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Chapter 1
INTRODUCTION

1.1 Overview
The design and construction of foundations in easily weathered rocks have posed
various challenges to engineers. One challenge is the formation of cavities in limestone,
dolomite, and gypsum due to the chemical weathering process. Over 20% of the earth's
surface consists of karst terrains (Paolo Forti International Union of Speleology 2015),
which is characterized by underground drainage systems with sinkholes and caves, the
caves have had a significant influence on all aspects of human life throughout history. In
terms of construction engineering, cavities have led to unresolved difficulties in the
design and construction of foundations in many regions all over the world, such as
America, Russia, India, Brazil, Southeast Asia, Japan, and China. In Japan, limestone
(karst topography) occupies nearly 0.44% of the land area (1763.73 km2) (Tanaka, 2014).
Limestone mainly distributes in Iwate, Akita, Fukushima, Shizuoka, Gifu, Okinawa, and
Yamaguchi, as shown in Figure 1.1. Specifically, many large-scale caves were found
during the geological survey when constructing sea embankments in Okinawa.

Figure 1.1: Limestone distribution map of Japan
(http://www.showcaves.com/english/jp/Maps/Limestone.html)
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In Vietnam, karst topography occupies nearly 20% of the land area
(approximately 60,000 km2) (Vietnam Institute of Geosciences and Mineral Resource,
2005), with some typical regions in the North and Northern Central of the country such
as Ha Giang, Ha Tay, Ninh Binh, Quang Binh, Quang Ninh, Hai Phong (Figure 1.2).
Cavities can reduce the bearing capacity of foundations. Therefore, sudden failure is a
constant threat to the safety of structures founded on the ground with cavities. With the
increase in population, especially in developing countries, the demand for more living
spaces, better infrastructures, and tourism construction also increases. Consequently,
there are more buildings constructed in limestone areas, which leads to an urgent need for
reinforcing the pile foundation in limestone with cavities.

Figure 1.2: Limestone distribution map in Vietnam
(https://diamoitruong.com/2015/12/10/karst-va-hang-dong)
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1.2 Purposes and objectives of the research
The purposes of this research can be summarized as follows:
 To experimentally and numerically quantify the effects of different cavity locations
on the bearing capacity of the pile through a reduction factor of pile bearing capacity,
and verify the numerical results obtained by using the discrete element method.
 To visualize the cracks appeared inside the rock mass and the collapse pattern of the
area around the cavity roof which cannot be seen in the experiment.
 To indicate a critical distance from the pile tip to the cavity that the influence of
cavities to the pile is negligible.
This study is expected to bring a deeper understanding of piles foundations
constructed in limestone areas with cavities, which will help the engineers have safer and
more cost-effective design solutions, also supply a solid basis for further developments.
As will be discussed in more detail in the next chapters, the results examined in
this research will be firstly obtained by a series of model tests carried out on a small-scale
single pile embedded in gypsum rock with predetermined cavities. In the next step, the
studied model will be simulated by the discrete element method (DEM) using the twodimensional discontinuous program PFC2D developed by Itasca. Then, the numerical
analysis results will be compared with the experimental results to ensure that the
numerical analysis can simulate what happened in the model test. Finally, the ability to
simulate the crack propagation of DEM will be applied to visualize the cracks that
appeared inside the rock mass and the collapse pattern of the area around the cavity roof,
which cannot be seen in the experiment.
1.3 Thesis outline
This thesis is organized as follows:
Chapter 1: Introduction
The current chapter introduces the topic of study and states the general aims of
the research.
Chapter 2: Literature Review
This chapter introduces a brief overview of the influences of cavities on
foundations and reviews the previous studies investigating the effects of cavities on the
behavior of foundations in general and pile foundations in particular.
Chapter 3: Experimental Investigation
This chapter presents the experimental apparatus and materials used in this
10

research. The testing program and the test setup are also described in this chapter. Finally,
the experimental results are discussed.
Chapter 4: DEM Investigation
This chapter firstly introduces a brief overview of the Discrete Element Method
and its applications. Next, the procedure of the simulation is described, and then, the
numerical analysis results are discussed.
Chapter 5: Verification and visualization
The numerical analysis results will be compared with the experimental results to
verify whether the simulation can describe accurately what happened in the experiment.
The visualization of cracks appeared inside the rock mass and the collapse pattern of the
area around the cavity roof are also presented in this chapter. Furthermore, a definition of
a critical distance from the pile tip to the cavity that the influence of cavities to the pile is
negligible will be introduced.
Chapter 6: Proposals to the design of pile foundations in the ground with cavities
From the results of this study, some proposals and a framework that are suggested
to be considered in the design process of pile foundations in the ground with cavities have
been made and presented in this chapter.
Chapter 7: Conclusions
This chapter summarizes the main results from the research, discusses which
targets have been met, and to what extent and suggests implications of the work done.
The ideas for future studies will also be recommended.
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Chapter 2
LITERATURE REVIEW

2.1 The effects of cavities on foundations
In designing buildings and structures in karst-prone regions, two means of
ensuring their protection from failure due to formation of karst deformations are possible:
disallowance of development of karst deformations in the bed (geotechnical measures)
and the adaptation of the building's components to the formation of karst deformations
(structural measures). Karst deformations (collapses) can be divided into the following in
terms of the pattern of manifestation on the ground surface: "local settlement"
(subsidence), and "settlements.”(Gotman, 2008).
Cavities are found under structures with enough rate to warrant exceptional
consideration since cavities might have caused a loss of life through structural damage.
The underground cavities might be made because of variant causes such as the actions of
chemicals in the regions contains water-soluble materials, such as dolomite and limestone,
or affected by mining, digging the canals, tunneling, sewer networks creation, urban
installation and subway excavation, and related actions creating underground excavation
in soils. Natural cavities may be created because of different reasons such as the extinction
of some water or sea areas, also, because of the soils having dissolvable materials, mostly
gypsum (Lavasan et al., 2016).

Cavity

Cavity

Figure 2.1: Pile foundation built on ground with cavity
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When foundations are constructed on the ground with cavities (Figure 2.1), there
are some potential threats as follows:
 Local settlement (subsidence) and settlements of foundations
 Destruction of pile structure (buckling)
 Bearing capacity reduction of foundations (piles)
With these potential damages, it is essential to investigate the effect of cavities on
the performance of pile foundations
2.2 Previous studies on the effects of cavities on the foundations
The first researchers who conducted some studies on the effect of cavities on the
ultimate capacity of foundations were Atkinson, and Cairncross (1973), Atkinson et al.
(1975), Atkinson, and D.M. Potts (1977) (A. A. Al-jazaairry and Sabbagh, 2017). They
conducted a series of researches on the collapse of a shallow tunnel in a Mohr-Coulomb
material, dense sand, and cohesionless soil. Baus (1978) investigated analytically the
performance of strip footing constructed on stiff silty clay with void. The settlement
behavior of footing placed on single void was examined by Wang and Baus (1980). The
bearing capacity of strip footing located above a continuous void in silty clay soil was
investigated experimentally and analytically by Baus and Wang (1983). They performed
the experiment in a test tank which contained compacted silty clay. The voids of various
widths which were formed by placing a removable lubricated wooden block at the bottom
of the test tank were centered under the test footing. The finite element method was used
to conduct the numerical analysis and the test soil was treated as an elastic perfectly
plastic material. The result shows that there is a critical depth below which the presence
of the voids has negligible influence on the footing performance. When the void is located
above the critical depth, the bearing capacity of the footing varies with various factors,
such as the size and location of the void and the depth of foundation. Badie and Wang
(1984) analytically and experimentally evaluated the stability of spread footing above
void in clay. They investigated the stability of a spread footing located on a continuous
void by using model footing test in kaolinite soil and FEM analysis in which soil was
treated as elastic-perfectly plastic. This study indicates that there exists a critical region
under the footing. Only when the void is located within this region will it significantly
affect the footing’s stability. The stability of the footing depends greatly on the void
location. Wang and Badie (1985) studied the effect of underground void on foundation
stability. A three dimensional finite element computer program was used to analyze the
stability of shallow foundations supported by compacted clay soil. The analysis was made
for different conditions including footing shape (square and strip), void shape (continuous
circular and cubic voids), orientation of continuous void axis with respect to strip footing
axis (parallel and perpendicular direction), and void location. In the analysis, the soil was
13

assumed to be a rigid, perfectly plastic material. The Drucker and Prager’s yield criterion
and Reyes’s incremental stress-strain relations was adopted in the development of the
computer program. The results of this study show that the stability of the footing will be
affected by the underground void only when the void is located above the critical depth.
The critical depth is not a constant but varies with the shape of footing and void, void
orientation, void size, and soil type. When the void is above the critical depth, the bearing
capacity of the footing will decrease with decreasing distance between the footing and
void. Azam et al. (1997) conducted an analysis by using a two-dimensional plane-strain
elasto-plastic finite element computer program to study the influence of cavities on the
bearing capacity of strip footings in two-layer soils. Using this computer program, the
stability of strip footings was analyzed for a wide range of cavity conditions, soil types,
and soil layer combinations. The results of the analysis provide the ultimate bearing
capacity of the footing and the progress of plastic yielding of the foundation soil for each
condition analyzed. Based on these results, the collapse mechanism of the footing and
cavity was presented and discussed in detail. Furthermore, bearing capacity equations for
strip footings on two-layer soils with cavities were formulated. The developed equations
are shown to be able to provide reasonably good bearing capacity values for a range of
soil layer and cavity conditions. The bearing capacity and failure mechanism of a shallow
strip footing placed on twin voids were numerically evaluated (Lavasan et al., 2016). The
commercially available finite element program PLAXIS was used to model the footingtwin voids system (Figure 2.2). The behavior of soils was numerically simulated
considering Mohr–Coulomb failure criterion in conjunction with a non-associated flow
rule. To clarify the failure mechanism, the distribution of shear strain in the soil for
different scenarios is assessed. The possible failure mechanisms in footing-single void
and footing-twin void domain are shown in Figure 2.3 and Figure 2.4. The parametric
study provided a new framework to determine the bearing capacity and the mode of
failure for footings on voids. Based on the results, a criterion can be issued to avoid
collapse of footing/voids regarding the shape, location and size of voids. The results can
also be used to design construction of a footing on existing voids while the acquired
failure mechanisms can be appointed to develop analytical solutions for this problem.
Results demonstrated that a critical depth for voids and a critical distance between them
exist where the influence on the ultimate bearing capacity of footing disappears.
Specifically, the following conclusions were obtained from the research: Basically,
forming twin voids beneath a surface footing leads to decrease the bearing capacity of
footing depending on the geometry of system; In the case of shallow voids, the bearing
capacity of the footing located above twin underground voids decreases by an increase in
the footing width; Increasing the void diameter causes a remarkable decrease in the
bearing capacity of the footing located above them while the relative vertical distance
14

between voids and footing is kept constant; An increase in the depth of voids (the distance
from the footing to the crown of void), which is equal to 4D for the materials examined
in this study, the bearing capacity of the footing located above the voids remains
unchanged and the load-settlement response of the footing follows that in case of no void;
Considering the horizontal distance between two voids greater than the ‘‘critical
distance’’, the bearing capacity of the footing no longer changes. For the soil considered
in this study, the critical distance between the two voids is equal to about 6D; The system
of soil-twin voids does not stay stable when the edge to edge spacing between voids is
taken less than D; The bearing capacity of surface footing increases by an increase in the
eccentricity of twin voids with respect to the axis of surface footing, and the ultimate
bearing capacity for twin voids at far spacing approaches the value similar to the case of
no void; Locating the void exactly beneath footing causes a punch failure in the soil. If
the other void situated in close spacing, the voids walls become unstable and a block
punch happens.

