to
obtain a more precise result from the simulation regarding the blasting process and
fragment prediction.

Fig. 8. Photograph of brow damage and bulk in the field.
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Abstract. The application of auxiliary elements in the development and
improvement of soil engineering features has been considered since old times.
Nowadays, the efficiency and ability of the soil reinforcement technique in
providing practical solutions to different projects has prompted this knowledge
to quickly open its place in geotechnical engineering. Considering the impact of
the application of modern materials on soil rehabilitation and rehabilitation,
geocells are regarded as suitable samples of these materials. The results of
experimental studies of the effect of width and height of the geocell element on
bearing capacity and P-dimensional settlement have been numerically modeled
in this research. It is to be added that laboratory studies in a single-threaded
device and analytical studies have been performed using the limited component
software ABAQUS 6.11. It can be seen from the results of this study. If the
geocell element is used to arrange the soil, the bearing capacity of the beam is
increased by 1.65 times compared to the unarmed sample, while the seating
capacity in the gantry bearing capacity is proportional to the geocell Not to be
armed is just 1.5 times more than that. In addition, when increasing the bearing
capacity of the pipelines is of particular importance, it is best to increase the
height of the geocell element, but where the size of the site has significant
significance, we will have more effective results with the change over the
geocell element. An appropriate match between them is considered via con-
tracting and comparing the results of numerical and laboratory studies. In all
cases, analytical studies provide more conservative results than the results of
laboratory studies.

Keywords: Geocell � Soil improvement � Numerical studies � Laboratory
studies � ABAQUS

1 Introduction

Soil, as the most important building materials and the main structural backing, has long
been considered by people in construction. However, due to the shear strength, soil Can
resist tensile forces, the researchers continuously seek to increase the bearing capacity,
resistance and improve its features, and various methods such as mechanical
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modification, compacting, chemical modification, stabilizing with lime or cement, and
the use of the idea of armed soil or the use of auxiliary elements and high tensile
strength have been used in this field. In the meantime, the method of soil propulsion is
known for its low cost, easy implementation and its great impact on soil features as a
suitable method for soil improvement and improvement.

Armed Arms is a structure composed of two different materials, which together
minimize their weaknesses and, in this idea, the soil tolerates compressive stresses and
armor elements of tensile stresses [1–3]. Nowadays, soil propagation as an effective
and reliable method for improving and fixing soil layers is used in addition to
increasing load capacity, shear strength and reduction of sedimentation, in fixing
surface substrates, road pavement and pavement. In this research, the behavior of the
circular motifs based on the sandwich bed with geocell has been investigated numer-
ically and experimentally [4, 5]. Also in laboratory and numerical studies, the effect of
parameters of geocell (b) element height and geocell element height (h) on increasing
the load bearing capacity and decreasing its seismicity have been investigated. It is
worth mentioning that numerical studies have been performed using the limited
component software ABAQUS 6.11 [6].

Due to the remarkable progress of technology and the use of modern materials to
improve and increase the load bearing capacity of the soil and reduce its settlement,
geocells are considered as a suitable sample of these materials. In light of the results of
laboratory studies on the behavior of samples arranged by the geocell element,
numerical modeling of parameters such as width and height of the geocell element has
been investigated in this study.

2 Materials and Method

In order to further investigate the cases affecting the bearing capacity of the joints and
their extent and their effect, we first describe how to make the sample, the type of
materials used in laboratory studies and how to load the samples, and then each of the
parameters tested Such as the geometric element width (b) and the height of the geocell
(h) element are separately investigated. The materials used in laboratory studies,
including soil and arming elements, are described below.

In laboratory studies, clay was used to create the test bed, and to fill the geochells
from the coarse sand and sandy soil. To prepare the preliminary preparations, dry clay
is firstly mixed with water. In order to achieve the desired moisture, wet soil is
maintained in compressed containers for one week. Then, the soil is placed in a test box
monotonously, by placing a wooden plate on the surface and knocking it with a
hammer and using the depth specified on the boxes as guides, layers are compacted
until the desired height.

2.1 Clay

In this study, the soil used in making the substrate of laboratory samples was silty clay,
the characteristics of which are given in Table 1.
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2.2 Sand and Gravel

The sand used in this study to fill the geocell elements in a dry laboratory sample, the
full specifications of which are given in Tables 2 and 3.

2.3 Geocell

The archetypal elements of laboratory studies are made of geocell. The geocells are
made using polymer axial geogrid with a quadrilateral shape with a pore size of
0.035 � 0.035 m. Geogrid characteristics and joints for geocell construction, obtained
from the double standard pressure test in ASTM: D6637, are given in Table 4:

Table 1. Physical and mechanical parameters of clay used in manufacturing of laboratory
samples

Density of solid beads
(GS)

Plastic limit
(PL)

Liquid level
(LL)

Soil in the USCS
system

2.66 17% 40% CL

Table 2. Physical parameters of sand used in manufacturing laboratory samples

Minimum
porosity
ratio (emin)

Maximum
porosity
ratio (emax)

Solid
grain
density
(GS)

Effective
particle
size (D10)

Compression
ratio (CC)

Uniformity
coefficient
(CU)

Soil in the
USCS
system

0.48 0.66 2.63 360 mm 1.05 2.22 SP

Table 3. Specific gravity and shear strength values of sand and sand in different relative
densities of the laboratory sample

The angle of the friction inside the sand
(Degree)

Special dry weight
(kN/m3)

Relative
density

37 16.4 48%
39 16.6 59%
41 16.8 70%

Table 4. Physical parameters of the geogrid and its joints for the construction of the geocell
element

Features Value
Geograde Connection

Ultimate tensile strength kN/m 20 kN/m 7.5
Failure strain 18% 28%
Primary Module kN/m 18.3 kN/m 40
Secant modulus at 5% strain kN/m 160 kN/m 42
Secant modulus at 10% strain kN/m 143.4 kN/m 29
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2.4 Sample

In laboratory and numerical studies, the physical model of the circular shape was made
of a solid steel with a diameter of 0.15 m and a thickness of 0.33 m. The soil bed was
prepared in a reservoir of length, width and height of 0.9 m. A circular valve with a
diameter of 0.095 m was created on the side of the reservoir along an intermediate line
at a height of 0.1 m from the bottom of the reservoir. This circular valve is used to
create cavities under the bedding clay layers.

2.5 Loading Method

In laboratory studies, cavities have been placed at a constant distance from the surface
of the clay layer. Then, on a bed of clay, a sandy layer was placed and was fixed on it
by a thin layer of cementitious and epoxy adhesive. Subsequently, a hydraulic jack was
loaded in front of the frame reaction, the test steps shown in Fig. 1.

To prepare the test bed, the wet soil is placed in the test box and compressed in
thick layers of about 2.5 cm to reach the appropriate height. The degree of saturation
(Sr) of the soil is calculated using the specific water content and density, with an
average saturation value of about 100%. The geocell layer forms at the beginning of the

Fig. 1. Laboratory sample loading method
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bed of compressed soils. Due to the superior performance of quadrilateral or diamond-
shaped geosets, diamond-shaped elements, all geocell elements are prepared in the
form of a quadrilateral or rhombic pattern. After the geocell elements are deployed,
these elements are filled with sand and the test is carried out with different variables and
the load transmitted to the surface through the graded bars and rings located between
the bearings and the loading jacks are evaluated. Path changes are also measured by
means of two measuring gauges located on the corner of the beam. It should be noted
that in this experiment, the diameter of the P (D), the height of the undrained sand layer
(H), the height of the geocell element (h), the geocell (b) width, the measurement gauge
(Dg) and the diameter of the hole in Clay bed (dv) is shown in Fig. 2.

2.6 Numerical Analysis

In this research, numerical modeling of laboratory samples was performed with the
help of ABAQUS 6.11 finite element software. Given that the ABAQUS 6.11 soft-
wares have the ability to solve problems from a simple linear analysis to the most
sophisticated nonlinear modeling, it has a very large set of elements for analyzing any
geometry This software has been used in the analysis. The next step is to construct the
geometry of the model with the dimensions presented in the article, and then define and
create all the conditions in the paper, which can be seen in Fig. 3 of the model
geometry [6, 7].

Fig. 2. Test bed preparation method
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It should be noted that for modeling clay nonlinear behavior, the CAM CLAY
model was used and sand behavior was simulated with DRUCKER PRAGER model.
The results of numerical modeling and also the effects of deformation of P the square of
the square and the results of the comparison of the carrying capacity of these two
sequences are given below.

3 Results and Discussions

By analyzing the effect of each of the parameters affecting the load carrying capacity
and comparing numerical and laboratory studies, the following results are presented:

3.1 The Effect of the Geometric Element Width (B)

The variation in the bearing capacity of the Pei relative to the percentage of its set-
tlement in different latitudes of the geocell (b) is given in Fig. 4, as compared to the
diameter of the P-ring (D).

Fig. 3. Program modeling by ABAQUS 6.11 software
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As the results of laboratory and numerical studies show (Table 5), in the case where
the width of the geocell element (b) is equal to the diameter of P (D), the presence of
the geocell element does not have a significant effect on the improvement of bearing
capacity. On the other hand, Table 5 shows that by using a geospatial element with a
width close to twice the diameter of the bore (b/D = 1.9), we will see more than 60%
increase in bearing capacity and a significant reduction in the summit. The results are
agreed well with Sujit et al. (2001) and Sanat et al. (2010) [8, 9].

It is to be noted that the geocell element, which extends over a cavity at a distance
of 0.65 dpi (D) and extends beyond the diameter (d = 0.6 D), transfers the pressure to
the surrounding soil. It leads to increased performance. Therefore, it can be stated that
in order to achieve a more efficient function, the location of the geocell element from
the cavities must be at least equal to the diameter (dv), thus increasing the bearing
capacity with increasing width of the geocell element (b) Find This increase in per-
formance improvement was significant with increasing b/D to 4.9 l but since then,
given the limited hardness of the geocell material due to its constant height and the size
of its elements, the pressure is transferred to the narrower domain. And so there is a
slight increase in performance improvement. Also, in order to further investigate the
behavior of the pycrays, the physical model in numerical studies using the finite
element software ABAQUS 6.11 was used in laboratory studies considering the geocell
element width ratio in b/D = 3.7. Results of laboratory studies and the number are
given in Fig. 5.

Fig. 4. Changes in the bearing capacity of the Pei relative to the percentage of its settlement in
different latitudes of the geocell element (b)
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As shown in Fig. 5, with the increase in the width of the geocell element (b), the
bearing capacity of the beam increases. There is also an appropriate match between the
results of laboratory and numerical studies, which indicates the accuracy of the studies
carried out.

3.2 Effect of the Height of the Geocell Element (H)

In order to investigate the effect of elevation of the height of the geocentric element,
which is formed by the use of a polymer geometric axial geogrid, due to the fact that
the diameter of P (D) is constant, we increase the height of the geocell element (h),
which is the result of Fig. 6 From the results of laboratory experiments, the bearing
capacity of the jet increases with the increase in the height of the geocell element
relative to the diameter of the p (h/D).

As shown in Table 6, the bearing capacity of the jet increases with an elevation of
the height of the geocell element (h) up to 1.8 times the diameter (D), although in
amounts less than 1.8 and in the summits the soil-geocell structure is very high, and
subsequently, the geocell element plays a minor role in tolerating the loading of the
plies. With increasing height (h), the flexural and shear strength of the geocell element
increases and thus can effectively transfer the bridged cavity and push pressure to the
enclosed volume of soil. As a result, at a higher altitude of the geocell with respect to
the diameter of the pipeline (h/D � 1.8), the carrying capacity of the pipeline will
continue to increase until the P-solution reaches 50%. Finally, we can conclude from
this observation that the critical height of the geocell element, which decreases the
impact of the cavities on the yield, is about 1.8 times the diameter of the pixel. In order
to investigate further the results of laboratory studies, considering the effect of the
height of the geocell element (h), a pseudo-modeling with two different heights of the
geocell element has been considered. The results are presented in Fig. 7.

Fig. 5. Modeling of pycrays with geocell with a width ratio b/D = 3.7
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As shown in Fig. 7, the process of increasing the carrying capacity of the bearings
is clearly evident with the increase in the height of the geocell element. In addition, the
numerical modeling results are suitable for experimental results and their difference is
about 5%, which indicates the validity of the numerical modeling function in this study.
The results are agreed well with Moghaddas et al. (2010), Dash et al. (2012), and
Biswas et al. (2013) [10–12].

Fig. 6. Changes in the bearing capacity of Pei relative to its summing percentage at different
altitudes of the geocell element (h)
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4 Conclusions

Subject to the contrast and compare made for the factors affecting the bearing capacity
of the joints, such as the geometric element width (b) and the height of the geocell
element (h), it can be obtained if the geocell element is used to arrange the soil, as
compared to the unarmed specimen, Increases by about 165%, while the percentage of
the settlement will only increase by about 15%. Investigating the variations in the width
of the geocell element (b) indicates that the increase in this parameter results in a
re-distribution of the pressure over a wider area of substrate soil and continuously
propagates the pressure P on the cavities and increases the Bearing capacity. It is to be
noted that via increasing the height of the geocell element (h), the stability and sub-
sequently the bending and shear strength of the geocell element increase and effectively
push the pressure to the volume of the corresponding soil, which increases the bearing
capacity of the pile and reduces its settlement.
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Abstract. This study is aimed at determining the effectiveness of random
inclusion of jute fibres on the strength characteristics of two different clayey
soils. Fibre length and percentage inclusion in soil mass were taken as the initial
study parameters. Unconfined Compressive Strength (UCS) and California
Bearing Ratio (CBR) tests were carried out to determine the strength parameters
of the reinforced soil. Experimental results were then used to model the rein-
forced soil as embankment fills in finite element software programs PLAXIS 2D
and SLIDE, to determine the safety factors. Results showed that the random
distribution of jute fibres had positive effects on both strength parameters and
the safety factors. The optimum fibre lengths and their respective percentage
inclusions were then established. A mathematical expression, relating the UCS
values to the fibre length and percentage inclusion was modelled from the
experimental data using linear least square regression method in MATLAB. The
data from the FEM software programs were compared with the mathematical
expression, and it was observed that the expression held true for various strength
parameter values, hence validating the expressions generated.

Keywords: Soil stabilization � Soil reinforcement � Natural fibers
Jute � FEM � Regression

1 Introduction

Soil stabilization can generally be termed as a process of improving the properties of
natural soil by physical, chemical or biological means to meet the engineering
requirement (Prabhakar et al. 2004; Binici et al. 2005; Sharma and Ramkrishnan 2016;
Sahu et al. 2017). Use of fibres can basically be termed as a physical form of soil
stabilization. Fibre-reinforced soil can be defined as a soil mass that contains randomly
distributed, discrete elements, i.e. fibres. Fibres improve the mechanical behaviour of
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the soil composite. Tensile resistance in the fibres is mobilized by the normal stresses
that act on the soil composite, which imparts greater shear strength to the soil. Most
importantly, the behaviour of plant roots is replicated using random discrete flexible
fibres, which adds strength to the soil mass and contributes to its stability. Artificial
replication of the effect of vegetation has been proved by the usage of fibres for soil
mass reinforcement by various laboratory and in situ pilot tests. Use of natural fibres
for soil stabilization can be traced back to ancient construction works like Great Wall of
China and Babylon (Hejazi et al. 2012; Kumar et al. 2015a, b). Although reinforcement
of soil with natural fibres originated in ancient times, it can be concluded that fibre
reinforced soil composites have recently gained widespread attention in construction
projects. Today, with increasing urbanization and industrialization, the use of soil
stabilization techniques is inevitable; hence a systematic study for optimization of the
technique is necessary.

With that under consideration, the current study is based on the optimization of
fibre reinforced soil stabilization. Of all the available natural fibres, jute fibres are
preferred due to its good tensile properties and durability, making it apt for this study.
The effect of varying the percentage of jute fibre and the length of the jute fibre was
studied by Singh and Bagra (2013), and it was observed that increase in fibre length
and percentage weight resulted in an increase in the CBR values. Bairagi et al. (2014)
carried out a systematic study on parameters like UCS and CBR in jute fibre-reinforced
black cotton soil. An appreciable increase in both the soil parameters was observed.
Kumar et al. (2015a, b) studied the effect of the use of jute and coir fibres as soil
reinforcement. The length of fibres and diameter of fibres were considered as varying
parameters (20, 40, 60, 80 mm). From the results, it was concluded that with an
increase in fibre content and fibre length, the CBR value further increased. Results also
indicated that the diameter of the fibres also affects the reinforcing effect. Neeraja
(2010), and Tapas and Baleshwar (2014), are other significant studies which observed
similar results on jute fibre-reinforced soil.

Other natural fibres that have been used for soil reinforcement related studies
include coir (Ravishankar and Raghavan 2004; Sivakumar Babu and Vasudevan 2008),
palm (Marandi et al. 2008) and sisal (Prabakar and Sridhar 2002; Wu et al. 2014;
Mathew and Raneesh 2016; Ramkrishnan et al. 2017). Earlier studies suggest that the
degree of improvement of using soil natural fibres depends upon parameters like length
of fibre, diameter of fibre and the percentage of fibres (by weight) to the soil mass
(Ghavami et al. 1999; Bouhicha et al. 2005; Ahmad et al. 2010; Estabragh et al. 2011).
Accordingly, length of the fibre and the percentage inclusion of jute fibres were the
considered as varying parameters and their corresponding effects were observed and
concluded accordingly.

The present study investigates the strength behaviour and slope stability of the soil
reinforced with randomly included jute fibres. In order to understand the effect of
inclusion of jute fibres on strength behaviour of clayey soil samples, a series of
Unconfined Compressive Strength (UCS) tests and California Bearing Ratio
(CBR) tests were conducted. The experimental results obtained from the laboratory
tests were then further verified using a mathematical expression which related the
strength parameters to the fibre length and percentage inclusion (Ranjan et al. 1996;
Sivakumar Babu et al. 2008a, b). A mathematical expression for the reinforced soil
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strength performance was modelled from the experimental data using linear least
square regression method in MATLAB. Furthermore, the practical implications of the
use of natural jute fibres were ascertained using numerical modelling. Finite Element
Software i.e. PLAXIS 2D and Limit Equilibrium Slope stability software i.e. SLIDE
was used for numerical simulation of fibre reinforced slope embankments (Park and
Tan 2005; Bhardwaj and Mandal 2006). The results from numerical analyses were then
further compared with the mathematical expression, and it was observed that the
expression was in good agreement with various strength parameter values.

