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Introduction

This volume contains nine papers that were presented at the 6th GeoChina
International Conference on Civil & Transportation Infrastructures: From
Engineering to Smart and Green Life Cycle Solutions in Nanchang, China, during
September 18–19, 2021. With increasing urbanization rates and the development of
society, advancement in geotechnical technologies is essential to the construction of
infrastructures. Geotechnical investigation is the first step of applying scientific
methods and engineering principles to obtain solutions for civil engineering
problems. This volume brings together scientific experts in different areas that
contribute to the state of the art in geotechnical engineering such as testing of
geomaterials, seismic response, grouting, slope and embankment stability, foun-
dation, sustainability in geohazards, and some other geotechnical issues that are
quite relevant in today’s world.
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Large-Scale 3D Random Finite Element
Analysis of Embankment Seepage Stability

Yong Liu1(B), Man-Yu Wang1, Yu-Tao Pan2, and Kai Yao3

1 State Key Laboratory of Water Resources and Hydropower Engineering Science,
Institute of Engineering Risk and Disaster Prevention, Wuhan University, 299 Bayi Road,

Wuhan 430072, People’s Republic of China
liuy203@whu.edu.cn

2 Department of Civil and Environmental Engineering, Norwegian University of Science and
Technology, Høgskoleringen 7a, 7491 Trondheim, Norway
3 School of Qilu Transportation, Shandong University,

12550 East Second Ring Road, Jinan 250002, People’s Republic of China

Abstract. The stability assessment of a soil embankment in the flooding sea-
son has attracted increasing attention in recent years. The current study performs
a coupled hydraulic-mechanical analysis of an embankment subjected to water
level fluctuation. The coefficient of permeability of embankment soils is repre-
sented by a uniform random field with upper and lower bounds. The random finite
element method is incorporated for the solution of such coupled analysis. The
results indicate that the horizontal correlation length of the permeability field has
significant effects on the seepage patterns, leading to a greater variability in the
total flow rate, since water flows more easily along the regions of higher per-
meability. In addition, the failure mechanism resulted from the coupled analysis
shows that a rise of water level plays a predominant role in the instability of the
embankment, compared with the generated irregular seepage force. The factor of
safety of the embankment decreases with the increase of upstreamwater level, and
the corresponding failure mode also changes significantly. The findings from this
study can serve as a guidance for the design or reinforcement of a soil embank-
ment and provide a new insight into the solution of green life cycle and sustainable
development of embankment engineering.

Keywords: Soil embankment · Heterogeneous permeability · Flow rate ·
Coupled hydraulic-mechanical analysis · Random finite element method

1 Introduction

Along soil embankment plays a vital role in preventing thewater flow for floodprotection
purposes. However, the rise of water level caused by the continuing rainstorm may pose
a great threat to the overall stability of an embankment composed of untreated natural
soils (Jia et al. 2009; Gholami Korzani et al. 2018; Li et al. 2018). Once a failure
of embankment occurs, the environment will be affected to a greater extent and the
caused loss is unpredictable, such as the occurred events as shown in Fig. 1. In recent

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
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years, increasing relevant events of collapse of a long embankment resulting from the
seepage failure were widely reported (Rivera-Hernandez et al. 2019). For instance, such
typical events of embankment breaching have taken place in the Poyang Lake regions
of China in July 2020 (see Fig. 2), which caused irreparable losses to the agriculture
and increased hidden dangers in terms of the stability of buildings. The process of
such a failure is essentially a typical coupled hydraulic-mechanical problem defined
in numerical investigation (Qi and Vanapalli 2015; Zhang et al. 2018). Many studies
associated with this issue were carried out to tentatively seek an acceptable solution so
that making it possible to clearly describe the coupled mechanism involved (Cho 2012;
Rivera-Hernandez et al. 2019).

In general, the spatial distribution of porosity in natural soil mass is extremely uneven
due mainly to the complexity of geo-structures, which may lead to a larger uncertainty in
the hydraulic properties of soils compared with other mechanical parameters (Srivastava
et al. 2010). In literature, it is found that the coefficient of permeability of most types of
soils often covers two or more orders of magnitude (Swiss Standard SN 670 010b 1999),
which means that it encounters a difficult in accounting for the spatial variability of soil
permeability in a reliable way. Cho (2012) has examined the effects of uncertainty due
to the spatial heterogeneity of soil permeability on the seepage flow through the dam
and soil foundation, where the saturated hydraulic conductivity of soils was represented
by a two-dimensional (2D) lognormal random field. However, the variation range of
the random values generated from a marginal lognormal distribution is grossly limited;
thus, it expects that a clear range of its values should be reflected (Fenton and Griffiths
2008). Moreover, the analysis of an embankment is essentially a three-dimensional (3D)
numerical problem that cannot be neglected in the examination of failure mechanism;
however, investigation related to this 3D issue is rarely covered in the previous studies
(e.g. Griffiths and Fenton 1997). For such a large-scale analysis, the required efficiency
also depends greatly on the representation method for the spatially variable soils. As
such, these challenges form the motivation of the current study.

The intention of this work is to evaluate the performance of a large-scale 3D soil
embankment subjected to water level fluctuation where the spatial heterogeneity of soil
permeability is considered. The random finite element method is employed herein to
obtain a relatively accurate solution of the output responses. Uncertainty of flow rate
resulted from the spatially variable soil permeability is estimated by the probabilis-
tic approach. The corresponding seepage pattern and failure mechanism under various
combined conditions are also evaluated in detail.

Event 1 Event 2

Fig. 1. Failures of soil embankments from the field observation (a) Event 1 occurred in Xinjiang,
China, February 2013 (Chen 2013) and (b) Event 2 occurred in Guangdong, China, May 2014
(Yu 2014).
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Soil embankment breaching

(a)

(c)

(b)

(d)

Fig. 2. Typical events of embankment breaching due to continuous heavy rainfall taken place in
the Poyang Lake regions of China in July 2020 (Chen 2020).

2 Governing Equations of Coupled Hydraulic-Mechanical Analysis

The coupled solutions related to the soil structure and water flow are required to simulate
the process of seepage and deformation in a soil embankment (Zhang et al. 2018). The
force equilibrium equations for a saturated soil in 3D condition can be expressed as:

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

∂σx

∂x
+ ∂τxy

∂y
+ ∂τxz

∂z
+ bx = 0

∂τyx

∂x
+ ∂σy

∂y
+ ∂τyz

∂z
+ by = 0

∂τzx

∂x
+ ∂τzy

∂y
+ ∂σz

∂z
+ bz = 0

(1)

where σ x, σ y, and σ y are the total normal stresses in the x-, y-, and z-directions, respec-
tively; τ xy is the shear stress on the x-plane in the y-direction (τ xy = τ yx), and τ yz and
τ zx are similar to the former; bx , by, and bz are the body forces in the x-, y-, and z-
directions, respectively. For the saturated soils, the effective stress state variable is used
in the coupled analysis:

σ ′ = σ − ua + χ(ua − uw) (2)

where σ ′ is the effective stress; ua is the pore air pressure, which is equal to zero in this
study; uw is the pore water pressure, and (ua – uw) is the matric suction; χ is assumed
to be equal to degree of saturation (i.e. equal to 1.0). Based on the effective stress, the
modified Mohr-Coulomb failure criterion for the shear strength of saturated soils can be
written as:

τf = c′ + (σ − uw) tan ϕ′ (3)

where τ f is the shear strength; c′ is the effective cohesion and ϕ′ is the effective friction
angle. Based on the balance of pore water and the Darcy’s law, the governing equation
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for steady water flow through saturated soils based on mass conservation can be written
as:

∂2H

∂x2
+ ∂2H

∂y2
+ ∂2H

∂z2
= 0 (4)

where H is the hydraulic head. Combined with the given boundary conditions, the
above equations reflecting the coupled mechanism are solved numerically by using
finite element method within a prescribed number of iterations.

3 Methodology

3.1 Modelling of Soil Embankment

This work extends the 2D embankment studied by Cho (2012) to a long idealized 3D
modelwhose geometric profile and finite elementmesh are shown in Fig. 3. The embank-
ment with a height of 5 m and a length of 50 m is constructed on a 5 m thick soil
foundation. Two stable upstream water levels of 7 m and 9 m are considered to reflect
the fluctuation of water level during the rainstorm period. A fine mesh schedule with
250,460 eight-node brick pore pressure elements is discretized to meet the accuracy
requirement of coupled analysis. The four sides of the model are on vertical rollers
preventing movement in their vertical directions. the bottom of the mesh is fixed in all
directions. Some distances away from the slope toe are placed to minimize the influence
of displacement boundary on the failure mechanism. For the seepage boundary condi-
tions, the upstream surfaces below the water level and the downstream flat surface are
considered as permeable boundaries.

The soil property of the embankment is treated as the same as that of foundation
layer due to the consideration of high similarity of soil materials in an adjacent site. The
finite element model idealizes the soils as an elastic-perfectly plastic porous material
with the Mohr-Coulomb failure criterion. The present research mainly focuses on the
seepage behavior of a soil embankment where the permeability is modelled as spatially
random; thus, for simplicity the effective shear strength parameters are assumed to be
deterministic. The soil parameters used for the coupled analysis are listed in Table 1.

X

Y

Z
X

Y

Z

Displacement boundary 
conditions:
a. Bottom face: fixed
b. Four side faces: rollers
c. Five top faces: free

Permeable hydraulic boundaries

10 m
10 m 2 m 10 m

10 m

50 m

9 m
7 m

Water

Soil embankment

5 m

5 m

Considered 
water levels

(a) (b)

0.3 m
0.7 m

0.3 m

X

Y

Z Type of element: C3D8P
Number of elements: 250,460

Fig. 3. (a) Profile of the embankment geometry; (b) displacement and seepage boundary
conditions of the finite element model.
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Table 1. Parameters of soil properties

Parameter Unit Symbol Value

(a) Deterministic parameters

Effective cohesion kPa c′ 10

Effective friction angle degree ϕ′ 15

Young’s modulus kPa E 104

Poisson’s ratio
—

v 0.3

Unit weight of water kN/m3 γ 10.0

(b) Statistical property of coefficient of permeability of soils

Coefficient of permeability m/s k 5.0 × 10–6 − 5.0 × 10–4

Arithmetic average of k m/s
—

2.5 × 10–4

Vertical correlation length of k m θv 2

Horizontal correlation length of k m θh 5, 10, 20

3.2 Spatial Variability of Soil Permeability

In this study, the spatial variability of the saturated coefficient of permeability of soils is
represented by a 3D uniformly distributed random field, defined by its predefined upper
and lower bounds and a correlation structure. The considered bounds for its value range
from 5.0 × 10–6 to 5.0 × 10–4 m/s, and the corresponding correlation lengths are also
listed in Table 1b. The random field with a marginal uniform distribution is generated
through the translation approach (Grigoriu 1995), where the underlying Gaussian ran-
dom field with a squared exponential auto-correlation structure is first generated by the
modified linear estimation method (Liu et al. 2014). The reason for adopting a uniformly
distributed random field in this study is that, for most types of soils its value of coef-
ficient of permeability often covers several orders of magnitude (Swiss Standard SN
670 010b 1999), and the likelihood of each value involved in this range is considered
to be equal in order to reduce the influence caused by its excessive variability. This is a
major advantage relative to the use of a lognormal distribution in modelling the spatial
heterogeneity of soil permeability, although the lognormal one has been widely used in
previous similar studies (e.g. Cho 2012).

In geotechnical engineering, the vertical correlation length of soil properties often
varies in a small domain relative to model geometry and may easily be estimated from
in situ measured data, whereas the horizontal correlation length is generally much larger
than the vertical one and more challenging to be quantified in a reliable way (Phoon and
Kulhawy 1999). For this reason, the vertical correlation length of the permeability field
remains constant, while the horizontal one varies in the parametric studies.
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3.3 Description of Coupled Process

The numerical coupled process involved in this study consists of two main analysis
steps. With the given seepage boundaries, a steady-state seepage analysis incorporated
with the generated random field is first performed to gain the contours of pore water
pressure and to calculate the total flow rate through the embankment. After determining
the pore pressure at each integration point, the stress distribution can then be computed
according to the principle of effective stress. At this stage, a static analysis step is set to
evaluate the stability of the embankment within the predefined iteration numbers. The
strength reduction technique widely used for the problems of slope stability is employed
to obtain the minimum factor of safety of the embankment. Details of this technique
can refer to the work by Wang et al. (2020). The non-convergence of the finite element
program is herein taken as a basis for determining the occurrence of instability of an
embankment.

3.4 Monte Carlo Simulation

A reliable estimation of the flow rate is necessary for the seepage behavior of a soil
embankment when taking the spatial variability of permeability into account. TheMonte
Carlo simulation is performed due to its better robustness compared with other proba-
bilistic methods (Fenton and Griffiths 2008). In a Monte Carlo simulation, the random
permeability filed varies from one realization to the next, and this process should be
repeated to obtain the statistical properties of the flow rate. The convergence result of
the statistics of normalized flow rate shown in Fig. 4, based on the embankment models
with a 7 m water level but under various correlation lengths, indicates that 100 times of
simulation is sufficient to obtain an acceptable consequence. On the other hand, for the
large-scale 3D finite element model analyzed in this study, the Monte Carlo technique
requires a large amount of computational efforts, but it can be completed through the
parallel computing on a high-performance workstation.

(a) (b)
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Fig. 4. Convergence check of Monte Carlo simulations by plotting the statistics of normalized
flow rate (a) average and (b) coefficient of variation as a function of the number of simulations
based on the cases with a 7 m upstream water level but under various correlation lengths.
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4 Results and Discussion

4.1 Deterministic Analysis

Prior to probabilistic investigations, a deterministic coupled analysis is performed with
a fixed coefficient of permeability of 2.5 × 10–4 m/s at the arithmetic average of the
uniformdistribution.Although the results of a 3Ddeterministic analysismay be basically
identical to that froma2Dcase, it can assess the ability of the numerical analysis to predict
the coupled behaviors associated with the failure mechanism of a soil embankment.

Figure 5 shows the vectors of seepage velocity in the deterministic embankment
soils under two sets of upstream water levels. For simplicity only half of the entire
model is herein presented (i.e. 25 m in the axis direction). It can be seen that the water
flow within embankment follows a common seepage pattern encountered in general
cases. From the observations at the downstream exit, for each vertical cross section the
seepage patterns are the same as each other, verifying the viewpoint that a 2D coupled
analysis is considered reasonable and accurate enough if only the deterministic soil is
analyzed. The computed total flow rate passing through the 3D embankment obtained
with the finite element method, for upstreamwater levels with 7 m and 9 m, respectively,
are 28.5 m3/h and 68.2 m3/h. Moreover, since the entire embankment soil is assumed
to be at a saturated state under rainstorm conditions, a part of water flow above the
phreatic line can be observed apparently. By comparing the two cases presented in
Fig. 5, the rise of water level varying from 7 m to 9 m significantly raises the positon of
the outflow, forming a free outflow surface at the downstream slope of the embankment
as shown in Fig. 5b. These observations resulting from the 3Ddeterministic analyses give
a reasonable approximation to the coupled performance of a large-scale embankment,
which offers a solid basis for the random finite element analysis.

Upstream water level (UWL) = 7 m
Total flow rate: Qd = 28.5 m3/h

(a)

(b)

X

Y

Z

Upstream water level (UWL) = 9 m
Total flow rate: Qd = 68.2 m3/h

Fig. 5. Distribution of pore water pressure and vectors of seepage velocity in deterministic soils
for the embankment with an upstream water level of (a) 7 m and (b) 9 m.
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4.2 Estimation of Total Flow Rate Through Embankment

In this section, a parametric study on the horizontal correlation length of the 3Duniformly
distributed random field is carried out to estimate the quantity of the flow rate through
the embankment. Each realization of random field for the cases with the same correlation
length but different water levels are identical to guarantee the consistency of the site.

Figure 6 shows the effects of horizontal correlation length θh on the histograms of
normalized total flow rate for embankments under different water levels. Without loss
of generality, for simplicity all the results of flow rate obtained from random models are
normalized by the corresponding deterministic result marked as the vertical dotted line
in those graphs. Only the results of these cases with a water level of 7 m are illustrated
due to its similarity in histogram distributions with that of 9 m water level. For a small
correlation length θh of 5m relative to the embankment geometry, as shown in Fig. 6a, the
deterministic result can give a relatively conservative estimation of the possible quantity
of flow rate. The computed random results are distributed within a small range being
represented by a low coefficient of variation. This is probably because that when the
water flow passes through the soils with random permeability, it is more likely to flow
along the zones of higher permeability. On the basis of this fact, since a relatively small
correlation length is considered, it may lead to a limited variation of the permeability
field for each realization as a whole. It can be seen from Fig. 6b that the increase of the
correlation length leads to an increase in the coefficient of variation of these random
results. Although the position of soils with low or high permeability is different in each
simulation, the water is generally more concentrated due to the better continuity of soils
of higher permeability, which can affect the quantity of the total flow rate through the
embankment. This effect becomes more apparent when the correlation length is 20 m
as illustrated in Fig. 6c, and it leads to a greater coefficient of variation of flow rate than
that of the above two cases. Under such a scenario, the difference in the resulted flow
rate depends largely on each realization of the permeability field; therefore, the larger
the areas of higher permeability in one realization, the greater the computed flow rate.

For all the cases applied with a water level of 9 m but under various correla-
tion lengths, the histogram distributions of the resulted normalized flow rate shown
in Figs. 6d–f are highly similar to that from the corresponding cases with a 7 m water
level (see Figs. 6a–c). Such a high similarity in terms of these dimensionless results
may be attributed to a fact that the same sample of the permeability field is utilized in
a sequence of realizations of Monte Carlo simulations. By use of the consistency of
the basic tend presented in Fig. 6, the dimensionless results of flow rate can be used
reasonably for probabilistically evaluating the seepage performance of embankments
with other water levels that are not considered in this study, with a combination of the
corresponding deterministic coupled result.

4.3 Seepage Pattern

Figure 7 shows the profiles of seepage patterns occurred in random soils with different
correlation lengths for the embankments applied with a water level of 7 m, which are
illustrated based on a typical realization of random field for each scenario presented. For
a better understanding, three vertical cross-sections (i.e. sections of A-A, B-B and C-C
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Fig. 6. Histograms of normalized total flow rate for embankments with different combinations of
upstreamwater level (UWL) and horizontal correlation length (θh). CoV= coefficient of variation;
DFEA = deterministic finite element analysis. The value of coefficient of permeability used in
the DFEA is the arithmetic average of the uniform distribution, as listed in Table 1b.

as depicted in Fig. 7a) across the embankment model at different locations are selected
to provide more details of the internal variation of water flow.

For a small value θh of 5 m as shown in Fig. 7a, the flow path of the water is
significantly affected by the non-uniform soils with random permeability. As expected,
the water flows more easily along those regions of higher permeability, which leads to a
grossly irregular seepage pattern differing from the deterministic case shown in Fig. 5a.
For the soils with lower permeability near the upstream surface, it has certain positive
effects on preventing the water from entering into the embankment. This effect may be
more apparent and controlled when it uses a 2D model that is essentially a cross-section
of a 3D embankment. According to the overall velocity vectors distribution at the exit,
the permeability field also greatly affects the maximum exit gradient reflecting the local
seepage behavior, but ofwhich the estimation of themaximumexit gradient is beyond the
scope of this study. When a slightly larger correlation length θh of 10 m is considered, as
shown inFig. 7b, amore horizontally continuous flowpattern can be observed throughout
each vertical cross-section of the embankment. Such a situation provides a more direct
channel for the water flow, although the areas of lower permeability are also relatively
larger. Another scenario is also possible that the regions of low permeability is greater
than that of high permeability, which can reduce the quantity of total flow rate passing
through the embankment. For the case considering a θh of 20 m shown in Fig. 7c, the
locations of concentratedwater flow changemore significantly due to the greater blocked
effect of soil regions with lower permeability. The variation of flow rate depends largely
on the realization of permeability field in which it is likely to obtain a smaller or larger
flow rate, which can be inferred from the results shown in Fig. 6c.
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For the caseswith a 9mwater level, the corresponding seepage patterns at each cross-
section of the embankment are presented in Fig. 8, where its realizations of permeability
field under various correlation lengths remain the same as shown in Fig. 7. Comparison
of these contours between Figs. 7 and 8 shows that the rise of water level mainly affects
the flow pattern on the upper part of the embankment and increases the magnitude of
velocity vectors at the exit positions, which is consistent with most of the observations
and measured data from an engineering site. Under such a situation of raising water
level, the resulted flow rate will also increase obviously as presented in Figs. 5 and 6.
These results of seepage patterns in various scenarios explained above can serve as a
valuable basis for reducing the risk of seepage failure of a soil embankment subjected
to fluctuation in water level.
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Fig. 7. Velocity vectors of seepage in random soils with a horizontal correlation length of (a) 5 m,
(b) 10 m, and (c) 20 m for the embankment applied with a 7 m water level. UWL = upstream
water level; θh = horizontal correlation length.
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Fig. 8. Velocity vectors of seepage in random soils with a horizontal correlation length of (a)
5 m, (b) 10 m, and (c) 20 m at each cross-section of the same realization shown in Fig. 7 for the
embankment applied with a 9 m water level.

4.4 Failure Mechanism

Figure 9 shows the contours of maximum principal plastic strain for the embankments
subjected to different water levels, of which the case with a 5 m water level presented
in Fig. 9a is considered as a comparison example. Note that the failure modes of all the
randommodels under various water levels are basically identical with the corresponding
deterministic cases. Themain reason for this phenomenonmay be attributed to the failure
mechanism that, the rise of a certain water level results in the increase of pore water
pressure applied on the soil skeletons near the toe of the upstream slope, and the shear
strength of the soils is then reduced in accordance with the principle of effective stress.
This statement can be exemplified indirectly by the result of the case with the samewater
level at the upstream and downstream sides of the embankment (see Fig. 9a), in which
two basically symmetrical failure modes can be observed and the overall stability of
this embankment represented by a factor of safety of 1.62 is much better than the other
scenarios. In accordance with the non-convergence of finite element program, with the
increase ofwater level, the shear strength of the soils in those regions of higher porewater
pressure will be faster to reach a threshold value in the process of strength reduction
operation. For this reason, the shear failure zones of an embankment with higher water
level will be reduced in different degree and a corresponding smaller factor of safety can
be obtained associated with the failure state (see Figs. 9b and c).

Another issue related to the coupled performance is the effect of internal uneven seep-
age forces caused by the random soil permeability on the stability of the embankment.
Based on the results of irregular seepage patterns described earlier, a greater seepage
force may be likely generated in the soil regions of higher permeability due to the faster
speed of water flow, which may result in some local seepage failures in reality, such
as piping. Although this fact is relatively important from a practical viewpoint, in the
numerical coupled analysis the overall stability of an embankment depends mainly on
the shear strength of soils. Therefore, a rise of water level plays a more dominant role in
inducing the stability failure of an embankment than the irregular seepage force acted
on the soils.
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(a) (b) (c)

UWL = 5 m, FoS = 1.62 UWL = 7 m, FoS = 1.28 UWL = 9 m, FoS = 0.80
X

Y

Z

Fig. 9. Failure modes and the corresponding factors of safety for the embankments under various
water levels of (a) 5 m, (b) 7 m, and (c) 9 m. UWL = upstream water level; FoS = factor of safety.