Figure 2.2: Schematic mesh shape for numerical analyses in present study
(Lavasan et al., 2016)

Figure 2.3: Schematic sketch of possible failure mechanisms in footing-single void
domain: (a) Instability in void walls; (b) General shear failure forming
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Figure 2.4: Schematic sketch of possible failure mechanisms in footing-twin void
domain: (a) Instability in void walls; (b) General shear failure forming; (c) Punch
failure under footing
Several researchers have also investigated the influence of cavities on the
performance of pile foundations. Al-Mosawe et al (2007) carried out a series of laboratory
tests to investigate the behavior of laterally loaded piles embedded in sandy soils with
cavities. The results show that there is a combined influence of the number and location
of cavities on the performance of piles under lateral load. The load distribution of pile
group in sandy soil with cavities was studied (Ibrahim and Helo, 2014), the testing
program is shown in Figure 2.5. The study was conducted on both single piles and pile
groups. The load-settlement curves shown in Figures 2.6, 2.7, for a single pile, and Figure
2.9, 2.10 for a group of two piles, indicate that the settlement of pile embedded in soil
without cavity is less than the settlement of pile embedded in soil with cavity. Figure 2.8
and .11 show the relationship between the failure load and the location of the cavity (X/D)
at different depths (Y/L) with (d/D=1) for a single pile and a group of two piles,
respectively. The reduction factor in the pile ultimate capacity is defined based on
Equation 2.1.
=

× 100

(Eq.2.1)

The reduction factor is about (10% to 60%) for a single pile, and about (40% to
80%) for a group of two piles. As shown in the figures, the load in pile increases with
increase of (X/D) due to: the decrease of the zone affected by the presence of cavity; when
the cavity is located at a close distance to the pile, it will reduce the soil density and hence
decreases the shaft friction along the pile and leads to decrease in the pile failure load; At
16

large distances from the pile X/D=5.5, the failure load was found to decrease at Y/L=1
and 1.25. This may be attributed to the intersection of the failure lines with the cavity
which leads to drop of failure load. The pile load is greatly influenced by the location of
the pile tip from the cavity Y/L. And as intuitively expected, induced pile axial force is
largest for the case where the level of the cavity is located below pile tip because the pile
is located within the zone of large displacement.

Figure 2.5: Problem geometry showing pile and cavity locations (Ibrahim and
Helo, 2014)

Figure 2.6: Load-settlement curve of single pile embedded in soil without cavity,
L=20 cm, D=1.6 cm (Ibrahim and Helo, 2014)
17

(a) Y/L=0.5

(b) Y/L=1 (c)

(c) Y/L=1.25
Figure 2.7: Load-settlement curves of single pile embedded in soil with cavity at
different depths, (d/D=1).
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Figure 2.8: Variation of single pile load versus cavity location of (X/D) at different
depths of cavity with (d/D=1)

Figure 2.9: Load-Settlement curve of group piles (1x2) embedded in soil without
cavity, L=20 cm, D=1.6 cm
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(a) Y/L=0.5

(b) Y/L=1

(c) Y/L=1.25
Figure 2.10: Load-settlement curves of group piles (1x2) embedded in soil with
cavity at different depths, (d/D=1)
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Figure 2.11: Variation of load of pile group (1x2) versus cavity location of (X/D) at
different depths of cavity with (d/D=1)
A numerical assessment of vertical pile capacity embedded in soil with cavities
was conducted (Al-obaidi, 2016). They used finite element method (Plaxis-2D) to analyze
an axisymmetric model with soils and piles considered as Mohr-Coulomb and linear
elastic non-porous respectively. It has been found that the ultimate capacity ratio of piles
decreases due to the influence of cavities, and the cavity has the most dangerous effect
on the pile capacity when it is near the pile base.
The performance of the model pile in sandy soil with cavities was investigated by
a full laboratory testing program(A. Al-jazaairry and Sabbagh, 2017a). The testing
apparatus (Figure 2.12) consists of loading unit, reaction frame, pile model, temporary
pile holder, box of test soil and measuring system. These units have been employed to
simulate soil-pile- cavity system in order to study the influence of the presence of cavity
in different locations on the load carrying capacity of the single pile. The testing program
was planned to consist of thirteen compressive tests on the vertical pile to study the effects
of the presence of cavities on the performance of bored piles subjected to axial load. The
depth of embedment of pile (l = 230 mm), pile length (L = 255 mm), pile diameter (d =
18 mm) and free length of the pile above the bed of the soil surface level equal to (25
mm). The cavity location was varied from 0d to 6.2d from pile centerline in horizontal
direction and from 0.16l to 1.3l from the soil surface in vertical direction as shown in
Figure 2.13. In addition, one test without cavity has been conducted as reference test. To
facilitate comparisons between the different tests, the dimensionless geometric
parameters are given in terms of the following forms:
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Figure 2.12: Schematic diagram of the test setup (A. Al-jazaairry and Sabbagh,
2017)

Figure 2.13: Problem geometry showing pile and cavity locations in the test (A. Aljazaairry and Sabbagh, 2017)
(X/d): the ratio of cavity horizontal distance from pile centerline to pile diameter,
X/d = 0, 2, 4.1 and 6.2.
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(Z/L): the ratio of the depth of the cavity to the pile embedment length, Z/L = 0.16,
0.33, 0.66, 1, 1.14 and 1.3.
Figure 2.14 illustrates the load-displacement curve of single pile embedded in soil
without cavity as a reference case as well as cavities in different locations. Figure 2.14(a)
shows the load-settlement curves of single pile embedded in soil with X = 0d at different
depths, while Figure 2.14(b) presents the load-displacement curves of single pile
embedded in soil with X = 2d at different depths. Similarly, Figure 2.14(c) and Figure
2.14(d) reveals the load-displacement curves of single pile embedded in soil at different
depths with X = 4.1d and X = 6.2d respectively. Table 2.1 shows the values of the failure
load obtained from laboratory tests. From this table, it can be seen that the cavity presence
in the soil decreases the load carrying capacity of the pile.
The reduction factor in the ultimate pile capacity is defined as in Equation 2.2:
=

(Eq.2.2)

Table 2.2 reveals the values of the reduction factor in percent for all cavities in
different cavity locations. The summary of the effect of the cavity location of the ultimate
carrying load of the pile is illustrated in Figure 2.15 as a reduction factor in percent versus
Z/l ratio for different X/d ratios.
The results that are obtained from the laboratory tests have revealed the effect of
cavity presence on the flexible pile behavior in sandy soil. Below are the conclusions that
can be drawn from the achieved experimental results.
1. The pile settlement reduces with the increase of the ratio of the horizontal
distance of cavity centerline to pile diameter (X/d).
2. The influence of the cavity position in horizontal distance X/d ≥ 6.2 can be
neglected when the ratio between the cavity depth to pile length Z/l ≤ 0.33 or Z/l ≥ 1.0. 3.
Maximum reduction factor of 43.4% and 31.6% was achieved at X/d = 0 and at cavity
depth Z/l equals to 1.0 and 1.3, respectively.
3. When X/d = 2 the reduction factor ranged from 9.84 to 30.82 at cavity depths
Z/l of 0.16 and 1.0 respectively. Moreover, for X/d = 4.1 the reduction factor is about
(0.8% to 18 %) at cavity depth Z/l of 0.16 and 1.0 respectively.
4. The range of the influence of side cavities is from 0% to 30.82% from the load
carrying capacity of pile whereas the range of cavities under the pile tip is from 31.58%
to 43.4%.
5. Based on the experimental results, the influence of the cavity position in
horizontal distance X/d ≥ 6.2 can be neglected when the ratio between the cavity depth to
pile length Z/l ≤ 0.66.
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(a)

(b)

(c)

(d)

Figure 2.14: Load-displacement curves of pile embedded in soil with cavity at
different depths. (a) X=0d. (b) X=2d. (c) X=4.1d. (d) X=6.2d
Table 2.1: Failure load (N) of single pile embedded in soil with and without
cavity obtained from laboratory tests

Table 2.2: Reduction factor (%) of different cavity location obtained from
laboratory tests
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(a)

(c)

(b)

(d)

Figure 2.15: Reduction in carrying loads versus Z/L for different X/d
On the other hand, these authors also used the finite element program (Plaxis) to
evaluate the impact of cavities on the single pile embedded in clayed soil (A.Al-jazaairry
and Sabbagh, 2017b). The behavior of soil was simulated numerically considering MohrCoulomb failure criterion. Since this study normally focuses on the load carrying capacity
of piles, an elastic perfect plastic behavior of the model soil is thought to be suitable. A
schematic figure of appropriate mesh organization considered in the current numerical
analyses is revealed in Figure 2.16.
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Figure 2.16: Schematic finite element mesh (PLAXIS 2D) for numerical analyses
(A. Al-jazaairry and Sabbagh, 2017b)
In order to validate the capability of the software to simulate the problem, a
comparison was made between the finite element software results and other related case
study results. The first case is the field tests to examine the performance of a vertical
bored pile in cemented sand (Ismael, 2001). The pile length, width, modulus of elasticity,
Poisson’s ratio, and unit weight were reported to 2.25 m, 0.1016 m, 20000000 kN/m2, 0.2,
and 23 kN/m3 respectively. The soil modulus of elasticity is 25000 kN/m2, Poisson’s ratio
is 0.37, cohesion is 20 kN/m2, unit weight is 18.5 kN/m3, and friction angle equals to 35°.
The second case is the simulation of the test results of Ismael using finite element program
ANSYS by Kadhim (Kadhim, 2011). Figure 2.17 illustrates the results of the present
study compared with these two researches. The results of the present work show a good
agreement with the field and analytical results over a wide range of the curve,
demonstrating the capability and accuracy of analytical modelling by PLAXIS software.
Therefore, it is believed that the analytical modelling can be extended to investigate the
effect of cavity presence on the pile’s ultimate capacity located on such soil.
A parametric study was carried out, in this section, to examine the influence of
cavities’ size and location on the load carrying capacity of the axially loaded piles
embedded in clayey soil. Figure 2.18 shows the geometry of pile embedded in soil with
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circular cavity and the parameters such as pile diameter (b), pile length (L), cavity
diameter (D), depth of cavity center from the ground surface (Z), and the horizontal
distance of cavity centerline to the pile’s center (X). The applied load has been defined in
percent of total load (P). Therefore, the percent of applied load for without cavity
condition tends to 100. To facilitate a fair comparison between the different analytical
tests, the following dimensionless parameters are presented: pile settlement to pile
diameter (s/b); cavity diameter to pile diameter (D/b), D/b = 1, 2, 3, and 4; cavity
horizontal distance from pile centerline to pile diameter (X/b), X/b = 1.5, 2, 2.5, and 3;
cavity depth from the soil surface to pile length (Z/L), Z/L = 0.4, 0.8, 1, and 1.2.
Figure 2.19 illustrates the load-displacement variants as dimensionless ratios of a
single pile embedded in cavitied soil with various cavity diameters. It is to be noted that
the centers of cavities are located at the same depth from the ground surface, and the
horizontal distance between cavity center and pile centerline was unchanged, i.e. Z and
X are constant. It has been noticed that by increasing the cavity diameter, the ultimate
capacity of pile decreases.
The differences of the applied load percent of pile versus displacement ratio for
variant values of cavity horizontal distance from pile centerline is revealed in Figure 2.20.
As shown in this figure, while the horizontal distance of cavity from the pile centerline
increases, the load carrying capacity improves. It is to mention that the closest cavity to
the pile’s centerline, a shear failure is therefore expected to establish in that zone.
Figure 2.21 shows the effect of the depth of cavity centerline on the load carrying
capacity of piled foundation at a constant cavity diameter and cavity horizontal distance.
It is found that decreasing in the load carrying capacity with the increase in Z/L ratio
which reaches a minimum value at Z/L = 1. The reason for this behavior is due to
formation the soil shear failure around the pile base. In the purpose of accounting the
effect of all the involved parameters in this study, such as D/b, X/b, and Z/L, a reduction
factor (RF) has been presented as in the Equation 2.3:
=