2 Materials

2.1 Jute Fibres

Jute fibres were collected from Kolkata, (West Bengal, India). To maintain homo-
geneity of jute fibres properties, they were collected from a single batch of the
production.

2.2 Soil Samples

Two soil samples, Soil-B and Soil-R, were collected from Palur and
Thirukkazhakundram, Chengalpet (Tamil Nadu, India) respectively. Samples were
collected from a depth of 1.5–2.0 metres from the ground level and its properties were
tested according to Indian Standard (IS) specifications and are tabulated in Table 1.
Both soil samples were classified as clayey soils or fine-grained soils.

Table 1. Properties of Unreinforced soil samples

Sl No. Parameter Symbol Value
Soil-R Soil-B

1 Grain size analysis Sand S 13.45% 40.55%
Silt & clay M&C 86.55% 59.45%

2 Specific gravity G 2.25 2.24
3 Liquid limit WL 51% 35%
4 Plastic limit WP 19% 16%
5 Shrinkage limit Ws 8% 13%
6 Plasticity Index IP 32% 19%
7 Maximum dry density MDD 15.9 kN/m3 17.2 kN/m3

8 Optimum moisture content OMC 18% 17%
9 Unconfined compressive

strength
UCS 171.7 kN/m2 105.0 kN/m2

10 California bearing ratio CBR 6.20% 3.00%
11 Soil classification CH CI
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3 Methodology

3.1 Experimental Procedure

Previous studies indicated that the shear strength increment was a function of the length
of fibres used and the percentage inclusion of fibres. Accordingly, the fibres were cut
into different lengths of 0.5 cm, 1 cm and 1.5 cm and were mixed with the soils at
different percentage inclusion by soil weight (0.25, 0.5, 0.75, 1, and 1.25%) to reinforce
them. The water content during sample preparation was the optimum moisture content
of the respective soil type. For each fibre length, Unconfined Compression (UCC) tests
were conducted according to IS 2720: Part-10, up to a percentage inclusion at which a
drop in the Unconfined Compressive Strength (UCS) value was observed. Thus, the
optimum percentage inclusion and fibre lengths in both the soils were established.

CBR tests were conducted on reinforced soil samples in accordance with IS 2720:
Part-16. The tests were conducted on jute fibre-reinforced Soil R and Soil B, at opti-
mum percentage inclusion for all fibre lengths (0.5 cm, 1 cm, 1.5 cm), and at optimum
fibre length (1 cm) for all percentage inclusions (0.25, 0.5, 0.75, 1, and 1.25%).

3.2 Mathematical Regression

To arrive at a generalized equation that relates the UCS value of the reinforced soil to
the fibre length and percentage inclusion, the experimental results were plotted as a
3-dimensional surface using MATLAB. The percentage inclusion and fibre length were
chosen as the X and Y axes, while the UCS values were represented along the Z-axis.
The variables were then plotted as a 3-dimensional surface using the curve fitting tool.
The curves were fit as polynomials with percentage inclusion set to third degree and
fibre length set to second degree. Weights were not assigned as both fibre length and
percentage inclusion play an equal part in determining the strength improvement. The
polynomial equation and the corresponding coefficients for both Soil-B and Soil-R
were then obtained from the generated surface.

3.3 Numerical Analyses for Slope Stability

It was observed from the experimental results and mathematical analysis that random
inclusion of jute fibres in fine-grained soils increased the strength of soil. In continu-
ation of the analysis, a suitable implication of jute fibre reinforced soil can be high
slope embankments which are widely used in the construction of highways, canals, and
reservoirs nowadays. For the analyses, Finite Element Software i.e. PLAXIS 2D and
Limit Equilibrium Slope Stability Software i.e. SLIDE was used. Slopes of varying
heights (10 m, 15 m, 20 m, and 25 m) were simulated in these software programs to
investigate the pattern of slope stability. For simplicity, 45° and 60° slopes were
considered. In case of Finite element analysis, plane strain condition was considered,
and the embankment mesh was kept as fine. In PLAXIS, phi-c reduction technique and
for SLIDE, Bishops method was used to ascertain the factor of safety of slope
embankments. The results from the experimental tests were used as parameters for
numerical simulation of the slope embankments.
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4 Results

4.1 UCS Test Results

4.1.1 Effect of Variation of Percentage Inclusion of Jute Fibre on UCS
The UCS variation of jute fibre reinforced Soil-R and Soil-B with the variation of
percentage inclusions of jute fibre for each of the fibre lengths studied (0.5 cm, 1 cm,
1.5 cm) are discussed in this sub-head. The stress-strain curves of the UCS tests
conducted in Soil-B and Soil-R for 0.5 cm, 1 cm and 1.5 cm fibres are shown in
Fig. 1a, b respectively.

Fig. 1. Effect of varying fibre % on UCS of Jute reinforced (a) soil B and (b) soil R (0.5 cm,
1.0 cm and 1.5 cm)
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The increase in percentage inclusion resulted in an increase in UCS irrespective of
the fibre lengths used, up to a particular percentage inclusion after which the UCS
started decreasing. The percentage inclusion corresponding to maximum UCS was
established as the optimum percentage inclusion and its value was 1% in Soil-R and
0.75% in Soil-B for all the fibre lengths.

Soil-R and Soil-B had unreinforced UCS values of 171.7 kN/m2 and 105.0 kN/m2

respectively. The addition of 1% of 0.5 cm, 1 cm and 1.5 cm fibres increased the
strength of Soil-R by 1.38, 1.55 and 1.32 times respectively whereas the strength of
Soil-B was increased by 1.78, 1.93 and 1.87 times on addition of 0.75% of each fibre
lengths. These observations confirm that jute fibre was more effective in reinforcing
Soil-B than Soil-R. The same can be observed in the Fig. 2, which shows the variation
of UCS with percentage inclusion for various lengths of jute fibres in Soil-R and
Soil-B. The photographs of tested samples are shown in Fig. 3a, b respectively.

4.1.2 Effect of Variation of Jute Fibre Length on UCS
The UCS variation of jute fibre reinforced Soil-R and Soil-B with the variation of fibre
length for all the percentage inclusions are shown in Fig. 4.

Fig. 2. Variation of UCS with percentage inclusion for various lengths of Jute fibres in Soil-R
and Soil-B

Fig. 3. UCC test samples of (a) Soil R at 1.0% Jute fibre inclusion and, (b) Soil B at 0.75% Jute
fibre inclusion
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It was found that 1.0 cm fibres, irrespective of the soil type, gave the highest UCS
values. Fibres longer than 1.0 cm and higher percentage inclusions caused difficulty in
mixing, due to bundling effect. So, the optimum jute fibre length was established as
1 cm for both the soils.

4.2 CBR Test Results

From the CBR tests, it was observed that 1 cm long fibres gave the highest CBR
values, irrespective of the soil type or percentage addition. The CBR variation with
fibres of various lengths and percentage inclusions are discussed below.

4.2.1 Effect of Jute Fibre Inclusion at Optimum Length on CBR of Soil
Jute fibres of length 1.0 cm were added to the soil samples at varying percentages from
0.25% to 1.25%, with 0.25% increments. The graphs showing the load-penetration
curves of the CBR tests conducted in Soil-R and Soil-B are shown in Fig. 5a, b
respectively.

The addition of 1.0 cm fibres showed a gradual increase in the CBR values till
optimum percentage inclusion of 1% in Soil-R and 0.75% in Soil-B, after which the
CBR value decreased. An optimum CBR value of 7.55% was obtained in Soil-R and
3.68% in Soil-B, improving it from unreinforced values of 6.2% and 3.0% respectively.
An increase of penetration resistance by 1.22 times in Soil-R and 1.23 times in Soil-B
was observed. The effect of jute fibre was almost similar in both the soil types.

Fig. 4. Effect of Jute fibre length on the UCS of soil

Fig. 5. Effect of varying fibre percentage on CBR of 1.0 cm Jute reinforced (a) soil R and
(b) soil B
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4.2.2 Effect of Length of Jute Fibre in Soil at Optimum Percentage
Inclusion
Jute fibres of varying lengths (0.5 cm, 1.0 cm, and 1.5 cm) were added to the soil
samples at optimum percentage addition of 1.0% in Soil-R and at 0.75% in Soil-B. The
graphs showing the load-penetration curves of the CBR tests conducted in Soil-R and
Soil-B are shown in Fig. 6a, b respectively.

Fibre lengths of 1.0 cm were found to give higher penetration resistance when
compared to 0.5 cm and 1.5 cm fibres at the optimum percentage inclusion. It was
observed that at a fibre length of 1 cm (optimum), the CBR value increased with
increase in percentage inclusion up to 1% in Soil-R and up to 0.75% in Soil-B, after
which it started reducing. CBR variation followed almost the same trend as that of UCS
variation. It was also observed that at a percentage inclusion of 1% in Soil-R and 0.75%
in Soil-B, the CBR value increased with increase in fibre length up to 1 cm in Soil-R
and Soil-B, after which it started reducing. Soil B and Soil R showed a similar pattern
in the improvement of penetration resistance which can be easily observed from
Fig. 7a, b.

4.3 Mathematical Modelling Using MATLAB

The UCS values obtained for both Soil-R and Soil-B were used to obtain a mathe-
matical expression relating the UCS values with the fibre length and percentage

Fig. 6. Effect of varying Jute fibre lengths on CBR of (a) soil R and (b) soil B at optimum
percentage inclusion

Fig. 7. Comparison of CBR variation with (a) varying percentage inclusion of 1.0 cm Jute fibre
(b) varying jute fibre length at optimum inclusion
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inclusion using MATLAB. Linear least squares regression method was used to obtain a
3-dimensional surface by plotting the experimental values for Soil-R and Soil-B, as
shown in Fig. 8a, b respectively. The above-obtained curves resulted in a sum squared
error (SSE) of 332.63 for Soil-R and 92.79 for Soil-B, while the R-square values were
0.9641 for Soil-R and 0.9823 for Soil-B. The polynomial equations of the surfaces for
Soil-R and Soil-B are given below in Eqs. (1) and (2) respectively.

qu ¼ 171:7� 174:5pþ 39:49lþ 419:3p2

þ 112:8pl� 10:35l2 � 264:6p3 þ 69:91p2l� 104:3pl2
ð1Þ

qu ¼ 105:0� 96:60pþ 14:00lþ 344:7p2

þ 196:8pl� 18:37l2 � 257:8p3 � 70:57p2l� 48:81pl2
ð2Þ

where qu represents the unconfined compression strength (kN/m2), p represents the
percentage inclusion of fibres (%) and l represents the fibre length (cm).

Table 2 shows a comparison between the experimental values and the UCS values
obtained from the equations. It can be observed from the table that the values obtained
from the equations are similar to the experimental values, with minimal variations. This
validates the mathematical equations for the given data set. The size of the experi-
mental data set and the number of soil types used for testing limit the possibility of
obtaining a generalised equation for the UCS value of any type of soil that is fibre
reinforced with jute fibres. The generalised equation can be attained by conducting the

Fig. 8. 3-dimensional surfaces obtained for the mathematical expressions from MATLAB
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UCC test on a large number of soil samples which have varying characteristics. Soils
under the same classification can be grouped together to obtain a classification specific
equation, which would be more relatable than having a single governing equation for
all soil characteristics.

4.4 Numerical Modelling of Slope Embankments Using Jute Fibres

Figure 9 shows the variation in the FOS values calculated from PLAXIS and SLIDE
for 45° slope. An increment ratio of 1.49 in the cohesion value of Soil-B resulted in an
increment ratio of 1.23 and 1.47 in the FOS values of PLAXIS and SLIDE respec-
tively. Similarly, for an increment ratio of 1.80 in the cohesion value of Soil-R,
increment ratios of 1.70 and 1.62 was observed in the FOS values of PLAXIS and
SLIDE respectively. The cohesion values were taken for the optimum length (1.0 cm)
from the experimental results.

Synonymous to the UCS and CBR experimental results, the FOS value gradually
increased with an increase in the percentage inclusion. It peaked at 0.75% inclusion for
Soil-R and 1.00% for Soil-B, after which there is a decrease in the value. This confirms
the optimum percentage inclusions obtained from the experimental results and validates
the methodical comparisons between the embankment and the experimental results i.e.,
random inclusion of fibres in soil with proper compaction in successive lifts till the
required height is reached. Also, the FOS value decreases with increase in the

Table 2. Comparison of experimental and mathematical UCS values

Percentage
inclusion p (%)

Fibre
Length
l (cm)

Experimental
UCS values
(kN/m2)

Mathematical
UCS values
(kN/m2)

Percentage
variation (%)

Soil-R Soil-B Soil-R Soil-B Soil-R Soil-B

0.00 0.0 171.7 105.0 171.7 105.0 0.00 0
0.25 0.5 182.5 117.7 177.1 120.1 2.98 2.05
0.25 1.0 181.5 126.5 185.8 126.6 2.36 0.07
0.25 1.5 175.6 118.7 176.3 117.8 0.39 0.79
0.50 0.5 191.3 151.1 197.3 147.3 3.11 2.49
0.50 1.0 214.8 162.8 207.1 162.6 3.60 0.10
0.50 1.5 188.4 155.0 185.6 156.5 1.47 1.00
0.75 0.5 226.6 159.9 224.6 164.9 0.88 3.12
0.75 1.0 228.6 189.3 239.9 184.6 4.94 2.48
0.75 1.5 209.9 175.6 210.9 176.8 0.47 0.71
1.00 0.5 236.4 151.1 234.3 148.6 0.87 1.64
1.00 1.0 265.9 164.8 259.5 168.4 2.43 2.15
1.00 1.5 226.6 156.0 227.2 154.5 0.28 0.97
1.25 0.5 200.1 – 201.6 – 0.76 –

1.25 1.0 240.3 – 240.9 – 0.26 –

1.25 1.5 209.9 – 209.9 – 0.00 –
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embankment height. This correlates to the fact that the stability of the slope decreases
with increase in the slope height.

The variation in the FOS values for 60° slope is depicted in Fig. 10. An increment
ratio of 1.49 in the cohesion value of Soil-B resulted in an increment ratio of 1.32 and
1.49 in the FOS values of PLAXIS and SLIDE respectively. Similarly, for an increment
ratio of 1.80 in the cohesion value of Soil-R, increment ratios of 1.73 and 1.81 was
observed in the FOS values of PLAXIS and SLIDE respectively.

The above graphs and the increment ratios indicate that reinforced soil helps
improve the FOS of steeper slopes considerably. It can also be concluded that in case of
non-availability of required granular fill for construction of embankments, the available

Fig. 9. Effect of varying percentage inclusion and embankment height on FOS of 45° slope

Fig. 10. Effect of varying percentage inclusion and embankment height on FOS for 60° slope
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fine-grained soils can be reinforced with sisal fibres to attain a steeper, higher and
relatively stable slope embankment. Adopting steeper slopes and reduction of the base
width will also be possible using fibre-reinforced embankment fills, which reduces the
quantity of material required and the costs involved.

5 Conclusion

An increase in the UCS and CBR values was observed with the addition of jute fibres
to both Soil-R and Soil-B, with 1 cm fibre length for both soil types and 1.00% and
0.75% percentage inclusion for Soil-R and Soil-B respectively giving the highest
values. Hence, they were reported as the optimum fibre length and optimum percentage
inclusion respectively. The variation trends observed for both the soil types were
similar as both the types were fine-grained soils with high clay content. The reduction
in the shear strength for fibre inclusion beyond the optimum percentage can be
attributed to the low specific gravity and low unit weight of jute fibres. The fibres fail to
bond with the soil matrix effectively with further addition beyond the optimum values.
CBR values of fibre-reinforced soil followed the same trend as that of UCS values and
the highest value was observed for 1 cm fibre inclusion. The strength and stiffness of
reinforced soil increased with the increase in fibre content which relates to the increase
in the CBR value of reinforced soil.

The mathematical equations obtained gave UCS values similar to the experimental
values. Hence, these equations can be used to determine the UCS values for various
combinations of percentage inclusion and fibre lengths. A possible scope for research
in this aspect could be the computation of a generalised equation to obtain the UCS
values for various fibre lengths and percentage inclusions. This can be achieved by
conducting tests on a large number of soil types with varying parameters. The varia-
tions in the basic soil parameters can also be taken into consideration while forming the
equation to give more accuracy to the results.

The increment in the strength characteristics of soil indicates a possible application
of fibres in the embankments for highway/road projects. Numerical analyses carried out
to study the possibility of this application at the optimum fibre length resulted in an
increase of the FOS of the embankment until the optimum percentage inclusion and a
decrease beyond that. Hence, the stability of the slope increases when it is reinforced
with fibres at an optimum percentage addition and length of the fibre. This allows for
the economical usage of fibre-reinforced soils in embankments for highway/railway
projects. Another practical advantage of using fibres as reinforcements for embank-
ments will be that it will facilitate and accommodate vegetation on facings upon
sowing. It will be a crucial aspect for the stability of slopes too, as it will prevent
erosion.
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Abstract. In India, the long coastline of South India is deeply connected with
the culture, life and traditions of the country. The tourism base of India, espe-
cially Kerala, is dependent on the backbone of its exquisite beaches and lush
back-waters. Beach conservation, management and development works are
executed to aid tourism to a large extent. Nowadays these beaches possess a
potential challenge of erosion due to rising and falling of sea levels because
global warming and land encroachment towards the beachside. This study
focuses on the study of erosion that occurs due to the above-mentioned prob-
lems and suggests a novel method to overcome it. The present structures which
help in preventing erosion are seawalls, stone revetments, tetra pods etc. All
these methods prove to be effective in the short run but the durability and
acceptability of the same are not satisfactory. The novel method introduced in
this study uses a highly porous geotextile layer laid over a beach area, over
which pervious concrete blocks are laid. Water can pass through the revetment
easily, while holding the geotextile and underlying soil in place. The blocks are
laid in such a way that the waves do not have a direct impact on it, but enter
tangentially, thereby reducing the impact and surface drag. After observing the
behavior of the revetment exposed to sea waves, it was concluded that laying
and anchoring the porous concrete slabs on poly-filter can be an effective armor
and a feasible solution for beach protection.

Keywords: Beach erosion � Geosynthetics � Pervious concrete
UFGGBS � Kerala � Wave action

1 Introduction

Kerala has a total coastal length of 580 km of which, about 63% is eroding, confirms
the ‘Shoreline Change Assessment of Kerala Coast’, released by the Union Minister of
State for Environment and Forests. About 53% of Kerala’s coast now have artificial
coast while 10.3% are eroding coastline; experiencing high, medium and low levels of
erosion. Only about eight percentage of the 580 km Kerala coastline is stable without
erosion or accretion, the study says.