5 Concluding Remarks

The coupled solutions of a large-scale 3D soil embankment subjected to water level
fluctuation are evaluated by using the random finite element method in this study. The
soil permeability controlling the seepage behavior is considered as spatially variable,
being represented by a random field with a uniform distribution. The histogram results
of normalized total flow rate indicate that the horizontal correlation length of the perme-
ability field has significant effects on the seepage response; that is, the variability of the
obtained flow rate increases with the increase of correlation length. This is mainly due
to the effect of irregular seepage patterns caused by the heterogeneous soil permeability.
The profiles of seepage velocity vectors in random soils demonstrate that the water is
more likely to flow along the regions of higher permeability and a relatively concentrated
flow field then is formed, especially when a greater correlation length is considered in
the analysis. The contour results also show that in the same site the variation of water
level mainly affects the seepage pattern near the upstream part of an embankment. In
addition, the failure mechanism indicates that a rise of water level plays a dominant role
in leading to the instability of the embankment compared with the generated irregular
seepage force, due mainly to the great reduction of the effective stress of soil skeletons
near the upstream slope toe. The factor of safety of the embankment decreases with the
increase of upstream water level, and the corresponding failure mode changes signifi-
cantly. The investigated results from this study contribute to the design or reinforcement
of a soil embankment and serve as a basis of the green cycle and sustainable development
of embankment engineering.

This study mainly highlights the effect of spatial heterogeneity in soil permeability,
whereas the shear strength parameters of soils are treated as constant. However, the
soil strength should also be spatially varying in different degree, which may affect the
global stability of an embankment (e.g. Ji and Chan 2014; Liu et al. 2018). Moreover,
transient-state analysis considering the dynamic hydraulic head is desirable as it may
replicate the factual failure mechanism in high flow speed conditions. These issues form
strands of future works.
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Abstract. In recent years, record rainfalls have frequently occurred due to global
warming, and river patrols and inspections are becoming increasingly important
to prevent large-scale disasters such as levee breaks. The purpose of this paper
is to introduce an IoT-based surveying method termed Simultaneous Localiza-
tion and Mapping (SLAM) for river patrols and inspections. SLAM estimates
the position of the technology itself and creates an entire map at the same time.
Specifically, by performing the river patrols and inspections using SLAM technol-
ogy with backpack-type LiDAR sensors, we could obtain the three-dimensional
coordinate data of the levee at low cost. We have developed a monitoring method
to quantitatively identify the locations of river levee deformations. We can obtain
a high density of 56.5 million points with the LiDAR and present the accuracy
of three-dimensional levee reproducibility using SLAM technology. In this paper,
we demonstrate the usefulness of the LiDAR with SLAM technology based on
monitoring data.

Keywords: River inspections · Three-dimensional laser point group · SLAM ·
Drone

1 Introduction

In recent years, record rainfalls have frequently occurred due to globalwarming, and river
inspection to understand local situations has becomemore important for preventing large-
scale disasters, such as levee breaches. In Japan, in 2017 and 2018, river levees managed
by central and prefectural governments broke, causing severe damage. In these disasters,
it became clear that even a single breach in a river levee, which is a linear structure, can
cause serious damage. Considering that the frequency of rainfalls exceeding 50 mm
per hour is increasing, it is even more important to carefully check the soundness of
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the levees over significant distances. However, the paucity of engineers and financial
resources on the national and local government levels has become serious, and it is
difficult to perform detailed levee inspection. Furthermore, the current levee inspection
data are qualitative from visual inspection, and soundness is judged based on engineer
experience. Overall, sufficient measures have not been taken to prioritize the necessary
points.

Therefore, efficiently acquiring 3D data for levees by drone survey has attracted
attention in recent years. This method makes it possible to quantitatively identify the
changes that have only been understood qualitatively thus far. There are two methods of
acquiring 3D data by drone survey: using digital images or using a laser scanner. The
latter method has been expected to be effective for river levees because it requires less
labor to install control points in the target area to be surveyed compared to the former
method, which uses digital images. However, the self-positioning accuracy during drone
surveys depends on the reception environment of GNSS, and sometimes, high-precision
surveying cannot be expected depending on the time and place. Another issue is that if
a drone is equipped with a heavy measurement device such as a laser, the flight time is
limited to several tens of minutes due to the battery life, making it difficult to monitor a
large area efficiently.

On the other hand, laser surveying methods implementing simultaneous localiza-
tion and mapping (SLAM) technology, which has been practically applied in vehicle
autonomous driving technology in recent years, are currently receiving attention. SLAM
is a generic term for technologies that perform self-location estimation and whole map
creation simultaneously. For an autonomous vehicle to recognize a place for the first
time, it must create a map based on the information obtained while moving and estimate
its own position on the map, and SLAM is used for this application. Because the system
configuration is simple, 3D laser surveying while walking can be realized by combining
it with a portable laser scanner. By combining this technology with the current patrol and
inspection work, it is expected that 3D coordinate data for levees can be easily acquired
and the technology for grasping the deformed portion of the river levee in real time
can be realized. However, the deformation grasping technology of river embankment by
combination of this SLAM and laser survey has not yet been generalized.

Against this background, this paper summarizes the advantages and disadvantages
of 3D laser point cloud acquisition technology given by the portable laser measurement
system incorporating drone survey and SLAM and presents the possibility of future
3D river levee monitoring. Specially, a system equipped with a green laser scanner of
wavelength 532 nm was used for drone surveys. Because green lasers have the ability to
penetrate water, it is expected to be applied to the regular cross-section measurement of
rivers. In addition, the method is also expected to be able to acquire continuous 3D data
from above the ground surface to below thewater surface, as it will be possible to perform
surveys with the same degree of accuracy as compared to conventional surveys using
near-infrared lasers. This study applies both technologies, which are expected to be put
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to practical use in the future, to concrete sites, and summarizes the problems concerning
survey accuracy and convenience based on actual examples. Furthermore, in this paper,
the detection of river structure deformation such as foot protection is also targeted as a
method of using 3D data. These results are expected to contribute to the provision of
useful data when applying the monitoring method by 3D data to river management in
the future.

2 Outline of the 3D Laser Point Cloud Acquisition System
for the River Levee

2.1 Overview of Drone Equipped with Green Laser

Figure 1 shows a drone equipped with a green laser scanner, Fig. 2 shows the green laser
scanner, and Table 1 presents the scanner specifications. The scanner weighs 2.8 kg, and
the drone can fly for approximately 30 min. The scanner has a scanning range of 300 m
and a scan rate of 60,000 points/s. The drone is equipped with a GNSS system with
±10 mm horizontal and ±20 mm altitude positioning accuracy.

Fig. 1. Drone-mounted LiDAR system Fig. 2. Scanner

Table 1. Specifications of drone-mounted LiDAR

Laser wavelength 532 ± 1 nm

Laser pulse rate 60,000 Hz

Scan speed 30 scan/s

Beam divergence 0.3 mrad

Weight 2.8 kg
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2.2 Outline of Portable Laser Measurement System

Figure 3 shows the portable laser measurement system tried in this research, and Table 2
details the system characteristics, including the specifications of the laser scanner. Here,
we attemptedmeasurements using twomeasurement systemswith different self-position
surveymethods. One used SLAM, and the other usedGNSS and an InertialMeasurement
Unit (IMU). We call these survey method A and B, respectively. The lasers used were
all in the near infrared wavelength range.

(a) Survey method A              (b) Survey method B

Fig. 3. Overview of the portable laser scanner

Table 2. Specifications of the portable laser measurement system

Survey method A Survey method B

Maximum scope of laser measurements 80–100 m 100 m

Laser scan rate 300,000 Hz 700,000 Hz

Self-positioning method SLAM IMU + GNSS

3 Measurement Results

3.1 Overview of Measurement Site and Work

Figure 4 shows the site situation where the 3D laser point cloud was acquired. The
measurements were taken in the 1.2 km portion denoted by the red line in the figure.
The drone conducted measurements at an altitude of 50 m above ground, with a side
lap of 75% and a flight speed at 2.5 m/s. Using the portable drone measurement system,
the measurement was completed in about 90 min on foot for the range shown in Fig. 4.
On the other hand, the drone flew 5 courses over approximately 120 min. Although the
difference in the time spent for measurement was not significant, the former had the
advantage of easy on-site assembly, convenience that could be taken by walking, and
has the advantage of not requiring specialized flight skill training like the latter.
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Fig. 4. Measurement site

3.2 Results of 3D Model Creation from Measurement Data

Figure 5 shows the river levee reproduction results obtained by survey method A. The
laser point cloud obtained by the drone was trimmed according to the shape of the laser
cloud obtained by the portable laser measurement system. The point density in the figure
consists of 25.3 million points for the drone and 56.5 million points for the portable laser
measurement system. In both cases, the levee can be reproduced with a high density of
points. Figure 6 shows a slope that was reproduced using the portable laser measurement
system on foot. Because obtaining measurements by walking on the inside of the levee is
easy, it is possible to understand the sluice gate shape in detail, unlike the measurement
from a drone at an altitude of 50 m above ground.

(a)Results of the portable laser measurement system

(b)Results of the drone survey

Fig. 5. Results of reproduction by laser point cloud
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Fig. 6. Laser point cloud obtained by on-foot measurements on the inside of the levee using the
portable laser measurement system

3.3 Accuracy Verification Results

Table 3 is a comparison of the survey results using the total station (TS) with the drone
survey results, using the verification points installed within the measurement range.
There are five verification points, and RMSE is the root mean square error of these. Both
the X and Y planes and the elevation indicated by Z in the table are within ±50 mm of
the average or RMSE with respect to the TS result.

Table 3. Drone survey accuracy verification results

(units: mm) X Y Z

Average difference 0.0 13.0 −8.0

RMSE 40.0 15.0 27.0

Fig. 7. Riverbed measurement results by drone survey (Blue solid line represents the water
surface).

Figure 7 shows the results of measuring the riverbed by leveraging the characteristics
of the green laser. The green point clouds in the figure is the measurement data by the
laser, and the white solid line is the measurement result by bathymetric survey. By the
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way, the water depth of the cross-section survey diagram was 1.9 m. The water depth
that can be measured depends on the transparency, but it was shown that at this site, the
shape can be measured with almost the same accuracy as the white solid line up to a
water depth of approximately 2.0 m.

In the measurement using the portable laser measurement system, the linearly struc-
tured levee was divided into several sections, and the measured data were overlaid with-
out installing landmarks. For survey method A, the accuracy of integrating the 3D data
obtained by continuously walking the entire 800 m section (Fig. 4) and the data obtained
by in 150 to 200 m section increments was verified. Moreover, for survey method B, the
accuracy of the measurement data obtained by walking the levee crown and the mea-
surement data obtained by walking the flood-channel were both verified. Figure 8 shows
the measurement results of survey method B, and Table 4 shows the accuracy results of
each measurement data compared with the drone survey accuracy verification results.

(a) Result of walking the levee crown

(b) Result of walking the flood-channel

Fig. 8. Reproduction results from survey method B

For the two data collection methods used for survey method A, a difference in
accuracy of about 0.2 m was observed. This is thought to be due to an issue with the
SLAM technology whereby it accumulates errors. Moreover, for survey method B, a
difference in accuracy of about 0.2 m was observed in places with no noise, such as
sidewalks, and placeswith a significant noise due to vegetation, such as the flood channel.
But it was found that even with the self-positioning measurement using only SLAM, the
same degree of accuracy was obtained as that using GNSS and IMU. Hence, 3D data
can be acquired with a lower-cost hardware configuration by dividing the measurement
area into sections and conducting measurements in consideration of SLAM features.
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Table 4. Accuracy verification results for survey methods A and B of the portable laser
measurement system

(units: m) Survey method A Survey method B

Walk sections Continuous walking Levee crown Flood channel

RMSE 0.31 0.49 0.33 0.50

4 Conclusion

In this study, we attempted to measure a river levee using a portable laser scanner and
a drone. As methods for 3D reproducing the shape of it. The former method does not
depend on the accuracy of GNSS positioning by introducing SLAM technology, and the
latter uses a green laser that can be applied to riverbed measurements. Both methods
are expected to be applied for river inspections in the future. The usage of each method
derived from the results of this research is presented as follows.

(1) The drone survey equipped with the green laser has the advantage that not only
can the riverbed be measured, but also the levee shape can be reproduced with high
accuracy. In river management, the accuracy required when measuring the levee
height and shape is±50mm, and this methodmet these requirements. Furthermore,
the range that can be measured with one flight is several km, but changes in levee
height from the riverbed can be monitored with high accuracy.

(2) Measurements using the portable laser scanner can obtain an accuracy of 0.3 m
even with the method of self-positioning by SLAM which is a low-cost hardware
configuration. Since the accuracy required for aerial laser surveying used in river
management is 0.3 m, we proved that it can be used as simple and low-cost mea-
surements instead of aerial laser surveying. In particular, we found that because 3D
data of levees can be obtained by walking on the levee crown or slope, the detailed
measurement of shapes such as sluice gates and foot protection were obtained at
the level of accuracy required to detect deformations. In river management, the
accuracy required for measuring river management facilities and permitted struc-
tures is±0.3 m. Therefore, the portable laser scanner is effective for measuring the
deformation of river structures.

SLAM is known to have the problem of accumulating position estimation errors with
walking, which was observed in this study; thus, it is necessary to further investigate this
error when measuring long distances. In addition, measurement using a drone requires
processes such as optimal trajectory analysis using GNSS and IMU data to calculate the
flight trajectory after measurement, which can problematize real-time measurements
and requires further investigation. In the future, we aim to identify solutions to the
problems that arise in the practical application of portable laser measurements and laser
drone surveys, including the development of high-density point cloud superposition
technology.
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Abstract. Pile supported and geosynthetics reinforced embankments are widely
used in construction in recent years, especially for highway and high-speed rail-
way as an effective method to improve the bearing capacity and to reduce the
settlement of the foundation. As an improvement, pervious piles can be used as
drainage elements in addition to vertical reinforcement as they can increase both
the rate of consolidation and the bearing capacity of soft foundations. The purpose
of this study is to investigate the behaviour of pervious pile-supported embank-
ment during the consolidation process. A series of finite element models were
established using the software PLAXIS to investigate the consolidation of soft
soil. It was observed that the variation of stress concentration from soil to the
pile is consistent with the consolidation of the foundation soil. In general, the rate
of consolidation affects the rate of stress concentration. Parametric study showed
that the larger the modulus ratio of the pile and the soil, the larger the stress act-
ing on the pile, and the absolute size of the pile has a greater influence on stress
distribution between soil and pile than the relative volume of pile and soil has.

Keywords: Pervious pile · Consolidation · Stress concentration

1 Introduction

A pile-supported embankment is an effective solution for construction over soft soils
that have a low bearing capacity. It has been widely used in many countries in recent
years (Low et al. 1994; Quigley and Naughton 2007; Jiang et al. 2008; Han et al. 2014;
Zhang et al. 2018; Huang et al. 2019). The construction of embankment over soft soil
poses many difficulties such as excessive settlement and low bearing capacity. There
are many different techniques for soil improvement but with the combination of piles
and geosynthetics for reinforcement, rapid construction of embankment over soft soils
can take place. As an improvement, pervious piles can be used as drainage elements
in addition to vertical reinforcement as they can increase both the rate of consolidation
and the bearing capacity of soft foundations (Suleiman et al. 2014; Zhang et al. 2016).
Pervious piles, with high stiffness and high permeability, can dissipate the excess pore-
pressure generated by the embankment load at a quicker rate, making them especially
suitable for reinforcing soils and accelerate consolidation for soil with low bearing
capacity and permeability.

In this study, a finite element model was established in PLAXIS 3D to investigate
pervious piled-supported embankments. Consolidation of the soil is especially important
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in this study as it plays a major role in the arching of the soil (Zhuang and Wang
2017), which enables the effective transfer of stress to the piles Different factors such
as pore pressure, degree of consolidation, and the soil arching of the embankment will
be analyzed for detailed investigation.

2 Modeling of the Unit Cell by PLAXIS 3D

The simulation of the pile-supported embankment is based on a unit cell consisting of a
square prism of soil with one-quarter of a pervious pile at each of its corners as shown in
Fig. 1. To verify the numerical model, a series of verification by comparing the results
obtained from the PLAXIS model and that from existing analytical solutions are made.
The consolidation of the foundation with pervious piles installed in a square pattern is
modeled like a foundation with vertical drained installed. The analytical solutions for
one-dimensional consolidation and radial consolidation with vertical drains were well
established by Terzaghi (1943) and Hansbo (1981), respectively. Zeng and Zie (1989)
also proposed an improved solution for vertical drains with an expression for the degree
of consolidation at a certain location in the soil. These solutions were used to verify
the numerical model, which was proved to be reliable, and therefore further parametric
studies can be done, but the details of the comparison will not be given here due to space
limitation.

Fig. 1. Unit cell model in PLAXIS 3D

3 Influence of the Permeability Ratio

The permeability ratio, defined as
kp
ks

where kp is the permeability of the pile and ks
is the permeability of the soil, is chosen to be an influencing parameter in the study.
Three values of the permeability ratio, 1, 10, and 50, were adopted for the analyses of
the model. For each case, the variations between the average degree of consolidation
and the pile-soil stress ratio versus time are shown in Fig. 2 for various permeability
ratios. The dashed lines represent the pile-soil stress ratio and the solid lines represent
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the average degree of consolidation. The pile-soil stress ratio is defined in Fig. 3 as the
ratio of stress in the pile to that at the center of the soil at the ground level (Zhang et al.
2016).

Fig. 2. Variation of the average degree of consolidation and the pile-soil stress ratio: (a) perme-
ability ratio = 1; (b) permeability ratio = 10; (c) permeability ratio = 50; (d) extraction of the
curves of pile-soil stress ratio.

Fig. 3. The pile-soil stress ratio
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It can be observed from Fig. 2(a) that, the curve representing the pile-soil stress ratio
increases rapidly in early days and reaches to the peak at about 150 days corresponding to
95%degree of consolidation and then the value of the stress ratio remains unchangeduntil
the consolidation process finishes. The other two curves also have a similar trend, except
the time for a 95% degree of consolidation because of the difference in permeability.
Additionally, the curves of the stress ratio and the degree of consolidation have similar
trends, thus, implying that the transformation of stress from the soil to the pile is mainly
due to the consolidation and settlement of the soil.

In addition, the ultimate stress concentration ratio when the consolidation process is
over can be observed in Fig. 2(d). Through comparing the ultimate stress concentration
ratio with different permeability ratios, it can be concluded that the rate of consolidation
will not affect the ultimate value of the stress concentration ratio. In Fig. 2(a) to (c),
the three curves have a different rate from 0 to nearly 100 days because of the different
permeability ratio, but they achieve the same value of the pile-soil stress ratio at the end,
implying the ultimate stress concentration efficiency being independent of the rate of
consolidation. In conclusion, the results show that the value of permeability gives rise to
the consolidation rate but does not affect the ultimate value of the stress concentration
ratio.

4 Influence of the Area Replacement Ratio

For group piles in a rectangular pattern of spacing, s, assuming each pile of diameter, d,
sharing the same influence zone of diameter, de, in the foundation, the area replacement
ratio, m, of the composite foundation can be calculated as (Table 1):

m = d2

d2
e

(1)

de = 1.13s (2)

Table 1. Parameters for area ratio of the model

Area replacement ratio m m = d2

d2e
Pile diameter (m) Pile spacing (m)

m = 0.32

(1.13×2.4)2
= 0.012 0.3 2.4

m = 0.62

(1.13×4.8)2
= 0.012 0.6 4.8

m = 0.62

(1.13×2.4)2
= 0.049 0.6 2.4

m = 1.22

(1.13×4.8)2
= 0.049 1.2 4.8
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The comparison of the vertical stress in the pile at depths from 1m to 9m when the
consolidation process is nearly over is shown in Fig. 4. As shown in Fig. 4(b), When the
area replacement ratio is larger (m2 = 0.049), the variation of the vertical stress in the
pile with the depth is smaller, and the difference between the models with different pile
diameters has also become smaller.

Fig. 4. Vertical stress vs. depth of the pile (a) area replacement ratio m1 = 0.012; (b) area
replacement ratio m2 = 0.049.

Fig. 5. Comparison of vertical stress distribution vs. the depth with different diameters of the
pile.
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Figure 5 shows the variation of vertical stress with depth of the pile for three different
pile diameters of 0.3 to 1.2 m. The foundation volume is kept constant by adopting
a constant pile spacing of 2.4 m and a constant thickness of the soil layer of 10 m.
With this configuration, the influence of the diameter of the pile as well as the area
replacement ration can be observed. In general, the vertical stress in the pile increases
with decreasing pile diameter, which implies higher stress concentration is caused by
lower area replacement ratio. Further, it can be seen from Fig. 5, the vertical stress in
the pile increases with the depth almost linearly in the first half of the pile, and the rate
decreases after passing a certain depth.

5 Influence of the Modulus Ratio

The Modulus Ratio, defined as
Ep
Es
, where Ep and Es are Young’s modulus of the pile

and the soil, respectively, is chosen as an influencing parameter, for which the values
adopted in this study are shown in Table 2.

Table 2. Young’s Modulus of the pile and the soil

Modulus ratio = Ep
Es

Modulus of the pile (MPa) Modulus of the soil (MPa)

20 100 5

100 500 5

200 1000 5

500 2500 5

1000 5000 5

2000 10000 5

2400 12000 5

500 500 1

500 12000 24

Figure 6 reveals that the pile-soil stress ratio increases with the time which implies
the formation of the soil arch during the consolidation process. For further comparison,
the ultimate value of the pile-soil stress ratio will be plotted against the different modulus
ratios in Fig. 7. It can be observed that when the modulus ratio exceeds a certain value
around 200, further increasing the modulus of the pile has almost no influence on the
load transferring from soil to the pile due to the large stiffness contrast between the pile
and the soil.
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Fig. 6. The variation of pile-soil stress ratio with time.

Fig. 7. Relationship of the ultimate pile-soil stress ratio and the modulus ratio.
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6 Conclusions

Numerical analyses were performed to investigate the behavior of pervious pile-
supported embankment during consolidation. It is observed that the evolution of stress
concentration from the soil to the pile is consistent with the consolidation process. When
the degree of consolidation reached 95%, the increase of the pile-soil stress ratio slows
down and approaches stability, which is consistent with the completion of consolidation.

Two groups of models with different area replacement ratios were established by
changing the diameter of the pile and the pile spacing accordingly. When the area
replacement ratio is smaller, the difference of the vertical stress in the pile is larger.
The vertical stress in the pile increases as the diameter of the pile decreases even if the
area replacement ratio is the same.

The parametric study on the modulus ratio indicates that the greater the modulus
ratio the larger the stress in the pile. When the modulus ratio reaches a certain value
around 200 times, further increasing the pile modulus has a small influence on the stress
distribution.

In general, the rate of consolidation affects the rate of stress concentration. The
absolute size of the pile has a greater influence on stress transferring from the soil to the
pile than the area replacement ratio and the pile spacing.
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Abstract. This paper proposes an alternative seismic assessment framework con-
sidering various modeling uncertainty parameters, and investigates their effects
on the seismic response and seismic fragility estimates of a case-study bridge.
Firstly, sensitivity analyses with the tornado diagram technique are performed to
determine the sensitivity of some typical bridge engineering demand parameters
(EDPs) to twenty-two modeling related uncertain parameters, and the results indi-
cate that the variability in ten identified critical parameters has significant effects
on the bridge EDPs. Subsequently, based on a series of nonlinear time history
analyses (NLTHAs) on the sample models generated by using Latin hypercube
sampling (LHS) method, comparative studies for the seismic responses of some
typical bridge members and the seismic fragility estimates both at bridge compo-
nent and system levels incorporating different levels of uncertainty are performed,
respectively. It is concluded that (1) the uncertainty of themodeling related param-
eters may lead to the difference in the trajectory of seismic response for a given
bridge member, whereas the variation of the peak value of such seismic response
may due to the joint actions of the uncertainty of ground motions and modeling
parameters; (2) the inclusion of only ground motion uncertainty is inadequate
and inappropriate, and the proper way is incorporating the uncertainty in those
identified significant modeling parameters and ground motions into the seismic
response and seismic fragility assessment of highway bridges.