(Eq.2.3)

where P and Pc are the failure load of without cavity condition and failure load of
with cavity condition, respectively.
The variation of the RF (%) for different D/b is illustrated in Figure 2.22. As can
be seen in this figure, the RF of the pile subjected to axial load decreases with an increase
in the diameter of the cavity. This behavior occurred because of the expansion in the size
of failure mechanism created in the soil close to pile. This has produced a failure before
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increasing the load carrying capacity of the pile. It appears that decreasing the cavity
diameter less than D/b = 0.4 has no influence on the load carrying capacity of pile.
Therefore, the critical diameter (Dcr) of the cavity found near the pile is Dcr = 0.4b for the
above conditions.
The relationship between (RF) and X/b ratio is shown in Figure 2.23. It is obvious
from this figure that the load carrying capacity of piles is increased by increasing the
horizontal distance between the cavity and pile. It seems that the change in horizontal
distance of cavities near piles will no longer influence the ultimate capacity of the pile at
X/b = 3.3. Therefore, the critical value for the horizontal distance between the cavity
centreline and pile centreline Xcr is 3.3b for axially loaded pile.
Variation of reduction factor versus Z/L is shown in Figure 2.24. The figure
stipulates that there are two critical values for Z/L, in which the impact of cavity on the
ultimate capacity of the pile is vanished and the reduction factor approaches that of
without cavity condition. The effect of cavities presence on the ultimate bearing capacity
of pile disappears at about critical depth Zcr = 0.2L and 1.6L.
The effect of cavity presence on the single pile performance in clayey soil has
been revealed from the results that are acquired analytically. Several inclusive
verifications were adopted on existing field test as well as numerical investigation to
assess the accuracy of analytical modelling. Consequently, the parametric study was
carried out to estimate the effect of including parameters, such as size and location of the
cavity on the pile behavior subjected to axial load. Below are the main conclusions:
1. Cavity Presence near piles generates a reduction in the ultimate capacity
depending on the location and size of the cavity.
2. The ultimate capacity of the pile decreasing noticeably with the increase in the
cavity diameter.
3. Pile load carrying capacity increases with the increase of the X/b ratio.
4. Changing the cavity depth beyond Zcr = 1.6L or less than 0.2L, the load carrying
capacity of the pile remained constant.
5. The influence of the cavity position in the horizontal distance, at X/b ≥ 3.3, on
the behavior of piled foundation can be neglected when the D/b = 2 and Z/L = 0.8.
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Figure 2.17: Comparison between present finite element results and the results of
Ismael and Kadhim ( Al-jazaairry and Sabbagh, 2017b)

Figure 2.18: Geometry of pile on cavitied soil with details of parameters
( Al-jazaairry and Sabbagh, 2017b)
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Figure 2.19: Variation of load versus settlement ratio for various cavity sizes,
X/b=2, Z/L=0.8 ( Al-jazaairry and Sabbagh, 2017b)

Figure 2.20: Variation of load versus settlement ratio for various cavity horizontal
distances, D/b=2, Z/L=0.8 ( Al-jazaairry and Sabbagh, 2017b)

Figure 2.21: Variation of load versus settlement ratio for various cavity depths,
D/b=2, X/b=2 ( Al-jazaairry and Sabbagh, 2017b)
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Figure 2.22: Variation of reduction factor for various D/b, (X/b=2, Z/L=0.8)
( Al-jazaairry and Sabbagh, 2017b)

Figure 2.23: Variation of RF % various X/b, (D/b=2, Z/L=0.8)
( Al-jazaairry and Sabbagh, 2017b)

Figure 2.24: Variation of reduction factor for various Z/L, (D/b=2, X/b=2) ( Aljazaairry and Sabbagh, 2017b)
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2.3 Summary
The underground cavities may be formed due to different reasons such as
chemical activities in the areas dealing with water-soluble materials (e.g., limestone,
gypsum, and dolomite) or subjected to mining, digging the aqueducts, urban installation
and sewer networks creation, tunneling, subway excavation and similar activities leading
to the cavities in underground layers. Due to the population growth, the demand for
accommodation and infrastructure construction in the areas with cavities increases. These
cavities can reduce the bearing capacity of foundations. Therefore, the loss of foundation
bearing capacity due to cavities is a constant threat to the safety of structures. Results of
prior researches in this field indicated that the presence of cavities has significant effects
on the performance of foundations in general and pile foundations in particular.
However, these studies were mainly carried out on foundations placed on sandy
or clayey soils. The investigation on the behavior of axially loaded piles embedded in
weak rock with cavities is rare. Therefore, in this research, the effect of different cavity
locations on the bearing capacity of the pile in weak rock is investigated in detail. In
particular, the reduction factor for the bearing capacity of piles due to locations of cavities
is discussed.
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Chapter 3
EXPERIMENTAL INVESTIGATION

3.1 Introduction
This chapter presents the experimental investigation into the influence of cavities
on the behavior of piles. A series of model tests was carried out on small-scale single pile
embedded in gypsum rock with predetermined cavities to investigate the effect of
different cavity locations on the ultimate bearing capacity of the pile. A closed-ended
aluminum pipe pile was embedded into gypsum rock, which was prepared in a steel
container. The axial loading test was conducted on the pile in five cases: no cavity, cavity
located at the depth of one-time pile diameter from the pile tip, cavity located at the depth
of two times pile diameter from the pile tip, cavity located at the depth of three times pile
diameter from the pile tip, cavity located at the depth of four times pile diameter from the
pile tip. The shaft friction bearing capacity of the pile was obtained by using the strain
gauges attached to the inner surface of the pipe pile, and then, the pile end bearing
capacity was estimated. This model was used to calculate the reduction factor in the
bearing capacity of piles.
3.2 Experimental apparatus and materials
3.2.1 Testing container
A steel container with inside dimensions of 210 mm in width, 500 mm in length
and 400 mm in height was used. The details of the container dimensions are shown in
Figure 3.1. The distance from the pile tip to the bottom of the tank was kept at least six
times the pile diameter to minimize the influence of the test tank base (Kim and Yoon
2011).
3.2.2 Loading device
The loading device consists of a screw jack (Figure 3.2) attached to the
electronically controlled motor (Figure 3.3) which was connected to the loading controller
through cables as shown in Figure 3.4. The screw jack has a maximum capacity of 5kN.
The unchanged rate of the axially applied load was maintained at 0.5mm/min during the
experimental program as shown in some previous studies.
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(a) Vertical view of the container

(b) Plan view of the container
Figure 3.1: The dimensions of the container
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Figure 3.2: Screw jack

Figure 3.3: Electronically controlled motor
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Figure 3.4: Test tank and loading device
3.2.3 Model pile
The closed-ended aluminum pipe pile used in this study is shown in Figure 3.5(a).
The outside diameter of pile d is 20mm, and the wall thickness is 1mm. The pile length
is 250mm, and the embedded length of the pile in gypsum rock is 230mm, whereas the
free length of the pile above the rock surface level is 20mm. The pile head condition was
kept free for load application at all stages. The pile was kept in position by using a
temporary pile holder while the gypsum rock was being made in the test tank. After
completing this stage, the pile holder was removed. Three pairs of strain gauges were
attached to the inner surface of the pipe pile at the positions as shown in Figure 3.5(b).
The specifications of the gauges are shown in Figure 3.6. Before conducting each test of
the testing program, a sub-test was carried out to confirm the accurate performance of
strain gauges and calculate the elastic modulus of the aluminum pipe pile.
3.2.4 Preparation of gypsum rock
The gypsum rock was prepared by using the mixture of plaster of Paris (Figure
3.7) and water with the mixing ratio 1:0.7. The test was conducted after this mixture was
cured for 72 hours. Prior to the axial loading test, the unconfined compression test of
gypsum rock was conducted to investigate the unconfined compressive strength of the
36

gypsum rock. The compression strength of gypsum rock after 72 hours is about 3.5 MPa.

C

25

Rock

100

C
100

C
25

(a) Model pile

(b) Strain gauge position

Figure 3.5: Model pile and strain gauge position

(a) Strain gauge

(b) Specifications of strain gauges
Figure 3.6: Strain gauge
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Figure 3.7: Plaster
3.2.5 Forming of the cavity
A cylinder mold made of paperboard, which is used in paper models, with the
outside diameter of 80mm, the height of 30mm was used to create cavities. In order to
minimize the influence of the mold on the behavior of gypsum rock, the paperboard was
selected because its hardness was significantly smaller than the hardness of gypsum rock.
The mold was placed into the tank by using a temporary hanger made of stainless steel
wire. This hanger was gently removed 30 minutes after the plaster mixture had been
poured into the test tank. After finishing each test, the gypsum rock mass was cut into
two halves to ensure that the cavity was successfully formed at the predetermined position
in the rock mass. Figure 3.8 shows the mold and cavity in rock mass after cutting.

(a) Mold

(b) Cavity formation in rock
Figure 3.8: Cavity formation

3.2.6 Measuring system
a) Pile head displacement measurement:
Pile head displacement was measured by using a dial gauge (Figure 3.9)
connected to the Data logger under a sampling period of 0.1 sec.
b) Load measurement:
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A load cell was used to measure the applied load. This load cell was also
connected to the Data logger.
c) Strain measurement:
The strain of pile was obtained by using strain gauges. In order to eliminate
strain caused by bending moment, the two-gauges system was used. Three pairs of
strain gauges were attached to the inner surface of the pipe pile at the positions as
shown in Figure 3.5(b).