Coastal structures are built to prevent damage of shorelines and also to re-establish
the eroded beaches. Seawalls, stone revetments, tetra pods etc. are currently used for
coastal protection. Various surveys have shown that, although the present structures
help in preventing erosion on the front side, the beaches on the seaward side are eroded
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and get removed continuously. Seawalls, stone revetments, tetra pods etc. are currently
used as erosion protection methods. Seawalls are perpendicular to the waves, reflecting
the energy leading to scouring and failure. In stone revetments, erosion rates increase in
the front, leading to slope steepening. Gabions consist of rock-filled structures in wire
mesh stacked to form a wall. The mesh will eventually corrode leading to collapse (Ali
Atef Yousef Masria et al. 2010). Tetra pods endanger beach access and require huge
investments for its construction despite absorbing the wave energy (U. S. ARMY
CORPS OF ENGINEERS 1981; Zadikoff et al. 1998). These structures settle with time
because of continuous wave action, increasing the necessity of reforming the structure
over the existing one which makes it expensive. Therefore, coastal structures are
imperative to protect the environment, ecology, infrastructures, and economic activities
near the shorelines of any populated area (Mitra 2015; Harris and Sample 2009). The
rising sea levels and changing shorelines also affect the fishing industry. Thus, for a
state like Kerala that depends a lot on agricultural, fishing and tourism sectors, these
seawall constructions will not be effective. The current study reports a research work on
the use of pervious concrete slabs laid over a geotextile sheet to prevent beach erosion
based on a model study carried out by Pillai and Varma (1977). A seminal idea of
allowing the waves to enter tangentially over a suitable armor and ride on it safely to
the length of the natural run-up and later recede without causing erosion, was put
forward. In the case of accretion, the armor will get buried under the sand. In the model
study, a thin layer of small stones enclosed in polyethylene nets underlain by a gravel
filter was used. The polyethylene nets were found to deteriorate after a few years. It is
advantageous to use geo-fabrics of polypropylene for the filter since it will not be
exposed to weathering and sunlight and last for longer periods. Considering this idea
and allowing the natural movement and percolation of sea water, without facilitating
pore pressure generation and sand movement, a combination of pervious concrete slabs
and geotextile layer is proposed here as a feasible alternative. If the high velocity waves
are deflected and not dissipated at their breaking point near the shore, they cause the
beach sand to be washed seaward. The structure is designed to resist the shear at the
bottom of the structure. The friction on the slope will also contribute to a smaller
extend to the energy dissipation and reduce run up distance. It is a cost-effective
alternative, as the materials used are readily available and the maintenance and labor
required is comparatively low and no replenishment is required in the longer run.

2 Literature Review

A study by Vera Semeoshenkova and Alice Newton, 2015 on beach quality issues
clearly depicts that coastal development and rapid climatic changes are leading causes
of beach deterioration. Spatial imbalance in longshore sand transport was concluded as
the leading factor of beach erosion in a study done by Seino et al. (2015). Abdulla et al.
(2015) studied the behavior of beach sand sediments with monsoonal variations along
the Muzhappilangad drive-in beach in Kerala. It showed how erosion brought changes
in the wave breaking pattern and highlights the eroding beaches of Kerala with the
increase in erosion due to recreational activities, especially drive-ins. Erosion hotspots
along the Southwest coast of India was studied by Noujas and Thomas (2015). Ends of

Utilization of Geotextile Fabric and Permeable Concrete to … 145



seawalls or such structures, improper implementation of erosion preventing structures,
fishing gaps, mudbanks etc., were identified as potential erosion spots.

The case study on coastal protection measures done by Ali Atef Yousef Masria
et al. (2010), erosion protection methods worldwide were reviewed and divided into
four major groups, like sea walls, groins, tetrapods and stone revetments. In sea walls,
the face is perpendicular to the waves thus, concentrating the energy and leading to
scouring and failure of the wall’s foundation and in stone revetments, the erosion rate
increases in front of them, leading to slope steepening. Other structures like gabions
consist of rock-filled structures in a wire mesh, stacked to form a wall. Even though the
wire is plastic coated, the mesh will corrode with time, rupturing the gabion. Structures
like groins trap the sediments on one side but increase the erosion on the other side as
concluded by Daniel (2001) in their paper on replenishment verses retreat. Thus, the
existing structure leads to erosion in a longer run and requires huge investments for its
construction and maintenance. Rudlolf et al. (1994) had created a concrete block
revetment system for prevention of soil erosion. He proposed a mat of concrete which
overlies and holds in place a layer of geotextile which is highly porous, overlying the
protected soil area. However, the issue faced here was the requirement of simple
geometric shapes and non-uniform wave energy dissipation, which can be overcome
using specially designed permeable concrete.

Considering the case study presenting the development of geotextile sand con-
tainers, done by Restall et al. (2002), geotextile structures can be effectively utilized to
resolve conventional and non-conventional coastal issues. Non-woven sand-filled
geotextiles adjusts and adapts readily to varying environments. These structures are
user-friendly and ideal for recreational facilities like beaches.

Rodrigo et al. (2012), approved that behavior of concrete structures, mainly from a
maintenance point of view, has been excellent and have proved better in resisting
fatigue when compared to other offshore structures made of steel or other materials,
proving concrete is more apt for offshore structures. Liong and Gunawan (2014)
modeled a concrete mattress to assess its maximum deformation with respect to wave
height. The mat was flexible and could accommodate deformations and the crack lines
due to differential settlement were predetermined along the weaker sections of the mat.

Zhang et al. (2013), suggested that the water-cement ratio has substantial impact on
sulphate attack on concrete. Higher the water-cement ratio, greater the expansion and
more severe the deterioration of concrete samples, which was confirmed by Weiss et al.
(1998), by testing under fatigue loading. By suitable methods, the water content can be
reduced to up to 0.3 in the design mix to make the concrete safe against sulphate attack.
In-depth studies on effect of mineral admixtures and aggregate sizes on strength,
durability and permeability characteristics of pervious concrete was studied by
Ramkrishnan et al. (2017). It was concluded from their studies that exempting the use
of fine aggregates and using coarse aggregates passing 20 mm and retained on
12.5 mm sieves gave improved strength and permeability to concrete. Durability of this
concrete against chemical attacks were improved by the use of admixtures like meta-
kaolin and Ultra-Fine Ground Granulated Blast Furnace Slag (UFGGBS).

Investigations on previous literature shows that a strong and highly porous concrete
(Draincrete) could be developed which can be used as an armor, underlain by a
geo-fabric of polypropylene to successfully address the incessant erosion problem.
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3 Materials

3.1 Cement

Ordinary Portland Cement 53 (Chettinad) was chosen owing to its high initial strength
and quick setting time. It was sourced from Trivandrum, Kerala. The physical prop-
erties as provided by the manufacturer are tabulated in Table 1.

3.2 Coarse Aggregates

Coarse aggregates passing through 20 mm sieve and retained on 12.5 mm sieve was
used (Ramkrishnan et al. 2017). It was sourced from a quarry in Trivandrum, Kerala,
India.

3.3 Mineral Admixtures

Ultra-Fine Ground Granulated Blast Furnace Slag (UFGGBS)
Ultrafine GGBS, commercially available as Alccofine-1203, is a low calcium

silicate based mineral additive which is used as a replacement for silica fumes in
high-performance concrete. Its latent hydraulic property and pozzolanic reactivity
results in enhanced hydration process (Saurav 2014; Sugapriya et al. 2017).
The physical properties of UFGGBS as provided by the manufacturer are tabulated in
Table 2.

Table 1. Physical properties of OPC53 Cement (Chettinad)

Physical properties Requirement (ISI2269:2013) Chettinad OPC 53

Fineness (m2/g) 225 (min) 285 (min)
Initial setting time (minutes) 30 (min) 161 (min)
Final setting time (minutes) 600 (max) 256 (max)
Soundness (Le Chatelier method) (mm) 10 (max) 0.9
Compressive strength (28 day) (MPa) 53 (min) 58.6

Table 2. Physical properties of UFGGBFS

Properties Values

Particle size (microns) 4–6
Specific gravity 2.86
Fineness (cm2/g) 12000
Bulk density (kg/m3) 600–700
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3.4 Glenium B223

Glenium B233 is a super plasticizer created for applications in high performance
concrete where the most astounding performance and toughness is expected. What
distinguishes Glenium B233 from other superplasticizers is their unique action
mechanism which greatly improves the efficiency of cement dispersion (Ramkrishnan
et al. 2017; Ramyalekha and Mallikarjuna Reddy 2017). Its advantages are least labor
cost in placing, proven increment in early and ultimate strengths, higher durability and
minimal shrinkage and creep, better imperviousness to carbonation and other deteri-
orating environmental conditions, lesser permeability etc. (He et al. 2017). As the
environment where our setup was installed was a sandy beach, the properties like
resistance to atmospheric conditions and high strength were of much importance. It was
sourced from Coimbatore, Tamil Nadu, India.

3.5 Anchor Rods

Anchor Rods of Standard 0.008 m diameter and 0.5 m length made of Stainless-Steel
(SS 404) was used for anchoring the end slabs, ensuring its stability and thereby
avoiding overturning due to wave action (Fig. 2). Stainless steel of grade 404 was used,
as they have high tensile strength and excellent corrosion resistance owing to the
presence of copper and chromium in its composition (Barnaf et al. 2012). Fixities and
fasteners of standard size and same material were attached with the anchor rods to
increase its stability.

3.6 Anchor Tiles

Anchor rods were attached to the basement with a supporting anchor tile of dimension
0.305 m � 0.305 m � 0.02 m. The connection between the anchor rods and anchor
tile was done using washers and nuts of standard dimensions.

3.7 Geotextile

Geotextile layer is a thin, adaptable sheet material pervious to water however impen-
etrable to the substance of the littoral formation (Greiser 1967). It will help in keeping
the natural slope intact thus avoiding the slope steepening by sand erosion (Koerner
and Te-Yang 1997; Koerner 2000; Koerner and Koerner 2001; Dixon and Jones 2005).
The advantages of geotextiles are good permeability with fine filtration, high puncture
resistance with high strains to failure, good impact resistance and cushioning ability,
high in-plane flow capacity, which concludes the benefits of using geotextile here
(Nielsen et al. 2011; Juan Recio et al. 2007; Koerner et al. 1999; Christopher et al.
1997; Giroud 1982). It was laid beneath the pervious concrete block so that sand is
retained back and only the water passes through it when the waves retreat. Also, it will
allow easy dissipation of any pore pressure developed underneath the structure, without
causing any upheaval or deformation to the structure. Installing a geotextile layer was
mandatory here as the beach sand was very fine, which occupied the voids of porous
concrete blocks, reducing its efficiency over long periods of use. The geofabric layer
can effectively protect the porous concrete blocks from clogging and sinking.

148 R. Ramkrishnan et al.



Non-woven, non-carbonated polypropylene geotextile of 200GSM, sourced from
Pollachi, Tamil Nadu, was used for the study. The advantages of polypropylene are
high strain at failure, high resistance to alkalis and detergents etc.

4 Methodology

Wave action and its effects on beaches of Kerala are schematically represented in
Fig. 1. Profile 1 in the figure shows the natural profile of the beach before a major
erosion takes place. In Profile 2, the cross section of the eroded shore due to continuous
action of the waves can be seen. As a solution to this, in the proposed model, the waves
are made to tangentially enter a pervious concrete armor layer laid over a geofabric
sheet without direct impact, and ride up to its natural run-up, as shown in Profile 3.
Turbulence in the breaking wave and higher friction offered to riding accounts for
reducing the kinetic energy of the incoming wave. The structure provided is designed
to resist the bottom shearing due to the waves, while it moves along the slope.

Fig. 1. Wave action and its effect on beaches
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The pervious concrete slabs were precast and transported to the site after 28 days of
curing. To hold the slabs in position, anchorage was provided at an embedment depth
based on the survey data, so that the slabs maintain an ascending gradient from the
seaside end and the diurnal variation of erosion and accretion does not affect the
anchoring. Anchor rods and anchor tiles were embedded in the sand bed after exca-
vating the required design depth (India Patent Application pending, Number
201741031218).

This depth was finalized after close observation of the survey data showing the rate
of natural erosion and accretion at the chosen site. The slabs at the edges of the grid
were provided with 0.008 m standard anchor rods for ensuring stability. Anchor rods
were attached to a supporting tile of dimensions 0.305 m � 0.305 m � 0.02 m, which
was underlain and buried underneath the edge slabs at the design depth after excava-
tion. The height of the anchor rods was provided in such a manner that they protrude
slightly from the surface of the slabs to enable easy installation of the metal strips
which connects the outer slabs. The geotextile sheet was laid over the desired area
(5 m � 10 m) by allowing the anchor rods to pass through the geotextile sheet. The
pervious concrete slabs were designed and cast with provisions at its center to
accommodate the anchor rods and to protrude outwards after placing them over the
geotextile. The slabs towards the seaward side were kept embedded in the sand and the
designed beach slope was maintained. Stainless steel strips 0.003 m thick and 0.05 m
wide were connected to the protruding anchor rods, and used to brace and hold the
inner slabs in position to prevent any dislocation or overturning. The ends of the strips
were fixed to the anchored edge slabs and the whole setup was exposed to the envi-
ronment. A schematic diagram showing the cross section of the anchorage setup is
shown in Fig. 2.

4.1 Casting of Pervious Concrete Slabs

Pervious concrete slabs were cast using cement, coarse aggregates, mineral admixtures
and water, in the absence of fine aggregates. Pervious concrete, has an interconnected
pore structure that freely permits the passage of water to course through (Ravindrarajah

Fig. 2. Schematic diagram of the cross-section anchor setup
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et al. 2010). In pervious concrete, aggregate gradation affects void ratio, which influ-
ences the strength. From previous studies conducted, it was found that the mix with
highest strength and permeability had coarse aggregates of size 0.0125 m and a water
cement ratio ranging between 0.27 and 0.30 (Ramkrishnan et al. 2017). As a
replacement for silica fumes in high-performance concrete, UFGGBS was used, as it
can enhance the hydration process and reduce the setting time (Sugapriya et al. 2017).
A total of two hundred slabs of dimensions 0.5 m � 0.5 m � 0.1 m were cast to cover
a test area of 5 m � 10 m, as shown in Fig. 3.

Fig. 3. Plan of the setup implemented (All dimensions are in meters)
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Grooves were made in the middle portion of inner slabs to accommodate
stainless-steel strips of 0.003 m thickness and 0.05 m width. The pervious concrete
slabs during casting is shown in Figs. 4 and 5. The edge slabs were provided with a
slanting design at the outer edges to ensure stability and durability against overturning
and to prevent scouring of the slabs due to wave impact. Also, prevention of unnec-
essary turbulence upon wave impact and generation of eddies causing erosion were
curbed by allowing smooth and tangential entry of waves over the slanting edges.

The pervious concrete blocks were cast and kept for a curing period of 28 days.
Curing was done by immersing the cast slabs completely in a curing tank to avoid any
chances of developing shrinkage cracks. The slabs were tested for their strength and
permeability properties after the above-mentioned curing period. The properties of the
cured slabs after 28 days are tabulated in Table 3.

Fig. 4. Pervious concrete inside formwork

Fig. 5. Slab after removing the formwork
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4.2 Work Prior to Laying

The site which was selected for the study is shown in Fig. 6. The average wave height at
the site was found to be about 1.2 m in the season the experiments were conducted.Wave
period was observed to be nearly 9 s. This was found to be in order with previous
observations made by Asharaf et al. (2001). There is a breakwater structure on one side of
the site and there are no other structures near to the selected area. The erosion/accretion
levels at three different points were measured from three different points A, B and C as
shown in Fig. 7 using a theodolite. The stations were selected in such a way that they are
collinear with an interval of 7.5 m and the line is approximately parallel to the beach. This
line was fixed as the datum. Point O, as shown in Fig. 7wasmarked and established as the
control point. Using the basic survey principles, the Reduced Levels (R.L.) were taken
from a levelling staff held at the required positions, A, A’, A”, B, B’, B”, C, C’ and C”,
which were fixed such that they lie along 3 lines perpendicular to the beach as shown in
Fig. 7. The R.L.’s were calculated with respect to the nearby road level, which was
considered as the zero level. As diurnal variation was observed at these levels showing
alternating accretion and erosion processes, the interval at which the readings were noted
was fixed as 6 h between 6 am and 6 pm daily. This was done so that the embedment
depth required for the edge slabs and its anchoring could be decided and the amount of
accretion and erosion of sand on the beach could be quantified. The schematic diagram
showing the average diurnal erosion rates at the central portion of the proposed revetment,
A, A’, and A” is shown in Fig. 8.

Table 3. Properties of pervious concrete slabs

Properties Values

Compressive strength 16.63 MPa
Porosity 24.84%
Density 1931.25 kg/m3

Coefficient of permeability 1.05 cm/s

Fig. 6. Site for implementation
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Fig. 7. Slab grid and station points

Fig. 8. Schematic diagram with average erosion rates, showing proposed depth of embedment
of slabs
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The cross section of normal beach profile is represented by the first curve shown in
Fig. 8. The second curve in the figure depicts the maximum average diurnal erosion at
various points along the beach (A, A’, A”, B, B’, B” and C, C’, C”). The erosion at
these points were noted so that the depth of embedment can be designed based on the
alternating erosion or accretion at various points. The results showed a maximum
erosion of 0.48 m at the seaside end and a minimum of 0.26 m at the beach side.
Therefore, it was decided to install the anchor tiles at an embedment depth greater than
this depth to safely hold the concrete slabs in position. A depth of 0.3 m was adopted at
the beachside and a depth of 0.6 m was adopted at the seaside.

4.3 Laying of Slabs

The site during implementation of the structure is shown in Fig. 9a and b. A total of
200 slabs of dimension 0.5 � 0.5 � 0.1 m had to be laid on an area of 5 m � 10 m at
the beach. The beach sand was excavated along the outer edge of the required area.
Anchor rods were attached to a supporting anchor tile of size 0.305 � 0.305 � 0.02 m
at the bottom and were placed in the excavated area before backfilling the soil. The
steel strips connected to the anchor rods protruding from the edge slabs to prevent the
overturning of inner slabs can be observed from the Fig. 9b.