Keywords: Bridges · Seismic fragility analysis ·Modeling uncertainty
parameters · Sensitivity analysis

1 Introduction

Various sources of uncertainty, such as structural geometric, material, and boundary
conditions related parameters may exist due to the structure-to-structure (STS) variation
in the seismic fragility assessment of highway bridges (Padgett and DesRoches 2007;
Mangalathu and Jeon 2018). Based on the work done by Kiureghian and Ditlevsen
(2009), all sources of uncertainty can be categorized into either aleatory uncertainty
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or epistemic uncertainty. The former mainly stems from the intrinsic randomness of
ground motions, material, static or dynamic forces, and geometric parameters, whereas
the latter may derive from the incomplete of statistic data, lack of human knowledge,
and several modeling assumptions. One may either ignore the critical uncertain param-
eters which could lead to the unreliable seismic fragility assessment; or conversely may
devote efforts unnecessarily to the computationally expensive simulations which have
minimal effects on the seismic response and seismic vulnerability estimates of highway
bridges (Padgett and DesRoches 2007). Thus, there is a need for a schematic sensitiv-
ity analysis to investigate the effects of the input uncertain parameters and identify the
critical parameters on the seismic response and seismic fragility estimates of highway
bridges.

Recently, significant research efforts have focused on the investigations of the sensi-
tivity of seismic response and seismic fragility of highway bridges to parameter uncer-
tainty. For example, Padgett and DesRoches (2007) evaluated the sensitivity of seismic
responses for some critical bridge components to the uncertainty in the modeling related
uncertain parameters, structural geometries, and ground motions by an analysis of vari-
ance (ANOVA) technique. Afterward, the sensitivity study was further extended by
Padgett et al. (2010) to evaluate the relative importance of 13 random variables on the
seismic reliability of critical structural components for steel bridges. Likewise, by taking
the steel-concrete composite (SCC) bridges with a dual load path as case-study bridges,
Tubaldi et al. (2012) investigated the sensitivity of seismic response and seismic fragility
assessment of SCC bridges to the uncertainty in groundmotions and 23modeling related
uncertain parameters. They suggested that it is significant to consider the influence of
the variability in modeling related uncertain parameters on the safety of SCC bridges.
Pang et al. (2014) studied the influence of different sources of uncertainty on the seismic
fragility estimates of a cable-stayed bridge, and they found that the seismic vulnerabil-
ity of the cable-stayed bridge considering the uncertainty in ground motions, structural
geometry, and material parameters is more severe than that considering only the uncer-
tainty in ground motions. Similarly, based on a multiparameter fragility model using
the Lasso regression technique, Mangalathu and Jeon (2018) found that ignoring the
uncertainty in the critical parameters identified from the sensitivity analysis may lead
to inaccurate estimates of seismic demand models and seismic fragilities. Therefore,
the above-mentioned studies highlight the importance of sensitivity study of the seis-
mic response and fragility estimates of highway bridges to the uncertainty in modeling
related uncertain parameters.

The objective of the present study is to (i) identify the critical modeling param-
eters that impose significant effects on the seismic demand models of the case-study
bridge through the sensitivity analysis; (ii) investigate the influence of different lev-
els of uncertainty on the seismic response and seismic fragility estimates of highway
bridges; and (iii) suggest an appropriate framework to treat the uncertainty of modeling
related uncertain parameters in the seismic response and vulnerability estimates of the
highway bridges. Therefore, the current study is organized into several sections. Fol-
lowing this introduction, Sect. 2 focuses on the introduction of the proposed seismic
fragility assessment framework considering various modeling related uncertain param-
eters. Then, Sect. 3 presents the basic information regarding the numerical modeling of
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the case-study bridge and summarizes the probabilistic models of 22 modeling related
uncertain parameters from three aspects. Subsequently, Sect. 4 performs the sensitivity
study of some typical bridge EDPs of the case-study bridge to these 22 modeling param-
eters and obtains 10 critical parameters through sensitivity analysis with the tornado
diagram technique. Next, Sect. 5 investigates the effects of different levels of uncer-
tainty impose on the seismic responses and seismic fragilities both at bridge component
and system levels of the case-study bridge. Finally, this study ends with a summary of
conclusions in Sect. 6.

2 Seismic Fragility Analysis Considering Various Modeling
Uncertainty Parameters

Seismic fragility can be generally defined as the conditional probability of the structural
seismic demand,D, exceeding the seismic capacity,C, under different intensity measure
(IM) levels. The seismic fragility function can be represented by the following lognormal
cumulative distribution function (Li et al. 2020).

P(D > C|IM ) = �
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where SD is the median structural seismic demand, Sci is the median structural seismic
capacity at ith (i equals 1, 2, 3 and 4) limit state (LS), βD|IM is the logarithmic standard
deviation of seismic demand, and βci is the logarithmic standard deviation of seismic
capacity at ith limit state, respectively. �{·} is the standard normal cumulative distribu-
tion function, a and b are the regression coefficients that can be obtained from the linear
regression analysis. To simplify the seismic fragility function, Eq. (1) can be further
expressed as

Pf (LSi|IM ) = �

[
ln(IM ) − ln(λ)

ξ

]

(2)

where λ represents the median IM and ξ is the logarithmic standard deviation of the seis-
mic fragility function. Generally, λ and ξ can be used as the seismic fragility parameters
to evaluate the seismic fragility of highway bridges, which can be represented as

λ = e[ln(Sci)−a]/b

ξ =
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β2
D|IM + β2

ci

/

b
(3)

To incorporate various modeling related uncertain parameters within the seismic
fragility assessment framework of highway bridges, βD|IM can be expressed as

βD|IM =
√

β2
RTR + β2

Model (4)

where βD|IM can be determined by the probabilistic seismic demand analysis (PSDA);
βRTR and βModel represent the deviations due to the uncertainty in ground motions
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and modeling related uncertain parameters, respectively. Thus, the logarithmic standard
deviation of the seismic fragility function can be computed as

ξ =
√

β2
RTR + β2

Model + β2
ci

/

b (5)

Fig. 1. Seismic fragility assessment framework considering various modeling uncertain parame-
ters.

According to the theory of parameter sensitivity analysis with the tornado dia-
gram technique and seismic fragility modeling, Fig. 1 illustrates the proposed seismic
fragility assessment framework considering different modeling uncertainty parameters.
As shown in Fig. 1, in part (A), three aspects of modeling related uncertain parameters,
such as structural geometric, material, and boundary conditions related parameters, are
first determined and then utilized to yield the strip analysis through the median-valued
OpenSEES model. Based on the strip analysis, some specific tornado diagrams based
sensitivity analyses of some typical EDPs to the modeling uncertainty parameters are
performed, and the critical modeling parameters can be determined. Subsequently, in
part (B), based on the site condition of the case-study bridge, a series of ground motions
and the appropriate IM can be determined. Then, to incorporate the record-to-record
(RTR) variability in ground motions, the sample bridge structures are randomly paired
with the selected seismic records that used for the seismic fragility analysis by using the
Latin hypercube sampling (LHS) method, and a series of “bridge-ground motions” sam-
ples are generated. Following this, based on the relevant probabilistic seismic demand
and capacity analysis from the finite element (FE) model of the case-study bridge built
in the OpenSEES, the seismic fragility curves are developed and utilized for deriving
the practical estimates of seismic vulnerability of highway bridges.
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3 Bridge Characteristics and the Modeling Related Uncertain
Parameters

3.1 Case-Study Bridge and FE Modeling

The case-study bridge shown in Fig. 2 is a representative multi-span reinforced concrete
continuous girder (MSRCCG) bridge, which consists of five spans, 30 m each, and
a 16 m wide deck supported by four RC circular piers and two RC abutments. The
superstructure consists of a 1.8 m high box girder and a cap beam. The height of each
pier is 10 m. According to the guidelines for seismic design of Chinese highway bridges
(JTG/TB02-01 2008), each pier is reinforced by longitudinal bars and transverse spiral
hoops at a reinforcing ratio of 1.08% and 0.58%, respectively. The bridge utilizes the
plate-type elastomeric bearing (PTEB) and the lead rubber bearing (LRB) to transfer
the forces from the superstructure to substructure through the piers and abutments. The
foundation system of each pier consists of nine RC piles with a diameter of 1.5 m and a
length of 30 m, and the soil condition belongs to the medium-hard soil profiles.

A general overview of the simulations of some critical bridge components in the
OpenSEES database (Opensees Manual 2009) is provided herein. For instance, the
composite action of the deck and cap beam is simulated by using the linear elastic
beam-column elements since their damages are not expected in the bridge superstruc-
ture during the seismic shaking events (JTG/TB02-01 2008). Bridge piers are modeled
using nonlinear beam-column elements with fiber defined cross-sections considering the
axial force-moment interaction andmaterial nonlinearities. The stress-strain relationship
of the confined and unconfined concrete in RC columns are simulated with Concrete
04 material, whereas the longitudinal steel bars, as well as the transverse spiral hoops,
are simulated using the Steel 02 material, both of which are available material models
in the OpenSEES database (Opensees Manual 2009). Linear translational and rotational
springs are utilized to simulate the pile foundations under the piers to capture the trans-
lation and rotation behavior of the foundation system. The stiffness of these springs is
determined by the “m” method according to the guidelines for the seismic design of
Chinese highway bridges (JTG/TB02-01 2008). Moreover, the PTEB and LRB bearings
are simulated by using the elastomeric bearing (plasticity) element, and the behavior
of abutments is considered by incorporating the contribution of back-fill soil and piles,
which can be modeled by using the hyperbolic material and the hysteretic material in the
OpenSEES database (OpenseesManual 2009), respectively. Furthermore, the transverse
concrete stoppers are simulated by the hysteretic material and elastic-perfectly plastic
gap elements. The pounding effect between the deck and abutments can be simulated
using the contact element (i.e., nonlinear translational springs) considering the effects of
hysteretic energy loss, which can be simulated by the impact materials in the OpenSEES
database (Opensees Manual 2009). Thus, the three-dimensional nonlinear dynamic FE
model of the case-study bridge and the force-deformation backbone curves of all critical
bridge components are presented in Fig. 2.
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Fig. 2. Nonlinear dynamic FE model of the case-study offshore bridge.

3.2 Modeling Related Uncertain Parameters

Themodeling related uncertain parameters considered in this paper mainly include three
different aspects, such as (i) structurally related uncertainty (SU) parameters, (ii)material
related uncertainty (MU) parameters, and (iii) boundary conditions related uncertainty
(BU) parameters. Firstly, SU parametersmainly affect the global dynamic characteristics
of the bridge structures. From the perspective of structural dynamics, these uncertain-
ties associated with mass, stiffness, and damping can be attributed to this category, but
this paper mainly considers the uncertainty parameters that are related to the geometric
dimensions of bridge components and damping ratio. Similarly, MU parameters mainly
affect the nonlinear response of bridge columns under the earthquake actions. Due to
the superstructure and the cap beam are simulated by the elastic beam-column element,
this paper mainly considers the material related uncertain parameters of RC columns. In
addition, the case-study bridge considers the complicated nonlinear mechanical proper-
ties of bearings (i.e., LRB and PTEB), abutments, and pounding between the girder and
the abutments. These nonlinear features are of great importance to the seismic analysis
of bridge structures. Therefore, it is necessary to consider the BU parameters. To inves-
tigate and quantify the significance of different modeling related uncertain parameters,
Table 1 summarizes the associated probability distributions of various modeling related
uncertain parameters based on some previous studies.
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Table 1. Statistical information on the modeling related uncertainty parameters

Uncertainty
parameters

Description Distribution Parameter 1 Parameter 2 Reference

λw Concrete
weight
coefficient

Normal 1.04 10% Wu et al.
(2018), Ma
et al. (2019)

D (m) Pier diameter Normal 1.4 5% Padgett et al.
(2008), Ma
et al. (2019)

c (m) Concrete
cover
thickness

Normal 0.05 5% Padgett et al.
(2008), Ma
et al. (2019)

φ (m) Longitudinal
reinforcement
diameter

Normal 28 5% Padgett et al.
(2008), Ma
et al. (2019)

ξ Damping ratio Normal 0.05 30% Nielson (2005),
Ma et al. (2019)

Ec (MPa) Young’s
modulus of
concrete

Lognormal 3 × 104 14% Wu et al. (2018)

fc,cover (MPa) The peak
strength of
cover concrete

Lognormal 27.58 20% Barbato et al.
(2010)

εc,cover Peak strain of
cover concrete

Lognormal 0.002 20% Barbato et al.
(2010)

εcu,cover The ultimate
strain of cover
concrete

Lognormal 0.006 20% Barbato et al.
(2010)

fc,core (MPa) The peak
strength of
core concrete

Lognormal 34.47 20% Barbato et al.
(2010)

εc,core Peak strain of
core concrete

Lognormal 0.005 20% Barbato et al.
(2010)

εcu,core The ultimate
strain of core
concrete

Lognormal 0.02 20% Barbato et al.
(2010)

Es (MPa) Young’s
modulus of
steel rebar

Lognormal 2 × 105 5% Barbato et al.
(2010), Pang
et al. (2014)

(continued)
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Table 1. (continued)

Uncertainty
parameters

Description Distribution Parameter 1 Parameter 2 Reference

fy (MPa) Yield strength
of steel rebar

Lognormal 335 10% Pang et al.
(2014)

γ Post-yield to
initial
stiffness ratio

Lognormal 0.02 20% Barbato et al.
(2010)

μPTEB The friction
coefficient of
PTEB

Uniform 0.15 0.25 Wu et al. (2018)

GPTEB (MPa) Shear
modulus of
PTEB

Normal 1180 14% Wu et al. (2018)

KP_LRB (kN/m) Post-yield
stiffness of
LRB

Normal 1500 14% Wu et al. (2018)

Pult (kN) Abutment
ultimate
capacity

Uniform 0.5P 1.5P Nielson (2005),
Wu et al. (2018)

KPassive (kN/m) Abutment
passive
stiffness

Uniform 0.5Kp 1.5Kp Nielson (2005),
Wu et al. (2018)

KActive (kN/m) Abutment
active
stiffness

Uniform 0.5KA 1.5KA Nielson (2005),
Wu et al. (2018)

Keff (kN/m) Pounding
effective
stiffness

Lognormal 1.94 × 106 14% Wu et al. (2018)

Note: parameter 1 and parameter 2 represents the mean and coefficient of variation (COV) for
the normal and lognormal distributions; lower bound and upper bound for uniform distribution,
respectively; P, KP , and KA represent the design value of the abutment ultimate capacity, the
abutment passive and active stiffness, and P = 10853 kN, Kp = 3.04 × 105 kN/m, KA = 1.86 ×
104 kN/m

4 Sensitivity Analysis of Seismic Response to the Modeling
Uncertainty Parameters

4.1 Ground Motions Used for the Sensitivity Analysis

According to the guidelines for the seismic design of Chinese highway bridges
(JTG/TB02-01 2008), the case-study bridge requires two probabilistic seismic design
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levels of E1 and E2. In which, E1 and E2 seismic design levels need the frequent earth-
quake evaluation and the rare earthquake evaluation. E1 level of seismic design corre-
sponds to the earthquakewith a return period of 475 years, while the E2 level corresponds
to the earthquake with a return period of 2500 years. For the ground motions used for
the sensitivity analysis in this section, this paper selects 22 pairs of far-field strong
earthquake records recommended by the US Federal Emergency Management Agency
FEMA-P695ResearchReport (FEMA2009) as the input groundmotions. These far-field
ground motions were originated from the measured records of 14 major earthquakes that
took place between 1971 and 1999. The detailed information for these ground motions
can be found in the report (FEMA 2009). According to the given requirements in this
report, the original ground motions should be first normalized based on the peak ground
velocity (PGV) before using these original records. This is because such a standardized
process is significant to reduce the effects of uncertainty in ground motions derived from
the magnitude, the epicenter distance, and the site categories. Meanwhile, this normal-
ized procedure can still keep the inherent uncertainty of the selected seismic records.
Figure 3 displays the scaling of the selected ground motions under the probabilistic seis-
mic design levels of E1 and E2 in the guidelines for seismic design of Chinese highway
bridges (JTG/TB02-01 2008).
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Fig. 3. Response spectra of ground motions for sensitivity analysis: (a) E1 level and (b) E2 level.

As shown in Fig. 3, corresponding to the case-study bridge fundamental period of T1
= 1.33 s, the spectral acceleration (SA) of the selected 22 pairs of ground motions after
scaling is matching well with the standard spectral acceleration. It should be mentioned
herein that the recommended seismic records in FEMA report (FEMA 2009) are derived
from the strong earthquake database of the Pacific Earthquake Engineering Research
Centre Ground Motion Database (PEER Ground Motion Database 2015) and each pair
of seismic record contains both FP (Fault Parallel) and FN (Fault Normal) directions.
Furthermore, due to the differences in spectral characteristics for each pair of seismic
record, the corresponding PGA, PGV, and SA are inconsistent and varied. Thus, each
pair of the seismic record should be considered as two independent ground motions, and
a total of 44 ground motions are utilized for the following sensitivity analysis.
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4.2 Sensitivity Analysis of Seismic Response to Different Modeling Uncertainty
Parameters

It is necessary to investigate the effects of various uncertain parameters on some typical
EDPs (as presented in Table 2) of the case-study bridge, and based on a series of previous
studies (Porter et al 2002; Celik andEllingwood 2010; Zhong et al. 2018;Wu et al. 2018),
sensitivity analyses of seismic responses for different bridge components to themodeling
related uncertain parameters are performed herein using the tornado diagram technique.

Table 2. Bridge engineering demand parameters (EDPs)

ID Seismic demand parameters Variable Unit Note

1 The curvature of the column ΦL m–2 Longitudinal

2 The relative displacement of LRB δLRB_L cm Longitudinal

3 The relative displacement of PTEB δPTEB_L cm Longitudinal

4 Abutment deformation ΔAbut_active cm Active

5 Abutment deformation ΔAbut_passive cm Passive

According to the work done by Celik and Ellingwood (2010), Zhong et al. (2018),
andWu et al. (2018), sensitivity analysis with the tornado diagram technique can be per-
formed as following. Firstly, all of the considered modeling related uncertain parameters
listed in Table 1 are set equal to their respective median values, and then 44 nonlinear
time history analyses (NLTHAs) are conducted to develop the median-valued model
for the critical EDPs listed in Table 2. Then, this procedure is carried out repeatedly
for each of the 22 modeling related uncertain parameters, in turn, varying only one at
a time and setting each parameter to its lower bound (5th percentile) and upper bound
(95th percentile) while holding the remaining parameters at their median values. Fur-
thermore, after a series of NLTHAs are performed, the variation in median values of the
seismic responses with each modeling uncertain parameter can be displayed through a
tornado diagram (Porter et al 2002; Celik and Ellingwood 2010; Zhong et al 2018). For
example, Figs. 4, 5, 6, 7 and 8 illustrate the tornado diagrams for the seismic responses,
ΦL , δLRB_L, δPTEB_L, ΔAbut_active, and ΔAbut_passive, under E1 and E2 designed levels of
ground motions. However, it should be noted that the NLTHAs may fail to converge for
some ground motions when they are scaled to a higher seismic hazard event (i.e., E2
design level). For such cases, the maximum likelihood function can be used to estimate
the parameters of the lognormal probability distribution (Celik and Ellingwood 2010).
This paper presents only a brief introduction of the sensitivity analysis using the tor-
nado diagram technique, interested readers can refer to more relevant works (Celik and
Ellingwood 2010; Zhong et al. 2018).
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Fig. 4. Tornado diagrams for pier curvature (ΦL) under different levels of ground motions.

Fig. 5. Tornado diagrams for the displacement of LRB (δLRB_L) under different levels of ground
motions.
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Fig. 6. Tornado diagrams for the displacement of PTEB (δPTEB_L) under different levels of
ground motions.

Fig. 7. Tornado diagrams for the displacement of abutment-active (ΔAbut_active) under different
levels of ground motions.
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Fig. 8. Tornadodiagrams for the displacement of abutment-passive (ΔAbut_passive) under different
levels of ground motions.

Table 3. Critical modeling uncertain parameters obtained from the sensitivity analysis

ID Uncertain parameters Description

1 λ w Concrete weight coefficient

2 D (m) Pier diameter

3 ϕ (mm) Longitudinal reinforcement
diameter

4 ξ Damping ratio

5 f c, cover The peak stress of cover
concrete

6 μPTEB The friction coefficient of
PTEB

7 GPTEB (MPa) Shear modulus of PTEB

8 KP_LRB (kN/m) Post-yield stiffness of LRB

9 Kpassive (kN/m) Abutment passive stiffness

10 Kactive (kN/m) Abutment active stiffness
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As seen from Fig. 4 to Fig. 8, for a specific tornado diagram, the length of the
histogram in a tornado diagram identifies the influential effect of the modeling related
uncertain parameter, and the longer the histogram is the more significant of the modeling
uncertain parameter is (Celik and Ellingwood 2010). It can be observed from Fig. 4 to
Fig. 8 that the effects of different modeling related uncertain parameters impose on
the seismic responses of different bridge components are significantly varied. Thus,
it is necessary to consider the influence of various modeling uncertainty parameters.
Sensitivity analysis through the tornado diagram technique provides new insight into
the identification of the critical modeling parameters. By counting the total number
of times each modeling parameter has been ranked in the top ten, we can obtain the
corresponding critical parameters as summarized in Table 3, while the rest of the random
parameters have much smaller or no discernible effects on the seismic responses of the
given bridge components. Therefore, these 10 identified critical parameters are suggested
to be regarded as random variables, while the uncertainty in the other 12 remaining
parameters can be neglected without resulting in a significant loss of accuracy. Thus,
these 12 remaining parameters can be set to their median values (deterministic) in the
FE models used for the following seismic fragility analysis of the case-study bridge.

5 Effects of Modeling Uncertainty Parameters on the Seismic
Response and Fragility Estimates of the Case-Study Bridge

5.1 Effects of Modeling Related Uncertain Parameters on the Seismic Responses

To qualitatively investigate the influence of various modeling uncertainty parameters
on the nonlinear seismic responses of the case-study bridge, Fig. 9 performs a com-
parative study of seismic hysteretic responses for different bridge components obtained
by using the NLTHAs under two different ground motions (i.e., Northridge and Kobe).
The acceleration time histories of these two seismic records are displayed in Fig. 10.
As shown in Fig. 9, the given nonlinear seismic hysteretic curves with two levels of
uncertainty are developed under two different ground motions. In which, uncertainty
case 1 and case 2 can be termed as “RTR only” and “RTR+All”, respectively. Case 1
(“RTR only”) incorporates only the uncertainty in the ground motions and set all of the
modeling related uncertain parameters listed in Table 1 equal to their median values,
while case 2 (“RTR+All”) considers both the uncertainty of ground motions and all of
the modeling parameters listed in Table 1. Since all of the modeling related uncertain
parameters in case of “RTR only” equal to their respective median values (determinis-
tic), this case herein can be defined as the “Deterministic model”, which only considers
the uncertainty in ground motions. However, since all of the modeling related uncertain
parameters in case of “RTR+All” are treated as random variables, this case is defined
as the “Stochastic model”, which considers both the uncertainty in ground motions and
the modeling related uncertain parameters.