Figure 3.9: Dial gauge
3.3 Unconfined compression test of gypsum rock
Prior to the axial loading test, the unconfined compression test was conducted to
investigate the unconfined compressive strength of the gypsum rock. The test apparatus
is shown in Figure 3.10(a). The test was conducted on six samples of gypsum rock (Figure
3.10(b) which were cured for 72 hours. A compression loading rate of 1mm/min (=
1%/min) was applied.
The unconfined compression test result is shown in Figure 3.11. The unconfined
compressive strength of gypsum rock is the average value of six samples and equal to 3.5
MPa.
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(b) Rock sample

a) Unconfined compression test apparatus

Figure 3.10: Unconfined compression test apparatus and rock sample
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Sample 2
Sample 3
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Sample 4
Sample 5
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0
0

1

2

3
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Figure 3.11: Results of the unconfined compression test
3.4 Testing program
The testing program consisted of 4 tests with four different cavity positions as
shown in Figure 3.12 and Table 1. In each test, the applied load, pile head displacement,
and pile strain were collected through measuring system.
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Test-1d

Test-no-cavity

Test-2d

Test-3d

Test-4d

Ground level

1
Cavity
Cavity
Cavity
Cavity

Figure 3.12: Cavity position in each test
Table 3.1: Testing program
Case
Test-nocavity
Test-1d
Test-2d
Test-3d
Test-4d

Cavity position
No cavity
Cavity located 20 mm under pile tip
Cavity located 40 mm under pile tip
Cavity located 60 mm under pile tip
Cavity located 80 mm under pile tip

3.5 Test setup
Firstly, the pile was placed into the container and kept in position by using a
temporary pile holder while the mixture of gypsum and water was being poured into the
container. After completing this stage, the pile holder was removed and the pile worked
as a non-displacement pile. The axial loading test was conducted after this mixture had
been cured for 72 hours. A cylindrical mold (diameter: 80 mm, height: 30 mm) made of
paperboard was used to create cavities. The mold was placed into the tank by using a
temporary hanger made of stainless steel wire. This hanger was gently removed 30
minutes after the plaster mixture had been poured into the test tank. An unchanged rate
of the axially applied load was maintained at 0.5mm/minute by using a screw jack
attached to the electronically controlled motor. Figure 3.13 shows the schematic diagram
of the axial loading test. The testing program consisted of five tests with four different
cavity positions (Figure 3.12 and Table 3.1).
41
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transducer
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Ground level

d=20 mm
230 mm
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Container
1d~4d

30 mm

Cavity
80 mm

Figure 3.13: Schematic diagram of the axial loading test
3.6 Experimental results and discussion
Figure 3.14 shows the load-displacement curves of the pile in all tests. It can be
seen that pile head displacement increases with the rise in applied load, particularly, a
sudden reduction in load occurred in test 1 (1d) when the cavity was located 20 mm under
the pile tip. This sudden reduction can be explained by the failure of the zone underneath
the pile tip or the collapse of the cavity roof.

Pile head displacement (mm)

0

Load (kN)
2
4

6

No Cavity

0
1d

-1
2d

-2
3d

-3
-4

Pile bearing capacity at the
state of the first limit of load

-5

Pile bearing capacity at the
state of second limit of load

Figure 3.14: Load-displacement curves of pile in all tests (Experiment)
The effects of cavities on the behavior of piles were quantified through reduction
factor of pile bearing capacity which was calculated according to Equation 3.1:
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=

(Eq. 3.1)

In which:
f: Reduction factor of pile bearing capacity (%)
Puo: Pile bearing capacity without cavity (kN)
Pu: Pile bearing capacity with cavity (kN)
The reduction factor of the pile bearing capacity was calculated for two states in
the load-displacement relationship curve; the first limit of load and second limit of load.
The first limit of load was defined according to the logP-logS method (P: applied load
and S: settlement), whereas the second limit of load was specified as the bearing capacity
of pile when settlement of the pile reached 10% of the pile diameter (d). The square and
round marks on the graph in Figure 3.14 illustrate the pile bearing capacity at the states
of the first and second limit of load respectively. Figure 3.15 shows the reduction factors
of bearing capacity in all tests. The reduction factors were at their largest, 47.53% and
88.95% when the cavity was very close to the pile tip (1d=20mm). And the reduction
factors decrease with an increase in the distance from the pile tip to the cavity.
Interestingly, the reduction factors in test-4d are very small. This indicated that the effect
of cavities on the pile bearing capacity is inconsiderable.
100
88.95

f (%)

80
60

47.53

40

26.70

20
4.06

18.29

2.99

0
1d

2d

3d

4d

2.01
0.14

Case
First limit state_Experiment

Second limit state_Experiment

Figure 3.15: Reduction factor obtained from experiment
By using the data of pile strain, the skin friction developed during the loading test
was determined, and then the end bearing capacity of the pile was also estimated. Since
the modulus of elasticity and the cross-sectional area of the piles are known, then the
amount of load carried by the pile can be obtained by using the Equation 3.2 (Prakash,
2008).
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=
(Eq. 3.2)
In which:
Qva: Load in the pile at the location of the strain gauge (N)
A: Cross section area of the pile (m2)
E: Modulus of elasticity of the pile material (Pa)
ε: Strain gauge reading
The difference of the load carried by the pile at different positions of strain gauges
is the skin friction bearing capacity developed along the part between the two positions
of strain gauges. Figure 3.16 illustrates the separation of load-displacement curves into
the skin friction part and end bearing part. As can be seen from these graphs, the bearing
capacity of the pile in this study is mainly contributed by the end bearing part because the
pile was placed into the tank as a replacement pile. Figure 3.17 indicates that the reduction
of pile bearing capacity can be mainly explained by a reduction in the end bearing
capacity of the pile. The cavity caused a significant decrease in end bearing capacity of
the pile when it was located close to the pile tip (test -1d and 2d).
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Figure 3.16: Separation of load-displacement curves into skin friction and end
bearing part (Experiment)
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Figure 3.17: Comparison of end bearing part of all tests (Experiment)
3.7 Summary
This chapter presents the experimental apparatus and materials used in this
research. A series of model tests was carried out on small-scale piles embedded in
gypsum rock. The effect of different cavity locations on the bearing capacity of the
pile was investigated and quantified through a reduction factor of pile bearing
capacity. There are some conclusions obtained from the test results as follows:
(1) The presence of cavities in weathered rock causes a reduction in pile bearing
capacity. This reduction was quantified through a reduction factor which is defined
as the ratio of the pile bearing capacity reduction amount between without cavity
condition and with cavity condition to the pile bearing capacity of without cavity
condition.
(2) When the cavity was located close to the pile tip (the distance from the pile tip to
the cavity is equal to one time or two times pile diameter), the pile bearing capacity
was significantly reduced due to the decrease in end bearing capacity.
(3) The reduction factor reduced with the increase in the distance from pile tip to the
cavity.
(4) It should be noted that a replacement pile was used in this study, therefore, the
impact of the cavities on the pile end bearing capacity is major. If a displacement pile
(driven pile) is used in other cases, the effects of cavities to the pile shaft friction
bearing capacity should be addressed.
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Chapter 4
DEM INVESTIGATION

4.1 Introduction
In order to verify the experimental results and gain more insight into the failure
mechanism of the area around the pile tip and cavity, the distinct element method (DEM)
was applied in this study. The experimental model was simulated by the distinct element
method (DEM) using the two-dimensional discontinuous programs PFC2D. The
simulations of five axial loading tests (Figure 3.12) were conducted. The simulation
procedure and analysis results are presented in this chapter.
4.2 Overview of DEM and PFC
4.2.1 What is DEM
Engineers often have to face problems in which the mechanical behavior of
materials or structures consisting of separate components like grains, stone blocks, bricks,
etc. have to be predicted. Materials like corn stored in a silo, dry sand or rubble, ice blocks
floating on the river; structures like masonry arches, domes, old stone bridges, etc. are
mechanical systems whose behavior is fundamentally determined by the fact that they
have a characteristic discrete internal structure which changes as a response to the external
effects. The deformation of a sandy soil originates basically from the sand particles rolling
and sliding along each other which leads to the rearrangement of the microstructure. The
wall pressure acting on a silo is caused by the internal “arches” and “chains”, i.e. loadbearing arrangements of particles. The usual, continuum-based calculation techniques
like FEM or finite difference methods are unable to directly reflect these phenomena.
This was the reason why engineers have been searching for alternative modelling methods,
and already from the 1970ies started to develop different discrete element techniques.
DEM became an everyday tool for modern engineers in the 1990ies when the
development of computer hardware reached the level where realistic problems could
already be analyzed on personal computers in reasonable computational time.
A discrete element model consists of two basic components: the elements, and the
contacts between them. The elements may either directly correspond to those physical
units which form the analyzed system (e.g. sand grains, bricks), or, alternatively, the
collection of elements as a whole represents a collection of a much larger number of real
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particles. The ability of the elements to move independently of each other is a basic
difference from FEM where different continuity conditions have to be satisfied at the
common nodes of neighboring elements. In addition, while several FEM, frame or
fracture mechanical software are able to simulate the separation of elements, a DEM code
must possess the ability to handle contact creation too (Bagi, 2012).
4.2.2 The elements in DEM
a) Element shape
There is a wide variety of element shapes between different discrete element
softwares: smooth or non-smooth, convex or concave, spherical, polyhedral, elliptical or
a composition of simple regular bodies. For example, UDEC (Cundall, 1971) and DDA
(Shi, 1988 or 2001) use polyhedral; PFC (Cundall and Strack, 1979), OVAL (Kuhn,
2003) or EDEM apply “clumps” prepared by rigidly gluing together intersecting spheres
of different radii; the model of Ng (2001) contains ellipses, etc. Figure 4.1 shows some
element shapes in 2D models.

Figure 4.1: 2D element shapes (Bagi, 2012)
b) Mechanical properties of the elements
In a mechanical sense, the elements may either be perfectly rigid bodies, or
deformable according to different (e.g. isotropic linearly elastic) constitutive relations; in
some codes, the user has the option to define the material behavior. If applying a
deformable element, the constitutive relations specify the relations between the stress and
the strain over the characteristic domains of the element. (In UDEC, for instance, the
polyhedral elements are subdivided into simplexes, i.e. triangles in 2D and tetrahedral in
3D, and the constitutive relations describe how to calculate the stress belonging to a
simplex from the strain which is uniform inside the simplex. The different simplexes
inside the same discrete element carry different strains, so complicated deformation and
stress patterns can be simulated inside the individual elements. Another possibility is
applied in DDA where the element carries a uniform strain and hence a uniform stress, in
all its points, independently of its shape.) Failure conditions (e.g. plastic limits) can also
be prescribed, and these conditions also belong to the constitutive relations of the element
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(Bagi, 2012).
4.2.3 The contacts
a) Contact detection algorithms
The detection of contacting pairs of elements is a fundamental part of any discrete
element model. Where two elements get in touch, forces (perhaps moments too) are
transmitted, and these forces determine the static state of the whole system. The
identification of contacting pairs is a very time-consuming task. In principle, all pairs of
elements should be considered one by one; and the shortest distance between the points
of the two elements should be determined. If this shortest distance is greater than zero,
then the two elements are not in contact; otherwise, they touch or intersect with each other.
The number of necessary calculations is proportional to the square of the number of
elements. There are several approaches to shorten this computationally very expensive
process. The most common idea is to restrict the exact calculations only to a small set of
pairs (“candidates”) and exclude those pairs from the exact analysis which are surely not
in contact. According to “body-based search” techniques, each element is considered
separately: a window is assigned to the element under question, and only those other
elements are checked for contact by calculations that are inside this window. In the case
of the “space-based search” techniques several (strongly overlapping) windows are
specified inside the complete domain of the analysis, and these windows are analyzed one
by one: only those pairs of elements are checked by exact calculations which are inside
the same window. When the elements have a complex shape whose distance from other
elements is difficult to calculate precisely, the analysis of a pair can be done in two steps.
First, a bounding domain of simple shape (sphere or brick) is defined around the first
complex element so that all points of the element are inside the bounding domain. The
same is done for the other elements under consideration. If the two bounding domains
have no common point, the two elements are surely not in contact, and further calculations
are unnecessary. However, if the two domains overlap, a detailed analysis can follow
(Bagi, 2012).
b) Mechanical behavior of the contacts
When two elements get in touch with each other, contact forces are transmitted
between them. The constitutive relations of the contact describe how to determine these
transmitted forces, usually from the overlaps and relative displacements of the two
material regions forming the contact. A few older DEM codes contained non-deformable
contacts where the transmitted forces could be arbitrary while the contact was
undeformed, and the contact forces were calculated from the equilibrium of the elements.
However, these methods had several disadvantages and did not become widespread, their
application remained restricted to special research softwares only. The contact models in
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the usual commercial codes work in such a way that after the contact is formed, its
deformations (i.e. the relative displacements of those two material points forming the
contact) during the analyzed process are detected, and from them the contact forces are
updated again and again. A very simple illustrative version is shown in Figure 4 where
the elements are circular and perfectly rigid, and the two material points forming the
contact are marked by black dots. Figure 4.2(a) shows the situation when the contact is
just formed: two small material regions, just at coinciding position at this stage, are shown
with the same dot. As the elements move, these material regions are displaced in a differ-