To allow the waves to enter the revetment tangentially, the first few rows of slabs
towards the seaside (slabs first hit by the waves) were embedded in the sand and the
remaining rows were laid at a gradually increasing slope. The natural slope of the beach
was maintained as closely as possible during construction of the revetment.

5 Results and Discussion

On the next day, it was found that, towards the seaside end there was slight scouring
underneath the edge slabs closer to the breakwater structure and accretion on the
opposite edge. During the diurnal accretion period, the slabs were partially covered
with sand on one side, extending up towards the beachside, showing good amount of
accretion on the revetment, as some waves entered the revetment obliquely from that
side, as shown in Fig. 10.

During the erosion phase, these slabs were exposed and in place, but the slabs on
the other side of the revetment, closer to the breakwater structure were found to have
slightly displaced from its position due to scouring caused by the frontal waves. The
waves started progressively scouring the edge slabs and worked its way inwards,
eroding the sand on one side of the revetment. The process continued till the erosion
phase ended and caused displacement of a few slabs from the edge. The frontal waves
riding on the revetment during the erosion phase is shown in Fig. 11a and its result
mentioned above can be observed from the Fig. 11b.

It can be clearly stated here that this happened as the study area was minimal in
width, and will be avoided when the revetment is extended over a larger width along
the beach and/or the slabs towards the edges are embedded towards the sides or
terminated on an abutment or a wall. However, the slabs towards the centre of the
revetment were stable and didn’t show any noticeable movement or settlement, even
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(a) Setup during installation 

(b) Setup during installation

Fig. 9. (a) Setup during installation. (b) Setup during installation

Fig. 10. Accretion on the setup
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after a considerable period of observation, allowing the authors to conclude that the
sand underneath the centre portion of the revetment was untouched due to the wave
action.

On the other hand, during the accretion phase, the waves continued to ride over the
revetment, frontal waves causing minimal disturbances and along with the oblique
waves, depositing good amount of soil above the revetment. The structure was found to
finally merge with the natural beach profile during periods of accretion as shown in
Fig. 10.

It was observed that as the oblique wave front was moving on the pavement, it was
moving on it safely without any damage to it. When the waves were normal to the
beach, the waves entered the pavement tangentially and went up riding on it as shown
in Fig. 11a. Then it receded as shown in Fig. 11b, proving that the pavement is safe
from the wave action. However, the experimental pavement could be made only for a
narrow width of 5 m which was not sufficient enough to bury the blocks on the sides to
the scour depth and provide a gradual slope inward. The waves began dislocating the
side slabs and the damage worked towards the center of the pavement after some time.
This situation could be avoided if the blocks on the sides are well buried under the sand
below the possible scour depth or the pavement terminated in an abutment or a wall.

(a) Revetment exposed to frontal sea waves

(b) Revetment exposed to frontal sea waves

Fig. 11. (a) Revetment exposed to frontal sea waves. (b) Revetment exposed to frontal sea
waves
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6 Conclusions

The high permeability of the slabs and geotextile allowed natural percolation of water
and smooth dissipation of any pore pressure developed beneath it. The protection was
given on an experimental basis with a minimal width of 5 m. In a limited time of study,
the wave action on the central portion of the pavement was observed to assess whether
the wave could ride on and later recede from the pavement without damage. Though
the edge slabs at the seaside end near the existing breakwater was affected due to the
frontal waves during erosion periods, the sand below the central region of the revet-
ment was completely intact for a considerable time. Hence it can be concluded that the
proposed idea, can efficiently prevent beach erosion, when implemented for longer
distances or when the slabs towards the edges are embedded, maintaining a gradual
slope inward, or by terminating the revetment on an abutment or wall. The study
couldn’t be carried out on a much wider pavement due to the limitation of funds and
time, however, in the future, the experiments can be replicated over a wider area, with
continuous monitoring of the performance of the setup. Scour size and depth if any, and
any settlement or displacement of the pavement can be assessed, quantified and
evaluated for further developing the idea. From this study, it is clear that a revetment
having a Draincrete layer Underlain by a Poly-Filter (DUPF) layer can be effectively
used as a feasible solution to the problem of beach erosion (Patent Pending, Appli-
cation Number 201741031218). Further studies and site-specific modifications can be
made on the structure and in-depth studies on the topic can be carried out to provide
specific embedment depths, anchorages, bracing methodologies, revetment gradient
and abutment designs.
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Abstract. Tectonic movements and vibrations of the earth cannot be con-
trolled, which causes devastating natural hazards like landslides and earthquakes
which have accounted for many lives in the previous years. The major reasons
for landslides are heavy rainfall, liquefaction, rise in pore water pressure, floods,
etc. This experimental study focuses on identifying the Critical Phreatic Level
(CPL) of different soil types for different slope geometries. Different soil types
were modeled in a tank of dimensions 2.30 � 1.00 � 1.25 m to simulate the
natural field conditions like field density, ground water flow and slope angle in
the laboratory with scaled down slopes of specific angles, based on the natural
angle of repose of the soil. Density closely resembling the natural field density
was obtained by air pluviation and a constant water inflow from an adjacent
chamber was provided to simulate groundwater flow. The slope geometry was
modeled, initial conditions were set and the phreatic level in the slope was
continuously monitored until the slope fails with considerable slope displace-
ment. The soil properties such as permeability, bulk unit weight, specific gravity
and angle of repose obtained from laboratory tests were used as input parameters
to model the slopes in PLAXIS 2D. The displacement values obtained from the
software were compared with the displacement values obtained from the
experiment, and were found to be similar, thereby validating the results.

1 Introduction

Slope of a soil mass is the gradient or angle of inclination of the soil surface from the
horizontal, with one end at a higher level and another at a lower level, also called rising
or falling of the earth surface. Formation of these sloped surfaces gives rise to different
topographical features on the earth surface, which is either natural or man-made for-
mations with varying slope geometries. These slopes collapse when adverse conditions
act upon it. Stability of the soil is its potential to withstand and restrict movement.
Under equilibrium conditions the soil slope is acted upon by driving forces and
resisting forces, where the driving force is the action of gravity and seepage forces if
any, which is resisted by the shear strength of the soil. Soil stability can be defined as
the balance of Shear Stress and Shear Strength of the soil, beyond which it fails. Soil
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failure is defined as the movement of the soil, which is classified into (i) falls (ii) slides
and (iii) flows. This phenomenon is influenced by rainfall (Kim et al. 2004; Rahardjo
et al. 2005), earthquake (Bray and Travasarou 2007; Hack et al. 2007), pore water
pressure (Rinaldi et al. 2004; Smethurst et al. 2006), seepage (Ng and Shi 1998) and
surcharge loading (Zhu et al. 2014). Main causes of slope failures are rainfall (Rahimi
et al. 2011), Earthquakes (Wilson and Keefer 1984), Seepage (Gasmo et al. 2000),
Surcharge load (Sazzad and Haque 2014) and Erosion (Vandamme and Zou 2013). It is
vital to understand the characteristics and behavior of soil in a sloped region. Analysis
on soil slopes are therefore done to:

• Understand the formation and development of different failures of soil slope and the
processes which are responsible for it (Simon et al. 1990),

• Study and monitor the stability of slopes along different scales of time under various
conditions,

• Study the soil failure mechanism, type and the environmental factors responsible for
the failure,

• Predict the possibility of slope failure for both natural and engineered slopes (Chen
and Lee 2003; Saygili and Rathje 2008).

Various analyses are repeatedly performed in order to understand the functional
behavior of soil slopes. The prevailing site conditions and the potential mode of failure
are considered to be the main factors to be analyzed. The objective of this study is to
perform a slope stability analysis on a laboratory scale soil. Natural slopes of varying
geometries are scaled down and modeled in a tank of dimensions 2.30 � 1.00
1.25 m. Seepage pressure is induced in the soil mass by promoting a constant inflow
rate from an adjacent chamber (Ramkrishnan et al. 2017). The Critical Phreatic Level
(the top flow line of a soil mass below which seepage takes place at which the soil fails)
for different slope geometries and soil types are found. The experimental results,
mainly the CPL for all slope geometries, were analytically modeled using PLAXIS to
validate the displacement values obtained from the experimental analysis.

2 Literature Review

Slope failure occurs when the downward movement of soil particles due to gravity and
shear stresses exceeds the ultimate shear strength of the soil. The factors that tend to
increase the shear stresses or decrease the shear strength increase the chances of failure
of a slope. The predominant causes for slope failure are gravity driven groundwater
flow, soil topography, effective stresses (Iverson and Reid 1992) etc. Soil topography
influences the gravity-driven groundwater flow and the consequent distribution of
effective stress, which in turn influences the potential for slope failure. Stability of the
slope also depends up on the permeability of the soil as found by Pradel and Raad
(1993). Results have shown that reduction in permeability increases the probability of
slope saturation, creating the potential for slope failure to occur. Seepage erosion
causes liquefaction and rapid slope failures (Crosta and Prisco 1999). The shear
strength of the soil can be influenced by transient seepage as stated by Ng and Shi
(1998). They concluded that increasing ground water levels result in the decrease of
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shear strength. It has been observed that groundwater levels rise due to rainfall and
antecedent rainfalls have significant influence on the stability of the slope. The effect of
transient seepage in an unsaturated soil slope increases the moisture content and soil
permeability leading to slope failure (Lam et al. 1987). Soil-water characteristics are
strongly dependent on the confining stress which also plays a major role in slope failure
(Ng and Pang 2000).

The relative density of the soil sample depends on drop height, particle size of the
soil, impact energy, and the impact velocity (Vaid and Negussey 1984). Pluviation
can either be air pluviation or water pluviation (Vaid 1984). The relative density
achieved through air pluviation depends on the drop height, uniformity of the sand
rain, deposition intensity and the average size of the particle (Kolbuszewski 1948;
Kolbuszewski and Jones 1961; Butterfield and Andrawes 1970). This method is
widely adopted for preparation of large, uniform and repeated soil sample which are
not highly cohesive in nature (Dave and Dasaka 2012). Theoretical study by Vaid and
Negussey (1988) shows that impact velocity increases non-linearly with height of fall
and with increase in particle size. Also, the impact energy increases with increase in
height of fall (Kildalen and Stenhamar 1977). Maintaining a constant height of fall
and adjusting deposition index while pluviation will be more appropriate for large
scale projects (Drnevich et al. 1987; Saussus and Frost 2000; Dupla et al. 2004; Zhao
et al. 2006).

The analysis of stability and deformation in geotechnical engineering projects has
been made easy after development of a finite element package, PLAXIS 2D. PLAXIS
can be used in various areas such as, simulation of foundation excavation and support
(Wang et al. 2007), analysis of soil-structure interaction (Viggiani and Tamagnini
2000), slope stability analysis (Hammouri et al. 2008; Alamshahi and Hataf 2009), etc.
Evaluation of stability of slopes utilizes stress strain relationships which can be
incorporated using PLAXIS as stated by Aryal (2006). An accurate analysis of a slope
stability problem and the associated failure mechanism needs to consider the evolving
strains and path dependency by means of a constitutive model (Laouafa and Darve
2002). Another approach of soil modeling includes probabilistic modeling of soil
profiles which provides quantified information gathered during site investigation and
testing, subsurface conditions at a site and provides the basis for predicting perfor-
mance (Vanmarcke 1977).

3 Materials and Methodology

3.1 Materials

Soil
Three different types of soil found in and around Coimbatore region, Tamil Nadu, India
were used for this analysis. Sieve analysis was performed to determine the grain size
distribution of the 3 soil types (Fig. 1) and soil sieved through 10 mm sieve (according
to IS classification) was used for modeling the slope. Soil 1 was collected from Etti-
madai, Coimbatore and Soil 2 and Soil 3 were collected from different sites near
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Kanuvai, Coimbatore, Tamil Nadu. The three different types of soil were tested for
their basic properties like permeability, shear parameters, particle size, void ratio,
specific gravity, maximum dry density, optimum moisture content, etc., and are tab-
ulated in Table 1.

3.2 Geotextile

Geotextiles are permeable fabrics made from polypropylene or polyester which, when
used in association with soil, can separate, filter, reinforce, protect, or drain. The
non-woven geotextile used in this study is shown in Fig. 2 and its properties as pro-
vided by the manufacturer are given in Table 2.

Fig. 1. Grain size distribution for the 3 soils

Table 1. Laboratory experiment results

Parameter Soil 1 Soil 2 Soil 3

k (m/min) 8.80e−4 3.00e−4 4.36e−4

cb (kN/m3) 23.2 23.6 22.8
G 2.63 2.66 2.42
U (degrees) 30.5 41.3 28.9
OMC (%) 11.0 9.00 7.00
Cu 3.22 6.85 3.04
Cc 0.200 0.054 0.151
WL 14.1 17.5 11.8
WP 0.00 13.4 18.7
IP 14.1 6.94 4.05
IS soil classification SP SW SW
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3.3 Tank

A tank with dimensions 2.30 m � 1.00 m � 1.25 m was fabricated using MS metal
sheets. One side was provided with windows made of glass, to monitor the slope
movement and water level, as shown in Figs. 3 and 4 respectively. The tank was split
into two compartments, of length 2.0 m and 0.3 m respectively, using a perforated
metal sheet. The perforated sheet was covered with a Non-Woven geotextile material to
prevent the movement of sand from one side to the other, but allowing easy movement
of water. The larger compartment was used to construct the slope model while the
smaller chamber was used as a water tank. This smaller portion was provided with ball
valves to regulate the water level in the chamber. The inner surface of the tank was kept
smooth to reduce any friction between the tank and the soil, and to ensure its uniform
movement within. A graduated scale was fixed on the glass to give an accurate mea-
surement of the water level in the chamber. Grids were drawn inside the tank and on the
glass to help in laying the slope accurately and to monitor the slope.

Fig. 2. Non-woven geotextile

Table 2. Properties of geotextile

Properties Standard 200 gsm

Mechanical properties
Tensile strength ASTM D 4595 8 kN/m
Elongation ASTM D 4595 >50%
Physical properties
Mass/unit area ASTM D 5261 200 g/m2

Thickness ASTM D 5199 1.5 mm
Hydraulic properties
Flow water head- 5 cm head ASTM D 4491 50 l/m2/s
AOS ASTM D 4751 80 µm

Assessment of Mass Movements and Critical Phreatic Levels … 165



3.4 Pluviation Setup

An air pluviation setup, which consists of a pulley system and a pluviation bucket as
shown in Fig. 5 was used to model the slopes. The pulley system was designed such
that it could be moved throughout the length and breadth of the tank.

3.5 Slope Geometries

A pilot test was conducted to determine the maximum slope angle that could be
achieved by air pluviation. The slope was created with a crest height of 0.75 m and a
toe height of 0.2 m. The width of the horizontal portion of the crest was altered
according to the slope geometry modeled. To get comparable results, the slope angles

Fig. 3. Tank setup

Fig. 4. Tank dimension
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chosen were 28°, 30° and 33°. For Soil - 1, the experiment was performed for angles of
28°, 30° and 33°. For Soil - 2 and Soil - 3 the experiments were performed for 28° and
30°. The slope geometries and its dimensions (mm) are shown in Fig. 6 and Table 3
respectively.

3.6 Digital Moisture Sensor (DMS)

The Soil Moisture Sensor, shown in Fig. 7, measures the volumetric water content in
the soil. The two probes of the sensor act as a variable resistor – more water in the soil
results in better conductivity, lower resistance and higher output voltage. The analog
reading varies depending on the voltage used as well as the resolution of the Analogue
to Digital Converter (ADC) pins.

Fig. 5. Pluviation setup

Fig. 6. 28° slope

Table 3. Slope dimensions

Length (mm)
Slope angle Crest Slope Toe

28° 170 1030 800
30° 250 950 800
33° 353 847 800
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3.7 Sensor Monitoring Setup

A sensor monitoring setup was installed to monitor the fluctuations in the water level of
the soil slope. The position of sensor placement in the soil slope was maintained
constant for all slope angles. The sensors were placed at an interval of 20 cm along the
length of the tank and 5 cm along the height of the tank. Digital Moisture Sensors as
mentioned above were used. The leads were placed in the soil at the abovementioned
locations, of which the conductivity increases when water reaches the sensor, making
the LED glow in the potentiometer. The indication of LED represents that water has
reached the sensor position. A sensor monitoring panel was setup outside the tank to
continuously monitor the water flow in real-time, as shown in Fig. 9. A representative
sensor placement for the 28° slope geometry is shown in Fig. 8.

3.8 Experimental Procedure

The sieved soil sample was poured into the pluviation bucket which was tied to a
pulley setup. The height of fall for each soil to achieve the maximum dry density was
found by measuring the densities at different fall height. By the to and fro motion of the
bucket, soil could flow uniformly through a funnel attached at the bottom. Soil was
continuously filled for the first 5 cm and then sensors were placed with an equal
interval of 20 cm and 5 cm along length and height of the tank respectively. The
process was continued and soil was pluviated to a height of 75 cm at the crest, 20 cm at

Fig. 7. Digital moisture sensors (DMS)

Fig. 8. 28° sensor setup
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the toe and a length covering 2 m with required slope angle. Dial gauges were fixed at
the toe and face of the soil slope to monitor any slope movement. After setting up the
model, water with a constant inflow discharge of 2.2 L per minute was induced and
maintained throughout the experiment, to simulate a natural groundwater flow condi-
tion (Ramkrishnan et al. 2017). Position of the phreatic level and the dial gauge
readings were noted for every five minute interval. The experiment continued until the
dial gauges showed considerable displacement, indicating ample slope movement or
visible slope failure. Outflow discharges were also monitored to ensure steady state
flow.

3.9 Numerical Modeling

Numerical studies for the verification of test models were conducted using Finite
Element Method (FEM) tools. The plane strain finite element analysis was carried out
using PLAXIS 2D software. In this study, the soil was modeled using the
Mohr-Coulomb model, which involves five parameters, namely Young’s modulus (E),
Poisson’s ratio (µ), Unit weights, Cohesion(c), and Angle of internal friction (U). Finite
element analyses were carried out by applying vertical predefined displacements and
zero horizontal displacements to the nodes at the top of the soil profile. The specified
displacements were applied in equal increments of 250 steps. The soil parameters
adopted in all the finite element analyses for the modeled soil slope were tabulated in
Table 4. The homogeneous soil slopes of 28º and 30º with induced ground water table
were studied extensively and the results are discussed hereafter. The phreatic level at
failure - Critical Phreatic Level (CPL), obtained from the experimental analysis was
modeled in the software and analyzed. The 28° and 30° slopes for Soil 1 are shown in
Figs. 10 and 11 respectively.