As seen from Fig. 9(a1), (b1), (c1) and (d1), for the “Deterministic model”, due to the
uncertainty of seismic records, the peak value of nonlinear seismic hysteretic response
for each component of the case-study bridge is different, while the trajectory of seismic
hysteretic response for each bridge component is almost the same under the action of
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Fig. 9. Seismic responses for different components of the pristine case-study bridge under two
different ground motions: (a) pier, (b) LRB, (c) PTEB, and (d) abutment.
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Fig. 10. Acceleration time history curve for (a) ground motion #1: Northridge and (b) ground
motion #2: Kobe seismic record.

Northridge and Kobe seismic records. However, from Fig. 9(a2), (b2), (c2) and (d2),
as for the “Stochastic model”, under the impact caused by the uncertainty both of the
ground motions and all of the modeling related uncertain parameters, not only the peak
value but also the trajectory of seismic hysteretic response for each bridge member may
vary with the input ground motions. These findings indicate that the difference of the
trajectory of seismic hysteretic response for a specific bridge component may due to the
uncertainty of modeling parameters, whereas the variation of the peak seismic response
could be caused by the joint actions of the uncertainty of ground motions and modeling
related uncertain parameters.

Fig. 11. Response spectra of the selected ground motions used for the seismic fragility analysis
of the case-study bridge.

5.2 Ground Motions and Limit States

The selection of ground motions is critical to provide a good prediction of seismic
response for highway bridges. According to the site condition of the case-study bridge,
this paper selects 50 pairs of seismic records from the PEER Centre Ground Motion
Database (PEER Ground Motion Database 2015) as the input ground motions used for
the following seismic fragility analysis. Figure 11(a) shows the response spectra of the
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selected ground motions. It is observed that the mean value of the acceleration spectra
of the selected seismic records is well matching with the design spectra for the case
study bridge (JTG/TB02-01 2008). For the regular RC girder bridges that are similar
to the case-study bridge, the seismic response is mainly dominated by the first mode of
dynamic analysis. As a consequence, the 5% damped first-mode spectral acceleration
(SA) is employed as the intensity measure for the seismic fragility analysis in this study
(Li et al. 2020). Figure 11(b) shows the distribution of SA values for the selected ground
motions. Thus, it can be observed that the selected seismic records cover a relatively
broad range of SA values. For the selected seismic records, their moment magnitudes
vary from 6.5 to 7.5 and their hypo-central distances range from 15 and 100 km. This
shows that the selected ground motions can represent both small and large earthquakes
with different epicentral distances.

Table 4. Damage indexes of different bridge components under different limit states.

Components SL MO EX CO

Sc βc Sc βc Sc βc Sc βc

μφ 1.0 0.127 2.21 0.246 5.40 0.472 11.12 0.383

μz 1.0 0.246 1.5 0.246 2.0 0.472 2.5 0.472

γa 100% 0.246 150% 0.246 200% 0.472 525% 0.472

δactive (mm) 13 0.246 26 0.246 78 0.472 150 0.472

δpassive (mm) 5.5 0.246 11 0.246 35 0.472 100 0.472

Within the performance-based earthquake engineering (PBEE) framework, the most
widely accepted limit state definitions are proposed by HAZUS (1999), which defines
four limit states, such as slight (SL), moderate (MO), extensive (EX) and complete (CO)
limit states. According to several previous studies (Nielson 2005; Pan et al. 2007), the
ductility factor can be utilized as the damage index of concrete components, whereas
for other bridge components, such as abutments and bearings can be indicated by the
relative displacement or shear strain. This study considers the damage of RC pier, LRB,
PTEB, and abutment. Hence, based on the studies of Nielson (2005), the defined damage
indexes under different limit states for different bridge components are summarized in
Table 4, where μΦ is the curvature ductility at the base section of the columns, μz is
the displacement ductility of PTEB, γ a is the allowable shear strain of LRB, δactive and
δpassive is the active and passive displacement of the abutment, respectively.

5.3 Effects of Modeling Related Uncertain Parameters on the Seismic Fragilities

According to the proposed seismic fragility analysis framework in Sect. 2, the seismic
fragility curves of different bridge components can be developed as shown in Fig. 12.
As seen from Fig. 12, LRB is the most fragile component at the former three limit states,
and the failure probability of LRB is much higher than that of PTEB. This may because
the lateral stiffness of piers is less than that of the abutment, so the relative displacement
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of LRB under the earthquake excitation is much less than that of PTEB. However, in
Fig. 12(d), the failure probability of LRB at CO damage state is less than that of PTEB,
which may result from the damage of LRB at this condition is not be determined by the
damage of the bearing itself but the girder falling during the seismic shaking events. In
addition, it should be noted that the fragility curves of the abutment passive direction
at the latter two damage states are relatively flat, which may be a consequence of the
complicated pounding effects imposed by the deck and abutments.

Generally, both the seismic fragility curves and fragility parameters (λ and ξ in
Eq. (3)) can be utilized to assess the seismic vulnerabilities of highway bridges. Thus, to
investigate the effects of incorporating different levels of uncertainty in modeling related
uncertain parameters on the seismic fragility estimates of the case-study bridge, three
cases of uncertainty treatment are taken into consideration. Apart from two uncertainty
level cases (“RTR only” and “RTR+All”) that have mentioned in Sect. 5.1, a third case
termed as “RTR+Critical” is also considered herein. To be specific, “RTR+Critical”
incorporates the uncertainty in ground motions along with the uncertainty of these 10
critical parameters (Table 3) identified from the sensitivity analysis, while the other 12
remaining parameters in Table 1 equal to their respective median values. To examine
the influence of including different levels of uncertainty in modeling related uncertainty
parameters on component seismic fragilities, and due to the failure probabilities for
bridge components under EX and CO damage state are relatively small (as seen from
Fig. 12), Fig. 13 only compares themedianSA (corresponding to 50%failure probability)
under SL and MO damage states.

Fig. 12. Bridge component seismic fragility curves: (a) SL, (b) MO, (c) EX, and (d) CO damage
state.
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Fig. 13. Median SA of different bridge members with different levels of uncertainty: (a) SL (b)
MO damage state.

As observed from Fig. 13, compared to the median SA considering only the uncer-
tainty in the ground motions (case “RTR only”), there is a relatively significant differ-
ence from those considering additional uncertainty of critical or all modeling related
uncertain parameters, and the difference tends to increase with the severity of limit
states. However, the difference between the set of fragility parameters (median SA)
incorporating the uncertainty in ground motions as well as the critical parameters (case
“RTR+Critical”) and those with the additional uncertainty in the remaining 12 parame-
ters (case “RTR+All”) are very little. This indicates that the bridge component seismic
fragilities are sensitive to these 10 critical parameters identified in the preceding sensitive
analysis but much less sensitive to the remaining 12 modeling parameters. In addition,
the influence of uncertainty levels on the seismic fragility of different bridge components
is varied. For example, the impact due to different cases of uncertainty treatment on the
seismic fragility of the pier is relatively minor to those on other bridge components, such
as LRB, PTEB, and abutment.

Similarly, to investigate the effect of different cases of uncertainty treatment impose
on the logarithmic standard deviation ξ in the seismic fragility function, Table 5 shows
the uncertainty in the corresponding logarithmic standard deviations of different bridge
components. As seen from Table 5, both the deviations result from the uncertainty in
ground motions (βRTR) and modeling related parameters (βModel) are varied with the
bridge EDPs. From an overall perspective, βModel are less than βRTR for all bridge
components, and the range for βModel and βRTR of the case-study bridge is 0.251 to
0.456 and 0.310 to 0.671, respectively. Moreover, the fragility parameters (ξ ) for all
bridge components tend to increase with the severity of limit states, and ξ for both the
active and passive direction of abutment are relatively larger than that for other bridge
members. This may result from the complicated and nonlinear pounding or impact that
occurs between the deck and abutments. However, to investigate the effects imposed
by the uncertainty in ground motions and modeling related uncertain parameters on the
deviations of different bridge components, Fig. 14 compares the contributions of βRTR,
βModel_All parameters, and βModel_Critical parameters on different bridge EDPs. From Eq. (4)
in Sect. 2, we can calculate βModel by the following equation as

βModel =
√

β2
D|IM − β2

RTR (6)
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Table 5. Uncertainty in logarithmic standard deviations for different bridge components.

Component βRTR βModel βD|IM βci ξ

Pier 0.310 0.251 0.399 0.127 0.402

0.274 0.463

0.321 0.488

0.383 0.529

LRB 0.247 0.198 0.317 0.246* 0.473

0.472** 0.675

PTEB 0.284 0.224 0.362 0.246* 0.522

0.472** 0.714

Abut_active 0.389 0.339 0.516 0.246* 0.725

0.472** 0.856

Abut_passive 0.671 0.456 0.811 0.246* 0.753

0.472** 0.828

Note: where βD|IM =
√

β2
RTR + β2

Model , ξ =
√

β2
D|IM + β2

ci

/
b; “*” represents the deviations for SL

and MO damage states, and “**” denotes the deviations
EX and CO damage states

where βD|IM can be obtained by PSDA and when βD|IM equals to βRTR, βModel equals 0.
This corresponds to the case of uncertainty treatment (“RTR only”) when all the model-
ing related uncertain parameters are set to their median values. βModel_All parameters and
βModel_Critical parameters can be determined through Eq. (6) by considering the uncertainty
in all of the modeling parameters or only the critical modeling related parameters. As
shown in Fig. 14, for all bridge members, compared to the influence of βRTR on different
bridge EDPs, there is a relatively significant difference from those of βModel. How-
ever, the differences between βModel_All parameters and βModel_Critical parameters are very
little. This indicates that the deviations are sensitive to these 10 significant modeling
parameters but much less sensitive to the remaining 12 parameters.

Likewise, to investigate the effect of modeling uncertainty parameters on the bridge
system-level seismic fragility, Fig. 15 compares the seismic fragility curves and the
median SA plots with three different levels of uncertainty. As observed from Fig. 15,
similar results about the influence generated by different levels of uncertainty in mod-
eling related uncertain parameters on the system-level seismic fragility can be found
similar to that on the bridge component-level seismic vulnerability. Therefore, based on
the above analysis, the results suggest that the inclusion of only the uncertainty derived
from the ground motions (case “RTR only”) may not sufficient to evaluate the seismic
fragility of highway bridges, and it is necessary to take into consideration the uncer-
tainty contributions of different modeling related uncertain parameters. The results also
indicate that we can reduce the number of NLTHA simulations for PSDA and thereby
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Fig. 14. The logarithmic standard deviation of bridge components with a different source of
uncertainty.

Fig. 15. System seismic fragility curve and fragility parameter with different levels of uncertainty.

save time as well as the computational efforts by considering only the critical model-
ing related parameters identified through the sensitivity analysis in the future seismic
fragility assessment of highway bridges. Such a method in identification of significant
modeling parameters by sensitivity analysis with the tornado diagram technique helps
bridge owners and engineers to identify the critical variables to pay attention to the
design and corresponding seismic performance evaluation of highway bridges.

6 Conclusion

This paper proposes a schematic seismic fragility assessment framework for highway
bridges considering variousmodeling related uncertain parameters.A total of twenty-two
random variables are probabilistically characterized to represent the modeling related
uncertain parameters from three different aspects.Avariety of bridgeEDPs are employed
asmeasures to investigate the sensitivity of the seismic responses of the case-study bridge
to these modeling uncertainty parameters. Then, ten critical modeling parameters are
identified through the sensitivity analysis with the tornado diagram technique, and these
critical parameters are suggested to be treated as random variables, while the remaining
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12 parameters can be selected as deterministic by set equal to their respective median
values. In addition, the findings of the sensitivity analysis are extended to investigate
the influence of incorporating different levels of uncertainty on the seismic response
and seismic fragility estimates both at bridge component and system levels. Finally, the
following conclusions can be summarized as.

(1) The difference of the trajectory of seismic hysteretic response for a specific bridge
component may vary due to the uncertainty of modeling related uncertain parame-
ters, whereas the variation of the peak seismic response may vary due to the joint
contributions of the groundmotion uncertainty andmodeling parameters variability.

(2) It is essential to consider the variability of the identified significantmodeling param-
eters from the sensitivity analysis because the uncertainty in these critical parame-
ters has considerable effects on the seismic demand models, seismic response, and
seismic fragility estimates of highway bridges.

(3) Thedifferences of the developedbridge component and system-level seismic fragili-
ties between the case of “RTR+Critical” and “RTR+All” are negligible. Thus, sen-
sitivity analysis with the tornado diagram technique is a good candidate method to
identify the critical modeling parameters, and it helps reduce the number of nonlin-
ear simulations and minimizing the computational efforts in the seismic response
and fragility estimates of highway bridges.
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Abstract. The effects of the vertical earthquake on buildings have typically been
less of a concern than the horizontal effects. This is primarily due to the mis-
conception that both the amplitude of the vertical component is smaller than the
horizontal component and that the building is stiffer in the vertical direction than
in the horizontal direction. The seismic building codes have given less attention
to the vertical seismic effect in buildings. In many articles, that have examined
the seismic behavior of structures due to horizontal earthquakes without consid-
ering soil-structure interaction, the effects of the vertical response of a building
to the earthquake are based on the recommendations of codes as a combination
of the percentage of dead load and horizontal seismic load or the vertical seis-
mic effect is permitted to be taken as zero for some conditions. Seismic accurate
analysis of structures due to the complex dynamic behavior of the soil and SSI,
involves consideration of the simultaneous modeling and dynamic analysis of soil
and structure. The present study investigated the effects of SSI on the vertical
acceleration components of earthquakes by taking time history analysis for three
records using ABAQUS software. To achieve this, vertical acceleration induced
by horizontal earthquakes record for a 13-storey building with four underground
ones, were examined by comparing the results of the time history analysis with
or without considering soil. The results show that the effect of SSI on the vertical
acceleration component of earthquakes of the building was generally significant.

Keywords: Vertical component of earthquakes · Soil-structure interaction ·
Time history analysis

1 Introduction

Soil-structure interactions have been the main issue in designing heavy and hard struc-
tures with deep foundations such as the offshore platforms, high-rise buildings, and

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
M.-C. Weng et al. (Eds.): GeoChina 2021, SUCI, pp. 54–61, 2021.
https://doi.org/10.1007/978-3-030-79798-0_5

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-79798-0_5&domain=pdf
http://orcid.org/0000-0003-1654-0194
https://doi.org/10.1007/978-3-030-79798-0_5


Considerations of Vertical Acceleration Induced by Horizontal Earthquake Record 55

nuclear power plants. However, it is usually assumed in the dynamic analysis of struc-
tures that there is a bedrock under the foundation; hence, soil-structure interaction effects
are ignored. In this case, the structural response is affected only by the dynamic properties
of the structure so that soil flexibilitywill have not any impact on the structure’s response.
However, previous evidence and experiences indicate that the structural response is influ-
enced by the dynamic properties of the soil, foundation, and structure,which is in contrast
with the assumption of bedrock under the foundation (Venanzi et al. 2014). Soil-structure
interaction plays a vital role in the dynamic behavior of them under the external forces
or seismic waves. The nature and rate of this mutual effect not only depends on the soil
rigidity but also on the stiffness and mass of the structure (Ucak and Tsopelas 2008).
Vibrations affecting the structures depend on various parameters such as effects of earth-
quake focus, waves’ travel path, site, and soil-structure interaction (Stewart et al. 1998).
Therefore, it is essential to take into account the soil-structure interaction in order to find
the real response and predict the behavior of structure (Venanzi et al. 2014).

It is assumed that is enough to consider the impact of the horizontal component of
earthquakes in seismic analysis of structures but it has been proved in reports associated
with destructive earthquakes and studies related to the near-field earthquakes that the
vertical component is as important as the horizontal one (Papazoglou andElnashai 1996).
Researchers carried out a study on the altering spectrum vertical to horizontal acceler-
ation ratio and found that this ratio in long periods is smaller than short corresponding
values (Bozorgnia and Niazi 1993). Another research studied the properties of vertical
motion response spectrum recorded during the Northridge Earthquake, concluded that
spectrum vertical to horizontal response ratio depends on the intensity, time, and site
distance from the seismic source. They also found that the ratio of vertical acceleration
to horizontal acceleration (that is now taken into account in seismic codes) is minor for
structures with short natural period and is conservative for structures with long period
(Bozorgnia and Campbell 2004).

Most of the analytical studies on seismic evaluation of urban structures are done
based on fixed-base under the horizontal seismic force to examine the effect of a vertical
earthquake of the structural response considering a percent of dead and live loads. Few
studies have assessed the site response effect on the vertical component of earthquakes
in a three-dimensional platform. This study aims to examine the vertical acceleration
imposed on the urban structures under a horizontal earthquake considering soil-structure
interaction using urbanely constructed complex geometry. To this end, time history
comparative analysis of 3D structures was done within two models of fixed-base and
soil-structure interaction (SSI).

2 The Studied Model

In the current research, the studied model was analyzed based on a real model of a 13-
story structure in which 4 stories are located under the ground. This building is located in
Iran, Mashhad city. The structural system of this model consisted of a steel joint frame
and a concrete shear wall constructed to tolerate the seismic forces. Figure 1 depicts
the placement of shear walls and columns in the plan. The European IPE standard and
box sections were used for beams and columns, respectively in constructing the steel
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joint frame. Rayleigh’s damping method was used for structure damping based on the
5% value (Council 1997). ETABS software was employed to model the plant using
fixed-base (Fig. 2).

Fig. 1. Placement plan of shear walls and columns

Fig. 2. Structure model with fixed-base through ETABS software
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2.1 Geotechnical Parameters of Site Soil

Using the geotechnical studies, to determine the engineering parameters of soil, field
and laboratory examinations were used to complete the computations. Regarding the
relationship between the geotechnical parameters and the Corrected SPT-N Value, the
researchers have presented the experimental relations between soil friction angle and
density of the soil, as presented in Table 1.

Table 1. Corrected SPT-N Value in site

Soil classification (USCS) N(SPT) (Sabatini et al. 2002) relative
density

SC 40 Dense

Soil classification (USCS) N(SPT) (Sabatini et al. 2002) rigidity

CL 42 Rigid

After an analysis of all the results of experimental and field tests based on the
mentioned geotechnical project, the properties of the modelled soil are presented in
Table 2.

Table 2. Properties of soil layers in the model

Soil
classification
(USCS)

Depth range
(m)

Soil mass
density
(kg/m3)

Poisson’s ratio Friction
angle

Cohesion
(kPa)

SC 0–46 1986 0.25 30.93 7.3

CL 46–60 2040 0.3 29 19.6

As the Elasticity modulus depends on stress (Brinkgreve et al. 2012) and the exca-
vation method is Top-Down type, the unloading modulus of elasticity was used for
static analysis and the relevant values are reported in Table 3. Moreover, the maximum
shear modulus was calculated based on the Eq. (1) (Kramer 1996) to determine the
dynamic shear modulus of soil for seismic analysis of soil-structure interaction consid-
ering geophysical experiments. The shear modulus ratio (G/Gmax) in this research was
0.4 (Yeganeh et al. 2015) to use for the reduction of the stiffness of the soil (Fig. 3)
and the obtained results reported in Table 3. Furthermore, the Mohr-Coulomp Plasticity
constitutive model was used to model soil behavior. The damping rate of soil was deter-
mined based on the ASCE 7-16 and ASCE-SEI 41-17 codes in which, this rate is equal
to 3.3% (ASCE 2016; Engineers 2017).

Gmax = ρv2s (1)
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Table 3. Stiffness properties of soil

Thickness (m) Eur static (MPa) E dynamic (MPa)

5.4 74.34 412.04

5.4 105.41 508.08

5.4 128.77 614.18

5.4 170.27 690.51

5.8 191.78 792.52

8.6 243.05 947.04

10 295.74 1111.52

14 147.96 1193.4

Fig. 3. Modulus of reduction curve (Kramer 1996)

2.2 Modeling SSI

Tomodel SSI 3DModel, the direct method was used through the finite element software,
Abaqus. Relevant dimensions should be selected properly for soil modeling in order to
consider structure and soil vibration effects directly in the equations. Many references
suggest considering the numerical model’s dimensions 3–5 times greater than the struc-
ture dimensions with a soil depth of 30m. According to the mentioned points, the model
in 250m in dimensions and 60m in height (Fig. 4) (Far et al. 2010; Briaud and Lim
1997).

Considering the fact that in the event of an earthquake, there is common surface
and thus slips between the soil, the retaining walls and the foundation, the researchers
used the option of Interactional Contact (surface to surface) in Abaqus software so as
to model the fictional contact surface of the mentioned item (Khazaei and Amiri 2017;
ABAQUS 2014).



Considerations of Vertical Acceleration Induced by Horizontal Earthquake Record 59

Fig. 4. Structure model considering SSI in Abaqus Software

2.3 Determining Seismic Acceleration Records to the Base of the Numerical
Model

According to seismic microzonation studies inMashhad, Iran, three acceleration records
were proposed based on Table 4 with a 500-year return period for the Design Basis Level
that its occurrence probability or earthquakes with a higher magnitude are less than 10%
within 50-year of the building lifetime (Moghaddas 2009).

Table 4. Selected acceleration records and properties

Earthquake Date of the
occurrence

Station Magnitude
(M)

PHA
longitudinal
(g)

PHA
transverse
(g)

Kojur–Firoozabad
(poul), Iran

May, 28, 2004 Poul 6.4 0.27 0.28

Karehbass, Iran May, 6, 1999 Deh-Bala 6.3 0.275 0.278

Athens, Greece Sep, 7, 1999 Sepolia 5.9 0.224 0.253

3 Analysis Results

Imposing the earthquake record to base of the structure with assumed it’s placed on
bedrock is a method that is usually used to evaluate the structural response and behavior.
Although soil rigidity does not lead to a significant alteration in the behavior of structures
constructed on the bedrock, an increase in soil flexibility leads to irreversible changes
in SSI and structural behavior. The results of vertical acceleration caused by horizontal
seismic loads have been presented after conducting time history analysis for models with
fixed-base and SSI under the records introduced in Sect. 2 (Fig. 5).

According to the results, considering SSI in dynamic analyses has a considerable
effect on increased vertical acceleration in structure leading to a 2–3 times increase in
vertical acceleration. However, non-considering this variable may be non-conservative.



60 M. A. Mohammadyar and A. Akhtarpour

a) Athens b) Karehbass                                      c) Poul

Fig. 5. Maximum vertical accelerations caused by records: a) Athens b) Karehbass c) Poul

Fig. 6. Ratio of PVA in fixed-base model to SSI model

As seen in Fig. 6, this effect leads to higher vertical acceleration in basemen floors due
to the presence of soil.

4 Conclusion

As explained in Sect. 1, there are few studies on the effect of soil-structure interaction
on the earthquake vertical component through a 3-D model of urban buildings. This
study was conducted to examine the effect of SSI on the urban building with basement
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floors and structural system of concrete shear wall on the vertical acceleration, using
3-D complex geometry model. The obtained results imply that considering SSI leads
to an increase in vertical acceleration of all stories. Therefore, this subject should be
considered in further studies on the SSI effect on the buildings, in particular in the field
of vertical earthquakes.
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Abstract. This paper describes the results of the tip post-grouting that was per-
formed to improve the nominal axial resistance of 34 bored piles for the Urubó
Bridge project crossing the Piraí River in Santa Cruz, Bolivia. A Smart Cell is
a closed-type tip post-grouting device that is attached to the bottom of the steel
reinforcement cage of a bored pile to premobilize end resistance and reduce uncer-
tainty. Control of the grout is maintained within the device during injection and
a uniform stress is imparted across entire base area simultaneously, inducing a
pre-mobilization load into the pile as well as the soil. The induced load is com-
puted directly from the grout pressure and known geometry of the device. During
the grouting process, there were noticeable differences in the grouting pressures
achieved and responses observed, even within short distances between the piles,
which were likely caused by the highly variable soil conditions, composition,
alterations during construction and engineering characteristics. This paper will
provide an overview and principles of the tip post-grouting system, the design
methodology, and select grouting and static load testing results.