Figure 4.2: Contact forces (Bagi, 2012)
-ent way: consequently, a relative translation in the normal and in the tangential direction,
and a relative rotation occurs (Figure 4.2(b)). A normal and a tangential force, and a
bending moment are consequently expressed by the two elements on each other (Figure
4.2(c)). The constitutive relations of the contact have to specify how the contact forces
and moments depend on the relative displacements of the contact. Limits to the statically
admissible forces and moments can also belong to the constitutive relations,for example,
frictional limit for the tangential force, or a maximally possible tensile force can be
specified. The system of contact forces may of course be much more complex in the case
of complicated elements, particularly in 3D (Bagi, 2012).
4.2.4 The initial geometrical arrangement
Similar to the first step of FEM analysis, the discrete element modelling of a
problem starts with the preparation of the geometrical model of the analyzed system: the
starting position and shape of the discrete elements have to be specified. This is rather
straightforward if the discrete elements directly represent the units of the real structure
whose geometrical data are known. However, for example, for the discrete element
modelling of an assembly of corn stored in a silo, or a sand sample under a building, this
is another case. In several engineering problems, a random dense initial arrangement of
touching discrete elements has to be applied as the starting geometry. But to produce such
an arrangement of thousands (perhaps millions) of densely packed particles can be a
rather challenging task (Bagi, 2012).
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4.2.5 The main steps of discrete element modelling
It was already explained that the first step of the simulation of an engineering
problem is to prepare a geometrical model (Section 4.2.4). Then the mechanical
characteristics of the elements and of the contacts have to be specified. After this, the
loads acting on the system have to be given, the loads can vary in time. The state changing
process of the analyzed system is approximated as a series of small but finite displacement
increments (Figure 4.3).

Figure 4.3: The real motion of an element (blue) approximated by DEM (red)
(Bagi, 2012)
The calculation cycle for the determination of such an increment can be
summarized in the following way:
 At the beginning of the cycle the geometry and the position of the elements,
the contact topology, the forces acting directly on the elements and those
transmitted in the contacts, the mechanical state (for example, the
deformations and the constitutive relations) of the contacts are known.
 Based on these data, the displacement increments are determined. There are
several numerical calculation methods for this
 The geometrical, topological, static and material data are updated, and a new
calculation cycle can be started.
4.2.6 Introduction of PFC
a) Overview of PFC
The PFC programs (PFC2D and PFC3D), which is developed by Itasca, provide
a general purpose, distinct-element modeling framework that includes both a
computational engine and a graphical user interface. A particular instance of the distinctelement model is referred to as a PFC model. The term PFC model refers to both the 2D
and 3D models. The PFC model simulates the movement and interaction of many finitesized particles. The particles are rigid bodies with finite mass that move independently of
one another and can both translate and rotate. Particles interact at pair-wise contacts by
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means of an internal force and moment. Contact mechanics is embodied in particleinteraction laws that update the internal forces and moments. The time evolution of this
system is computed via the distinct-element method, which provides an explicit dynamic
solution to Newton’s laws of motion. The PFC model provides a synthetic material
consisting of an assembly of rigid grains that interact at contacts and includes both
granular and bonded materials.
Thanks to its general design, PFC can be easily customized and applied to a very
broad range of numerical investigations where the discrete nature of the systems is of
interest. Since the release of the first version in 1994, PFC has been successfully used by
many academic institutions and private companies around the world for problems ranging
from fundamental research on soil and rock behavior at the laboratory scale to slope
stability and rock fall hazard mitigation, hydraulic fracturing, rock-tool interactions, bulk
flow, mixing, conveying and compaction of aggregates and powders, blast furnace
modeling, etc. (PFC manual)
b) The PFC model
A general particle-flow model simulates the mechanical behavior of a system
made up of a collection of arbitrarily shaped particles. (Note that the term particle, as used
here, differs from its more common definition in the field of mechanics, where it is taken
as a body whose dimensions are negligible and therefore occupies only a single point in
space. In the present context, the term particle denotes a body that occupies a finite
amount of space). The model is composed of distinct particles that displace independent
of one another and interact at pair-wise contacts. If the particles are assumed to be rigid,
then the mechanical behavior of such a system is described in terms of the movement of
each particle and the inter-particle forces acting at each contact point. Newton’s laws of
motion provide the fundamental relationship between particle motion and the forces
causing that motion. The force system may be in static equilibrium (in which case, there
is no motion), or it may be such as to cause the particles to flow. If the particle-interaction
law models a physical contact between particles, the behavior of the contacts is
characterized using a soft contact approach, in which a finite normal stiffness is taken to
represent the measurable stiffness that exists at a contact, and the rigid particles are
allowed to overlap in the vicinity of the contact point. More complex behavior can be
modeled by allowing the particles to be bonded together at their contact points such that,
when the inter-particle forces acting at any bond exceed the bond strength, that bond is
broken. This allows tensile forces to develop between particles. One can then model the
interaction of these bonded “blocks,” including the formation of cracks that may cause
blocks to fragment into smaller blocks. The particle-interaction law can also be derived
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from potential energy functions and model long range interactions. PFC provides a
particle-flow model containing the following assumptions:
 The particles are treated as rigid bodies.
 The fundamental particle shape is a {disk with unit thickness in 2D; sphere
in 3D}, denoted ball.
 The clump logic supports the creation of rigidly attached {disks with unit
thickness in 2D; spheres in 3D}, denoted pebbles. Each clump consists of a
set of overlapping pebbles that acts as a rigid body with a deformable
boundary. Clumps may be of arbitrary shape.
 Particles interact at pair-wise contacts by means of an internal force and
moment. Contact mechanics is embodied in particle-interaction laws that
update the internal forces and moments.
 Behavior at physical contacts uses a soft-contact approach where the rigid
particles are allowed to overlap one another at contact points. The contacts
occur over a vanishingly small area (i.e., at a point), and the magnitude of the
overlap and/or the relative displacement at the contact point are related to the
contact force via the force-displacement law.
 Bonds can exist at contacts between particles.
 Long range interactions can also be derived from energy potential functions.
The assumption of particle rigidity is a good one when most of the deformation in
a physical system is accounted for by movements along interfaces. The deformation of a
packed-particle assembly (or a granular assembly such as sand), as a whole, is welldescribed by this assumption, since the deformation results primarily from the sliding and
rotation of the particles as rigid bodies and the opening and interlocking at interfaces, not
from individual particle deformation. Precise modeling of particle deformation is not
necessary to obtain a good approximation of the mechanical behavior for such systems.
In addition to traditional particle-flow applications, PFC can also be applied to the
analysis of solids subjected to prescribed boundary and initial conditions. In such models,
the continuum behavior is approximated by treating the solid as a compacted assembly of
many small particles. Measures of stress and strain rate can be defined as average
quantities over a representative measurement volume for such systems. This allows one
to estimate interior stresses for granular materials such as soils, or solid materials such as
rock or plastics formed by powder compaction.
Beside balls and clumps, the PFC particle-flow model also includes walls. Walls
allow one to apply velocity boundary conditions to assemblies of balls or clumps for
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purposes of compaction and confinement. The balls, clumps, and walls interact with one
another via the forces that arise at contacts. The equations of motion are satisfied for each
ball and clump. However, the equations of motion are not satisfied for each wall (i.e.,
forces acting on a wall do not influence its motion). Instead, its motion is specified by the
user and remains constant regardless of the contact forces acting on it. Also, contacts may
not form between two walls; thus, contacts are either ball-ball, ball-pebble, pebble-pebble,
ball-face.
PFC simulates the movement and interaction of stressed assemblies of rigid
{circular in 2D; spherical in 3D} particles using the Distinct-Element Method (DEM).
The DEM was introduced by (Cundall, 1971) for the analysis of rock-mechanics
problems and then applied to soils by (Cundall, 1979). A thorough description of the
method is given in the two-part paper by (Cundall, 1988) and (Hart, 1988), and in the
UDEC manual (Itasca, 2011). PFC is classified as a discrete element code based on the
definition in the review by (Cundall, 1992), since it allows finite displacements and
rotations of discrete bodies (including complete detachment), and recognizes new
contacts automatically as the calculation progresses. PFC can be viewed as a simplified
implementation of the DEM because of the restriction to rigid {circular in 2D; spherical
in 3D} particles. The general DEM can handle deformable polygonal-shaped particles.
In the DEM, the interaction of the particles is treated as a dynamic process with
states of equilibrium developing whenever the internal forces balance. The contact forces
and displacements of a stressed assembly of particles are found by tracing the movements
of the individual particles. Movements result from the propagation through the particle
system of disturbances caused by specified wall and particle motion and/or body forces.
This is a dynamic process in which the speed of propagation depends on the physical
properties of the discrete system.
The dynamic behavior is represented numerically by a time stepping algorithm in
which it is assumed that the velocities and accelerations are constant within each time
step. The solution scheme is identical to that used by the explicit finite-difference method
for continuum analysis. The DEM is based upon the idea that the time step chosen may
be so small that, during a single time step, disturbances cannot propagate further from
any particle than its immediate neighbors. Then, at all times, the forces acting on any
particle are determined exclusively by its interaction with the particles with which it is in
contact. Since the speed at which a disturbance can propagate is a function of the physical
properties of the discrete system, the time step can be chosen to satisfy the above
constraint. The use of an explicit, as opposed to an implicit, numerical scheme makes it
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possible to simulate the nonlinear interaction of a large number of particles without
excessive memory requirements or the need for an iterative procedure.
The calculations performed in the DEM alternate between the application of
Newton’s second law to the particles and a force-displacement law at the contacts.
Newton’s second law is used to determine the motion of each particle arising from the
contact and body forces acting upon it, while the force-displacement law is used to update
the contact forces arising from the relative motion at each contact. The presence of walls
in PFC requires only that the force-displacement law account for contacts with wall facets.
Newton’s second law is not applied to walls because the wall motion is specified by the
user.
c) Important considerations between PFC 2D and 3D models
Since PFC2D models have less degrees of freedom than their PFC3D counterparts,
execution times are considerably reduced. Another advantage of 2D modeling is the
possibility to analyze simulation results in a much more straightforward way. For these
reasons, it is often preferable to perform 2D simulations when possible. There are,
however, certain limitations inherent in using a two-dimensional code like PFC2D to
model physical phenomena that are three dimensional in nature. These limitations must
be kept in mind when formulating PFC2D models and interpreting results. Despite these
limitations, constructing simplified 2D models to validate hypotheses about phenomena
or numerical algorithms should be encouraged at any stage of the modeling work. The
PFC2D "world" is two dimensional in nature (i.e., only two force components and one
moment component exist in a PFC2D model, as opposed to the three force components
and three moment components that exist in a three-dimensional particle assembly). The
out-of-plane force component and the two in-plane moment components are not
considered in any way in the equations of motion or the force-displacement laws. A
PFC2D model can be considered to be simulating a collection of variable-radius cylinders
with unit thickness.