Fig. 9. Sensor monitoring panel
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Table 4. Parameters of soil

Parameter Soil 1 Soil 2 Soil 3

Unsaturated unit weight (kN/m3) 21.1 21.6 21.3
Saturated unit weight (kN/m3) 22.9 23.3 22.3
Void ratio (e) 0.223 0.205 0.116
Specific gravity (G) 2.63 2.66 2.42
Permeability (k) (m/min) 8.80e−4 3.00e−4 4.36e−4

Stiffness (kN/m2) 30.0 30.0 30.0
Angle of internal friction (u) 30.5° 41.3° 28.9°
Unit cohesion (c) (kPa) 24.08 6.26 14.94
Young’s modulus (MPa) 40.00 80.00 80.00

Fig. 10. Critical phreatic level–Soil 1 - 28°

Fig. 11. Critical phreatic level–Soil 2 - 30°
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4 Results and Discussion

4.1 Experimental Results

Case 1: Soil 1

Soil - 1 of slope angle 28° with groundwater table
The slope failure occurred after 195 min at a water level of 48 cm from the bottom of
the slope. The outflow discharge from the toe region was found to be steady with 1 L
per minute after the toe of the slope saturated. The slope had a maximum toe dis-
placement of 0.6 mm. The CPL at failure and slope failure is shown in Figs. 12 and 13.

Fig. 12. Critical phreatic level for soil - 1 of slope 28

Fig. 13. Slope failure -28° [soil - 1]
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Soil - 1 of slope angle 30° with groundwater table
The slope failure occurred after 160 min at a water level of 46 cm from the bottom
of the slope. The outflow discharge from the toe region was found to be steady with
1 L per minute after the toe of the soil slope had saturated. The slope had a max-
imum toe displacement of 1.02 mm. The CPL at failure and slope failure is shown in
Figs. 14 and 15.

Fig. 14. Critical phreatic level for soil - 1 of slope 30°

Fig. 15. Slope failure - 30° [soil - 1]
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Soil - 1 of slope angle 33° with groundwater table
The slope failure occurred after 145 min at a water level of 38.5 cm from the bottom of
the slope. The outflow discharge from the toe region was found to be steady with
1.021 L per minute after the toe of the soil slope had saturated. The slope had a
maximum toe displacement of 2.15 mm. The CPL at failure and slope failure is shown
in Figs. 16 and 17.

A comparison between different slope angles and their corresponding CPL are
shown in Fig. 18 and varying toe displacement is marked against their corresponding
slope angles in Fig. 19.

Fig. 16. Critical phreatic level for soil - 1 of slope 33°

Fig. 17. Slope failure - 33° soils - 1
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It was observed from the above results that soil with high slope angles fails quicker.
CPL for soil with low slope angle was found to be greater than that with steeper slope
angles. The soil displacement increased as the slope became steeper.

Fig. 18. Different phreatic level for soil - 1

Fig. 19. Toe displacements corresponding to different slope angle
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Case 2: Soil 2
The relatively low permeability and uniform particle size distribution of this soil lead to
a considerable capillary rise of water i.e. upward vertical movement of water was faster
than the forward horizontal movement. It was observed in this case that the slope
failure occurred only when the surface of slope got saturated.

Soil - 2 of slope angle 28° with groundwater table
The failure occurred after 85 min at a water level of 38 cm from the bottom of the
slope, recording a face displacement of 4.03 mm. The ultimate failure was observed as
soil flow, which occurred after the saturation of the top surface of the slope. The CPL
and slope failure is shown in Figs. 20 and 21 respectively.

Fig. 20. Critical phreatic level for soil - 2 of slope 28°

Fig. 21. Slope failure - 28° [soil - 2]
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Soil - 2 of slope angle 30° with groundwater table
The failure occurred after 75 min at a water level of 38 cm from the bottom of the
slope, recording a face displacement of 2.08 mm. The ultimate failure was soil flow
which occurred after the saturation of the top surface of the slope and the maximum
final face displacement was found to be 5.18 mm. The CPL and slope failure is shown
in Figs. 22 and 23 respectively.

As a considerable amount of water moved in the soil slope, there occurred a series
of displacements along the face of the soil slope. The ultimate failure occurred when
the top of the slope saturated and caused earth flow in both slope geometries.

Fig. 22. Critical phreatic level for soil - 2 of slope 30°

Fig. 23. Slope failure - 30° [soil - 2]
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Case 3: Soil 3

Soil - 3 of slope angle 28° with groundwater table
The failure occurred after 115 min and the water table was found to be at 43.5 cm from
the bottom of the slope. The failure of the slope was observed as considerable settle-
ment and face displacement. Displacement at critical failure was recorded to be
22.1 mm of face displacement and maximum final face displacement was found to be
24.31 mm. The CPL and slope failure is shown in Figs. 24 and 25 respectively.

Fig. 24. Critical phreatic level for soil - 3 of slope 28°

Fig. 25. Slope failure - 28° [soil - 3]
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Soil - 3 of slope angle 30° with groundwater table
The failure occurred after 110 min and the water table was found to be 44 cm from the
bottom of the slope. The major failure of the slope was due to face displacement.
Displacement at critical failure was recorded to be 13.39 mm of face displacement and
maximum final face displacement was found to be 17.79 mm. The CPL and slope
failure is shown in Figs. 26 and 27 respectively.

Both the slope geometries of Soil - 3 were subjected to high face displacement as
the water flowed through the slope. The ultimate failure of the slopes was marked by
large displacements and earth movements under the action of water.

Fig. 26. Critical phreatic level for soil - 3 of slope 30°

Fig. 27. Slope failure - 30° [soil - 3]
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4.2 Comparison of CPLs for Different Angles of the Same Soil

By comparing the CPLs for different angles of the same soil, it was evident that the
CPL was lower for steeper slopes. The CPLs for different angles and different soils are
shown in Figs. 18, 28 and 29. It was observed that steeper slopes have greater dis-
placement and fail quicker than gradual slopes, provided the different slopes are of
same density and have same inflow rate of water. CPL for different soils mainly depend
on the permeability and particle size distribution of soil (coefficient of curvature and
coefficient of uniformity), which in turn increases the seepage pressures and total
driving moments generated, reducing the mobilization of maximum shear strength
along the slip surfaces. The nature of slope failure also depends on the particle size
distribution of the soil.

4.3 Comparison of CPLs for Different Soils at Same Slope Angle

The CPLs of different soils varied from each other though they had similar slope
geometries. The displacements happened at the toe region or on the slope face, varying
from small displacements of 2 mm to much higher displacements of 20 mm.
Depending on various characteristics and properties of the soil, the water movement at
the specified inflow rate dominated in either vertical upward movement i.e. capillary
rise or forward horizontal movement, causing different modes of failure too. The CPLs
of different soils of same slope geometries are graphically compared in Figs. 30 and 31.

Fig. 28. Different phreatic level for soil - 2
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Fig. 29. Different phreatic level for soil - 3

Fig. 30. Critical phreatic levels for slope angle 28°
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5 Numerical Results

The experimental results were modeled in PLAXIS and validated. It was found that the
failure patterns and displacements observed in the software and the experimental
studies were similar. A possible explanation for the minor difference between the
experimental and numerical displacement results could be the fact that PLAXIS 2D
runs a plastic analysis for the slope geometries until it reaches ultimate failure,
incorporating automatic time steps. However, in the experimental studies, the dis-
placement was noted at the time of failure and the tests were run only for a limited
duration. The displacement values reported from the numerical analysis are the max-
imum values attained. However, if the displacements are considered at the location
where the displacement was measured in the experimental study, the difference
between the two values would be much lesser. The failure patterns for different slope
geometries for different types of soils are discussed below.

5.1 Homogenous Soil Slope with Ground Water Table

After the CPLs from the experimental results were simulated in the software, the failure
displacement diagrams for 28° and 30° slopes were obtained and are represented in
Table 5 and Fig. 32. Slight differences in the total displacements of experimental and
numerical models may be due to the difference in the field density achieved in
experimental and numerical study. The total displacement diagrams from FEM analysis
for different soils at 30º slope angles are shown in Figs. 33, 34 and 35. The failure
diagrams and displacement values obtained from FEM analyses for Cases 1 and 2 are
similar to the failure patterns observed in the experimental studies, thereby validating

Fig. 31. Critical phreatic levels for slope angle 30°
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the experimental procedure and the sensor readings for the phreatic levels. From the
experimental analysis and the subsequent analytical validation, it was observed that the
CPL and the slope failure parameters depended on the soil properties such as soil group
classification, coefficient of curvature and uniformity, etc. This analysis can thus be
carried forward to obtain a reliable method that uses the aforementioned soil parameters
to predict the CPL and slope failure parameters such as the mode of failure, maximum
displacement, etc.

Table 5. Displacement (mm) – experimental and numerical results

Total displacement (mm)
Slope angle Experimental results Numerical results

Soil 1
28° 0.19 0.10
30° 0.50 0.20
Soil 2
28° 3.69 30.47
30° 2.08 32.31
Soil 3
28° 22.10 40.59
30° 13.39 40.74

Fig. 32. Displacement vs slope angle for different soil types
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Fig. 33. Soil - 1 total displacement

Fig. 34. Soil - 2 total displacements

Fig. 35. Soil - 3 total displacements
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6 Conclusion

From the experimental data and results, it was observed that sudden ground water
fluctuation is one of the predominant reasons for slope failure to occur. The failure of
the slope occurred due to both toe saturation and slope saturation. On steeper homo-
geneous slopes, the CPL was lower and slope failure occurred within a shorter time
span of steady state flow, indicating that they are more unstable under the given
conditions. The surface displacements were found to be larger in steeper slopes. The
slope failure pattern also depended upon the soil characteristics, and showed significant
variation in terms of the Coefficient of Uniformity (Cu). Soil 2, for which the Cu is 6.85,
the failure was drastic when compared to Soil 1 and Soil 3, which has a Cu of 3.22 and
3.04 respectively. By knowing the Coefficient of Uniformity, Cu and Coefficient of
Curvature, Cc of a soil type, an approximate prediction of the CPL and type of slope
failure can be done. The failure occurred upon toe saturation in the case of soil slopes
with highly plastic soil, whereas for slopes having soil with low plasticity index, the
failure took place before the water reached the toe. We can also conclude that plasticity
index also has an impact on the type of failure. The values of the toe and surface
displacements of the above soil slopes can be compared with similar soil conditions in
hilly terrains to provide an empirical relation that predicts mass movements. This can
be used as an early warning system by monitoring the initial displacements of soil slope
using inclinometers, along with the rate of precipitation or phreatic level rise.
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Abstract. The exploitation of underground coal can cause many problems such
as the ground surface subsidence, ground crack, surface damage of the road, and
it would affect people travelling, living and life safety seriously. Based on this
situation, this paper will point at a typical coal exploitation (including a
large-scale coal exploitation and private coal mine exploitation), study the
change mechanisms of the surface deformation and the law of the rock move-
ment of underground coal mining conditions, surface stability and safety are
verified by the ground surface settlement and horizontal displacement,
The result shows that: The mining subsidence caused by the large coal mining
has some influences to the highway operation, the surface deformation is
stacked by the exploitation of two coal mining, the damage of road surface is
mainly caused by the private coal mine exploitation, the long term deformation
caused by the large coal mine is not the main influence of the damage of the road
and village. The influence of the coal mining is small and the deformation is
small, the building does not need maintenance, and can be used normally.

Keywords: Coal mine � Vertical subsidence � Horizontal displacement
Mining surface � Rock movement

1 Introduction

The national infrastructure highlights the problem of the scarcity of land resources.
Therefore, many large factories, railway and highway construction should be built
above the goaf. It is very probable that the overlying rock of goaf are broken and
collapsed under the external loads, which would affect the stability of foundation and
lead to instability and failure of the building. The squeeze pressure caused by the
mining is transmitted to the road surface through the subgrade, which makes the
moving vehicle running in the air, causing the rollover accident. And some under-
ground mining may produce the additional stress, resulting in the house deformation
exceed its resistance ability, the house is damaged. So it is important to study the
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surface deformation caused by comprehensive mining in a coal mine to prevent the
occurrence of disasters. Many scholars have studied the problem and got some
achievements, some of them studied the deformation of the ground in the process of
mining, some of them studied the long term ground permanent deformation after
mining, their studies show that the ground deformation can be very small when the
support structure of the mine has enough strength, and it also has no influences to the
ground building and road. This project is special: a large mine is deep in the ground, a
small private mining is in a shallow position in the ground, and the private mining is
short of enough supporting measures, so it would have some adverse conditions of the
ground deformation, it is our research emphases.

2 Stability Analysis of Mining Area

2.1 Engineering Problems

In this article a China coal mine which locates in the northwest are studied. There is a
private coal mining in the upper part, the depth of the large coal mining is more than
500 m, the exploitation of underground coal mining and exploitation of the private coal
mines, resulting in local surface subsidence, building and road crack which and affect
the mining area residents living and travelling safety seriously, it can be seen in Fig. 1.

This paper will carry out numerical calculation to study the influence of under-
ground coal mining to the ground surface.

2.2 Selection of Physical and Mechanical Parameters of Stratum

The average mining length of the coal mining face is 830 m, the dip angle of coal seam
is 15°– 48°, the length of the coal seam which perpendicular to the strike length is
about 35 m. the calculate boundary range is 1630 m along the direction of coal seam
and is 950 m along the vertical direction. In this paper, two sections are set up
respectively along the strike direction and vertical direction, and finite element cal-
culation are done to study the influence of underground coal mining to the ground
surface.

Fig. 1. Site condition of the ground above the coal mine
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The parameters of rock and soil layer in the study area is in Table 1 (The
parameters come from indoor physical mechanical tests and some related literature), a
thrust fault is in the study area, its dip angle is 30° – 60°, vertical drop is 42 m and the
horizon drop is 2 m, in the calculation, the thrust fault is considered.

2.3 Model 1

2.3.1 Calculation Range and Boundary Conditions
The selected section is vertical to the working surface and locates in the center of the
exploitation basins, the calculation result based on this section is reasonable to evaluate
the surface safety. The calculation range, boundary conditions and finite element mesh
of model 1 are shown in Fig. 2. The element is divided into 4689 parts and 5150 units.

2.3.2 Calculation Condition
Case 1: Half of the coal seam of the upper private coal mine has been exploited.
Case 2: Large coal mining face has been exploited completely.

2.3.3 Calculation Process
The principle of simulation calculation is to keep the calculation steps consistent with
the actual construction process, and make sure the results reliable. The calculation
procedure is as follows:

(1) Using the dead weight of rock and soil to simulate initial stress.
(2) Simulating the process of coal seam mining, the top coal collapse with coal mining,

In the simulation, each calculate step of the coal seam mining is 1.2 m.
(3) Simulating roof falling process. The roof falling with the work face moving for-

ward 7 m.

2.3.4 Calculation Result
In accordance to the calculation process, there are 84 nodes on the ground surface from
A to B, and the ground surface horizontal displacement and vertical settlement situation
are shown in Figs. 3 and 4.

The analysis of horizontal displacement and vertical settlement curve are shown in
Figs. 3 and 4. The curves of horizontal displacement and vertical settlement are shown
in Figs. 5, 6, 7 and 8.

In case 1, the small coal mining has been exploited, the center of the surface
subsidence basin locates above the private coal mine, the maximum horizontal dis-
placement in the northwest edge of the basin is 0.85 cm, the maximum horizontal
displacement in the southeast edge of basin is 0.84 cm. The maximum vertical set-
tlement of the surface is 1.98 cm.

In case 2, the large coal mine has been exploited completely, the maximum hori-
zontal displacement in the northwest edge of the surface basin to the southeast is
4.39 cm, and the maximum horizontal displacement in the northeast of the surface
basin is 3.30 cm. and the maximum settlement in the center of the subsidence basin is
11.10 cm.
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After the completion of mining face, comparing case 1 with case 2 it can be seen
that: the subsidence basin range and deformation increases significantly, the maximum
settlement of ground surface deformation increases about 9.12 cm.

Table 1. Physical and mechanical parameters of the model

Layer Rock layer Thickness
(m)

Density
(kg�m−3)

Elastic
modulus
(MPa)

Poisson
ratio (l)

Cohesion
(MPa)

Internal
friction
angle
(°)

1 Loess 10.5 1700 55 0.3 0.03 20
2 Sandy mudstone 73 2300 8000 0.255 3.5 33
3 Sandstone

interbedded with
mudstone

33.5 2300 13,060 0.25 21 44

4 Coal seam 3 1390 2000 0.3 2.8 28
5 Sandstone

interbedded with
mudstone

29.9 2300 13,060 0.25 21 44

6 Siltstone 41.1 2250 13,000 0.23 18 40
7 Sandstone

interbedded with
siltstone

39 2300 13,060 0.25 21 44

8 Sandy mudstone 26.5 2300 8000 0.255 3.5 33
9 Medium grained

sandstone
29.6 2400 12,000 0.22 21 44

10 Sandstone
interbedded with
medium grained
sandstone

35.12 2300 13,060 0.25 21 44

11 Sandstone 231.72 2300 13,060 0.25 21 44
12 Grit 4.9 2600 12,000 0.23 19 37
13 Siltstone 3.6 2250 13,000 0.23 18 40
14 Coal seam 7.7 1390 2000 0.3 2.8 28
15 Argillaceous

siltstone
2.5 2300 13,000 0.23 18 40

16 Coarse sandstone 5 2600 12,000 0.23 19 37
17 Coal 1.8 1390 2000 0.3 2.8 28
18 Siltstone 16.1 2250 13,000 0.23 18 40
19 Coal seam 4.8 1390 2000 0.3 2.8 28
20 Coarse sandstone 50 2600 12,000 0.23 19 37
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Fig. 2. The boundary condition and element partition of model 1
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Fig. 3. The surface horizon displacement change curves of two work conditions
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Fig. 4. The surface settlement change curves of two work conditions
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-8.5   -6.7    -4.8    -2.9    -1.0 0. 87  2.8    4.6  6.5     8.4 

Fig. 5. Horizontal displacement nephogram of model 1 in case 1 (unit: mm)
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Fig. 6. Settlement nephogram of model 1 in case 1 (unit: mm)
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Fig. 7. Horizontal displacement nephogram of model 2 (unit: mm)
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2.4 Model 2

2.4.1 Calculation and Boundary Conditions
The finite element mesh of model 2 is shown in Fig. 9. The length of the model along
the vertical direction of the coal seam is 950 m. The model extends downward from the
coal seam is 50 m. The model is divided into 2812 units, the nodes numbers are 2793.