Keywords: Tip post-grouting · Design · Performance · Risk · Uncertainty

1 Introduction

As an axial compressive load is applied to the top of a bored pile, the pile moves
downward relative to the in-situ soil, where the axial resistance afforded by the soil is
first mobilized in side resistance and then in end resistance. Successful installation and
performance of a bored pile are affected by various factors, including workmanship,
base cleanliness, borehole integrity, and concrete placement. An optimized maximum
resistance cannot be realized by conventional (i.e., ungrouted) bored piles because the
full side resistance is achieved at very small vertical displacements, while the full tip
resistance is achieved at relatively large vertical displacements (Fig. 1).

The side resistance of a bored pile will mobilize its peak strength after a normalized
displacement (i.e., vertical displacement divided by the diameter of the bored pile:Dvn =
δv/Dp) of about 0.2% to 0.4% (point B, Fig. 1), regardless of soil type. At this vertical
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displacement, the end resistance that has mobilized is relatively small. Conversely, the
end resistance does not fully mobilize until Dvn of about 4% to 5% in both soil types
(point D, Fig. 1). However, the axial resistance continues to increase with continued
displacement in cohesionless soils, and a practical limit for Dvn of 10% is commonly
used. Chen and Kulhawy (2002) reported on the mobilization of axial resistance in
competent soils for different normalized displacements, and a summary is provided in
Table 1.

Table 1. Mobilization of axial resistance of a conventional (ungrouted) bored pile in axial
compression loading (after Chen and Kulhawy 2002)

Normalized
displacement

Mobilized resistance in cohesionless
soils

Mobilized resistance in cohesive soils

Total axial Side End Total axial Side End

(% of total axial) (% of total axial)

0.4% 50% 90% 10% 50% 90% 10%

4% 100% 76% 24% 100% 76% 24%

10% 159% 76% 83% – – –

Due to this strain incompatibility in mobilizing axial resistance, utilizing the full
side and end resistance in design is not realistic and designers have typically neglected
one component or reduced the relative contributions of side and/or end resistance. Other
issues may develop during installation, even with high quality craftsmanship, including
the accumulation of sediment (i.e., soft bottom condition) and the change in the state of
stress (i.e., stress relief) at the bottom of the shaft. Downward vertical displacement of
the pile is required to mobilize the axial resistance; therefore, with greater amounts of
sediment on the bottom and/or stress relief of the soils, a greater amount of displacement
would be required to mobilize the axial resistance. For example, a high quality, well-
constructed bored pile with a diameter of 1500 mm would require about 60 mm of
vertical displacement to mobilize the 100% of the possible geotechnical axial end or tip
resistance. If there was excess sediment on the bottom of the pile or if the soil at the
bottom of the hole were to relax upon excavation, an additional amount of displacement
would likely be required to fully mobilize the tip resistance.

Tip post-grouting beneath the base of a bored pile is used to pre-mobilize the axial
end resistance of the pile, to better align the load transfer curves (Fig. 1), to increase the
pile’s (usable) axial resistance, and to improve the axial load-displacement performance
(at intermediate loads) of the pile as well as to mitigate against a soft bottom condition
and stress relief due to installation. Benefits of tip post-groutingwith a Smart Cell include
stiffening the load-deformation response under working loads, reducing settlement of
the pile under applied loading, shortened constructed length of the shaft, ability to be
performed in a range of ground conditions, utilizing usable tip resistance in design
computations, verifying a lower bound of axial resistance, and improving the ground
beneath the base of the shaft.
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Fig. 1. Generalized load transfer behavior of conventional (ungrouted) and tip post-grouted bored
piles (mod. after Brown et al. 2018 and Marinucci et al. 2021)

2 Basic Principles

Tip post-grouting is a technique used to inject a neat cement grout, under pressure,
beneath the base of a bored pile to improve the post-construction performance of a bored
pile when subjected to axial compressive loads, and can be performed using an open-
or closed-type grout distribution device. A Smart Cell (SC) is a closed-type tip post-
grouting device that is attached to the bottom of the steel reinforcement cage of bored
piles. The device itself comprises top and bottom steel plates, cell walls, and internal
connections and attachments. The cell is a relatively rigid system where the internal and
outside dimensions of the device are known (Fig. 2), which allows the straightforward
computation of the amount of bi-directional force or load induced during the grouting
(Eq. 1):

PSC = p · ASC (1)

where: PSC is the induced force or load, p is the injection pressure of the grout (measured
a short distance above the top of the pile), andASC is the cross-sectional area of the device.

Fig. 2. Graphical depiction of grouting and induced load (mod. from Marinucci et al. 2021)
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After the borehole is drilled, the steel reinforcement cage along with the embedded
attachments (e.g., instrumentation and SC device) is placed into the borehole, which is
then filled with concrete (Fig. 3a and point A in Fig. 1). After the concrete has achieved
the minimum required unconfined compressive strength (f ’c ), the tip post-grouting oper-
ation can be performed. Control of the grout is maintained within the expanding device.
As the grout is injected under pressure into the device, the cell expands and pushes
upward against the pile and downward against the in-situ soil below. The injection of
pressurized grout induces a bi-directional load (PSC) within the device, which simulta-
neously mobilizes negative side resistance to resist the upward loading and positive tip
resistance to resist the downward loading (Fig. 3b, 3c and 3d, which delineated as points
B to D in Fig. 1, respectively). Due to the rigidity of the device, the injection pressure
(p) imparts a uniform stress across the entire base area simultaneously.

(a) (b) (c) (d)
= Injection pressure = Uplift displacement (top of pile)
= Volume of grout injected = Upward movement (top of cell)
= Side resistance mobilized = Downward movement (bottom of cell)
= End resistance mobilized

Fig. 3. Generalized sequence: (a) installation into borehole and concrete placement, (b) com-
mencement of grouting, (c) intermediate grouting stages, and (d) grouting completed (after
Marinucci et al. 2021)

Grouting is performed using a controlled process to ensure proper implementation
and performance. The injection pressure, volume and flow rate of grout, and move-
ments at the top of the shaft and at the SC device are measured throughout the grouting
operation. The grouting termination criteria for tip post-grouting includes target grout
pressure, (net) grout volume, maximum uplift displacement of the pile, and expansion
limit of the SC device. The upward displacement measured at the top of the bored pile
is limited to between 6 and 19 mm (defined by the project requirements) to mitigate
against potentially negative effects to side resistance due to reversal of side resistance
(i.e., acting downward against uplift during grouting, then acting upward against axial
compression loading).
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The relationship between the induced load (PSC ) and the measured vertical displace-
ment (Fig. 4) provides valuable insight into the behavior during grouting (e.g., estimate
amount of loose sediment) and for estimating the stiffness (or modulus) and unit end
resistance of the soil at the completion of grouting (Marinucci et al. 2021). The injection
pressure or induced load required to initiate the expansion of the cell is the lesser of the
reaction from the sum of the pile’s self-weight plus the axial side resistance above the
cell or the axial end resistance below the cell.

Fig. 4. Representative example of induced load vs. vertical displacement during grouting (mod.
after Marinucci et al. 2021).

Graphing the relationshipof injectionpressure vs. grout volumeprovides a qualitative
indication of local soil type present at the base of the bored pile. Based on experiencewith
performing multiple tip post-grouting operations in various soil conditions, the shape
and trend of the pressure vs. volume curve provides evidence whether the soil type is
cohesionless or cohesive (Marinucci et al. 2020). If the trend indicated a relatively low
maximum grouting pressure that had achieved a maximum value or flattened, this would
suggest tip post-grouting in cohesive soils, where the end resistance had fully mobilized.
However, if the trend indicated a continued increase in injection pressure with continued
grouting, this would be indicative of tip post-grouting in granular soils, where the end
resistance may not have fully mobilized. The trend of the pressure-volume curve would
be similar to the general trends of the response curves presented in Fig. 5.

3 Design Methodology – Target Pressure

For tip post-grouting inBoliviawith aSCdevice, the load-displacement curves developed
by Chen and Kulhawy (2002) and as presented in Brown et al (2018) form the basis to
compute the target (or minimum) injection pressure (pt) based on the tolerable post-
construction displacement of the bored pile. The key to designing an effective tip post-
grouting system is the target injection pressure (pt), which can be estimated but is not
guaranteed, as pt is dependent upon many different factors, including soil type, in-situ
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soil conditions, and available reaction force (i.e., self-weight of the bored pile plus side
resistance).

Fig. 5. Normalized load-displacement curves of bored piles in axial compression in cohesive and
cohesionless soils (mod. after Brown et al. 2018)

The guidance presented in AASHTO §10.8.3.5 (2012) is used to estimate pt , which
is described below using an example. The nominal axial compression resistance of a
single drilled shaft (Rn) is estimated using Eq. (2). As shown on Fig. 5, 100% of the
failure threshold typically occurs at normalized displacement (�Dvn) of about 4% for
both cohesionless and cohesive soils. The vertical axis (Fig. 5) represents the ratio of
axial compression load to failure threshold (i.e., nominal axial compression resistance,
Rn, or amount of resistance that has been mobilized at a given vertical displacement).
The side resistance is fully mobilized at �Dvn of about 0.2% to 0.4%, whereas the end
resistance is fully mobilized at �Dvn of about 4% to 5% for cohesive soils and about
10% for cohesionless soils (Table 1 and Fig. 5).

Rn = RS + RP =
n∑

i=1

(qsiAsi) + qpAp (2)

where: Rn = nominal axial compression resistance of a single drilled shaft

RS = nominal side resistance of a single drilled shaft
RP = nominal end resistance of a single drilled shaft
qsi = nominal unit side resistance for soil layer i
Asi = nominal surface area of the soil-shaft interface for soil layer i
n = number of soil layers
qp = nominal unit end resistance
Ap = nominal cross-sectional area of the tip of the drilled shaft
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Example:

• Known information – pile tipped into sandy soil within heterogeneous deposit

– Drilled shaft diameter (Dp) = 1.8 m = 1800 mm
– Embedment length (Lp) = 40 m
– Unfactored design load (Pd ,serv) = 5600 kN
– Maximum allowable post-construction vertical displacement (δv,allow) = 25 mm

• Computed design parameters

– Nominal side resistance (RS ) = 2625 kN
– Nominal end resistance (RP) = 3600 kN
– Nominal axial compression resistance (Rn) = 6225 kN
– Self-weight of the shaft (Wp) = 780 kN
– Normalized displacement (�Dvn) = 25 mm/1800 mm = 1.4%

• Determine the mobilized axial compressive force (RM ):

– From Fig. 5 for a cohesionless soil:

Displacement

Pile Diameter
= �Dvn = 1.4%

Axial Compression Force

Failure Threshold
≈ 71%
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– RM = 71% Rn = 0.71 * 6225 kN = 4420 kN

• Determine the service resistance force (RService):

– RService = RM − Wp = 4420 kN – 780 kN = 3640 kN

• Determine the target injection pressure (pt):

– Internal bearing area of the cell (ASC ) = 1.95 sq m
– pt= (Pd ,serv − RService)/ASC = (5600 Kn – 3640 kN)/1.95 sq m = 1005 kPa =
10.1 bar

4 Case History – Urubó Bridge Project

ThenewUrubóBridgewill be constructed adjacent to the existing bridge,which connects
the municipalities of Porongo (west) and Santa Cruz de la Sierra (east) in Bolivia. The
new bridge will be about 12 m (40 ft) wide and about 420 m (1,380 ft) in length. The
5-span bridge (Fig. 6) will be supported by four pier structures, located about 100 m
(330 ft) apart and each with seven drilled shafts (arranged in two rows), located in the
Piraí River and two abutments supported by 3 drilled shafts each (arranged in one row),
which are located beyond the extents of the river’s edges. Based on the project drawings,
each of the bored piles is 1200 mm in diameter with an embedment depth of about 25 m
at the abutments and about 30 m for each of the piers.

4.1 Subsurface Conditions

As shown in Fig. 6, one soil boring was performed at each of the four pier locations
to a depth of about 40 m along with Standard Penetration Testing (SPT). At the time
the soil borings were performed, the elevation of the ground surface at the borings was
approximately El. +399.4 m, and the ground water was located just below the ground
surface. The soil deposit is classified as quaternary sedimentary silty-clayey sands of
alluvial and flood plain origin. In general, the subsurface consists of highly variable soil
deposits, bedding, composition, and characteristics, which are the results of a dynamic
river environment. The general subsurface profile (Fig. 7) contains an upper layer of
granular fill underlain by highly heterogeneous and interbedded layers consisting of
clay, silt, and sand. For the west and east abutments, the bored piles were tipped into
silty sands and lean clay with silt, respectively. The bored piles for the piers were tipped
into lean clay soils: lean clay with sand for piers 1 and 2 and lean clay with silt for piers
3 and 4.
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Fig. 6. Elevation profile of the bridge super- and substructure and approximate boring locations

4.2 Pile Installation and Tip Post-grouting

The bored piles were constructed using temporary segmental casing with the use of
a drilling support fluid (water) to prevent instability at the bottom of the borehole. A
SC device and attachments were incorporated into the bottom of the steel reinforcement
cages and lowered into the borehole, after which the concrete was placed the using tremie
method. After the concrete achieved the required minimum unconfined compressive
strength and when the water level within the river permitted work to proceed, the tip
post-grouting was performed individually for each bored pile.

The target pressure for the tip post-grouting was computed for its worst-case condi-
tion. The upper 1.5 m of side resistance was neglected for the computations. For the pier
structures, the unfactored axial compression design load per pile (Pd ,serv) was 400 tonne
(3925 kN) with a maximum allowable post-construction vertical settlement (δv,allow) of
30 mm, resulting in a normalized post-construction displacement (�Dvn) of 2.5. For the
worst-case scenario, the minimum required target pressure was estimated to be about
10.3 bar (1025 kPa). Monitoring and recording of the injection pressure, grout volume
injected, and grout flow rate were performed in real time using transducers connected to
a data acquisition system and observed on a laptop computer. The uplift and downward
movements of the bored pile and the SC were measured using manual readings obtained
via visual survey and telltale extensometers, respectively.

The target pressure for the tip post-grouting was computed for its worst-case condi-
tion. The upper 1.5 m of side resistance was neglected for the computations. For the pier
structures, the unfactored axial compression design load per pile (Pd ,serv) was 400 tonne
(3925 kN) with a maximum allowable post-construction vertical settlement (δv,allow) of
30 mm, resulting in a normalized post-construction displacement (�Dvn) of 2.5. For the
worst-case scenario, the minimum required target pressure was estimated to be about
10.3 bar (1025 kPa). Monitoring and recording of the injection pressure, grout volume
injected, and grout flow rate were performed in real time using transducers connected to
a data acquisition system and observed on a laptop computer. The uplift and downward
movements of the bored pile and the SC were measured using manual readings obtained
via visual survey and telltale extensometers, respectively.
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Fig. 7. Subsurface profile and SPT N60-values at each soil boring

4.3 Results from Injection of Production Piles

A summary of the results of the tip post-grouting performed at the abutments and the
pier structures is provided in Table 2. As listed, there was considerable variability in the
injection pressures achieved and with the observed behavior, even within short distances
from each other. The achieved pressures, on average, were notably higher for the piles
at the pier structures than for those at the abutments, possibly due to the additional side
resistance available for the deeper shafts and due to the increased relative strength at the
greater depths. In addition, some of the differences can be attributed to the different soil
type present at the base of piles – ranging from silty sand to lean clay.

At the abutments, the unidirectional induced loads ranged from 1538 to 4534 kN,
which were about 39% to 116% of the unfactored design load (Pd ,serv). The induced
load resulted in a normalized downward displacement ranging from about 1.4% to 4.0%,
which corresponds to an average mobilized total axial resistance of about 75% to 100%.
For the piles at the pier structures, the unidirectional induced loads ranged from 2239 to
4526 kN, which were about 57% to 115% of the unfactored design load (Pd ,serv). The
induced load resulted in a normalized downward displacement ranging from about 0.3%
to 4.9%, which corresponds to an average mobilized total axial resistance of about 40%
to 109%. As a result of the tip post-grouting and resulting displacement via preloading,
increased stiffness of the soil beneath the base of each pile and smaller post-construction
vertical displacements would be anticipated.

The maximum achieved injection pressures reported in literature and by firms per-
forming tip post-grouting (not limited to a particular country or region) has been about
150 bar in sands and about 80 bar in clays/silts (Loehr et al. 2017). The injection pres-
sures achieved at the west abutment (in silty sand) were on the low range of what has
been reported in the literature and is even on the low expected range based on experience
in the Santa Cruz region. The injection pressures achieved at the pier structures and east
abutment (lean clay with sand or silt) were in the middle to higher end of what has been
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Table 2. Results of tip post-grouting performed at the Urubó Bridge

Location Desc. Max.
pressure
achieved

Max. downward
displacement

pmax
pt

Unidirectional
induced load

PSC
Pd ,serv

(bar) (mm) (Norm.) (kN)

West
abutment

Range 22.0–59.2 65.0–98.2 5.4%–8.2% 214%–575% 1977–4534 50%–116%

Average 40.6 81.6 6.8% 394% 3255 83%

Std Dev 26.3 23.5 2.0% 256% 1808 46%

Pier 1 Range 29.3–57.3 8.0–58.2 0.9%–3.0% 284%–556% 2383–4478 61%–114%

Average 48.6 24.2 2.1% 472% 3814 97%

Std Dev 9.9 18.1 1.5% 96% 737 19%

Pier 2 Range 35.1–58.0 9.0–26.4 1.3%–2.2% 341%–563% 2907–4526 74%–115%

Average 46.5 15.9 1.8% 451% 3674 94%

Std Dev 7.9 5.9 0.5% 77% 570 15%

Pier 3 Range 31.7–52.3 3.0–40.9 0.2%–2.1% 308%–508% 2552–4123 65%–105%

Average 42.6 17.0 1.0% 414% 3390 86%

Std Dev 6.0 12.6 1.1% 58.4% 463 12%

Pier 4 Range 27.3–44.8 16.3–32.0 1.4%–2.3% 265%–435% 2239–3595 57%–92%

Average 34.8 22.8 1.8% 338% 2834 72%

Std Dev 6.8 5.9 0.5% 66% 501 13%

East
abutment

Range 16.8–34.8 17.3–34.0 1.4%–2.8% 163%–338% 1538–2774 39%–71%

Average 27.2 24.8 2.1% 264% 2247 57%

Std Dev 9.3 8.5 0.7% 91% 638 16%

reported and is in line with what has been achieved on past projects in this soil type in
the Santa Cruz region.

The (computed) induced load-displacement relationships from the tip post-grouting
performed at piles 2, 3, 5, and 6 at Pier 3 (tipped in lean clay with silt) and Pier 4 (tipped
in lean clay with silt) are shown in Fig. 8. As shown in Eq. (1), the induced load is
correlated to the injection pressure: PSC = p · ASC , and the downward displacement is
measured using telltale extensometers (and can be deduced using the grout volume and
the internal dimensions of the cell). The differences in the grouting pressures that were
achieved varied appreciably over short distances across each pier (Table 2). In addition,
the measured downward displacements varied considerably when compared with the
neighboring pier as well as at each pier though the displacements were more similar
at Pier 4 than at Pier 3, as did the trend or the development of the load-displacement
relationships.

The differences in the load-displacement behavior reflect the local differences present
at the base of the pile and within the soil below. A stiffer soil response would be reflected
by a gradual slope in the curve, whereas the curve for a softer soil would be represented
by a steep slope. As each of the responses does not reflect a constant slope (i.e., instances
of gradual and steep slopes at each pile), the tip post-grouting is influenced not only by
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the soil conditions immediately below the base of the pile but also by the soil within the
influence zone of the loading. In addition, the influence zone may be changing during
the grouting process as a compacted soil plug is being formed, which is then facilitating
the distribution of the injection pressure into the soil.

Fig. 8. Select results of induced load vs. displacement from tip post-grouting (a) at Pier 3 and (b)
at Pier 4

5 Conclusions

During grouting, loose soil or debris (i.e., soft bottom condition) is first compacted, and
then, as the injection pressure increases, the in-situ soil is compressed, resulting in a pre-
mobilization of the end resistance. Select results from the tip post-grouting performed on
34 bored piles for a bridge project in Santa Cruz de la Sierra, Bolivia are presented. There
was considerable variability in the injection pressures achieved and trends observed in
the measured pressure-volume and inferred induced load-displacement responses, even
within short distances at the same support structure. Overall, the unidirectional induced
load ranged from 1538 to 4534 kN, which equated to about 39% to 116% of the design
service load. Although the difference in the responses of a pile under load is typically
attributed to the effects of the construction technique and process employed, many of the
differences at theUrubóBridge project can be explained by the depositional environment
and highly variable soil characteristics. The key benefit of using this tip post-grouting
technique at each bored pile was the reduction of risk and uncertainty of performance due
to the highly variable soil conditions. As a result of the tip post-grouting and resulting
displacement via preloading, increased stiffness of the soil beneath the base of each pile
and smaller post-construction vertical displacements would be anticipated.
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Abstract. Rainfall characteristics have important impacts on slope stability.
Aimed to analyze the influence of rainfall on granite residual soil slope stabil-
ity. The finite element method is used for the calculation of transient seepage in
the unsaturated slope, while the method of limit equilibrium is used for comput-
ing its safety factor. The change of pore water pressure, slip surface and safety
factor are investigated through numerical calculations with consideration of vari-
ous intensity and duration of rainfall. The results show good agreement with the
statistic results of the rainfall-caused landslide cases. The type, intensity, duration
of rainfall have significant impact on slope stability. And it is found that some-
times the minimum safety factor may occur several hours or several days after the
rainfall, instead of the time during the rainfall or when the rain just stops.

Keywords: Granite residual soil · Rainfall · Slope stability · Unsaturated shear
strength

1 Introduction

In recent years, China has frequently encountered extreme weather such as heavy rain-
fall, and the result of landslide disaster has attracted more and more attention. Rainfall
infiltration is an important inducer of slope instability. In the process of rainwater infil-
tration, the interaction between the change of soil water content and the soil particles is
the focus and difficulty of current research in the field of geotechnical engineering, and
the coupling analysis of its interaction has been widely valued. Therefore, the analysis
of the slope stability under the influence of rainfall is a subject worthy of attention.