Packing and Porosity
The porosity computed by PFC2D is an area-based calculation (ratio of total void
area to total area), as opposed to the volume-based calculation (ratio of total void volume
to total volume) used to define three-dimensional porosity. There is no clear relation
between a two-dimensional porosity value and a three-dimensional porosity value for
arbitrary assemblies of spherical particles. However, since porosity is a measure of
particle packing, the following information about particle packing in 2D and 3D
highlights and explains some of the differences. It is shown in Deresiewicz (1958) that
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the closest of all regular packings of uniform spheres in 3D has a porosity of 0.2595,
while the closest of all regular packings of uniform circles in 2D has a porosity of 0.0931.
In the absence of compressive forces acting on the assembly, these are the theoretical
lowest values of porosity obtainable without particle interpenetration. In general, there is
more void space remaining in a 3D assembly than in a 2D assembly. In a real material,
the porosities will be higher, because the particles will have “locked-up” before reaching
this optimal packing. If particle arching is known to occur in a real material, there are
many more opportunities for arches to form in a 3D assembly than in a 2D assembly.
Also, the PFC2D model assumes that the centroids of all particles are aligned on a single
plane an unlikely occurrence in a 3D assembly. The coordination number of a granular
assembly (average number of contacts per particle) is also an important characteristic of
the packing. Agnolin and Roux (2007) show that the coordination number, rather than the
porosity, dictates the small-strain mechanical response of dense, isotropic, frictional
assemblies in the rigid grain limit. Roux (2000) demonstrates an upper bound on the
coordination number of dense assemblies of rigid frictional particles (in the absence of
hyper-staticity) of the form
≤ ( + 1) for the general case, and
≤2
for
spherical particles, where d denotes dimensionality. For frictionless particles, the
inequalities become equalities. Another difference between 2D and 3D assemblies relates
to percolation. Small particles can easily percolate through a 3D assembly consisting of
larger particles, but they can never percolate through a packed PFC2D model, regardless
of relative particle sizes. For situations in which particle packing has a significant
influence upon behavior, it may be necessary to perform a small number of 3D
simulations using the PFC3D code in order to establish the relevant parameters needed to
obtain measured physical responses, and then use these parameters while performing a
larger number of parameter studies using the PFC2D code.


Stress and Strain
Stress and strain, as continuous variables, do not exist at each point in a particle
assembly, because the medium is discontinuous. Therefore, an averaging procedure is
employed to compute average stress and strain-rate tensors within a user-defined
measurement circle. The averaging procedure for stress (described here) relates the two
in-plane force components acting on each particle in the measurement circle to a force
per unit length of particle boundary, which must then be divided by a thickness value in
order to obtain a stress quantity. In PFC2D, the reported stress values utilize a thickness
of unity. The averaging procedure for strain rate involves no assumptions about out-ofplane thickness. However, since the porosity and fabric of 2D and 3D systems differ,
volumetric strains of 2D assemblies differ from the 3D case. The importance of the outof-plane third dimension in direct shear simulations of granular materials is stressed out
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in (Hazzard, 2003), where 3D models are reported to show larger macroscopic internal
friction angles than their 2D counterparts. Similar trends are observed when comparing
2D and 3D confined compression tests (David, 2007). Most two-dimensional continuumbased codes determine three-dimensional elastic response by enforcing a condition of
either plane stress or plane strain through the constitutive relations between stress and
strain. A PFC2D model, however, enforces neither of these conditions. As mentioned
above, the out-of-plane force component and stresses and strains are simply not
considered in the equations of motion or in the force-displacement laws. Thus, the outof-plane constraint necessary to enforce a state of plane strain is not present.


Mass Properties
The mass of each ball in PFC2D is determined by considering the particle to be a
cylinder of unit thickness. The mass is assigned based on the density and radius of the
balls. The particle masses affect both the motion calculation (since the inertial properties
differ for a disk and a sphere) and the gravity force applied to each particle.
4.3 Contact models used in this study
4.3.1 Selection of contact models
The linear parallel bond model is generally used to simulate rock behavior
(Potyondy and Cundall, 2004; Chiu et al., 2016; Liu and Amro, 2018). However, it has
been well known that parallel bonded models in PFC produce unrealistically low ratios
of compressive to tensile strength (Potyondy and Cundall, 2004). A reason for this is that
round particles are used to simulate angular grains. There is not enough resistance to
rotation, especially after bonds have broken. This problem can be overcome by using the
flat-joint contact model which simulates a contact as a composed of many sub-contacts
such that particle rotations are resisted (Potyondy, 2012). In this study, the flat-joint
model was used to simulate the contacts of gypsum rock.
In this study, the pipe pile was modelled by rigid wall elements. Normally, the
contact between the pile element and the soil particles in particular axial loaded
compression test is simply set linear (Lobo-Guerrero and Vallejo, 2007; Jiang et al., 2014).
Its advantages include model simplicity and a short list of parameters to calibrate (Chen
et al., 2018). Nonetheless, gypsum rock is a chemical sedimentary rock with a true cement
is present between particles (Potyondy and Cundall, 2004), therefore, cement-filled
contacts should be used to illustrate this characteristic of gypsum rock. To do this, parallel
bonds which act as cement entities were added to the simple linear model to simulate the
cohesion between the ball particles and the pile walls. The cohesion between gypsum
rock and the pile shaft was also clearly observed in the experiment.
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4.3.2 Flat-joint contact model for rock
The flat-jointed material for hard rock was defined by Potyondy (2012), and it
consists of an arrangement of particles, which in our case are balls, connected to each
other in their contact points by flat-joint contacts (Figure 4.4). The grains of the flat-joint
material are faced, depicted as a spherical core with a number of skirted faces. The faced
grains are created when the flat-joint contact model is installed at their contact points.
The flat-joint contact model simulates the behavior of an interface between two particles
with locally flat notional surfaces. The interface coincides with a middle surface that
remains centered on the contact plane; its mechanical behavior is either frictional or
bonded and may vary along with the interface.

Figure 4.4: Flat-joint contact (left) and flat-joint material (right) (Itasca,
2014)
The flat-joint model provides the macroscopic behavior of a finite-size, linear
elastic, and either bonded or frictional interface that may sustain partial damage (Figure
4.5). This interface is discretized into elements, each of which is either bonded or
unbonded. The behavior of a bonded element is linear elastic until the strength limit is
exceeded and the bond breaks, making the element unbonded; the behavior of an
unbonded element is linearly elastic and frictional, with slip accommodated by imposing
a Coulomb limit on the shear (Alejano, Arzúa and Ivars, 2017).
As we can see, the micro-properties that controls the flat-join model are: the
contact tensile strength ( ), the contact cohesion (c), the friction angle ( ), the friction
coefficient ( ), shear stiffness (ks) and normal stiffness (kn). When we define the flat-joint
model, the shear and normal stiffness are not defined directly. In its stead, the effective
modulus (E*) and the normal-to-shear stiffness ratio (k*) are used, and they are related
as shown in Equation 4.1
≑
≑

∗

(Eq. 4.1a)
∗

(Eq. 4.1b)
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Where L is the addition of the radios of the balls in contact.

Figure 4.5: Behavior and rheological components of the flat-joint model (Itasca,
2014)
4.4 Calibration of input parameters
4.4.1 Calibration of the input parameters for flat-joint contacts of gypsum rock
Prior to the axial loading test and its DEM analysis, the unconfined compression
test of gypsum rock was conducted to investigate the unconfined compressive strength of
the gypsum rock as presented in section 3.3. After that, the DEM simulation of the
unconfined compression test was carried out. Figure 4.6 shows the simulation of the
unconfined compression test. In this simulation, the loading plates were modelled using
the wall elements at the top and bottom of the specimen, then the load was applied by
moving the top and bottom walls. The surface friction coefficient between the balls and
the walls was set at 0 to ignore the effect of the walls. Before the compression step, a selfweight analysis was done. The flat-joint contact model was applied to simulate the
contacts between gypsum rock particles. The input parameters for the flat joint contact
model were estimated according to some suggestions in the existing studies (CastroFilgueira et al., 2017; Liu and Amro, 2018), and were determined through calibrations
conducted against the results of the unconfined compression test of gypsum rock and the
axial loading test on the pile. The appropriate input parameters obtained after the
calibration and used in the DEM analysis of the unconfined compression test is shown in
Table 4.1. Figure 4.7 shows the comparison between the experimental and analysis results
of unconfined compression test. The numerical analysis shows a good agreement with the
experiment until axial stress of 4 MPa, however, it overestimates the unconfined
compressive strength of gypsum rock. Although the DEM analysis shows a significantly
higher unconfined compressive strength, it succeeds in simulating the same deformation
tendency. The averaged E50 in the experiment and the simulation is 770 MPa and 720
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MPa, respectively.