-134.8 -116.6   -98.7  -80.9   -63.1    -45.3 -27.5 -9.6  8.2 26.0 

Fig. 8. Settlement nephogram of model 2 (unit: mm)

private coal mine

roadC D

Fig. 9. The boundary condition and element partition of model 2

2.4.2 Calculation Condition
Case 1: The small coal mines has been finished.
Case 2: Large coal mining has been exploited completely.

2.4.3 Calculation Analysis
In accordance to the calculation process, there are 59 nodes on the ground surface from
C to D, and ground surface horizontal displacement and vertical settlement situation are
shown in Figs. 10 and 11.
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This chapter summarizes the surface deformation law of the highway and the village
near the 109 working face mining, analyzes the scope of the subsidence basin, and
predicts the horizontal displacement and vertical settlement value (Figs. 12 and 13).

The surface horizontal displacement and vertical settlement are shown in Table 2.
The calculation results are shown in Figs. 14 and 15.

The maximum vertical subsidence is 13.92 cm after the 109 working face mining
completed in model 2, and in the region where we care about (the building roads and
village locations), the maximum vertical settlement is expected to be about 7.31 cm,
the tilt speed of the sinking region from the southwest to the center of the basin is
0:2 mm/m, the deformation curvature of the surface in the region where we care about
is 0.013.
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Fig. 10. The surface horizon displacement change curves of two work conditions
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-38.7 -30.3   -21.8     -13.3    -48.8   3.59 12.0    20.5   29.0     37.4 

Fig. 12. Horizontal displacement nephogram of model 1 in case 1 (unit: mm)

-143.4   -116.5    -89.7    -62.8     -36.0   -91.4    17.7      44.6   71.4    98.0

Fig. 13. Settlement nephogram of model 1 in case 1 (unit: mm)

Study on Surface Deformation Caused by Comprehensive Mining … 195



3 Conclusion

In this paper, the numerical simulation is carried out to study the variation laws of the
ground surface displacement under different work conditions:

(1) Surface deformation is stacked by the exploitation of two coal mining, the surface
damage of the road is mainly caused by the private coal mine exploitation, the long
term deformation caused by the large coal mine is not the main influence of the
damage of the road and village.

(2) Mining subsidence caused by large coal mining has certain influence on road
operation. The additional vertical displacement and horizontal deformation caused
by mining are smaller, and the surface deformation can be ignored after the

-38.2   -29.4   -20.5     -11.6    -2.8    6.1      15      23.8    32.7     41.6

Fig. 14. Horizontal displacement nephogram of model 1 in case 2 (unit: mm)

-168.3 -140.4  -112.5   -84.6    -56.7   -28.7    -8.2    27.1    55.0  82.9 

Fig. 15. Settlement nephogram of model 1 in case 2 (unit: mm)
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completion of all the mining faces in the coal mine, and the surface building
needn’t to be maintenance.

(3) It is suggested to set up the surface deformation monitoring system, strengthen the
monitoring, analysis the surface deformation law, to deal with the emergencies.
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Abstract. This paper presents an investigation into the settlement of the
composite foundation with sparse PTC (pre-stressed tubular concrete)
capped-piles under embankment by theory analysis. Based on the assumption
that the distribution of skin frictions on PTC capped-piles is simplified as two
triangles, a method for calculating the additional stresses of the composite
foundation with sparse PTC capped-piles is proposed. By the combination of
Mindlin-Geddes’ solution and Boussinesq’s solution, the formula of additional
stresses of single PTC capped-pile foundation is derived by considering the
radius of influence range. A case history of highway embankment construction
conducted in Jiangsu province, which involved installation of sparse PTC
capped-piles for soil reinforcement, was briefly introduced and analyzed, and the
observed settlements after completion of the embankment construction reached
to 428 mm. The proposed method and the layer-wise summation method were
adopted to calculate the settlement of the composite foundation with sparse PTC
capped-piles. The comparison results indicate that the calculated settlement of
the composite foundation have a good agreement with the field data. The
analysis results also suggest that, when the diameter of influence range is eight
times larger than the diameter of the pile, the additional stress field shows no
significant variation with increasing the influence range.

1 Introduction

With the development of construction of highway infrastructure in China, the com-
posite foundation with sparse rigid-piles has been widely used for controlling the
ground settlement (Poulos 2001; Liu et al. 2007). Many researchers studied the
behavior of the pile-supported embankments by conducting laboratory tests and field
tests (Poulos 2007; Manna and Baidya 2009; Hong et al. 2014). Okyay et al. (2014)
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investigated the behavior of a granular earth-platform with rigid pile reinforcement by
the centrifuge model tests. Chen et al. (2010) analyzed the settlements, earth pressures,
and pore-water pressures during the construction pile-supported embankments by the
field tests. Generally, the calculation of additional stress and settlement of composite
foundation with sparse PTC (pre-stressed tubular concrete) capped-piles under
embankment is a key point in the design stage for the geotechnical engineers (Chen
et al. 2008; Sloan et al. 2013; Al-Ani et al. 2014). In order to obtain a reasonable
calculation result of the additional stress of composite foundation with sparse PTC
capped-piles, the distribution of skin frictions need to be considered in a reasonable
way (Liu et al. 2013; Yu et al. 2014). Presently, the finite element method is usually
adopted to investigate the distribution of skin frictions (Pham et al. 2004; Liu et al.
2010; Girout et al. 2014), indicating that the skin frictions increase to the maximum
value with the increase of the depth from the top of the pile to a particular location of
the pile, and then decrease with the increase of the depth from the particular location of
the pile to the bottom of the pile. Published literatures (Jardine et al. 1995; Zhang 1999;
Wang et al. 2006; Anyaegbunam 2014) suggest that a reasonable result for the analysis
of rigid piles in homogeneous soils may be acquired by using the Geddes’s solution
(Geddes 1966). Using the Geddes’s solution and the displacement coordination theory,
Huang and Jia (1983) proposed a method for calculating the settlement of pile foun-
dation, but there is some discrepancy between the calculated data and measured data
for the case of composite foundation with sparse PTC capped-piles. Therefore, there
need to develop a simple method for calculating the additional stresses and settlement
of the composite foundation with sparse PTC capped-piles under embankment.

In the present study, combining the Mindlin-Geddes’ solution and Boussinesq’s
solution (Boussinesq 1885; Mindlin 1936; Geddes 1966), the formula of additional
stresses of single PTC capped-pile foundation is derived by considering the radius of
influence range. A method for calculating the additional stresses of the composite
foundation with sparse PTC capped-piles is proposed on the basis of the assumption
that the distribution of skin frictions on PTC capped-piles can be simplified as two
triangles, and a case history is introduced to demonstrate its applicability.

2 Assumption for Distribution of Skin Frictions

A number of laboratory and numerical investigations on the distribution of skin fric-
tions of single piles indicate that the skin frictions increase to the maximum value with
the increase of the depth from the top of the pile to a particular location of the pile, and
then decrease with the increase of the depth from the particular location of the pile to
the bottom of the pile (Zhang et al. 2011). In this study, as shown in Fig. 1, the
distribution of skin frictions of single PTC pile can be assumed as: (i) the value of the
skin frictions in the depth of H1 is the maximum value (qmax); (ii) the values of the skin
frictions in the top and bottom of the pile are the minimum values.
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3 Calculation Model for Single PTC Capped-Pile
Under Embankment

Engineering practice of the composite foundation with sparse rigid piles shows that the
soil with a distance of about 6D (D is the diameter of the pile) around a single rigid pile
can be influenced (Motta 2013; Faro et al. 2015). In general, the pile spacing is within
the range of 7.5D–9D for the composite foundation with sparse rigid piles, and many
numerical analyses investigating the behavior of the composite foundation with sparse
rigid piles suggest that the pile group effect is not obvious in this case (Higgins et al.
2013; Song and Xu 2014).

Figure 2 depicts the calculation model for single PTC capped-pile under
embankment. As can be seen, for simplification, a single PTC capped-pile foundation
under the cushion with a uniformly distributed load is established to study its
behavior. The thicknesses of the cap and the substratum are Hc and Hs respectively,
and the length of the PTC pile is H. Commonly, Geddes’s solution is adopted to
obtain the additional stress due to the variation of stress state of the soil. In this study,
the calculation process can be divided into two issues: (i) for the upper part of the pile
(H/3), it can be directly calculated by Geddes’s solution; (ii) for the lower part of the
pile (2H/3), it can be calculated by subtraction of rectangle and triangle, as indicated
in Fig. 3.

As shown in Fig. 4, an influence range is assumed to calculate the additional stress
caused by the variation of stress state of the pile. In order to obtain the additional
Boussinesq’s stress due to the variation of stress state of the soil between piles, the
calculation area can be divided into two aspects: (i) for the part outside the influence
range, it can be directly calculated by the strip load (P); (ii) for the part inside the
influence range, it can be calculated by subtraction of the circular area and the cap
areas, as indicated in Fig. 5.
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Fig. 1. Illustration of skin frictions distribution of piles
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4 Additional Stress for Composite Foundation with PTC
Capped-Piles

It is assumed that the skin frictions at the depth of H/3 reach the maximum value (qmax),
and the following equation can be obtained:

2pr0
Hqmax

2
¼ Qð1� aÞ ð1Þ
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pile
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Fig. 2. Calculation model of PTC capped-pile foundation

-=

H/3

2H/3

qmax qmax qmax

Fig. 3. Illustration of simplifying calculation
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for the upper part of the pile:

a1 ¼ 0
b1 ¼ 0
ð1� a� bÞ1 ¼ 1� að Þ=3

8
<

: ð2Þ

for the lower part of the pile:

a2 ¼ a
b2 ¼ 4ð1� aÞ=3
ð1� a� bÞ2 ¼ 2ð1� aÞ=3

8
<

: ð3Þ

BM

2B

Fig. 4. Plan view of calculating influencing radius
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Fig. 5. Illustration of simplifying calculation of soil-pile stress
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where a is the load percentage at the pile end; Q is the load at the top of pile; r0 is the
radius of the pile; H is the length of the pile. It is assumed that the value of strip load is
P, and the load percentage at the pile end is N, then:

Pp ¼ QL2N ð4Þ

qs ¼ Q� Pp

L2 � l2
ð5Þ

where Pp is the load for piles; qs is the load for soils; L is the pile spacing; l is the length
of the cap.

The additional stress caused by the load for piles can be calculated as follows:

rPi ¼ Q

ðH=3Þ2
ð1� a� bÞi1Iit1 þ

Q

ð2H=3Þ2
½ai2Iib2 þ bi2Iir2 þð1� a� bÞi2Iit2� ð6Þ

rP ¼
Xn

i¼1

rPi ð7Þ

where n is the number of the piles in the influence range.
The additional stress caused by the load for soils can be calculated as follows:

rS ¼ rS1 þ rS2 ð8Þ

rS2 ¼ r0S � nr0p ð9Þ

rS1 ¼ pðacIs þ acIIs þ acIIIs þ acIVsÞ ð10Þ

r0S ¼ qs½1� z3

ðr20 þ z2Þ3=2
� ð11Þ

r0P ¼ pðacIp � acIIp � acIIIp þ acIVpÞ ð12Þ

where rS1 is the additional stress induced by the load for the soil outside the influence
range; rS2 is the additional stress induced by the load for the soil inside the influence
range; r

0
S is the additional stress induced by the load for the soil which has the same

area with the influence range; r
0
p is the additional stress induced by the load for the soil

which has the same area with the caps; acIs * acIVs and acIp * acIVp are the coef-
ficients for calculating the values of r0S and r0p using corner point method, as indicated
in Fig. 6.
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5 Analysis of Case History Conducted in
Jiangsu Province, China

In Jiangsu province, the PTC piles were commonly adopted for soil reinforcement under
the highway embankment. In this section, a case history conducted in Lianyungang city
of Jiangsu province was analyzed. Figure 7 shows the physical and mechanical prop-
erties of subsoils, and the construction site mainly contains the clay, soft silty clay, and
the sand. The thickness of the clay and soft silty clay is about 4 m and 21 m respec-
tively. The soft silty clay has a high water content of 45% and a low constrained
modulus of 3.2 MPa. Figure 8 presents the sectional and plan view of the layout of PTC
piles and settlement observations. As can be seen, the height of the embankment is about
5.7 m, and the width of the embankment is about 46 m. The length of the pile is about
25 m, and the diameter of the pile is about 0.4 m. The PTC piles are arranged in the form
of square, and the pile spacing is about 3.5 m. The embankment was filled to the
designed height of 5.7 m in a period about 50 days. Two settlement observations (O1
and O2) were installed to monitor the settlement after the beginning of the embankment
construction. The observation lasted ten months after the construction.
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Fig. 6. Illustration of calculating additional stress of point M
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Fig. 7. Physical and mechanical properties of subsoils: w, natural water content of soil; c, unit
weight of soil; Es, constrained modulus of soil; e, void ratio of soil
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Figure 9 shows the observed curve of the settlement with the construction time.
As can be seen, the settlement increased with the increase of the fill height of
embankment. Figure 9 also indicates that the maximum settlement of O1 and O2 are
405 mm and 428 mm, respectively. By the combination of the proposed method and
the layer-wise summation method, the calculated settlement of the composite foun-
dation with sparse PTC capped-piles is about 420 mm, as indicated in Table 1. It can
be seen that the calculation error between the predicted values and the field data is

h = 5.7 m

L = 28 mL1 = 9 m L2 = 9 m

S = 3.5 m

B = 1.0 m

4.0 mClay

21.0 m
Soft
silty 
clay

PTC pile (D = 0.4 m)
Sand

Embankment
O1 (O2)

(a) Sectional view

S = 3.5 m

B = 1.0 mPTC pile
CAP

O1
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Settlement observations O1, O2

S = 3.5 m

(b) Plan view

Fig. 8. Sectional and plan view of the layout of PTC piles and settlement observations
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about 3.6% and 1.9% respectively, which demonstrate the applicability of the method
proposed in this study.

Using the proposed method in this study, the additional stress for composite
foundation with the different influence ranges (the radius of influence range is assumed
as: 8D, 14D and 19D) is analyzed. Figure 10 shows the calculated results for the cases
of the different influence ranges. As can be seen, the difference among the calculated
additional stress for these three influence ranges is not obvious, and the maximum
values are 114.6 kPa, 112.5 kPa, and 107.5 kPa, respectively. Figure 10 also indicates
that, when the pile spacing is eight times larger than the diameter of the pile, the
additional stress field shows no significant variation with increasing the influence
range.
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Fig. 9. Variation of the observed settlements with time in O1 and O2

Table 1. Comparisons of calculated and measured settlements in O1 and O2

Settlement
observations

Measured settlement
(mm)

Calculated settlement
(mm)

Calculation error
(%)

O1 405 420 3.6
O2 428 420 1.9
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6 Conclusions

The additional stresses of the composite foundation with sparse PTC (pre-stressed
tubular concrete) capped-piles under embankment are investigated in this study. Based
on the assumption that the distribution of skin frictions on PTC capped-piles is sim-
plified as two triangles, a method for calculating the additional stresses of the com-
posite foundation with sparse PTC capped-piles is proposed. By the combination of
Mindlin-Geddes’ solution and Boussinesq’s solution, the formula of additional stresses
of single PTC capped-pile foundation is derived by considering the radius of influence
range. A case history involving installation of sparse PTC capped-piles for soil rein-
forcement is introduced and analyzed, and the observed settlements after completion of
the embankment construction reached to 428 mm. The proposed method and the
layer-wise summation method were used to calculate the settlement of this case, and the
comparison results indicate that the calculated data by the proposed method have a
good agreement with the field data. Analysis results suggest the difference among the
calculated additional stress for these three influence ranges is not obvious, and the
maximum values are 114.6 kPa, 112.5 kPa, and 107.5 kPa respectively. The com-
parison result also indicates that, when the pile spacing is eight times larger than the
diameter of the pile, the additional stress field shows no significant variation with
increasing the influence range. It is suggested that the method may be a useful tool for
the design of soft subsoil improvement resulting from PTC piles.
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Abstract. In recent years, there has been an increasing interest in tunnel exca-
vation to resolve traffic problems especially in populated urban areas. However,
tunnel excavations could seriously affect ground surface behavior static and
dynamic load conditions. Several studies have estimated the ground motion
induced by tunnels in homogeneous, isotropic and linear elastic soils, however
there is still insufficient data on behavior in real conditions such as non-linear and
anisotropic behavior of soil in response to tunnel excavation. The aim of this
paper is to examine the ground motion amplification due to excavation of a
circular tunnel in shallow depth in soft soil. To this aim, at first, using a verified
finite element code, effective parameters of problem including depth and ductility
of tunnel, frequency content and soil material set are investigated. Then, the
effects of underground circular structure on dynamic response of ground are
assessed according to real time history earthquakes. Finally the results are
compared with green field condition. The results of this study indicate that
underground circular structures have significant effects on ground motion
amplification. These effects can be twice as large as green field conditions.