Granite residual soil has engineering characteristics such as anisotropy, inhomo-
geneity, and easy disintegration and softening after immersion in water. Previous studies
have shown that any nonuniform deformation of the slope soil may cause crack prop-
agation and affect the performance of the slope soil. In early studies, the mechancial
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M.-C. Weng et al. (Eds.): GeoChina 2021, SUCI, pp. 75–83, 2021.
https://doi.org/10.1007/978-3-030-79798-0_7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-79798-0_7&domain=pdf
https://doi.org/10.1007/978-3-030-79798-0_7


76 C. Chen et al.

component that describe the stress-strain realtionship was coupled with the saturation-
suction relationship. However, many recent theoretical and experimental studies have
demonstrated that the mechancial and hydraulic components should be fully coupled
in order to scientifically describe the deformation behavior of unsaturated slope soils
[1]. Existing research covers many aspects, such as the stability analysis of slopes under
steady-state seepage conditions, and the distribution of matrix suction and stability dur-
ing slopes during rainfall. Research methods include full-scale model test, scale model
centrifuge test, numerical simulation, etc. In terms of experiments, Moriwaki et al. [2]
and Lin Hongzhou et al. [3] realized the rainfall-type failure of the slope in the full-scale
experiment. The experimental results are very close to the real situation; Zhang Jianmin
et al. [4] conducted slopes with weak layers in the centrifuge experiment of long slopes,
artificial rainfall was used to destroy the slopes, and the failure modes and laws of special
slopes were discovered. In terms of numerical calculation, many researchers have done
a lot of work. For example, Ng et al. [5] studied the influence of rainfall and rainfall
duration on slope stability. Through calculation, it was found that when the total rainfall
is constant, the duration of rainfall will be the safety factor at the end of the rainfall
has a significant impact, and there is a critical duration. When the duration is equal to
the critical value, the safety factor for soil slope stability is the smallest. Song Erxiang
et al. [6] used the slope seepage finite element method and the strength reduction finite
element method to load the equivalent nodal force of the seepage with the soils gravity,
seismic force and other loads on the soil slope, and calculated the seepage separately.
For numerical calculation of such problems, in addition to the above methods, the finite
element method and simplified method can also be used to calculate the non-steady state
seepage [7, 8].

Previous studies and calculations have coveredmany aspects of unsaturated soil slope
stability analysis, and have also studied the changes in slope stability during rainfall [9].
However, the stability analysis of granite residual soil slopes is rare, especially the
stability analysis of the whole rainfall process. In this paper, a typical granite residual
soil slope is selected, and through finite element analysis, it is found that the initial pore
water pressure distribution law, initial saturation and initial effective stress of the granite
residual soil slope have a significant influence on the slope instability during the whole
rainfall process.

2 Laboratory Test Results

2.1 Basic Physical Property Index of Soil

The sample soil was taken from the granite residual soil slope in a certain area of Xiang-
tan, Hunan. According to GB/T50123-1999 “Standard for Geotechnical Test Meth-
ods”, the basic physical property parameters of the sample soil were measured through
laboratory tests, as shown in Table 1:
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Table 1. Basic physical property index of sample soils

ω (%) ρ (g/cm3) ρd (g/cm3) Sr (%) Gs e

15.27 1.82 1.58 67.35 2.44 0.56

WP
(%)

WL (%) IL IP ωopt
(%)

ρd max
(g/cm3)

25.95 50.03 −0.44 24.08 15.96 1.84

2.2 Soil-Water Characteristic Curve of Sample Soil

In this paper, a strain-controlled ZFY-1 direct shear instrument is used to apply different
matrix suctions to the test soil step by step, so that the sample is in a balanced state
under different levels of matrix suction, and the final corresponding water content of the
test is determined. The change reversely calculates the volumetric water content of the
sample under different matrix suction, and draws the soil-water characteristic curve of
the sample, as shown in Fig. 1.

Fig. 1. Soil-water characteristic curve of sample soil

3 Model Formulation

Using the ABAQUS finite element analysis software, a three-dimensional finite element
model of granite residual soil slope was established. The residual soil slope cohesion
force was 30 kPa, internal friction angle was taken 36°, elastic modulus E = 40 MPa,
Poisson’s ratio ν = 0.35, soil dry density ρd = 1.58 g/cm3 and bulk density γ = 10
KN/m3. The slope angle of the slope is taken as 35°. The constitutive model of the soil is
selected as MC model, and the size and meshing of the finite element model are shown
in Fig. 2.
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Fig. 2. Finite element model of granite residual soil slope

3.1 Variation Trends of Strain and Shear Zone of Granite Residual Soil Slopes

Change the initial dry density value of the soil and choose three different dry densities,
namely ρd = 1.58 g/cm3, ρd = 1.71 g/cm3 and ρd = 1.84 g/cm3. Using the strength
reductionmethod, the strainandshearbandvariationcharacteristicsof thegranite residual
soil slope at different dry densities are calculated, as shown in Figs. 3 and 4.

Fig. 3. Cloud map of strain change in plastic zone of granite residual soil slope

Fig. 4. Cloud maps of the shear zones of granite residual soil slopes
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It can be seen from Figs. 3 and 4 that as the dry density continues to increase, the
maximum strain in the plastic zone also increases, and the location of the maximum
strain in the slope continues from the foot of the slope to the top of the slope as the dry
density increases extension, the volume of the circular arc shear zone of the slope is
continuously decreasing, and the trend of upward position is obvious, which shows that
with the increase of dry density, the shallow slope of the slope first slides, that is, the
rate of slope instability is increasing quickly.

3.2 Safety Factor of Granite Residual Soil Slope

Based on the strength reductionmethod theory, using the ABAQUS finite element analy-
sis software to calculate the variation law of the safety factor of the stability of the granite
residual soil slope with three different dry densities, as shown in Fig. 5 and Fig. 6. It
can be seen from the figure that as the dry density increases, the granite residual soil
shear zone damage and instability characteristics become more significant, the maxi-
mum shear zone displacement increases continuously, and the stability safety factor of
the granite residual soil slope continues to decrease, the largest safety factor value is
close to 2, the minimum safety factor value is close to 1, and the safety factor values
obtained under different instability criteria are relatively close.

Fig. 5. Cloud image of ultimate failure state of granite residual soil slope
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Fig. 6. Relationship between stability factor and horizontal displacement

Taking the sudden displacement inflection point of the characteristic part of the
slope and the non-convergence of finite element numerical iteration as the criterion of
slope instability, the safety factor of slope under two different instability criteria can be
obtained, as shown in Table 2:
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Table 2. Safety factor of granite residual soil under two different criteria

Criteria Dry density

ρd = 1.58 g/cm3 ρd = 1.71 g/cm3 ρd = 1.84 g/cm3

Displacement inflection point 1.975 1.522 1.07

Numerical iteration method 2.017 1.563 1.097

The calculation results show that the non-convergence of the displacement inflection
point of the slope characteristic point is used as the instability criterion, and the safety
factor is slightly smaller than the value obtained by using the finite element numerical
iterative non-convergence as the instability criterion, and the difference between the two
is close to 0.03,Which also shows that it is safer to use the displacement inflection point of
the characteristic point as the criterion of slope instability; under different dry densities,
as the dry density continues to increase, the safety factor shows a trend of decreasing, and
the slope is instability and deformation The displacement value increases continuously,
and the arc-shaped sliding surface shows an obvious sliding trend.

3.3 Instability and Failure Characteristics Analysis with Fluid-Solid Coupling
Theory

A three-dimensional finite elementmodel of granite residual soil slopewas established in
Abaqus software to simulate the change law of soil stress and strain under the condition
of rainfall infiltration, and the stability of the slope under the coupling of seepage and
flow was analyzed. It can be seen from the calculation that the pore water pressure in
the slope is linearly distributed before the rainfall, and the pore water pressure gradually
increases from the top to the bottom of the slope, the maximum pore pressure is 100
kPa, and the saturation of the slope soil body is based on the groundwater level as
the boundary. The soil above the site is unsaturated soil, and its saturation is linearly
distributed,whichdecreases continuously frombottom to top, and theporewater pressure
also decreases as the saturation decreases. At the same time, the initial effective stress
of the slope soil gradually increases from the slope to the slope. The stratification effect
of the initial effective stress from the slope to the slope is very obvious. The maximum
initial effective stress is close to 200 kPa. During rainfall, the changes of pore water
pressure and saturation in the slope are shown in Fig. 7 and Fig. 8.

It can be seen from Fig. 7 that during rainfall, the pore water pressure of the soil
above the groundwater level gradually decreases with the duration effect of rainfall, and
the matrix suction also continuously decreases; from Fig. 8 we can see that under the
rainfall duration effect, the groundwater in the soil The saturation above the gradual
increase gradually, the saturation increase value in the initial 12 h is greater than the
saturation increase value in the same period thereafter, this phenomenon shows that as
the rainfall continues, the rain fills the pores in the soil body, resulting in the reduction
of water infiltration channels compared with the initial saturation before the rain, the
soil saturation of the slope increases significantly after the rain. Under the effect of
rainfall duration, the soil is getting closer to the saturation state. The results show that:
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Fig. 7. Cloud image of slope pore water pressure under different rainfall duration

Fig. 8. Cloud chart of slope saturation change under different rainfall duration

under the action of rainfall, the pore water pressure of the soil decreases with increasing
saturation, and the difference between the pore gas pressure and the pore water pressure
of the soil is the suction of the soil matrix, which varies with the saturation increases and
decreases. Under the effect of rainfall infiltration, the coupling effect of soil particles
and rainwater in the slope will further aggravate the instability and failure of the slope.
The simulation results are shown in Fig. 9. It can be seen from Fig. 9 that after 12 h of
rainfall, the plastic strain first appeared at the foot of the slope. With the extension of
rainfall time, the plastic strain interval in the slope gradually extended from the foot of
the slope. After 24 h of rain, the plastic strain concentration first appeared at the foot
of the slope. This is because after rainfall infiltration, the soil matrix suction decreased,
the pore water pressure increased, and the effective stress continued to decrease. At this
time, the maximum displacement vector of the slope appears in the shallow foot of the
slope, and the whole slope has a tendency to slide and deform. The shallow foot of the
slope is the weakest point of the entire slope. Therefore, a reasonable prediction of the
extent of strain extension in the plastic zone and the location of the strain concentration
in the plastic zone has important engineering significance for the judgment of slope
instability and slope reinforcement.

4 Conclusions

The related theories and calculation methods of the influence of rainfall on the stability
of homogeneous unsaturated granite residual soil slope are studied. The stability of the



82 C. Chen et al.

slope during and after the rainfall under different working conditions is calculated by
combining examples. The following conclusions can be obtained:

(1) The rainfall intensity and duration have a significant impact on the slope safety
factor. If the rainfall rate is constant, the rainfall time is long enough, the safety
factor will continue to decline for a period of time, and then tend to stabilize.

(2) The dry density of granite residual soil is different, and the stability safety factor of
the slopewill also be different. The results show that with the increasing dry density,
the stability safety factor of the slope is decreasing. During the instability of the
slope, the strain in the plastic zone first extends from the foot of the slope to the top
of the slope. When the entire plastic zone of the slope is fully penetrated, the whole
slope is damaged, the sliding surface of the slope is arc-shaped, and the instability
of the displacement and inflection point of the characteristic point is used as the
slope instability criterion. Compared with other instability criteria, the stability of
the slope is safe.

(3) Based on the seepage coupling theory, the study found that the initial pore water
pressure distribution law, initial saturation and initial effective stress of granite
residual soil slope have significant effects on the slope instability during rainfall. By
simulating the changing law of the strain in the plastic zone at different moments,
the whole gradual change process of slope instability under rainfall infiltration
was vividly reflected, and the changing law of the horizontal displacement and
vertical settlement of the slope was also analyzed. The results show that during
rainfall infiltration, soil saturation is negatively correlated with changes in pore
water pressure, and plastic strain occurs first at the foot of the slope. Under the
effect of rainfall duration, the strain in the plastic zone of the slope extends upward
from the foot of the slope, and the plastic strain of the slope foot extends upward
to a certain range.
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Abstract. Challenging grounds are often met in planning, design and construc-
tion of highway embankments which as a consequence succumb to undesirably
excessive ground movements. Such ground conditions can range from unforeseen
cavernous grounds to soft compressible organic soils of variable depths. Often
alternate route planning is not feasible, and if necessary alternative construction
procedures are not adopted, the net result will be unwanted roads user discom-
forts such as bumpy roads or even fatal road collapse. Highway constructions
norms to circumvent such occurrences are to replace with alternative transported
foundation soil/ground improvement or use an appropriate form of geo mats.
Hence, this paper presents an alternative and innovative lightweight fill material:
Geocomposite Cellular Mat (GCM) used to minimize the ground movements of
highway embankments over peat ground. The conceptual development of a stiff
mat structure but with a weight lighter than the embankment fill soil is described.
The material used for the stiff mat is environmentally friendly in utilizing recy-
cled plastic and its structure, enabling the free movement of water to dissipate any
excessive pore water pressures. The performance of the GCMwas appraised under
field trial conditions on a test site in Parit Nipah, Johor, Malaysia. The site com-
prised of a vast expanse of hemic peat and environmental conditions at the test site
were fully monitored. The geotechnical properties of the peat at Parit Nipah were
typically high organic matter content (~85%), high moisture content (>600%)
and very low undrained shear strength (<15 kPa). Details of the set up and layout
of the trial embankments tested are fully described, and the techniques adopted to
get a comprehensive narrative of the settlement characteristics using innovative
measurement techniques are also described. The performance of the GCM incor-
porated embankment was compared with that of a similar embankment that was
formed of conventional backfill (sand fill). The findings show that the field ground
movement observations confirmed that themaximum settlements were reduced by
up to 84%with the GCMfills. Moreover, the differential settlements were reduced
by up to 70%.
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1 Introduction

“The necessity to have well documented full scale field tests of trial embankments” was
strongly voiced at an International Symposium on Trial Embankments on Marine clays
over three decades ago (Balasubramaniam et al. 1990). A holistic understanding of the
geotechnical properties of both the embankment fill and the founding Muar Flats was
desired to make a good prediction of the embankment behaviour. This paper describes
some field test on embankments at a dominantly peat site in Parit Nipah, (only about
20 km away from Muar, Johor) but in a very different geo environment. It is a prime
engineering prerogative to enhance the stiffness of a road subgrade and/or subbase that
will have the potential to arrest any indiscriminate road settlement that leads to uneven
and bumpy road surfaces. The wide variability of properties and materials encountered
in geotechnology demands the applications of Genetic Engineering to bridge between
idealist and realism (Ebid 2004). Highway embankments settle when constructed over
soft soil subgrades, including silty, clayey and in particular peat. These are very fre-
quently encountered hazardous problems that demand maintenance and repair of such
soil-structure scenarios. Figure 1 gives a simple, local example from Malaysia (Kolay
et al. 2011). Challenging soft soils have also been described by Zainorabidin andWijeye-
sekera (2007), Huat (2004), Edil (2003), Zainorabidin and Bakar (2003), Jarret (1997),
Mutalib et al. (1991), Andriesse (1988), Hobbs (1986) and Barden (1968). Such soils
are characterised by weak shear strength, low stiffness with long term creep character-
istics (a consequence of significant secondary and tertiary consolidation), high moisture
content and continuous biodegradation. Consequently, soft peaty soils tend to settle in
the short term and then progress to consolidate further with time, much more than firmer
soil that have lower natural moisture content.

Fig. 1. Hazardous settlement of approach road with peat ground subsidence in Sibu, Sarawak,
Malaysia (Kolay et al. 2011)

Infrastructure constructions on varying compressible soils causemany post construc-
tion problems. Hence, some pertinent, sustainable and lasting remedial geo-techniques
are urgently desired to ensure embankments and structures constructed on such prob-
lematic ground remain stable and strong to mitigate excessive settlement and/or bearing
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failure. Past literature documents various alternative construction and stabilisationmeth-
ods; intrusive methods (chemical stabilisation, prefabricated vertical drains) or external
methods (surface reinforcement, preloading, sand or stone column, and piles) have been
suggested and adopted to support structures over soft yielding ground (Huat et al. 2005;
Kadir 2009; Construction Research Institute of Malaysia 2015). However, some of these
technologies are constrained by their demands on technical feasibility, space and time
limitations and process economics. Even after the adoption of these procedures, differ-
ential settlement problems can still remain unaddressed. These methods aim to have
the initial peat layer thicknesses reduced by over 50%, with a simultaneous increase
in preconsolidation pressure and undrained shear strength. However, such methods are
both expensive resource intensive, time-consuming and need safe site access for heavy
machinery.

Innovative use of lightweight fill technology has been adopted in construction on
the soft yielding ground for over three decades. The increase in stress on the subsoil
can be reduced so that the settlement is reduced or even eliminated/compensated via
the geotechnical concept of “buoyant/floating foundation” if the road embankment is
constructed out of fill material lighter than conventional fill (14–20 kN/m3). Hence
various types of lightweight materials (sawdust, fly ash, slag, cinders, cellular concrete,
lightweight aggregates, expanded polystyrene (EPS), shredded tires, and seashells) have
been proposed as fills for road embankment construction (Ismail et al. 2019). Table 1
gives properties of some such fills. Most lightweight fills are primarily particulate from
that of EPS blocks, which are light (<0.4 kN/m3) with low water absorption (<2%).
However, EPS blocks have inherent technical challenges of uplift, leading to buoyancy
failure, flammability of EPS and being susceptible to rodent attack. The research reported
in this paper utilized a potential replacement of the conventional or modified fill material
to one that is manufactured and has a cellular lightweight mat structure, referred to as
Geocomposite Cellular Mat (GCM).

Table 1. Physical properties & performance of some lightweight fills

Lightweight
fill

Description Density
(kg/m3)

Compressive
strength
(kPa) @
10% strain

Initial
stiffness (kPa)

Approx.
cost
(RM/m3)

Performance
concerns

EPS Expanded
Polystyrene
Ultra
lightweight

<40 0.4 × 103 6.5 × 103 200 Hydraulic
buoyancy:
Flammable:
Soluble with oil
based products &
Chemicals: Prone
to rodent attack

Shredded
tires

Used above
ground
water level

<920 80 0.4 90 Geo environment
pollution:

(continued)



Development and Field Testing of Geocomposite Cellular Mats (GCM) 87

Table 1. (continued)

Lightweight
fill

Description Density
(kg/m3)

Compressive
strength
(kPa) @
10% strain

Initial
stiffness (kPa)

Approx.
cost
(RM/m3)

Performance
concerns

Wood fibre Used below
ground
water

<1020 0.83 × 106 0.83 × 106 65 Combustible;
Decomposable

Expanded
clay

Non
uniform
Depends on
compaction

<700 1.2 4 × 104 185 Hydraulic
buoyancy’ Water
absorption

Fly ash Self
hardening,
non
uniform,
granular
material

<1550 1.2 × 103 11 × 106 65 Wind erosion

2 Road User Safety and Comfort

By virtue of the benefit of the area covered land transport is the most convenient mode
of transportation and the main element for a nation’s economic development. Sound
highway/urban road infrastructure coupled with efficient traffic management gives rise
to riding comfort and road safety to their users. Highway design involves the selection
of a road’s dimensions and its visible features of alignment and controlling highway
architecture. Their construction normally involves a vast amount of earthwork; cutting
hilly areas, backfilling low lying areas, crossing wetlands and alike. Often in the case
of road embankments, the interaction in the behaviour of its essential elements of the
pavement, the embankment fill and the foundation provides the user with comfort or
otherwise. A significant role is played by the respective construction industries to con-
tribute to the development of a green road/highway, in being environmentally responsi-
ble, eco-friendly and sustainable. The condition of the road surface needs to be visually
inspected with regular measurements of rut depths, longitudinal evenness to be accept-
able to predefined guidelines. The unsustainable common practice of indiscriminate use
of transported earth backfill can be replaced with the adoption of an appropriate choice
of a lighter backfill given in Table 1. This will have the added benefit of not imposing
undesirably higher stresses on soft foundations leading to excessive deformations of the
foundation, which will be reflected in giving an uneven road surface.

Conventional embankment fill comprises of well compacted earthenmaterial used to
fill a void space during the process of raising the natural ground surface to a predesigned
grade level. Two types of granular materials (type 1 and type 2) is specified by the
Department of Transport (UK) for road works. Type 1 is a well graded aggregate of
crushed rock, well burnt colliery shale with a notable absence of plastic fine grained
soil. Type 2 includes additionally natural sand and gravel with an upper limit of 6%
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of particles finer than 425 μm. When used as a subbase, CBR (California Bearing
Ratio) value of such compacted fills must be higher than 20% and needs protection from
wet conditions. The durable performance of a pavement depends on the subgrade with
particles finer than sand in it gives lower CBR values and yields unfavourable support
to the pavement.

Such particulate fills with low stiffness lack rigidity and imposes a non -uniform
stress distribution on the foundation. Consequentially, the settlement of the embank-
ment often closely follows the pattern of the stress distribution giving a characteristic
bowl shaped deformation. This in turn can cause severe damage on the overlying layers
of the pavement-fill system (Fig. 2). Johansson (2010) used a hydrostatic profiler which
can determine the relative movements of a flexible hose buried integrally into the foun-
dation along with fill foundation interface, in order to verify this deformation pattern.
Allowable/acceptable settlement will depend on the importance of the infrastructure, the
pavement type (flexible/semi rigid or rigid) and factors such as any differential settle-
ment risks. The roadway’s economic life may be considered tolerable if the settlements
are uniform and occurring slowly over time.

The behaviour of the pavement-fill-foundation system is best and realistically studied
only through well instrumented and monitored full scale trial embankments. Studies
using software programs and small scale models have also been done. Table 2 gives
summary details of such studies relevant to the core focus of this paper; Peat ground.
Outline of the challenges with peat ground follows this.

Fig. 2. Settlement pattern at the fill foundation interface made with hydrostatic profilometer
observations (Johansson 2010).

Table 2. Outline of somepublished research studies of trial embankments foundedonpeat ground.

Site name Muar clay plain,
Malaysia

Booneschans,
Netherlands

Parit Nipah,
Johor Malaysia

Parit Nipah, Johor
Malaysia

Geometry of
embankment

55 × 90 × 2.5 m 750 × 100 ×
6 m

3,5 × 1 × 1 m 3.6 × 3.6 ×
0.15 m concrete
raft

Principal
foundation soil

17.8 m of Marine
Muar soft silty
clay

1.8 m clay
layer overlying
peat

Peat Peat

(continued)
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Table 2. (continued)

Site name Muar clay plain,
Malaysia

Booneschans,
Netherlands

Parit Nipah,
Johor Malaysia

Parit Nipah, Johor
Malaysia

Thickness of and
depth to peat layer

0.6 m thick peat
layer at a depth
from 17.8 m

2 m thick peat
layer at a depth
from 1.8 m

4 m thick peat
layer from the
ground surface

4 m thick peat
layer from the
ground surface

Field tests and
instrumentation

Settlement
gauges,
piezometer,
inclinometer,
settlement rings,
heave markers,
piezocone

CPT,
Begemann
sampling
system
(boreholes),
inclinometer,
pore pressure
transducer, trial
pit

Boreholes, well
points for water
table depths,
Visual
observation of
fill deformation
Environmental
monitoring

Geodetic
surveying method.
TOPCON AT-B4

Embankment fill
composition

Well compacted
fill

Sand core with
a clay cover on
top

Layers of
Geocomposite
Cellular Mat
(GCM) topped
with Uniformly
compacted sand
fill

Sand bags on
Concrete raft

Research
methodology/ies

Total and
effective stress
slip circle
analysis. CRISP
Finite element
analysis

Use of sensors
to detect
movement
before failure

Settlement
observations
and Validating
Large strain
consolidation
predictions

Installation of slab
to
reduce/minimise
settlement

Reference/s Balasubramaniam
et al. (1990),
Indraratna et al.
(2010) and Brand
(1991)

Zwanenburg
et al. (2005)

Ismail (2017)
Ismail et al.
(2014a, b)

Zainorabidin et al.
(2019)

3 Geotechnical Challenges Associated withMalaysian Peat Ground

In a strict geotechnical engineering context and as adopted by the extended Malaysian
Soil classification System, Peat is defined as soil with more than 75% organic content
(ASTM D4427-92 1997; Jarret 1995). Furthermore, contrary to normal soils, the com-
position and properties of peat deposits are both non homogeneous and is subjected to
a dynamic and conflicting process of disintegration cum preservation under very moist
anaerobic conditions environments, akin with the formation of bogs, moors, muskeg,
mire, tropical swamps and fens (Landva 2007). Peat further defies one of the Terzaghi
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assumptions in soil mechanics, in that the peat particles themselves are variably com-
pressible. Tropical woody peat found inMalaysia consist of semi-decomposed to decom-
posing plant remains of tree stumps, roots and leaves and the peat in Johor, Malaysia
is dark reddish brown to black and have been formed as varying thicknesses and in an
acidic environment. The renowned Von Post peat classification system in use is based on
categorization in accordance with botanical composition, degree of humification, mois-
ture content, content of fine and coarse fibers and content of woody remnants. The von
Post scale for peat has a spread ranging fromH1 (completely unhumified fibrous peat) to
H10 (completely amorphous non fibrous peat). Hobbs (1986) extended the classification
system to include categories for organic content, tensile strength, odour, plasticity and
acidity. Based on the extent and type of fiber content, they are also referred to as Fibric
(>66%), Hemic (33–66%) and Sapric (<33%). The unique geotechnical characteris-
tics of peat soil are a high moisture content (>200%), high compressibility (Cc > 0.5),
high organic content (>75%), low shear strength (5–20 kPa) and low bearing capacity
(< 8 kN/m2). Such attributes of peat are the cause of undesirable geotechnical challenges
with peat ground to the engineers in the field of construction. Table 3 gives a summary
of published geotechnical information on Malaysian Peat Soils.