Figure 4.6: Simulation of unconfined compression test of gypsum rock
Table 4.1: Input parameters for DEM simulation of unconfined compression test
Analysis parameters
properties

and

element

Ball particles
Rmin (mm)
Rmax (mm)
Particle density (kg/m3)
Porosity
Friction coefficient between balls
Friction coefficient between balls and
walls
Flat-joint contact model properties
Effective modulus (Pa)
Normal-to-shear stiffness ratio
Contact tensile strength (Pa)
Contact cohesion (Pa)
Friction angle (deg.)
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Value

0.67
1
2500
0.08
0.5
0

650x106
1.5
9.5x106
3.8x106
10

8
7

Axial stress (MPa)

6
Sample 1
5

Sample 2
Sample 3

4

Sample 4

3

Sample 5

2

Sample 6
UCS_DEM

1
0
0

1

2

3

Axial strain (%)

Figure 4.7: Comparison of the results of the unconfined compression test between
experiment and DEM analysis
4.4.2 Calibration of the input parameters for the linear parallel bond contact
model between rock particles and pile walls
The micro cohesion (bond strength) was determined based on the results of the
push-out load test conducted to investigate the cohesion force between the pile and the
gypsum rock. The shear test between gypsum rock and the aluminum plate was conducted
to estimate the intrinsic friction coefficient between the rock and the outer pile surface.
The other input parameters of the linear and parallel bond group were estimated according
to some existing studies (Lobo-Guerrero and Vallejo, 2007; Kotrocz et al., 2016; Duan et
al., 2018; Liu et al., 2019), and were determined by attempting iterations to harmonize
the load-displacement curves of pile obtained from the simulation with the ones acquired
from the axial loading test as shown in previous studies (Zhang and Wang, 2015; Chen et
al., 2015; Chen et al., 2018).
a) Push-out load test
The pile push-out test was conducted to investigate a cohesion force exerted
between an aluminum model pile and the gypsum rock under a negligible small confining
stress. The model pile is an aluminum closed-ended pipe pile with a diameter of 10 mm
as shown in Figure 4.8a. The model pile was placed in an empty mold (Figure 4.8b),
which was used to make the gypsum rock samples in the unconfined compression test
before the gypsum slurry was poured into the mold. The specimen was removed from the
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mold after 72 hours of curing. Figure 4.9a shows the bottom of the specimen after
removing the mold. The length and area where the cohesion force works are 100 mm and
3141.5 mm2.

(a) Model pile in push-out test

(b) Model pile placed in a plastic mold

Figure 4.8: Model pile and mold in the push-out test
The push-out test was conducted by using the apparatus in the unconfined
compression test. A hollow bottom plate was placed on the loading stage of the apparatus
as shown in Figure 4.9b. After that, the specimen was placed on the hollow bottom plate.
The diameter of the hollow plate is 15 mm which is sufficiently larger than the diameter
of the pile. Figure 4.10 shows the setup and schematic of the push-out test. The load was
applied by moving the loading stage of the apparatus upward. The loading rate is 1
mm/min, the same as the unconfined compression test.
Figure 4.11 shows the relationship between axial force and displacement. The
peak axial force is about 108 N which is equal to the shaft friction per unit area of 0.0344
N/mm2. The residual axial force is about 30 N which is equal to the shaft friction per unit
area of 0.00955 N/mm2.
The peak shaft friction per unit area 0.0344 N/mm2 was selected to determine the
bond strength parameter of the parallel bond which presents the cohesion between the
balls and the pile shaft.
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(a) Bottom of the specimen

(b) Hollow plate placed on the loading plate

Figure 4.9: Specimen of push-out test

(a) Setup of push-out test

(b) Schematic of push-out test

Figure 4.10: Setup and schematic of push-out test
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Figure 4.11: Result of push-out test
b) Direct shear test between gypsum rock and model pile
The direct shear test was conducted to investigate a friction coefficient between
the aluminum pile and the gypsum rock when the friction is supposed to be exerting after
cohesion failure. The friction coefficient between a gypsum rock sample and an aluminum
plate was investigated. The gypsum rock sample was made by using a mold with a
diameter of 60 mm and a height of 25 mm. The size of the aluminum plate is 60 mm in
diameter and 15 mm in height. A thin plastic film was attached to the inner wall of the
mold, next, the aluminum plate was placed in the mold. After that, the gypsum slurry was
poured over the aluminum plate into the mold until it fills up the mold. The gypsum rock
and the aluminum plate was stuck together right after removing the mold (Figure 4.12),
but the cohesion force between them was too small to set up the specimen in the direct
shear test apparatus, therefore, the test was performed after the contacts exerted by the
cohesion force collapsed.

Figure 4.12: Specimen of direct shear test
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The specimen was placed in the apparatus as shown in Figure 4.13a, and the load
was applied at three levels 25, 50, and 100 kPa. The specimen was sheared at the loading
rate of 0.2 mm/min up to 7 mm in horizontal displacement. In the apparatus, the lower
shear box was forced to move horizontally while the upper shear box was fixed as shown
in the schematic (Figure 4.13b).
Figure 4.14a shows the relationship between the ratio of shear force to vertical
force and horizontal displacement. Figure 4.14b shows the friction coefficient, which is
calculated by dividing the shear force by vertical force. The friction coefficient ranges
from 0.4 to 0.6. The value 0.5 which is within this range was selected to set the friction
coefficient between ball particles and pile walls in the linear parallel bond contact model.
Table 4.2 shows the input parameters used for the linear parallel bond contact
model between ball particles and pile walls.
Table 4.2: Input parameters for linear parallel bond contact model
Analysis parameters and element
properties
Linear group
Normal stiffness (N/m)
Shear stiffness (N/m)
Parallel bond group
Normal stiffness (N/m)
Shear stiffness (N/m)
Tensile strength (Pa)
Cohesion (Pa)
Radius multiplier
Dashpot group
Normal critical damping ratio
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Value

6x1011
6x1011
3x108
3x108
3.4x104
3.4x104
0.8
0.2

(a) Setup of the direct shear test

(b) Schematic of direct shear test
Figure 4.13: Setup and schematic of direct shear test
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Figure 4.14: Direct shear test result
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4.5 Simulation of axial loading test
In this study, the gypsum rock was modelled using rigid ball particles. It was ideal
if the same particle size as real rock could be used in DEM. However, the limit of
calculation capacity and calculation time leads to difficulties in building such model. The
ball particles with a minimum diameter of 1.34 mm and a maximum diameter of 2 mm
were used in this simulation. The ratio of the pile width to the particle diameter was from
10 to 15 which is considerably reasonable compared with the values between 10 and 20
suggested by other researchers for the accurate prediction of the load that a pile can resist
(Bolton et al., 1999; Lobo-Guerrero and E.Vallejo, 2007). The container having a width
of 500 mm and a height of 400 mm was simulated by rigid walls, then 41,650 rigid balls
particles were generated inside the container to simulate gypsum rock. A group of balls
inside the pile zone was deleted, thus leaving a space to accommodate the pile body. The
next step was to simulate the closed-ended pile with four rigid wall elements. The pile
was simulated in this way to ensure that it can work as a non-displacement pile the same
as in the experiment. The pile deformation was not taken into account in the analysis.
After that, a self-weight analysis was conducted. The cavity was made by deleting a group
of balls inside the specified position of the cavity. The analysis input parameters for the
flat-joint contact model between gypsum rock particles are shown in Table 4.1. The
analysis input parameters for linear parallel bond contact model between ball particles
and pile walls are shown in Table 4.2, moreover, the friction coefficients between balls
and walls were distinguished between the walls of the container and the walls of the pile.
The friction coefficients between the container walls and the ball particles were assumed
to be 0 to simulate perfectly smooth walls whereas the one between pile walls and the
balls was set at 0.5 which is within the range obtained from the direct shear test. Finally,
a series of simulation of axial loading test including test No cavity, test 1d, test 2d, and
test 3d was conducted.
4.6 Numerical analysis results and discussion
Figure 4.15 illustrates the load-displacement curves of the numerical results of all
tests. As can be seen, the DEM analysis results show the same propensity for the bearing
capacity of the pile with the experimental results. The pile displacement increases with
the increase in applied load. And a sudden fall in pile bearing capacity was seen in test
1d when the cavity located 20 mm under the pile tip.
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Figure 4.15: Load-displacement curves of the pile in all test-no-cavity, test-1d, test2d, and test-3d (DEM results)
Similar to the experimental investigation, the reduction factor of the pile bearing
capacity was calculated for two states in the load-displacement relationship curve; the
first limit of load and second limit of load. Figure 4.16 shows the reduction factors of
bearing capacity in all tests. As can be seen from this figure, DEM simulations show the
same decrease tendency of the reduction factor when the distance from the pile tip to the
cavity increases as the experiment. The reduction factors were at their largest, 64.68%
and 87.17% when the cavity was very close to the pile tip (1d=20mm). Interestingly, the
reduction factors in test-4d are very small. This indicated that the effect of cavities on the
pile bearing capacity is inconsiderable.
Figure 4.17 illustrates the separation of load-displacement curves into skin friction
and end bearing part. To compare with Figure 3.16, it is observed that the DEM
simulation shows a good agreement with the experiment. The skin friction and end
bearing capacity of the pile acquired from the numerical analysis have the same tendency
as the experiment. The pile bearing capacity in this study is mainly contributed by the end
bearing part.
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Figure 4.16: Reduction factor of pile bearing capacity obtained from DEM
4.7 Summary
This chapter presents the simulation of the studied model using the twodimensional discontinuous programs PFC2D. In order to determine the input parameters
for the simulation, some element tests were conducted such as the unconfined
compression test of gypsum rock, direct shear test, and push-out test. The input
parameters for simulations were calibrated based on the results of element tests and then
determined by attempting iterations to harmonize the load-displacement curves of pile
obtained from the simulation with the ones acquired from the axial loading test as shown
in previous studies (Zhang and Wang, 2015; Chen et al., 2015; Chen et al., 2018).
The DEM analysis can simulate well the behavior of the pile and gypsum rock.
Thus, DEM simulation can be used as an effective tool to estimate the influence of
cavities on the pile bearing capacity at the preliminary stage.
Moreover, in an extended view of geotechnical engineering, the DEM simulation
might allow us to consider some other aspects such as the change of the pore between
particles and its effects on the behavior of rock.
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Figure 4.17: Separation of load-displacement curves into skin friction and end
bearing part (Experiment)
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Chapter 5
VERIFICATION AND VISUALIZATION

5.1 Introduction
The purposes of this study, verification of the experimental results and
visualization of the cracks occurring inside the rock, which was not able to see in the
experiment, are presented in this chapter.
5.2 Verification of the experimental results
Firstly, the comparison of load-displacement curves between the DEM analysis
and experiment was made as shown in Figure 5.1. The pile bearing capacity at the first
limit state of load (square marks) was defined according to the logP-logS method (Aoki
et al., 2000) (P: applied load and S: settlement), whereas the one at the second limit state
of load (round marks) was specified as the pile bearing capacity when the settlement of
the pile reached 10% of the pile diameter. At the first limit state, the DEM simulations
show a good agreement with the experimental results of the pile bearing capacity in testno-cavity, 1d, 2d, and 3d, whereas it overestimates the pile bearing capacity in test-4d. At
the second limit state, a slight overestimation of the pile bearing capacity can be seen in
test-no-cavity, and a smaller pile bearing capacity was found in test-2d and 3d. In the
DEM analysis, with the presence of the cavity, the area underneath the pile tip and the
cavity roof seems to collapse earlier than in the experiment. This can be explained by the
limitations of the ball number and 2D models. In DEM assemblies, the particle diameter
is usually scaled up to sustain the simulation for sufficiently long time (Bakunowicz and
Ecemis, 2015), thus the number of ball particles located in the area from the pile tip to
the cavity in the simulation is much less than in the real rock. Moreover, the earlier failure
of the area underneath the pile tip and the cavity roof in the simulation can be explained
by a lower coordination number Cn (average number of contacts per particle) which is an
alternative parameter to the contact density and directly related to the structural stability
of the assembly (Gong, 2008; Isola, 2008). For a lower coordination number, the particles
are less constrained, resulting in larger fluctuations in particle displacements and rotations
(Kruyt, 2014) which leads to the instability of the whole assembly. The coordination
number is greater in 3D case as contacts can develop anywhere along the particle surface
(Figure 5.2a), rather than being restricted to in-plane contacts, as in 2D case (Figure 5.2b)
(O’Sullivan, 2011). Furthermore, in this study, the presence of the cavity broke the
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continuity, and consistency of the assembly, simultaneously caused the loss of contacts
of the balls adjacent to the cavity (Figure 5.2c, d). Therefore, the coordination number of
the balls in the 2D simulation in this study is lower than in the 3D model. When loaded,
these balls with lower coordination numbers seemed to fall into an unstable state earlier
than the 3D state.
0