Keywords: Tunnel � Finite element code � Soft soil � Shallow depth
Dynamic analysis

1 Introduction

For several decades, due to increasing growth of population of the cities and urgent need for
better transportation services, tunnel construction has been recognized as a key strategy for
reducing traffic jams and facilitating transportation. In this regard, extensive studies have
been conducted by researchers on the effects of tunnel excavation, tunnel stability, and
interaction of tunnel structures. In the majority of studies on predicting the ground
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displacement around the tunnels, experimental, numerical, and analytical methods have
been mostly utilized. Peck (1969) conducted a field study on a number of circular tunnels
excavated in different soils and showed that the subsidence profile at the ground surface was
a Gaussian curve. Other studies in this regard have been conducted based on empirical
relationships and analytical methods. In analytical methods based on elasticity theories, the
surface subsidence profile of the ground could be predicted by equilibrium equations.
Experimental studies are based on Peck’s equation with only some minor changes in the
equation parameters (Attewell and Farmer 1974; Atkinson and Potts 1977; Clough and
Schmidt 1981; Mail et al. 1983; Leach 1985; Oteo and Sagaseta 1996). Ground acceleration
is one of the important factors for the seismic classification of areas; thus, the effect of
underground structures on ground acceleration is very important. Recently, the effect of
underground structures on the seismic response of the above-ground structures has been
investigated which have shown that the underground structures have a direct impact on the
seismic response of superstructures (Yiouta-Mitra et al. 2007). Many strategies have been
used to describe the effects of underground cavities on superstructures under the surface and
volume waves; however, they are based on simple assumptions (Pao et al. 1973; Dravinski
1983; Wong et al. 1985; Lee 1988; Smerzini et al. 2009). Sun andWang (2012) studied the
ground acceleration for cases with and without tunnel and reported that tunnel would cause
a change in the ground acceleration. In another study, Baziar et al. (2014) used laboratory
and software models to investigate the effects of rectangular tunnel on the ground accel-
eration; they applied the records of sinusoid acceleration and real earthquake to the soil floor
and stated that the rectangular tunnel reduced and increased the acceleration spectrum in
short and long periods, respectively. Also, the construction of rectangular tunnel increased
maximum earthquake acceleration compared to the tunnel-less case; since records of real
earthquakes are different from each other, effects of rectangular tunnel on the earthquake
acceleration record would be also different (Baziar et al. 2014). Cilingir and Madabhushi
(2011) investigated the effects of earthquake forces with different frequencies and ampli-
tudes on the behavior of circular and square tunnels using ABAQUS software and reported
that, with the increase in frequency, Fourier spectrum and acceleration were reduced and
increased in shorter and longer periods, respectively. Also, increase in the earthquake
amplitude would increase the axial forces and bending moment of tunnel wall. Abuhajar
et al. (2011) also modeled a square tunnel in sandy soil of Nevada to study the effects of
tunnel excavation on the earthquake acceleration by modeling different records and stated
that the soil density would influence the acceleration amplitude of earthquakes. They also
found that acceleration amplitude is a very important factor in determining reduced
earthquake ground acceleration; i.e. increase in the acceleration amplitude would increase
the earthquake ground deceleration. Maleki et al. (2011) evaluated the effect of circular
tunnels excavation on adjacent structure displacement with 2D Plaxis. They reported that,
tunnel excavation-induced ground movement is strongly affected by stiffness of adjacent
structure. Besharat et al. (2012) studied the effect of underground structures on the ground
surface during the earthquake. Using a case study of Niayesh-Sadr tunnel, they stated that
the excavation increases the earthquake ground acceleration above the tunnel. The stresses
around the tunnel also increased. Pitilakis et al. (2014) studied the effects of above ground
structures on circular tunnels. Their Studies showed that above ground structures may cause
an increase in the tunnel dynamic response which is more evident for stiff tunnels in shallow
burial depths. The main and primary aim of the present study is to examine the effect of
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tunnel excavation on dynamic properties of soil and its impact on the response of adjacent
structures placed near the tunnel. For this purpose, large numbers of numerical simulations
were conducted and in these analyses the recorded acceleration of the ground surface was
compared for the cases with and without tunnel. Also, using Seismosignal software, several
characteristics of the earthquake record including response spectrum, Fourier spectrum, and
effective duration of motion were studied in the cases with and without tunnel.

1.1 Modeling and Parameters

The numerical simulation and analyses in this study are carried out by PLAXIS finite
element (FE) software. A plane strain condition is considered for all the analyses and
soil was assumed to be only composed of one layer without underground water. The
Mohr-Coulomb constitutive soil model, which is an elastic-perfectly plastic model, is
selected to simulate the behavior of soil. The shear strength parameters of soil are
tabulated in Table 1. In this study, the tunnel was excavated in a circular shape with

constant area and depth of ðdh ¼ 0:64Þ in the soil layer, as shown in Fig. 1, and the

concrete lining was used for the tunnel wall. The mechanical properties of tunnel lining
are listed in Table 2.

Table 1. Soil physical properties (Afifipour et al. 2011).

H L csat cd E w ; { Rinter # a b

m m KN=m2 KN=m2 KN=m2 Degree Degree KN=m2

50 200 17 17 5E4 5 29 0.4 0.7 0.3 0.01 0.001

Fig. 1. Soil and tunnel dimensions.

Table 2. Mechanical parameters of tunnel lining.

b a m EI EA d

0.001 0.01 0.25 KN �m2=m KN=m m

8.218E4 8.05E6 0.35
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For modeling, the foundation bending element with an elastic behavior was adopted.
The modeled concrete foundation was of apron type with the width of 14 m and thickness
of 0.7 m whose characteristics are presented in Table 3. Also, compressive strength of the
concrete was considered and the concrete specific weight was assumed to be 24,000.

Fixed and energy absorbing boundary conditions were used. In the fixed boundary
conditions, a roller support was considered for vertical lines of the soil mass and a hinge
was considered for the horizontal line of the soil mass floor; also, no support was assumed
for the horizontal line above soil mass; therefore, the soil could only move in a vertical line
with no horizontal movements. During the application of the dynamic load, the waves were
reflected on the model boundaries. To avoid intense reflections due to the perturbations, the
energy absorbing boundaries were used at the bottom, left, and right sides of the soil mass.

The software meshed the model into triangles with 6 or 15 nodes during a process
called meshing. In PLAXIS software, there are 5 meshing types: very coarse, coarse,
medium, fine, and very fine (PLAXIS Manual 2005). The type of meshing depends on
the importance of subject. By choosing the very course meshing, the results would not
be very accurate, while choosing very fine mesh increases the time of the analysis. As a
result, medium meshing was chosen in the software. Also, finer meshing was con-
sidered for more sensitive areas such as the tunnel wall; as shown in Fig. 2.

Table 4 shows the characteristics related to the real earthquake records. In this table, three
records were used which were located away from active fault with different maximum
accelerations and effective duration of motion. The maximum accelerations for all the
described records were scaled to 0.2 g; in the other words, three different records with
maximumacceleration amplitudeof0.2 gwere separately applied to themassfloorof the soil.

Table 3. Parameters of structure foundation (Maleki et al. 2011).

EA EI m a b

KN=m KN �m2=m 0.25 0.01 0.001

1.75E7 7.145E5

Fig. 2. Boundary conditions and mesh used in numerical simulation.

Table 4. Characteristics earthquake records (PEER center).

Row Record name PGA (g) Magnitude (Richter) Rjb (km) D9-95 (s)

1 Elcentro 0.31 7.2 18.3 24.1
2 Sanfernando 0.27 6.61 19.33 16.71
3 Sanluis 0.011 6.19 63.34 17.84
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The real earthquake records are shown in Figs. 3, 4, and 5. These records were all
scaled to the maximum acceleration of 0.2 g (Figs. 6, 7, and 8).

2 Results and Discussion

At first, the records which were scaled to 0.2 g were applied to the soil mass floor in
Plaxis software and, after the dynamic analysis, the soil surface record at point A,
located at the ground surface and under the foundation center with coordinates (0 and
50), was obtained. Similar to the tunnel-less case, once again, by excavating a circular

Fig. 3. The record El Centro earthquake.

Fig. 4. The record San Fernando earthquake.

Fig. 5. The record San Louis earthquake.

Fig. 6. The record scaled to 0.2 g related to El Centro earthquake.
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tunnel in the soil layer, the 0.2 g scaled records were applied to the soil mass floor and
the soil surface record was obtained. Finally, the earthquake acceleration at the soil
surface, response spectrum, and Fourier spectrum for both cases (with and without
tunnel) were compared to each other. In this study, WO indicates the situation without
tunnel, while CT means a circular tunnel. Also, EL is El Centro earthquake, SANF
denotes San Fernando earthquake, and SANL represents San Louis earthquake.

2.1 Acceleration on the Soil Surface

Figures 9, 10, and 11 show the acceleration of the soil surface for the cases with and
without tunnel under different earthquake records. As is clear from the figures, the
excavation of tunnel will change the earthquake acceleration.

Figure 12 shows the change percent of maximum ground acceleration for the case
with tunnel in comparison to the case without tunnel. According to the mentioned
figure, circular tunnel decreased the maximum acceleration for all the records, as
compared to the case without the tunnel. In this figure, the amount of A is obtained

Fig. 7. The record scaled to 0.2 g related to San Fernando earthquake.

Fig. 8. The record scaled to 0.2 g related to San Louis earthquake.

Fig. 9. Acceleration of soil surface for the cases with and without tunnel for El Centro
earthquake.
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from Eq. 1 (Variation percent of maximum acceleration), where aT shows the maxi-
mum acceleration of the soil surface for the case with tunnel where, aWT represents the
maximum acceleration of the soil surface for the case without tunnel. The positive side
of the vertical axis shows the increase percent of the maximum acceleration and its
negative side reflects the decrease percent of the maximum acceleration.

The time variation (%) of the maximum acceleration is also shown in Fig. 13. The
described figure shows that in El Centro earthquake, time of the maximum acceleration
increased due to tunnel excavation, while the time of maximum acceleration decreased in

Fig. 10. Acceleration of soil surface for the cases with and without tunnel for San Fernando
earthquake.

Fig. 11. Acceleration of soil surface for the cases with and without tunnel for San Louis
earthquake.

Fig. 12. Variation percent of maximum acceleration.
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San Fernando earthquake. But the maximum acceleration time in Saint Louis earthquake
did not change for both cases. In this figure, t is obtained from Eq. 2, (time variation
percent of maximum acceleration) where tT and tWT denote the time of the maximum
acceleration of the soil surface for the case with tunnel and without tunnel, respectively.

The positive and negative sides of the vertical axis show the increase and decrease
percent of the maximum acceleration time, respectively.

2.2 Structural Acceleration Spectrum

In both cases (with and without tunnel), the earthquake records were applied to the soil
mass floor and record of the soil surface was extracted using the dynamic analysis by
PLAXIS software. Records of the soil surface were imported to Seismosignal software
and the 1-degree-of-freedom structural acceleration spectrum was drawn for each
record.

Figures 14, 15 and 16 show the structural acceleration spectrum for both cases
under different earthquake records. As can be observed, excavation of a circular tunnel
reduced the structural acceleration spectrum.

Fig. 13. Time variation percent of maximum acceleration.

Fig. 14. Structural acceleration spectrum for El Centro earthquake.
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2.3 Effective Duration of Motion of the Record

Each acceleration record has an effective duration of motion, which can be defined in
different ways, with the energy method being the most important and accurate one. In
this method, the time during which 5–95% of the earthquake energy is released, will be
measured. Figure 17 shows the changes (%) in the effective duration of record motion
for both cases.

According to this figure, in El Centro and San Fernando earthquakes, tunnel
excavation increased the effective duration of motion, while in San Louis earthquake,
the tunnel reduced the effective duration of motion. In this figure, the amount of d was
obtained from Eq. 1 (Variation percent for the effective time of motion):

d ¼ dT � dWT

dWT
� 100 ð1Þ

In the above equation, dT and dWT are the effective duration of motion for the cases
with and without tunnel, respectively. The positive side of the vertical axis shows the
increase percent of the maximum acceleration; while its negative side indicates the
decrease in the mentioned value.

Fig. 15. Structural acceleration spectrum for San Fernando earthquake.

Fig. 16. Structural acceleration spectrum for San Louis earthquake.
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2.4 Fourier Spectrum for Acceleration of Soil Surface

Figures 18, 19 and 20 show Fourier spectrum of soil surface acceleration for cases
under different earthquake records. As it clearly shows, tunnel excavation changed the
Fourier spectrum. Figure 21 shows the variations in the maximum amplitude of Fourier
spectrum for the with-tunnel case in comparison with the without-tunnel case.
According to this figure, excavation of the circular tunnel reduced the maximum
amplitude of the Fourier spectrum for all the records in comparison to the
without-tunnel case.

Fig. 17. Variation percent for the effective time of motion.

Fig. 18. Comparing the Fourier spectrum of soil surface for the cases with and without tunnel in
El Centro earthquake.

Fig. 19. Comparing the Fourier spectrum of soil surface for the cases with and without tunnel in
San Fernando earthquake.
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In Fig. 21, FA value was obtained from Eq. 2 (Changes in the maximum Fourier
amplitude):

FA ¼ FAT � FAWT

FAWT
� 100 ð2Þ

where FAT is the maximum amplitude of spectrum for the case of with tunnel while, is
the maximum amplitude of spectrum for the case of without tunnel. The positive side of
the vertical axis shows the increase percent of the maximum acceleration whereas its
negative side indicates the decrease percent of the maximum acceleration. Figure 22
shows the changes percent in the dominant frequency for the case of with tunnel
compared to those of without–tunnel case. In El Centro and San Fernando earthquakes,
the dominant frequency for both cases was the same and remained unchanged; but, in
Saint Louis earthquake, the dominant frequency reduced. In this figure, the amount of f
was obtained from Eq. 3 (changes of dominant frequency):

f ¼ fT � fWT

fWT
� 100 ð3Þ

Fig. 20. Comparing the Fourier spectrum of soil surface for the cases with and without tunnel in
San Louis earthquake.

Fig. 21. Variation percent for the maximum Fourier amplitude.
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In which fT is the dominant frequency for with-tunnel case and fWT denotes the
dominant frequency of without-tunnel case. The positive and negative sides of the
vertical axis show the increase and decrease percent of time of the maximum accel-
eration, respectively.

3 Conclusion

In this study, real earthquake records were applied to the soil mass floor for both cases
of with and without circular tunnel to extract the earthquake record at the ground
surface by PLAXIS software and to study the record characteristics such as accelera-
tion, response spectrum, effective duration of motion, and Fourier spectrum by Seis-
mosignal software. Results of this study indicated that:

1. Excavation of circular tunnels had direct impact on the earthquake ground accel-
eration so that the maximum acceleration in all the three earthquake records was
reduced and time of the earthquake was affected by tunnel excavation, depending
on the type of earthquake record.

2. The structural response spectra were different between with- and without-tunnel
cases; in a way that, excavation of a circular tunnel reduced the response spectrum
as compared to the without-tunnel case.

3. The effective duration of earthquake motion was also affected by the tunnel exca-
vation. Depending on the type of record, this parameter decreased, increased, or
remained unchanged.

4. Tunnel excavation also influenced Fourier spectrum of the record. By tunnel
excavation, the maximum amplitude of the Fourier spectrum of the records was
reduced and the changes in the dominant frequency were different depending on the
record type.

5. In general, it can be concluded that assuming constant characteristics for soil and
tunnel, tunnel excavation changes the characteristics of the earthquake records at the
soil surface. However, the amount of the changes has a direct relationship with
earthquake records. By selecting each record, it is possible to observe responses
different from other records. Also, in order to construct the superstructures over the
tunnels or vice versa, it is necessary to study and analyze the potential risks.

Fig. 22. Variation percent for the dominant frequency.
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Abstract. This paper presents a case study of the influence of a roadway
embankment on existing sewers with diameter or width of approximately 3.3 to
4.3 m. The proposed embankment would be constructed directly above the
existing sewers, which would induce an additional load. Traditional analysis
methods cannot account for the structural/soil interaction and the benefit of the
lateral supporting characteristics of the soils. In order to evaluate the loading of
the proposed embankment on the existing sewers, a structural/soil interaction
analysis using a two-dimensional finite element computer program was per-
formed for various loading cases. The sensitivity of soil parameters was also
considered in the analysis. From the analysis, the loadings on the sewers including
axial force, bending moment and shear force were obtained and then the structural
capacity of the existing sewers was checked. Light-weight sand fill or expanded
polystyrene (EPS) geofoam was considered to reduce the additional vertical and
horizontal loads on the sewers. The EPS geofoam or a structural protection system
consisting of a concrete slab supported by concrete piles was considered to
eliminate any incremental vertical and horizontal loads on the sewers. These
mitigation methods were compared. It is found that the light-weight sand fill is
most economic material to reduce the additional loads on the sewers, the EPS
geofoam is most suitable material to eliminate incremental loads on the sewers for
a lower embankment, and the structural protection system is only option to
eliminate incremental loads on the sewers for a higher embankment.

1 Introduction

Redevelopment of roadway systems is a frequent occurrence in urban centers as
infrastructure ages and as our reliance on transportation networks increases. A roadway
embankment was proposed to replace an existing roadway viaduct in the downtown
area of Montreal, Canada. The height of the embankment is up to 9 m. There are
numerous challenges associated with roadway embankment construction in urban
areas, such as the construction impact on existing utilities, nearby buildings, etc.

This paper presents a case study of the construction influence of a roadway
embankment on existing sewers with a diameter or width of approximately 3.3 to 4.3 m.
The proposed embankment would be constructed directly above the existing sewers,
which would induce an additional load onto the existing sewers. Traditionally,
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Marston-Spangler theory (Spangler and Handy 1982) is used for the analysis of buried
culverts/sewer pipes. However, this method cannot account for the benefit of the lateral
supporting characteristics of the embedment soils. In order to evaluate the loading of the
proposed embankment on the existing sewers, a soil/structure interaction analysis using
a two-dimensional finite element computer program was performed for various loading
cases. The sensitivity of soil parameters was also considered in the analysis. From the
analysis, the loadings on the sewers, including axial force, bending moment and shear
force were obtained and then the structural capacity of the existing sewers was checked.
If the existing sewer could not take the additional loads, mitigation methods to reduce or
eliminate the additional vertical and horizontal loads on the sewer were considered.

To reduce the additional vertical and horizontal loads, consideration was given to
using light-weight sand fill and expanded polystyrene (EPS) geofoam, which are more
compressible than conventional fill, to induce positive arching above the sewer. To
eliminate any incremental vertical and horizontal loads, consideration was given to use
of ultra-lightweight fill (i.e. EPS geofoam) to replace the conventional backfill, or use
of a structural protection system consisting of a concrete slab supported by concrete
piles to pick up the embankment weight. These methods were compared and the most
economical or suitable method was proposed.

2 Site Conditions and Roadway Embankment Construction

The site of the proposed roadway embankment is located in Montreal, Canada. In the
study area, a new embankment with an approximate width of up to 70 m and with a
height up to approximately 9 m needs to be constructed to replace aging and severely
deteriorating roadway viaducts. As the proposed embankment would be constructed
directly above the existing sewers, an additional load will be imposed on the existing
sewers. These sewers (“Collecteurs”) were installed between 1963 and 1990 and were
not designed for the additional surcharge. Figure 1 shows a typical cross section of
existing sewers and viaducts, along with the proposed new roadway embankment.

Fig. 1. Existing condition and proposed roadway embankment relative to existing grade
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The existing sewers used in the case study includes two types: (1) circular type of
concrete pipe with an inside diameter of 3.6 m and thickness of 350 mm; and
(2) horseshoe type of concrete pipe with an inside diameter of 2.7 m and thickness of
203 mm to 305 mm.

A geotechnical investigation, including borehole drilling, standard penetration tests
(SPT), pressuremeter tests and laboratory testing of soil index parameters, was carried
out to support the design of the embankment.