Table 3. Published geotechnical properties of some Malaysian Peat soil

Geotechnical
characteristic

Peat soil - location

West Malaysia Johore Hemic Peat East Malaysia

Source reference Huat (2004) Zainorabidin and Ismail
(2003)

Huat (2004)

Natural moisture content
(%)

200–700 230–500 200–2207

Organic content (%) 65–97 80–96 50–95

Liquid limit (%) 190–360 220–250 210–550

Plastic limit (%) 100–200 – 125–297

Specific gravity 1.38–1.70 1.48–1.8 1.07–1.63

Unit weight (kN/m3) 8.3–11.5 7.5–10.2 8.0–12.0

Undrained shear strength
(kPa)

8–17 7–11 8–10

Compression index, Cc 1.0–2.6 0.9–1.5 0.5–2.5

By virtue of its genesis, peat is necessarily heterogeneous; far from uniform and
homogeneous, even within a single laboratory sample. The macro/micro structure of
deposits of natural peat is in a continuing process of dynamic diagenesis with humic
acid interaction. Peat soils are recognized to be dark reddish brown to black with acidic
(pH ~ 3) pore fluid. Table 2 shows that some researchers’ claim that peat is not actually
plastic per se, as a plastic limit cannot be determined. A further dilemma is that whether
peat is granular or cohesive in shear. The macrostructure of peat shows a network of
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fibers that defines any pseudo frictional characteristics of peat (Zainorabidin et al. 2010).
Kogure et al. (2003) suggested amulti-phase system for peat comprising of solid organic,
mineral soil particles, and water in the inner and outer voids. These nonconformities
are prime reasons for the classical secondary/tertiary consolidation behaviour (Cα/Cc ~
0.06) of peats that leads to indiscriminate settlements. Ground subsidence is essentially
a consequence of volume change except in the cases where lateral ground movements
induced by shear movements. Peat is very susceptible to volume change that may arise
due to any one or combinations of the fo0llowing three different causes, which are;

(i) Consolidation of peat due to an increase in effective stress,
(ii) Shrinkage resulting from themovement of the freemoisture consequent to a change

in the thermal or hydrological environment, and
(iii) The cracking of the otherwise peat continuumdue to aggressive and hostile thermal

environments leading at times to irreversible break down of the cell structure of
the decaying tree roots and other biological remains.

Wijeyesekera and Patel (1998) and others have outlined settlement predictions using
a numerical analysis approach for the solution of Gibson’s large strain consolidation,
which is based on the use of Lagrangian coordinates in preference to the Cartesian
coordinates. This still leaves the inability to account for the biological cell breakdown as
well as to the volumetric deformations arising from drying shrinkage. Notwithstanding
these indispensable setbacks to the modelling of peat, notable constructions have been
done inMalaysia and elsewhere on Peat ground, viz; Kuala Lumpur InternationalAirport
(KLIA) and urban development in Sibu Town (Sarawak), Malaysia. Any soft ground
improvement design needs to ensure the stability of the structure as required in the
technical specifications (and in the case of a road embankment, to settlement limits after
a specified lapse of time from construction, set at the road center and also on a maximum
residual differential settlement).

4 Geocomposite Cellular Mat (GCM) Technology

In their quest for an environmentally sustainable solution to the challenges imposed by
peat ground on road construction, the authors developed the GCM (Fig. 3) as a further
alternative lightweight fill. This research focused on the development and field testing of
GCM which is a pronounced improvement on the “Lightweight Blocky” basis adopted
in the use of “Expanded Polystyrene” (EPS) blocks but taking on board the following
considerations.

• The GCM to be made of recycled waste plastic and having a distinctive honeycomb
like cellular structure that makes them marginally heavier, stiffer and stronger than
the EPS, and also negates any buoyancy failures in the GCM being more porous and
permeable.

• The adoption of recycled waste plastic Polypropylene as a useful material source
and also to improve environmental sustainability significantly while supporting the
sustainable trend of the circular economy.
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Open-cell 
Structure

Open-cell covered 
with porous fabric

Fig. 3. Structure of Geocomposite Cellular Mat (GCM) block

The GCM technology (Wijeyesekera et al. 2015, 2016; Ismail 2017) is based on
the adoption of a relatively firmer foundation structure than a flexible one and thereby
anticipates a more even/uniform structural settlement. Particularly in the niche area of
Foundation Structure – Soft Soil interaction studies, the vertical displacements and sub-
grade reactions at the interface of the foundation structure depends on both the soil
stiffness and the rigidity of the foundation (Leshchinsky and Marcozzi 1990). A rigid
interface enables to negate any non-uniformity (heterogeneity of the subgrade) and redis-
tribute the contact subgrade reactions resulting in a uniform rigid foundation settlement.
Intrusive ground improvement techniques, viz. soil stabilization, if not adequately con-
trolled (through uniform admixing and/or specified field compaction) will still produce
a particulate and heterogeneous soil, even though it be, at a reduced order of variability.

As outlined by Arellano (2010), Lightweight Fill Technology in highway engineer-
ing relies not only on improving engineering properties of the fill but also in reducing the
weight of the levee of the embankment and thus the stresses applied on the soft foundation
soil. Cellular solids have a macro/micro structure that can have a form ranging from the
near perfect order in beehive honeycomb structure of disordered three dimensional net-
works found in sponges, foams and also in the biological tissues of cork cells or even in
mammal/human skins. Open/closed cell polyurethane is found in the EPS blocks adopted
as a form of lightweight fill in ground improvement. A closed and ordered connectivity
of the individual cell edges and faces is hard to establish in the polyurethane cells, which
limits the porosity and more so the intrinsic permeability. Relative density/specific grav-
ity is an important parameter which contributes to the strength of the cellular structure.
Thin walled cellular structures have a lower relative density (polymeric foams 0.05–
0.2; natural materials, cork ~0.14; two dimensional structures in honeycomb and porous
solids >0.3). Thus the physical, mechanical and thermal properties of cellular solids
are influenced by a variety of factors including relative density, cell geometry and cell
topology. The many advantages in cell structure technology have been harnessed via
engineering material science in the manufacture of the body in aircraft technology and
honeycomb sandwich technology adopted in building systems in such as lightweight
partition walls. An exciting advantage of cellular structures is the auto compensation of
any non performing cells by the rest, within reasonable limits. The use of geocells in
highway engineering is an example of its application with the collapsible (for packing
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purposes) but the honeycomb shaped interconnected cells provide the needed all-round
confinement to completely encase the heavy granular fill that are placed within the cells.

Development of GCM is principally focused on being green and sustainable with
the use of recycled waste plastic having a density ranging from 110 to 125 kg/m3 and an
average specific gravity of 0.915. The specific gravity of the GCM block indicates that
the GCMwill float but is not much lighter than water (only 10% lighter). Therefore sub-
mergence plus additional loading from wearing surface, and road base will significantly
decrease the buoyancy of the GCM. Thus, GCM can be classified as a safer fill material
when compared with the EPS fill which has a low specific gravity approximately 0.01
to 0.03 (which is 98% lighter than specific gravity of water) as reported by Zornberg
et al. (2005). The water absorption of GCM is less than 0.01%, it was achieving equilib-
rium value at 1day, since polypropylene (PP) does not absorb any significant amounts
of water.

GCM block fill possesses far superior mechanical bearing characteristics. GCM fill
has a high compressive strength ranging from 3.8 to 4.5 MPa, the initial stiffness at
1% strain was observed to be in the range of 100 to 150 MPa, and secant stiffness
was around 190 to 310 MPa. These values are more than 50% higher compared to
EPS geofoam. As noted by Zornberg et al. (2005), the maximum compressive strength
and initial stiffness of EPS is around 0.04 to 0.49 MPa 4 to 10 MPa, respectively.
The idealised cellular structure adopted in this technology allows water to flow freely
and vertically (unidirectional), and it also reduces the potential of floating due to open
porous structured cells (Fig. 3). Furthermore, the open-porous cellular structure of the
GCM facilitates accelerated consolidation settlement within the sub-grade through rapid
dissipation of the excess pore water pressure developed. Both top and bottom surface of
the open-porous GCM was covered with high strength filter fabric to avoid soil particle
from passing through them. GCM follows the masonry brickwork/ blockwork concepts
closely, and are made in block form. Placement of the GCM blocks can be empirical or
with a rational analysis to form the entire embankment with an appropriate spacing and
arrangement patterns for the blocks. Therefore additionally, the concept of a cellular mat
structure with interspersed blocks further enables the sharing of the load and minimising
the differential settlement. The performance of this technology constructed on peat soil
is critically studied in this research.

5 Geo Environmental Observations at the Field Test Site (Parit
Nipah, Johor, Malaysia)

Field testing was conducted at Parit Nipah Darat (Johor, Malaysia). Ground investiga-
tions at the site consisted of drilling 4, 10 m deep boreholes and field vane shear tests
carried out that revealed a peat layer extending to approximately 4 m in depth, which
in turn was underlain by a layer of soft clay. This has been further confirmed recently
by Basri et al. (2019) with subsurface profiling using Electrical Resistance Tomography
results for the 2-D stratigraphy profiles obtained shown in Fig. 4. The image shows a
clear contrast between different soil layers confirming the peat thickness. The natural
moisture content of the peat obtained from the site ranged from 698% to 721%. The labo-
ratory observations of the unit weight of peat soil were in the range of 920 to 1100 kg/m3,
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and the specific gravity of peat particles was about 1.436. Vane shear strength recorded
for peat layer ranged from 8 to 14 kPa. These conform to the expected characteristics of
peat to have low shear strength and consequently low bearing capacity inducing large
strain settlements and even shear failure.

Fig. 4. 2-D ERT stratigraphy profiles for Parit Nipah Darat (adopted from Basri et al. 2019)

Environmental (rainfall, air temperature, humidity, groundwater table fluctuation and
ground surface subsidence) conditions at the site were regularly monitored during the
testing program. These enabled to compensate for errors arising from the environmental
effect in order to obtain the net settlement data arising solely from respective fill loadings
only. Temperature and humidity data as in Fig. 5 were measured using digital temper-
ature and humidity meter to the nearest 0.1 °C and 1%, respectively. It was monitored
throughout a research testing period. The temperature observations during the test period
ranged between 22 °C and 30 °C. High ambient temperatures and low humidity reduce
soil moisture and vice versa. Figure 6(b) shows the variation in humidity observed at
Parit Nipah test site to be in the range of 78 to 89%.
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Fig. 5. Temperature and humidity variations observed at the test site
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Groundwater level observations were made at three different but permanently
installed standpipe locations on the test site. A stiff flat measuring tape with a read-
able accuracy of 0.001 mwas used to ascertain the depth to local groundwater table. The
measuring probe incorporated an insulated gap between electrodes to give an audible
signal when it made contact with the water. The groundwater level variations depended
on various factors such as water extraction demand by vegetation, local dewatering, but
primarily the rainfall. Figure 6 is a comparison of the groundwater level changes in the
peat layer on a backdrop of the observed rainfall. An extreme fluctuation of 27.7 cm in
groundwater level was observed with intermittent rise and fall in its level, responding to
the rainfall intensity and occurrence.

Fig. 6. Variation of local groundwater level in response to rainfall with time at the test site

6 GCM Technology – Field Performance

The performance of the GCMwas closely observed in a real field environment at the site
and analyzed. The superstructures were kept under canvas cover so that the test fills only
were protected from wind and rain. The need to obtain holistic settlement observations
at points on the loaded bases and beyond was a prime objective accommodated to fit
the limits of time and available research funding. Environment tests mentioned above
and innovative improvised instrumentation were adapted tomeasure surface settlements.
Therefore, the adoption and installation of a large number of electronic settlement gauges
needed and hydrostatic profilers proved to be both expensive and challenging as it would
disturb the soft peat soil. The number of measurement points needed was not thus com-
promised, and a geodetic surveying technique; Topcon AT-B4 auto level with fixed
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individual staff at each measurement point was installed. Each levelling staff was fas-
tened to a rigid base plate (100 × 100 mm) for stability and to provide a representative
observation. The visible portion of each levelling staff displayed a securely attached
barcode portion of a leveling staff. Hence remote observations were possible, avoiding
the hassle of handling heavy levelling staff and also eliminating any disturbance of the
many measuring points. Net ground movement (settlement or heave) was thus measured
to an accuracy of 1 mm.

The GCMs were made in the laboratory as blocks which measured either 500 ×
500× 200 mm or 500× 250× 200 mm. In practice, the GCM could be custommade to
a required size and shape. The blocks can be arranged in a staggered pattern to distribute
the load evenly between the layers. Figure 7(a) shows a typical arrangement of the GCM
blocks within an embankment. The blocks are surrounded by conventional fill at the top
and on the sides. 400mm thick fill on the top of the blocks, and beneath the road pavement
was proved to be sufficient in a parallel research study. This paper presents results
from two distinctly different series of research testing. First was series U of uniform
loading, which conceptually represents the loading arising from the central portion of
the embankment as illustrated in Fig. 7(b). The second was series E of embankment
loading which comprised of the central part and the two levees (see Fig. 7) that impose
a triangular loading on the base.

(a)

(b)

Roadway
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fill material

Earth 
cover

Foundation Soil

Layer 2
Layer 1
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Layer 4

Roadway
Lightweight 
fill material

Earth 
cover

Foundation Soil
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Layer 1

Layer 3
Layer 4

Sand layer

Cross section for U 
tests; USF and UGCM

Sand layer

Varies 

0.4 m min

Fig. 7. Conceptual logic for the basis of USF, UGCM tests & the embankment loading tests
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Figures 8 and 9 present information for/from the uniform loading testsUSF andUGCM
and helps to compare the performance of the GCMfill with that of the conventional sand
fill. Test USF consisted of 1000 mm of compacted sand fill only (ρd = 1400 kg/m3 ±
2%) whereas UGCM was with 3 layers of GCM (ρd = 125 ± 10 kg/m3) and 400 mm
thick sand fill at the top. Nomenclature for the embankment loading test followed the
same logic. The site preparation for both series was similar in first excavating and
removing approximately 200 mm of top soil and spreading 50 mm depth of sand on
the prepared surface. The base plate of each settlement gauge was placed level and
positioned with a level zero assigned at specified observation points as shown in the
layout diagrams. The vertical framed structure was used to contain the fills laterally.
These were suspended carefully on to the prepared surface, ensuring that there was no
additional loading imposed on the ground. Sand fill was placed within the frame/s in 5
uniformly placed layers of 200 mm each making up a 100 mm thick fill. Contrarily, the
GCM fills consisted of placing three layers of GCM blocks (3 × 200 mm = 600 mm
thick), and the balance 400 mm consisted of two layers of 200 mm thick sand layers
that was placed on top of the GCM blocks. Therefore the total initial height of fill for
each test was 1000 mm. The construction loading settlements occurring were monitored
after the placement of each 200 mm fill. The settlement observations from all the gauges
were monitored at regular intervals for the duration of the construction loading. The
settlements were determined from the ground surface. Figures 8, 9 and 10 show the
loading base dimensions for the U and E test series to be 1000 × 1000 mm and 3500 ×
3000 mm, respectively. The locations for the settlement observation points were as
indicated.

Fig. 8. Layout of uniform loading (sand fill only)
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Fig. 9. Layout of uniform loading (GCM & sand fill)
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Figure 11 shows the differential settlement with respect to the center point (�Hx =
δx−δl3a/b), the point I3a and I3b being considered the base reference for both conditions.
It compares the progressive differential settlement with time under both sand fill loading
(USF) and GCM fill loading (UGCM) gave maximum values of >10 mm and <3 mm for
USF and UGCM, respectively. Figure 10 also shows that with the USF test in particular
there was a rapid initial settlement followed by secondary and tertiary consolidation
effects. This phenomenon was not prominent in the UGCM test.

Figures 8 and 12 gives details of the layout for the sand fill Uniform loading test
USF and the absolute local differential settlement profile in the transverse and longi-
tudinal directions. These profiles are nearly identical. The maximum absolute settle-
ments recorded were 86 mm and 71 mm observed at the center (�H3) and edge (�H2).
This gave �H3/�H2 ratio to be 1.211. Furthermore, these observations portray a non-
uniform settlement with a sagging profile under sand fill (flexible foundation behaviour).
The constant settlement resulting at any time with UGCM is further endorsed in Fig. 13
and in both transverse and longitudinal settlement profiles. The maximum settlements
recorded were 56 mm and 55 mm at the center (�H3) and edge (�H2). The settlement
ratio (�H3/�H2) for UGCM was 1.018 in this case. Hence, the observed differential
settlement was both uniform and 70% less than that observed with the sand fill loading
USF. This observation shows that the GCM fills have addressed the methodology can
overcome the non-homogeneity on the peat ground (rigid foundation behaviour).

Another notable observation seen in both Figs. 12 and 13 is somewhat similar and
circa 3 mm maximum heave of the ground outside the loaded base area. This is a
consequence of the softness and the weak peat shear strength inducing a complete local
shear slip surface beneath the loaded base.
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Figure 14 and 15 refers to the observations obtained with the embankment loading
tests Esf and EGCM, respectively. The differential settlement with respect to the center
of fill embankment (�Hx = δx − δ3) in Esf were significantly greater (>90%) than that
from the EGCM test as shown in Fig. 14(a). The results show settlement ranged from 5
to 125 mm. Non-uniform settlements experience under Esf that increased with time and
can be seen clearly through both transverse (see Fig. 14(b)) and longitudinal profiles (see
Fig. 14(c)). The non-uniform thickness of peat deposit also contributes to the occurrence
of bumpy roads, mainly when the road rests on the peat ground. Many researchers (e.g.
Sas and Malinowska (2006); Oh et al. (2007a, b) and Ganasan (2016)) reported that a
similar settlement pattern occurs when flexible foundation rests on the soft compressible
soil.

However, results from EGCM did not show any significant variation (<6 mm) as
illustrated in Fig. 15(a). This is due to the stiff and contiguous mat structure and the
consequent load sharing mechanism of the mosaic layer of the mats. The uniform set-
tlement seen in the case of EGCM is further endorsed in Figs. 15(b) and 15(c) through
the transverse and longitudinal settlement profiles observed at any time, respectively.
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A long time after construction, the ground surface beneath sand fill embankment
settled about 215 mm and 192 mm at the center and edge respectively (a ratio of 1.120)
while similar observations with the GCMfills embankment were only 35mm and 36mm
at the center and shoulder respectively (a 0.06 ratio). This can be further reduced with
increasing the number of GCM fills (>3 layers). The results showed that the use of
GCM reduced the total settlements by about 84%. Higher settlements at the base lead to
excessive deformation of pavement and stress enhancement. The presence of lightweight
GCMfills (with a density range of 110 to 120 kg/m3) to replace sand fill (with a density of
1400 kg/m3) provided desired results, GCM being remarkably negating any differential
settlement.

The observation under embankment fill loading shows that the total relative set-
tlements in GCM fill embankment EGCM was 84% less than that from the sand fill
embankment (Esf). This is demonstrably seen in Fig. 16. Horizontal black lines in the
figure represent the initial 0.2 m levels. Therefore, initial layer levels are datum lines and
the red lines represent the observed settlement profiles of each layer traced by observing
the movement of powdered tracer coal dust that was placed on the surface of each layer
and near to the transparent wall to enable visibility.

Based on the findings from the field study, it can be seen that the GCM fills not only
reduces the excessive settlement but also the differential settlement. GCM also helped to
accelerate the consolidation settlement within the sub-grade through the dissipation of
any excess pore water pressure through the open-porous cellular structure of the GCM
blocks.
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(a) Esf - Differential settlement plot

(b) Esf - Transverse Settlement Profile
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(a) EGCM - Differential settlement plot
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Fig. 16. Visual observation of settlement profile for field test group; (a) non-uniform settlements
observed in flexible foundation test Esf, and (b) uniform and minute settlements observed in rigid
foundation EGCM

7 Conclusions

Engineers need to circumspectly consider “Peat” either as a “misnomer” of being called
a “soil” or accept this unique soil as an “outlier” within the realms of traditional soil
mechanics and provide stiff porous lightweight fills such as the Geocomposite Cellular
Mat (GCM) to negate or minimize any untoward excessive non uniform settlements.
The findings show that the soil settlement significantly improvement with the GCM
fills, which the maximum settlements and differential settlement were reduced by up to
84% and 70%, respectively.

Acknowledgement. The authors would like to express gratitude to Universiti Tun Hussein Onn
Malaysia (UTHM) for the financial support to carry out this research and publish this paper.

References

ASTM D4427-92: Standard Classification of Peat Samples by Laboratory Testing. Annual Book
of ASTM Standards, Philadelphia (1997)

Andriesse, J.P.: Permanent constraints in Peat Reclamation. Nat. Manag. Trop. Peat Soils. FAQ
Soil Bull. 59, 81–91 (1988)

Arellano, D.: Preliminary design procedure for EPS block geofoam lightweight fill in levees
overlying soft soils. In: 27th Annual Association of State Dam Safety Officials Conference.
University of Memphis, Tenessee (2010)

Balasubramaniam, A.S., Phien-Wej, B., Indraratna, B., Bergado, D.T.: Predicted behaviour of a
test embankment on a Malaysian marine clay. In: Proceedings of International Symposium on
Trial Embankments on Malaysian Marine Clays, Kuala Lumpur, vol. 2, pp. 1-1–1-7 (1990)

Barden, L.: Primary and secondary consolidation of clay and peat. Géotechnique 18(1), 1–24
(1968)



Development and Field Testing of Geocomposite Cellular Mats (GCM) 105

Basri, K., Wahab, N., Talib, M.K.A., Zainorabidin, A.: Sub-surface profiling using electrical
resistivity tomography (ERT) with complement from peat sampler. Civ. Eng. Archit. 7(6A),
7–18 (2019). https://doi.org/10.13189/cea.2019.071402. http://www.hrpub.org

Brand, E.W.: Predicted and observed performance of an embankment built to failure on soft clay.
Geotech. Eng. 22, 23–41 (1991)

Huat, B.H.: Organic and Peat Soils Engineering. Universiti Putra Malaysia Press, Serdang
(2004).ISBN: 983-2871-08-5

Construction Research Institute of Malaysia: Guidelines for Construction on Peat and Organic
Soils in Malaysia. Perpustakaan Negara Malaysia (2015). ISBN: 978-967-0242-15-6

Ebid, A.M.: Applications of genetic programming in geotechnical engineering. Doctoral thesis,
Ain Shamis University, Cairo (2004)

Edil, T.B.: Recent advances in geotechnical characterization and construction over peats and
organic soils. In:Huat, et al. (eds.) Proceedings of the 2nd InternationalConference onAdvances
in Soft Soil Engineering and Technology, Putrajaya, Malaysia, pp. 85–108 (2003)

Ganasan, R.: Evaluation of innovation lightweight fill in problematic soil. MSc thesis, Universiti
Tun Hussein Onn Malaysia, Malaysia (2016)

Hobbs, N. B.: Mire morphology and the properties and behaviour of some British and foreign
peats. Quarterly Journal of Eng. Geology and Hydrogeology, London. 19(1), 7–80 (1986).