1

Load (kN)
2
3
4

5

6

Pile head displacement
(mm)

0
-1
-2
-3

DEM
Experiment
Pile bearing capacity at the first
limit state of load
Pile bearing capacity at the
second limit state of load

b) Test-1d

a) Test-no-cavity

Pile head displacement
(mm)

0

1

Load (kN)
2
3
4

5

6

0
-1
-2
-3

c) Test-2d
0

1

d) Test-3d
Load (kN)
2
3
4

5

6

Pile head displacement
(mm)

0

-1

-2

-3

e) Test-4d
Figure 5.1: Comparison of load-displacement curves between DEM and
experiment in all tests
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(d) 3D simulation example of the balls adjacent to the cavity
Figure 5.2: Example of 2D and 3D packing of balls in DEM
The comparison of reduction factors f (%) at the first limit and second limit of
load between numerical and experimental results is shown in Figure 5.3. The reduction
factors are largest when the cavity was very close to the pile tip (Test-1d), and they
decrease with an increase in the distance from the pile tip to the cavity. At the first limit
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state, the reduction factors obtained from the DEM simulation is about 15% larger than
the experiment in all tests except test-4d. At the second limit state, numerical results are
closest to the experimental results in test-1d with 88.95% and 87.17%, whereas in test-2d
and test-3d, an overestimation of reduction factors in the DEM simulation was seen, the
differences from the experimental results are 45.04% and 35.96%, respectively.
Interestingly, the reduction factors in test-4d are very small. This indicated that the effect
of cavities on the pile bearing capacity is inconsiderable.
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Figure 5.3: Comparison of reduction factors between DEM and experiment
The analytical results revealed the accumulated displacement of the ball particles
around the pile after the loading stage (Figure 5.4a), and Figure 5.4b shows the
accumulated displacement vectors of balls. The starting point of arrows indicates the
original location of the particle, and the end of arrows means the new location of the same
particle after the loading stage. The particles around the lower part of the pile and
underneath the pile tip moved outward and downward forming a pear shape around the
pile tip. Moreover, the loading process generated the displacement of the balls within the
depth of 3.3 times the pile diameter (3.3d) from the pile tip. These results well agree with
the influence zone suggested in some widely used methods (Robertson et al., 1985;
Briaud and Tucker, 1988; Rollins et al., 1999; Yang, 2006). Therefore, if the cavity lies
at the depth larger than 3.3d, its impact on the pile may be minor. Both experimental and
numerical results indicated that the pile bearing capacity in test-4d was very close to the
one in test-no-cavity (Figure 5.5). These results prove that when the cavity exists at the
depth larger than 4d, its influence on the behavior of piles is insignificant. However, the
value of 4d could be changed for a large scale testing or a centrifuge testing where the
stress range is different.
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(a) Accumulated displacement of balls

(b) Accumulated displacement vectors of balls
Figure 5.4: Ball displacement after loading (the unit of the displacement of balls
is meter)
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Figure 5.5: Comparison of pile bearing capacity between test-no-cavity and test-4d
From these results, it is indicated that the two-dimensional DEM analysis can gain
a qualitative insight into the effects of cavities on the pile. However, the geometrical
restrictions imposed by reducing a 3D problem to 2D including neglecting the out-ofplane contacts and displacements mean that drawing quantitative comparisons with the
response of physical 3D materials may not be appropriate (O’Sullivan, 2011). Thus, the
2D DEM simulation can be used as an effective tool to qualitatively estimate the influence
of cavities on the pile bearing capacity at the preliminary stage.
5.3 Visualization of the collapse of the area underneath the pile tip and the cavity
roof
One of the unique characteristics and advantages of the DEM analysis in
comparison with continuum analysis is the ability to simulate crack propagation. Figure
5.6 shows the cracks appeared in the rock after loading in the DEM analysis for all tests,
the black lines illustrate cracks due to shear failure whereas the red lines illustrate cracks
due to tensile failure. As can be seen from this figure, the shear failure is dominant with
more cracks (black lines). The collapse of the cavity roof was mainly caused by the cracks
running from the pile tip to the upper corners of the cavity. In this study, the DEM analysis
was a 2D simulation, therefore the cross-section of the cavity and pile is a rectangle. The
stress concentration occurred at the sharp corners of these rectangular cross-sections, as
a result, the failure firstly occurred at these positions. The initiation of cracks from the
corners of the pile tip then ran to the upper corners of the cavity confirmed this issue.
Specifically, Figure 5.7 illustrates the sequence that the cracks propagated in test-1d. The
cracks started at the corners of the pile tip, then ran from the pile tip to the upper corners
of the cavity. It is also observed that a crack caused by the largest displacement of the
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(a) Test-no-cavity

(b) Test-1d

(c) Test-2d

(d) Test-3d

(e) Test-4d
Figure 5.6: The appearance of cracks in the rock after loading in all tests
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balls right under the pile tip divided the cavity roof into two halves. From these visualized
results, it can be confirmed that the sudden fall in the pile bearing capacity in test-1d is a
result of the failure of the zone underneath the pile tip and the cavity roof.

(a)

(b)

(c)
Figure 5.7: The propagation sequence of cracks during the loading stage in test-1d
(The propagation sequence of cracks is illustrated by the alphabetical sequence of
the images)
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5.4 Summary
A comparison between experimental and DEM simulation results was made to
verify the experimental results in this chapter. The visualization of the collapse of the area
underneath the pile and cavity roof was also mentioned.
It indicated that the 2D DEM analysis could gain a qualitative insight into the
effects of cavities on the pile. Although there were some quantitative differences, the
numerical analysis could simulate the same tendency of reduction factors with the
experiment. The combination of using experiments and DEM simulations can
beneficially examine the cavity influence on the pile behavior qualitatively and visually.
However, potential influence factors such as the restrictions of using PFC 2D to mimic a
3D physical phenomena (the concept of stress and strain, packing or coordination number,
porosity), and the limitation of ball number in the simulation may contribute to the
difference between the DEM simulation and the experimental results.
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Chapter 6
PROPOSALS AND A FRAMEWORK TO APPLY IN THE DESIGN OF PILE
FOUNDATIONS IN GROUND WITH CAVITIES

6.1 Introduction
From the results of this research, some proposals and a framework to apply in the
design of pile foundations in the ground with cavities are made. This chapter presents
these proposals and a framework for the preliminary design stage of pile foundations.
6.2 Proposals to the design of pile foundations
a) Proposal of the critical depth
When designing a pile foundation placed in the ground with cavities, one of the
most challenging questions to the engineers is whether this cavity affects the performance
of the pile. The results of this study can help engineers to answer this question. As
presented in Section 5.2, both experimental and numerical analysis results prove that
when the cavity exists at the depth larger than four times pile diameter (4d) (Figure 6.1),
its influence on the behavior of piles is insignificant. The value of 4d was also presented
in the study of Lavasan et al. (2016). As presented in chapter 2, in their research, they
numerically evaluated the capacity and failure mechanism of a shallow strip footing
placed on twin voids with two types of soils. Therefore, the critical depth of four times
pile diameter can be seen both in soils and rocks.
Although the value of 4d could be changed for a large scale testing or a centrifuge
testing where the stress range is different, this distance is proposed to be considered in
the preliminary design stage of pile foundations in the ground with cavities. After getting
the geotechnical survey, if the distance from the pile tip to the cavity is known. This
distance should be compared to the value 4d. If it is within the range from 1d to 3d, the
reduction factor of pile bearing capacity obtained from this study should be considered
when estimating the real pile bearing capacity, and also a solution of compensating the
lost pile bearing capacity, such as increasing the pile length of pile diameter, is necessary.
b) Proposal of influenced area where the dangerous cracks may appear
The cracks due to the failure of the ground are normally cannot be seen in reality.
Engineers cannot predict where the cracks will appear in the rock mass during the loading
stage. The results of this research suggested an influenced area where the dangerous
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cracks may appear. Dangerous cracks are the ones which lead to the failure of the ground
and the reduction of pile bearing capacity. In this study, with the cavity width is 4d and
the cavity is located from 1d to 4d under the pile tip, after the loading, the dangerous
cracks may occur within a diamond shape area as shown in Figure 6.2. This area is
proposed as an influenced area around the cavity. This proposal can help the engineers to
have a preliminary view of the area where cracks may occur and have an adequate design
solution when design pile foundations in the ground with cavities.
Ground level

4d
Cavity
Figure 6.1: Critical depth

Figure 6.2: Influenced area around the cavity
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6.3 A framework to the design of pile foundations in the ground with cavities

Figure 6.3: Framework to the design of pile foundations in ground with cavities
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Chapter 7
CONCLUSIONS AND SUGGESTIONS

7.1 Introduction
This chapter presents the conclusions obtained from this study and some
suggestions for future research.
7.2 Conclusions
This study has experimentally and numerically investigated the effects of cavities
on the behavior of piles embedded in weak rock. There are some conclusions obtained
from the research results as follows:


Cavities cause a reduction in pile bearing capacity. The reduction factor reduces
with the increase in the distance from the pile tip to the cavity.



DEM analyses revealed that the collapse of the cavity roof was mainly caused by
the cracks running from the pile tip to the upper corners of the cavity.



Although there were some quantitative differences, the numerical analysis could
simulate the same tendency of reduction factors with the experiment. The
combination of using experiments and DEM simulations can beneficially examine
the cavity influence on the pile behavior qualitatively and visually. However,
potential influence factors such as the restrictions of using PFC 2D to mimic a 3D
physical phenomena (the concept of stress and strain, packing or coordination
number, porosity), and the limitation of ball number in the simulation may
contribute to the difference between the DEM simulation and the experimental
results.



An influenced area with the diamond shape around the cavity where dangerous
cracks may occur is proposed to be considered in the preliminary design stage of
pile foundations in the ground with cavities.



There exists a depth of 4d that if the distance from the pile tip to the cavity is larger
than this depth, the impact of the cavity on the pile is insignificant. Nevertheless,
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the value of 4d could be changed for a large scale testing or a centrifuge testing
where the stress range is different. This distance can be considered as a reference
indicator to select a safety-oriented design of pile foundations in the ground with
cavities.
7.3 Suggestions for the future research


The investigation of the effects of the number of cavities, cavity size, cavity
location in the horizontal direction should be carried out to obtained a more
comprehensive understanding of the influences of cavities to pile foundations.



It is necessary to develop an influenced area and critical depth for other cases of
cavity location and size.



Ideally, the visualization of the cracks occurred in the rock after loading should be
confirmed with experimental investigation using some methods such as PIV or XRay CT Scanner.
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