The investigation revealed subsurface soils consisting of: loose to compact fill over
very loose to loose sandy silt to silty sand, interbedded with marl, which is in turn
underlain by dense to very dense glacial till of sand to sandy silt. Limestone bedrock
was encountered at depths of 6.2 to 11.6 m (El. 12.6 to 6.7 m) below the existing
ground surface. Piezometric levels were measured at depths of 1.9 to 3.2 m (El. 15.9 to
14.2 m) below the existing ground surface.

Based on the subsurface information encountered in the boreholes, the existing
sewers were founded in the dense to very dense glacial till of sand to sandy silt or
bedrock.

3 Review of Design Approach for Buried Sewers

The traditional design methods for assessing the capacity of buried sewers are based on
the Marston-Spangler theory developed in the 1910’s (Spangler and Handy 1982). The
buried conduit has been divided into two categories: (1) flexible and (2) rigid. Inde-
pendent analysis and design approaches have been developed for each. When
designing rigid pipes (i.e. concrete pipes), it is customary to assume that the pipe is
affected mainly by a vertical pressure caused by soil and traffic; a horizontal reacting
pressure is generally negligible. For flexible pipes, the vertical load causes a deflection
of the pipe, which in turn results in a horizontal supporting soil pressure. The load on
buried conduits consists of earth loads and live loads, both of which depend on the
relative stiffness of the soil and conduit. Conduits can be classified as being con-
structed: (1) in-trench, (2) positive projecting, (3) negative projecting, (4) imperfect
trench, and (5) in-tunnel.

It is likely that the existing concrete sewers would have been initially designed for a
trench condition, which is relatively narrow ditch dug in undisturbed soil and then
covered with compacted backfill to the ground surface. The load on the sewers is a
function of the unit weight, height and width of the backfill, and the friction between
the backfill and native soil, without consideration of soil cohesion. The load on the
rigid pipe is less than the total weight of trench above the conduit due to the soil
friction. Based on the calculated load on the pipe and determined bedding factor, the
required pipe three-edge bearing strength was then selected for an appropriate factor of
safety.

After construction of the roadway embankment, resulting in additional grade raise
above the original, the negative projecting condition needs to be considered for the
existing sewers. The load on the sewers will be higher than that for the trench con-
dition. Obviously, the existing sewers were not designed for the additional load.
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Although the traditional design methods have been the standard practice since the
early 1900’s, research and field monitoring have confirmed that such approaches are
overly conservative due to assumptions associated with limited knowledge on soil-pipe
interaction, especially the inability to account for the benefit of the lateral supporting
characteristics of the embedment soils (Smeltzer and Daigle 2005). Research on
soil-structure interaction with the application of the finite element (FEM) method over
the past thirty years has led to the development of an enhanced design method (i.e. a
direct design method) for rigid concrete pipe and its embedment systems. The direct
design method determines the actual moments, thrust and shears in the buried pipe.
Furthermore the direct design method based on the FEM analysis enables the evalu-
ation of various installation conditions (time-history) as part of the design analysis.
A standard installation design method was developed by the American Concrete Pipe
Association (ACPA 1998) based on a large number of FEM model simulations and
field studies of four standard installations. The American Society of Civil Engineers
(ASCE) adopted a standard installation design method through ASCE 15-93
(ASCE/ANSI 1993). Canadian Standards Association (CSA) includes a standard
installation design method for the design and installation of buried structures in the
Canadian Highway Bridge Design Code (CSA S6-06 2006).

This project required the load on the existing sewers to be reviewed based on CSA
S6-06 (2006). The earth load determined from the unit weight of overfill soil over the
top of the sewer and its effect were determined by an analysis of soil-structure inter-
action based on the characteristics of the installation based on CSA S6-06 (2006).

For a circular concrete pipe, the total vertical earth load on a buried pipe ranges
from 1.35 to 1.45 times the weight of the column of earth applied over the outside
diameter of pipe; the total horizontal earth load on a buried pipe ranges from 0.3 to 0.45
times the weight of the column of earth over the outside diameter of pipe in standard
installations with various bedding thickness and soils; and the earth pressure distri-
bution on the pipe can be calculated based on the force diagram provided in CSA S6-06
(2006) for four standard installations.

Since the installation method for the existing sewers is not clear, it is not applicable
to use the Marston-Spangler theory or the force diagram provided in CSA S6-06 (2006)
to review the load condition of the existing sewers under the new embankment. Use of
FEM analysis to simulate the time-history of construction is the best way to determine
the loading conditions on the existing sewers under the new embankment as well as for
the modelling of protection systems to mitigate impacts on the existing sewers.

4 Finite Element Analysis

A soil-structure interaction analysis using a two-dimensional FEM computer program
(RS2, Version 9) was performed to evaluate the loads on the existing circular sewer and
the horseshoe-shaped sewer.
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4.1 Circular Sewer

The soil profiles selected for the analyses were based on the boreholes drilled near the
sewer. The boundary elevations for each soil layer used in the analysis are provided in
Table 1. The surface of bedrock was taken at El. 10.7 m. Bedrock is modelled as an
incompressible material and thus is considered as the fixed boundary. The marl was
assumed to be replaced by new fill during embankment construction. Note that the unit
weight of new fill is much higher than that of marl. This assumption will give a higher
loading on the sewer, which is a conservative approach. The soil surrounding the sewer
is assumed to be backfill comprised of existing fill and the thickness of the existing fill
is taken as 0.5 m. The new pavement on the top of the embankment consists of
290 mm asphalt concrete, 200 mm granular base of MG20, and 590 mm granular
subbase of MG112. The groundwater level was taken at El. 15.8 m in the analysis.

Since the existing circular, reinforced concrete sewer installed in 1990 was found to
be in good condition on the basis of visual inspection and intrusive testing, consid-
eration was given to reduce the weight of the new embankment using relatively light
weight sand fill above the existing sewer with the secondary intention of inducing the
arching effect. The objective, of course is to limit the load on the sewer so as not exceed
its structural capacity for axial force, bending moment and shear force. Consideration is
also given to use compressible material (i.e. EPS geofoam) to achieve this same effect.
Since the EPS geofoam will compresses more than the surrounding fill, the load on the
sewer will be less than the calculated overburden pressure due to the side friction,
resulting in a positive arching above the sewer. This is called the induced trench
method (also called an imperfect ditch). Field measurements conducted by Vaslestad
et al. (2011) confirmed the positive arching effect on buried rigid culverts using the
EPS geofoam.

Table 1. Unfactored soil, EPS Geofoam and concrete parameters

Material type (Elevation) Unit weight
c (kN/m3)

Friction
angle
(degree)

Young’s
modulus
(MPa)

Poisson’s
ratio

New fill 18.2 32 50 0.3
New light weight sand fill 16.8 32 30 0.3
Granular fill (MG-20) 22.9 35 100 0.3
Granular fill (MG-112) 18.9 32 50 0.3
MSE fill 22.0 36 50 0.3
Existing fill 18.2 32 50 0.3
Marl (>El. 17.0 m) 12.1 – 6.9 0.3
Silt to silty sand (till) (El.
17.0 to 10.7 m)

20.9 36 100 0.3

EPS Geofoam 0.21 – 5 0.12
Concrete/Asphalt 24 – 29700 0.2
Water 9.81 – <0.2 0.49
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The unfactored soil parameters and elevations of the soil layers used in the analysis
are listed Table 1, including unit weight (c), Young’s modulus (E), Poisson’s ratio (l),
and angle of internal friction (/). Young’s modulus for cohesionless soils was estimated
from the available pressuremeter data. The coefficient of earth pressure at rest, Ko is
taken as 0.5. The cohesion (undrained shear strength) of the marl is taken as 40 kPa. The
apparent cohesion of the EPS geofoam is taken as 68 kPa. The cohesion for other soils is
taken as 0.1 kPa. The assumed E for the EPS geofoam is taken as recommended for
EPS100 by the Transportation Research Board (2004) and the Poisson’s ratio for the
EPS geofoam is as recommended by the EPS Industry Alliance (2012). It is noted that
the analysis result is not significantly affected by Young’s modulus of EPS geofoam.
The assumed Young’s modulus for the soils is based on CSA S6.1-14 (2014).

The vertical earth pressure (VEP) is calculated from the unit weight of soils, c and
the lateral earth pressure (LEP) is calculated from Ko. Thus the load factor is related to
c and Ko in the finite element analysis. At the serviceability limit states (SLS), the load
factor for c is taken as 1.0 for c and Ko. At the ultimate limit states (ULS), the load
factor for c is taken as 1.0 or 1.375 and the load factor for the LEP is taken as 0.8 or 1.0
for different cases based on CSA S6-06 (2006). As the LEP is calculated from the VEL
and Ko, the value of Ko is taken as 0.29 or 0.5 as summarized in Table 2.

The analysed circular sewer at this section is a reinforced concrete pipe with inside
diameter of 3.6 m and wall thickness of 349 mm. The sewer was modelled as beam
elements. The dead load (DL) of the sewer is calculated from c, taken as 24 kN/m3 and
its Young’s modulus is taken as 29730 MPa. The moment of inertia for the sewer is
taken as 0.00354 m4 at the SLS and as 0.0025 m4 in the ULS. The load factor for
concrete c is taken as 1.0 or 1.1 based on CSA S6-06 (2006).

The sewer was assumed as being full of fluid with the properties of water. The unit
weight of water is taken as 9.81 kN/m3 and its Young’s modulus is taken as a value of
less than 200 kPa to make the vertical and horizontal water pressure (WP) on the sewer
wall equivalent to the hydrostatic pressure.

The traffic live load (LL) is taken as 17.6 kPa. The load factor for the LL is taken as
0.9 at the SLS and 1.87 at the ULS.

The soils were modeled as Mohr-Coulomb elastoplastic materials and the concrete
and steel were modeled as elastic materials.

The load combination (LC) used in the analysis is as follows

LC ¼ aDDLþ aEVEPþ aLLLþ aWWPþ aLELEP ð1Þ

Table 2 Ranges of load factor and coefficient of earth pressure at rest

Load combination (LC) aD aE aL aW aLE Ko

LC1 for SLS 1.0 1.0 0.9 1.0 1.0 0.5
LC1 for ULS 1.1 1.375 1.87 1.1 0.8 0.29
LC2 for ULS 1.0 1.0 1.0 1.0 1.0 0.5
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where aD is the load factor for the dead load of sewer; aE is the load factor for vertical
earth pressure; aL is the load factor for traffic live load; aW is the load factor for water
pressure within the sewer; and aLE is the load factor for lateral earth pressure. The
values of the load factor are listed in Table 2. Two load combinations at the ULS and
one load combination at the SLS have be analyzed. The other load combinations do not
govern and thus were not checked.

The construction sequence was simulated in the FEM static analysis as follows:

Stage 1 Initial ground condition with the sewer and existing retaining wall;
Stage 2 Installation of the EPS geofoam or placement of the light weight fill;
Stage 3 Construction of embankment; and
Stage 4 Adding LL surcharge.

Figure 2 shows the partial FEM mesh after construction of the embankment with a
4.7 m wide and 1 m high zone of the EPS geofoam above the existing sewer for the
SLS load case at a section of up to 9 m high embankment. The finite element mesh was
92 m long and 16.3 m high. The bottom boundary was restrained from both vertical
and horizontal movements. The left-hand and right-hand boundaries were free to move
in the vertical direction.

Fig. 2. FEM mesh after embankment construction with EPS geofoam
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Typical computer output, such as total vertical stress and bending moment for the
existing sewer after the embankment construction with 1 m thick EPS geofoam (Stage
4) for the SLS load case, is shown in Fig. 3. It clearly shows that the total vertical stress
on the top of the sewer is significantly reduced to only about 60% of the total vertical
overburden pressure due to the positive arching effect. This result is consistent with the
field measurements by Vaslestad et al. (2011). This phenomenon could not be modelled
by the traditional Marston-Spangler theory.

Figures 4, 5 and 6 compare the axial force, bending moment and shear force for the
existing sewer after the embankment construction, respectively for three different
options: (1) conventional fill; (2) light weight sand fill in a zone of 4.7 m width by
5.5 m height above the sewer; (3) EPS geofoam in a zone of 4.7 m width by 1 m height
above the sewer. The axial force, bending moment and shear force for the existing
sewer at the existing condition are also shown in these figures. It is found that the axial
force, bending moment and shear force for the existing sewer after the embankment
construction increase due to the new embankment construction. Comparing to the
conventional fill option, both the light weight fill and EPS geofoam options can reduce
the additional axial force, bending moment and shear force mainly due to the the
positive arching effect. Since the value of Young’s Modulus for the EPS geofoam is
much smaller than that of the light weight sand fill, the reduction in the axial force,
bending moment and shear force using 1 m thick EPS geofoam is more significant than
that achieved using the 5.5 m thick light weight sand fill. It is noted that separate stages

Fig. 3. Vertical stress in soil and bending moment for existing sewer after embankment
construction with EPS geofoam
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for the installation of the EPS geofoam (or the light weight sand fill) following
embankment construction must be used in the FEM analysis to simulate the positive
arching effect. If the EPS geofoam or light weight sand fill following embankment
construction are modelled in one single stage, the positive arching effect is insignifi-
cant. The variation of soil parameters was also considered in the analysis. It is found
that the influence in the variation of the soil parameters to the analysis results is
insignificant as the variation in the load factors is bigger than that of the soil parameters
themselves.

Based on the results of FEM analysis for various loading cases, it is found that the
existing sewer can accommodate the loads induced by the new embankment with a
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zone of light weight sand fill. Thus the light weight sand fill option, which is more
economical than the EPS option, is adopted for the new embankment construction over
the existing circular sewer.

4.2 Horseshoe-Shape Sewer

The horseshoe-shaped concrete sewer was constructed in 1963. Based on visual con-
dition surveys and core drill findings it was considered that this ageing sewer could not
sustain any additional load. Thus two options were proposed: (1) a protection system
(“relieving platform”) consisting of a concrete slab supported by concrete piles to
relieve the additional loading on the existing sewer; and (2) using ultra-light-weight fill
(i.e. EPS geofoam) to construct the new embankment.

The soil profiles and parameters used in the analysis are the same as those used for
the circular sewer.

The equivalent inside diameter of this sewer is 2.7 m. The thickness of sewer wall
varies from 203 mm at the top, 305 mm at the base to 381 mm at the sides. The
average thickness and moment of inertia for the sewer were used in the analysis. The
moment of inertia at the ULS was taken as 40% of that at the SLS. Young’s modulus
for the sewer was taken as 20,000 MPa based on the testing of core samples taken from
the sewer.

The load cases conducted in the FEM analysis are the same as those for the circular
sewer, except that the sewer was assumed to have a dry interior (without water), which
is a more critical case.

Figure 7 shows the partial FEM mesh with a relieving platform consisting of a
10.5 m wide by 0.8 m thick concrete slab supported by 406 mm diameter piles at a
spacing of 3 m center to center for a new embankment height of 7.5 m for the SLS load
case. A gap of 200 mm was placed beneath the concrete slab and the underlying soil to
ensure that the embankment load would be taken up by the pile foundation. Even
through the width of the relieving platform is about 3 times the sewer width, it could
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not totally relieve the additional lateral earth pressure on the sewer. With the relieving
platform installed 1 m below the existing ground surface, there is a net reduction in the
vertical load on the existing sewer and the resulting maximum axial force, bending
moment and shear force are not greater than those in the existing condition. Figure 8
shows the typical computer output of total vertical stress and axial force in the existing
sewer for the SLS case. It clearly shows that there is no increment in the total vertical
stress surrounding the existing sewer.

Figure 9 shows the bending moment for the existing sewer prior to and after a
7.5 m high new embankment construction with the protection system for the SLS load

case. It is found that the maximum bending moment after the embankment construction
is not more than that in the existing condition although its distributions are not the same
due to slight increase in the horizontal stress and slight decrease in the vertical stress.
Similar trends are also found for the axial and shear forces in the existing sewer. The
bending moments for the existing sewer after the embankment construction with the
EPS option are also shown in Fig. 9 for comparison. Although the EPS geofoam
thickness is the same as that of the new embankment and the width of EPS geofoam is
3 times the sewer width, there is an increment of bending moment for the sewer base
for a 7.5 m high new embankment as the EPS option could not fully eliminate the
increase of the lateral load near the sewer base.

Figure 10 shows the bending moment for the existing sewer prior to and after the
embankment construction with the protection system and EPS geofoam for a 3 m high

Fig. 7. FEM mesh after embankment construction with a protection system
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new embankment for the SLS load case. Similar to the 7.5 m high embankment, the
maximum bending moment after the embankment construction with the protection
system is not more than that in the existing condition. For the new embankment
construction with the EPS geofoam, there is no increment in the bending moment for
the sewer base as shown in Fig. 10. The slight decrease in the bending moment for the

Fig. 8. Vertical stress in soil and axial force in structures after embankment construction with a
protection system
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sewer crown is due to the positive arching effect as the modulus of the EPS geofoam is
less than that of soil. There is also no increment in the axial and shear force, indicating
that the embankment constructed using the EPS geofoam can successfully eliminate
additional loads on the existing sewer for the 3 m high new embankment.

Based on a series of analyses, it is found that for a higher new embankment with a
height greater than 3 m, the EPS option could not fully eliminate the additional hor-

izontal load at the sewer base. Thus a more expensive approach using a concrete slab
supported by concrete piles is recommended to relief the additional loading on the
existing sewer. For a lower new embankment with a height not more than 3 m, the EPS
option, which will not increase the bending moment, shear and axial forces for the
existing sewer and is more economical than the concrete slab protection system, is
recommend.

5 Conclusions

The additional load on the existing sewers due to new embankment construction can be
successfully reduced or eliminated using mitigation methods such as light-weight sand
fill, EPS geofoam, or protection systems consisting of a concrete slab supported by
concrete piles. Traditional design methods for buried culverts and rigid pipes cannot be
used to estimate the loading condition of the existing sewers under the effects of the
new embankment due to their lack of ability to account for soil-structure interaction.
The widespread use of the finite element method in geotechnical applications makes it
possible to directly analyze the interaction of the buried culverts and soil under various
mitigation scenarios.

It is found that the light-weight sand fill is most economic material to reduce the
additional loads on the sewer, the EPS geofoam is most suitable material to eliminate
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incremental loads on the sewer for a lower embankment, and the structural protection
system is only option to eliminate incremental loads on the sewer for a higher
embankment.
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