Huat, B.B.K., Maail, S., Mohamed, T.A.: Effect of chemical admixtures on the engineering
properties of tropical peat soils. Am. J. Appl. Sci. 2(7), 1113–1120 (2005)

Jarret, P.M.: Geoguide 6: site investigation for organic soil and peat. JKR Document 20709-0341-
95 (1995)

Indraratna, B., Rujikiatkamjorn, C., Wijeyakulasuriya, V., McIntosh, G., Kelly, R.: Soft soils
improved by prefabricated vertical drains: performance and prediction (2010). http://ro.uow.
edu.au/cgi/viewcontent.cgi?article=1907&context=engpapers

Ismail, T.N.H.T.,Wijeyesekera, D.C., Bakar, I.,Wahab, S.: New lightweight constructionmaterial:
cellular mat using recycled plastic. In: Engineering Materials, vol. 594, pp. 503–510 (2014a)

Ismail, T.N.H.T., Hassanur, R., Ganasan, R.,Wijeyesekera, D.C., Bakar, I., Sulaeman, A.: Physical
and software modelling of performance of mat foundations on soft soil. In: Proceedings of Soft
Soils Conference (2014b)

Ismail, T.N.H.T.: A critical performance study of innovative lightweight fill to mitigate settlement
of embankment constructed on peat. Doctoral thesis, Universiti Tun Hussein Onn Malaysia,
Malaysia (2017)

Ismail, T.N.H.T., Wijeyesekera, D.C., Lim, A.J.M.S., Yusoff, S.A.N.M.: Alternative construction
technology over soft yielding ground using lightweight fill materials: an overview. J. Eng. Appl.
Sci. 14(16), 5602–5609 (2019)

Jarret, P.M.: Recent development in design and construction on peat and organic soils. In: Huat,
B.K., Bahia, H.M. (eds.) Proceedings of Recent Advances in Soft Soil Engineering, Sarawak,
pp. 1–30 (1997)

Johansson, F.: Sättningar i sulfidjord – uppföljning och utvärdering av sättningarnas storlek
och tidsförlopp, väg 760 i Norrbotten. Luleå University of Technology, Department of Civil,
Environmental and Natural Resources Engineering (2010)

Kadir, M.I.A.: Long term consolidation study on the tropical peat at Pekan, Pahang, Malaysia.
Doctoral thesis, Universiti Malaysia Pahang, Malaysia (2009)

Kogure, K., Yamaguchi, H., Shogari, T.: Physical and pore properties of fibrous peat deposit. In:
Proceeding of the 11th Southeast Asian, Geotechnical Conference, Singapore (2003)

Kolay, P.K., Sii, H.Y., Taib, S.N.L.: Tropical peat soil stabilization using class F pond ash from
coal fired power plant. Int. J. Civ. Environ. Eng. 3(2), 79–83 (2011)

Landva, A.O.: Characterization of Escuminac peat and construction on peatland. In: Characteri-
zation and Engineering Properties of Natural Soils, Singapore (2007)

https://doi.org/10.13189/cea.2019.071402
http://www.hrpub.org
http://ro.uow.edu.au/cgi/viewcontent.cgi%3Farticle%3D1907%26context%3Dengpapers


106 T. N. H. T. Ismail et al.

Leshchinsky, D., Marcozzi, G.F.: Bearing capacity of shallow foundations: rigid versus flexible
models. J. Geotech. Eng. 116(11), 1750–1756 (1990)

Mutalib, A.A., Lim, J.S., Wang, M.H., Koonvai, L.: Characterization, distribution and utilization
of peat inMalaysia. In: Proceedings of International Symposium on Tropical Peatland, pp. 7–16
(1991)

Oh, E.Y.N., Balasubramaniam, A.S., Surarak, C., Chai, G.W.K., Bolton, M.W.: Interpreting field
behaviors of embankment on estuarine clay. In: The 17th International Offshore and Polar
EngineeringConference. International Society ofOffshore andPolar Engineers, Lisbon (2007a)

Oh, E.Y.N., Surarak, C., Balasubramaniam, A.S., Huang, M.: Observed behaviour of soft clay
due to embankment loading: a case study in Queensland, Australia. In: Proceedings of the 16th
Southeast Asian Geotechnical Conference, pp. 1–6 (2007b)

Sas, W., Malinowska, E.: Surcharging as a method of road embankment construction on organic
soil. In: IAEG International Ongress, United Kingdom, Paper Number: 403 (2006)

Von Post, L.: Swedish geological peat survey with the results obtained so far. Sven. Mosskult.
Tidskr. 36, 1–27 (1922)

Wijeyesekera, D.C., Bakar, I., Ismail, T.N.H.T.: Sustainable construction material for challenging
highway technology. ARPN J. Eng. Appl. Sci. (2015). ISSN: 1819-6608

Wijeyesekera, D.C., Numbikannu, L., Ismail, T.N.H.T., Bakar, I.: Mitigating settlement of struc-
tures founded on peat. In: IOP Conference Series: Materials Sciences & Engineering, vol. 136
(2016)

Wijeyesekera, D.C., Patel, J.C.: A three level finite difference analysis of the large strain one
dimensional consolidation equation. Geotech. J. 2(1), 1–13 (1998)

Zainorabidin, A., Bakar, I.: Engineering properties of in-situ and modified hemic peat soil in
Western Johor. In: Proceedings of 2nd International Conference on Advances in Soft Soil
Engineering and Technology, Putrajaya, Malaysia, pp. 173–182 (2003)

Zainorabidin, A., Wijeyesekera, D.C.: Geotehnial challenges with malaysian peat. In: Proceed-
ings of the 2nd Annual Conference on School of Computing and Technology. Advances in
Computing and Technology, pp. 252–261 (2007)

Zainorabidin, A., Wijeyesekera D., Jayaratne, R.: Fabric of peat soils using image analysis. In:
Proceedings of the 5th Annual Conference on School of Computing and Technology. Advances
in Computing and Technology, pp. 38–44 (2010)

Zainorabidin, A., Abdurahman, M.N., Kassim, A., Razali, S.N.M.: Settlement behaviour of Parit
Nipah peat under static embankment. Int. J. Geomate 17(60), 1–4 (2019)

Zornberg, J.G., Christopher, B.R., Oosterbaan,M.D.: Tire bales in highway applications feasibility
and properties evaluation. ColoradoDepartment of Transportation Research Branch, Report no.
CDOT-DTC-R-2005–2 (2005)

Zwanenburg, C.: The Influence of Anisotropy on the Consolidation Behaviour of Peat. DUP
Science (2005). ISBN: 90-407-2615-9



Study on Response of Dual Layered Reinforced
Stone Column Under Shear Loading

Akash Jaiswal(B) and Rakesh Kumar

Department of Civil Engineering, Maulana Azad National Institute of Technology,
Bhopal, India

Abstract. Stone columns are surely entitled for ground improvement and used on
large scale by engineers these days. The vertical load capacity of stone columns
reached to the ampler level by encasement of column material and using the
bulging resistance due to confinement. Now, the efforts are in the direction for
enhancement of shear strength of the stone column. The peripheral reinforcement
is also considered for better shear strength by researchers. The objective of this
paper is to study shear capacity of stone column on insertion of one extra layer of
reinforcement in between peripheral layer and centre i.e. Dual Layered Reinforced
Stone Column (DLRSC). In this experimental study, Geonets of small aperture
openings are used as reinforcing layers due to their higher stiffness related to
geotextiles. Various direct shear tests are conducted with different diameter and
varying spacing between two layers of the reinforcement. Transformation in these
combinations is also observed due to internal stresses generated by different values
of Normal pressure. Outcomes are compared with the ordinary and single layered
reinforced stone column which shows the significant amelioration to the shear
strength of the stone columns.

Keywords: Stone column · Shear loading · Reinforcement · Geonet

1 Introduction

The soft soils have been ameliorated by changing the chemical properties or by changing
the structural arrangement of particles which may cover two types of problems to the
structures: one is the large settlement at lesser load and other is shear deformation/tilt of
the structure. Fixing of such geotechnical issues for poor soils is Ground Improvement
(Ghanti and Kashliwal 2008). Insertion of stone columns in the soft ground also deals
with the Excessive settlement and bearing capacity problems of the soft/poor soil, hence
came out as an effective tool for Soft Ground Improvement, which is in extensive appli-
cation by Geotechnical Engineers now a days for many structures like Embankments, oil
storage tanks and buildings on the soft clays (Gniel and Bouazza 2010; Shahu and Reddy
2014). The longitudinal load to the stone columns is transferred by the circumferential
bulging of the column that provides increased stiffness to the ground (Bergado et al.
1994; Hughes et al. 1974).
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Itwas observed that the bulging resistance or lateral confinement from the intervening
soil may not be adequate for very loose soils. Required load bearing capacity at the
limiting settlement will not able to be developed by the stone column (Shahu et al.
2000). Afterwards for the more required capacity of stone column ameliorated grounds,
the circumferential bulging resistance needed to be increased. Vertically loaded column
with the encasement by use of various geosynthetics found much efficient in increasing
the bearing stresses (Murugesan and Rajagopal 2006, 2007, 2010; Yoo and Kim 2009;
Lo et al. 2010; Khabbazian et al. 2010; Pulko et al. 2011; Ali et al. 2012, 2014; Dash and
Bora 2013). Further enhancement of bearing capacity and reduction in lateral bulging
can be observed by the use of horizontal layers of Geosynthetics, that is due to the effect
of interlocking and frictional effects of horizontal layers with stone column aggregates
(Ayadat et al. 2008; Prasad and Satyanarayana 2015; Ghazavi 2018).

Lateral loading that caused Shear failure of the stone column was not in much recog-
nition, the behavior under lateral loading for confined stone column was studied & shear
strength increment was reported because of Encasing of granular material (Murugesan
and Rajagopal 2009). Stiffness is the cause for the enhancement in shear strength for the
smaller displacements, while on further increment in the displacements (larger displace-
ments), themobilization of tensile force is the cause for additive shear strength to encased
stone column, which will be present /persist till the rupture of encasement (Mohapatra
et al. 2016). Enhancement of shear strength for static as well as for cyclic lateral loading
due the Encasement are also reported for stone column near the toe of Embankment
(modeled with Unit cell shear device) (Cengiz el al. 2019). Study also shows that the
grouped stone columns are more efficient for the shear strength resistance, because the
confining-of intervening soil is also increased, but for the design considerations,further
study is required for this aspect (Mohapatra et al. 2016).

Stone columns with vertical nails were also found effective which were inserted
along the circumference of column body. Use of reinforcing nails driven around the
circumference of the stone column up to a depth of 3D to 4D enhanced the performance
of stone column; this is due to the increased confining of granular material (Babu and
Shivashankar 2010). The installation of nails is more feasible than the geogrid that is
the beneficial factor to use nails at the site (Komeil et al. 2015).

Current available study gives the insight about the shear failure of stone column,
beneath the embankment. The stone columns which are on edge side of embankment
are more vulnerable to failure. The literature study gives the idea of using Geonet, in
place of geogrid or nailing at the circumference of the stone column. So in present
study, geonets are used as reinforcing layers of stone column and behaviour of geonet
reinforced stone column is discussed on application of shear loading.

2 Materials

2.1 Sand and Gravel

Soil bed was prepared by the sand collected from nearby sites in Bhopal city, which
is poorly graded in nature, passing through the 4.75 mm sieve. The densities at the
fully compacted and in loose state were found to be 17.36 kN/m3 and 14.52 kN/m3

respectively, also the density of sand at which tests were conducted was 16.1 kN/m3.
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Coarse grained soil, classified as GP, according to the soil classification system, was
used as filling material for the stone column of 100 mm diameter. Other properties of
sand and gravels are listed in the Table 1.

Table 1. Properties of sand and gravels used

Property Sand Gravel

Sp. gravity 2.64 2.68

D10 0.26 2.6

D30 0.38 3.1

D60 0.60 4.6

Cu 2.30 1.77

Cc 0.92 0.80

φ° 34° 42°

2.2 Geonets

Geonets were procured from the market. The properties of geonets used in this study are
shown in Table 2, as provided by the manufacturer. The geonets used is of high density
polyethylene, made with two crossover ribs. Geonets are used as reinforcement to the
stone columns. For Single Layered Reinforced Stone columns (SLRSC) the layer of
Geonet is placed at the Periphery of the Column, which encases the entire stone column.

Table 2. Characteristics of geonet

Characteristics Value

Thickness 2 mm

Mass per unit area 740 gm/m2

Peak tensile strength 8 kN/m

For Dual Layered Reinforced Stone Column (DLRSC), Two layers of Geonet are
used, the first one is same as placed in SLRSC (at the periphery), which is constant for
all the DLRSC samples. Second layer of Geonet is placed inside the stone column body
i.e. at 0.25d, 0.5d and 0.75d distance from the axis of stone column as shown in Fig. 1
which creates spacing of 0.75 d, 0.5d, 0.25d between two layers respectively.
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Fig. 1. Arrangement of reinforcement layers

3 Methodology

3.1 Sample Preparation

Poorly graded sand was used to make a soil bed in large shear box. Before preparing
the sample with stone column, amount of sand was measured required to fill the shear
box neglecting the portion equal to the volume of the stone column. So defined Pre-
weighted sand was taken for each sample preparation and filled in Large Shear box, in
3 approximate equal layers. Each layer was provided a fixed amount of compaction by
tamping, where the relative density for all the samples were in between 68 ± 2%.

Three types of samples were prepared in the large shear box test, Unreinforced Stone
Column (USC), SLRSC andDLRSC. For the USC, steel tubewas placed inside the shear
box and stones poured in steel tube in 5 approximate compacted layerswith tamping each
layer by fixed amount of compaction through fall of tamper from a height of 150 mm.

For SLRSC construction in the shear box, Geonets were placed on the inner surface
of the steel tube and the stones were compacted in the similar fashion as performed
for USC. After full length compaction steel tubes were pulled slowly leaving behind
the Geonets in the peripheral place of the column, constructed column is shown in the
Fig. 2(a).

Construction of DLRSC was done with Horizontal Layer of Geonet, which were
folded to the shape of cylinder with the required diameter of 100 mm for outer layer of
encasement. Similarly, for internal layer of encasement, the Geonet layer were folded to
the shape of cylinder of lesser diameter 25,50& 75mm respectively for spacing of 0.75d,
0.5d and 0.25d respectively. Both inner and outer layers of Geonet were held in vertical
position and tied with thread at the bottom to the common horizontal Base made of
Geonet only, the assembly made in such a manner that both the vertical layers of Geonet
with the horizontal base can stand vertically without any lateral support. This is made by
using small pins as a strut between two layers. Also the joint made at the bottom end of
encasement helped to keep encasement in the position. This whole assembly of Geonet



Study on Response of Dual Layered Reinforced Stone Column 111

layers and horizontal base was placed inside the Steel tube, which were already kept in
the shear box apparatus for making stone columns. The assembly is placed such that the
outer layer of encasement touches the inner periphery of the steel Tube. For DLRSC
the material was also compacted in 5 layers but the compaction was done separately for
both the areas i.e. the area between inner & outer layer of encasement and area encased
by the inner layer of encasement. Amount of sand equal to the volume of encasement
material inside the stone column was reduced for filling the DLRSC. The steel tube used
was removed slowly after the compaction of material inside the stone column, one of
the constructed stone column is shown in Fig. 2(b).

(a) Constructed Single Layered Stone Column (b) Constructed Dual Layered Stone Column

Fig. 2. (a) Constructed single layered stone column (b) Constructed dual layered stone column

3.2 Test Setup

The large shear box apparatus was used for testing the shear strength of the prepared
samples. The apparatus has an area of 305× 305mm in the plan with the effective height
available for soil specimen of 150 mm. The apparatus has the predefined horizontal plan
of failure at the vertical center of the specimen. This horizontal plane is maintained
by the two halves of the shear box apparatus. The lower half of the box moves on the
roller in the horizontal direction whereas the upper one remains in the position. Due to
this assembly, the soil mass inside the box also tends to separate along the predefined
horizontal plane. The strain of lower box can be measured by the Stain Gauge already
positioned. Loading yoke support the top half of the shear box and connected to the load
transducer which reads the resistance of the soil to the horizontal loading. The loading
is applied to the specimen through a motorized device, which allows providing constant
rate of loading for the test. A loading cap was used to maintain the normal load over the
soil specimen by manually changing the calibrated dead weights for different normal
pressure.
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3.3 Procedure

To study the effect of single and double layered encasement, Stone columns were
installed in the sand bed. Tests were conducted for different normal pressures of 20,
40, 60 & 80 kPa. Required normal load was applied via available top cap of the shear
box. After the application of normal pressure horizontal load was applied to the lower
half of the shear box, with the constant displacement rate of 1.2mm/ min. Resistance
to this displacement was measured at the end of each minute from the load transducer.
Test was continued for 50 min and then terminated because resistance offered by the
specimen was observed to decrease significantly.

4 Result and Discussion

Lateral load to the lower half of the shear box apparatus were applied till the resistance
became constant against the horizontal displacement. The sand was removed which was
used to construct the soil bed and the deformation of the stone columnbodywas observed.
Failure was observed in the similar fashion as Type-2 reported byMohapatra et al. (2016)
for the high rupture strain case of encasement. In all the dual encased stone columns,
outer layer of encasement had high strain values than the inner layer of encasement.
The cases in which the spacing was higher between the encasements, the differences in
strains of both the encasement layers was large i.e. the horizontal movement of inner
layer at the failure plane started on later stage of the test.

Fig. 3. Shear stress variation with horizontal
displacement at normal pressure 80 kPa

Fig. 4. Shear stress variation with horizontal
displacement at normal pressure 60 kPa

4.1 Influence of Normal Pressure

Tests were performed at various normal pressure ranging from 20 kPa to 80 kPa, at each
normal pressure condition on OSC use, SLRSC and DLRSC with 3 different spacing
of encasement were tested. The observed values of shear resistance are shown with
horizontal displacements in Fig. 3, 4, 5 and 6. SLRSC provides the confinement to the
column material,due to which the shear resistance increases approximately 3 times.
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Also, DLRSC ismore effective than the SLRSC,more than 1.5 times of improvement
observed for lower Normal stress of 20 kPa. This improvement over the SLRSC is due
to additional confinement offered by the second layer of the encasement, which helps
in restricting the movement of column material. As the normal stress increases towards
higher side, improvement ratio reduces after 1.25 (Fig. 7). Hence, for the site where
overburden pressure is less, DLRSC will be more efficient if the column beneath the
earth is likely to bear the lateral load.

Fig. 5. Shear stress variation with horizontal
displacement at normal pressure 40 kPa

Fig. 6. Shear stress variation with horizontal
displacement at normal pressure 20 kPa

Initial modulus of resistance observed was nearly same for SLRSC and DLRSC. In
case of OSC, the initial tangent were tilted towards right which indicates the lesser value
of initial modulus of resistance (Fig. 3, 4, 5 and 6) in all four normal pressure conditions.
This shows the considerable enhancement in the stiffness of stone column due to the
encasement of column.

4.2 Encasement of Column

The strain softening was observed for OSC and SLRSC at early displacements of 5–
7 mm, just after the peak shear resistance, that continues till the end of the test. In case of
DLRSC, for all 3 spacing conditions, some stain hardening was observed after the peak
shear strength, but the resistance did not reach again after the peak resistance was offered
by the stone column body. Slope of the graph of shear stress vs Horizontal Displacement
after the highest point can be seen steep for case of SLRSC but in case of DLRSC it is
mild, especially in the case with where spacing between encasements is 0.25d.

The gain of strength after the highest point of resistance is due to the inner layer of
encasement.When the horizontal displacement occurs, gradually effect of it reaches up
to the inner layer of encasement and this layer starts to act as an additive barrier which
provides the strength to the column body even at higher stains. The resistance does not
reach again up to the ultimate peak because when the inner layer provides the strength till
that time the outer layer reaches to its creep level i.e. elongation without any increment
of load.
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Fig. 7. Improvement ratio of DLRSC over SLRSC

4.3 Spacing of Encasement

In DLRSC, for encasement spacing of 0.75d, the additional strength mobilizes at the
horizontal displacements of 20–25 mm, as the graph (Fig. 8) indicates the second local
peak of shear strength. But for the 0.5d spacing of encasement this local peak of shear
strength comes at earlier stage of horizontal displacement i.e. at 10–15 mm (Fig. 9). No
such local peak is observed for case of 0.25d encasement spacing (Fig. 10). It indicates,
as the spacing increases or inner layer of encasement is more towards the centre of stone
column, contribution of this layer in resisting the lateral movement starts in the later
stages of load application.

Lesser the spacing between the encasement„ continuous strength is offered to the
column, as shown in Fig. 10, where no local fluctuation (Only the reduction in shear
stress, no any increment for any small region) is detected. But on the other hand in Fig. 8,
9 for higher spacing between the encasement, local fluctuation (Not the constant pattern
of reduction of stresses in the region of 15 to 30mm displcaement, stresses increases and
then decreases again), in strength can be seen again after the displacement of 15 mm.
This loacl fluctuation occures Because of the higher spacing (S= 0.75) between geonet.
When shear applies to the stone column body, firstly the outer layer of encasement
starts to resist it and gives the strength to the column body. The highest point of shear
stress shows the full mobilization of strength of outer layer. After the failure of outer
encasement, when the shear displacement reaches to the inner layer of the encasement,
this layer starts resisting the shear displacement and takes part in providing strength
to the column body. Due to the restrengthning of stone column the local fluctuation
occurs as the stresses increases till the full mobilization of strength of inner layer of
encasement. This fluctuations are relatively high in case of large spacing (Fig. 8) then
the lesser spacing case (Fig. 9). For the lowest spacing (S = 0.25) case in this study
there is no fluctuation (Fig. 10) were observed. This happen because when the geonets
are placed closely, after the failure of outer layer, the inner layer starts contributing to
the strength immediately.
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Fig. 8. Shear stress variation for DLRSC (S
= 0.75d) different normal pressure

Fig. 9. Shear stress variation for DLRSC (S
= 0.5d) at different normal pressure

Fig. 10. Shear stress variation for DLRSC (S = 0.25d) at different normal pressure

5 Conclusion

Direct shear stress tests were conducted for many type of Stone columns installed
in the Laboratory shear box setup and obtained results were analyzed. Based on the
observations some conclusions are listed below:-

• Lateral strength of stone column increases due to the encasement of column material
and additional shear resistance is also provided by the encasement material.

• SLRSC performs three times better than the OSC in case of shear loading.
• The peak shear strength of the DLRSC enhances substantially over the SLRSC due to
provision of additional confinement of the column material by inner layer of Geonet.
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• In case of DLRSC, improvement in peak shear strength from SLRSC is more than
1.5 times for lower normal stress conditions of 20 or 40 kPa and for normal stress of
80 kPa the improvement is in between 1.25 to 1.5 times.

• Lower spacing (i.e. 0.25d) between the two layers of encasement is more effective
than the higher spacing (i.e. 0.75d), in case of column subjected to lateral loading.
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