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CHAPTER

INTRODUCTION

1.1 Problem statement

The Mae Moh Mine is the largest open-pit lignite mine in Thailand, as well as
in Southeast Asia, with a total mining area of approximately 37.5 km? and external
dumping area of approximately 41.4 km?. It is situated at the Mae Moh district,
Lampang province in the north of Thailand, located 630 km away from Bangkok. The
lignite material at the Mae Moh basin is the main raw feed material used to generate
power at the Mae Moh power plants, operated by the Electricity Generating Authority
of Thailand (EGAT). Approximately 16 million tons of coa are produced annually
and transferred to the 10 units of the Mae Moh power plant in order to generate the
total power supply of 2,400 Megawatt. The Mae Moh power plant can supply 50% of
the electricity to the northern area, 30% to the central area, and 20% to the north-
eastern area of Thailand.

Sumpl C1, aslurry pond with atotal area of 80000 m? located in the north of
the Mae Moh mine, is the main source for mining activities such as minera
processing and dust suppression. The discharge of surface water and groundwater
flow has caused soil erosion along the mine slope, which has resulted in ultra-soft soil
deposits located underwater in the slurry ponds over the years. The thickness of the

ultra-soft soil in some pondsis even up to 40 m.



According to the mine planning and development of EGAT, this mine will be
excavated to a depth of approximately 500 m from the original surface over the next
four decades, resulting in this becoming the deepest open pit lignite mine in the world.
The excavated soil from mining activities will be dumped in the Sumpl1 C1 for land
reclamation. Therefore, Sumpl C1 will be subjected to a very high overburden
material of approximately 300m within 2038. However, the soil in the pondsisin the
ultra-soft state, with very low undrained shear strength and high water content of
greater than liquid limit. In-pit dumping without mechanical property improvement of
this ultra-soft soil is almost impossible. Due to very low undrained shear strength, the
mud flood of the ultra-soft soil could occur immediately after the in-pit dump and
causes detrimental effects on the mining activities. Therefore, it is imperative to
improve the existing ultra-soft soil before commencing any construction activities in
order to prevent any fallure, which might causes detrimental effects on the mining
activities.

In recent years, large — scale reclamation activities have been carried out by
using severa improvement techniques over the world (Almeida et al., 1993; Almeida
et a., 2005; Choa et a., 2001; Hong & Shang, 1998; Morohoshi et al., 2010). A
simple method called sand spreading technique was used to improve the soft soil
conditions in Changi East reclamation project in Singapore (Bo et al., 2005; Choa,
1995; Choa et al., 2001). However, this treatment method takes long time to complete
the construction, it allows sufficient time for the soft soil near the drainage boundary
to develop the strength. The sand spreading technique also produces a very loose fill

and hence alower fill density.



A complicated method has been considered by using combined vertical drain

as plastic board drain (PBD), small size fabric — packed drain (PD), sand — drain and
large size partially fabric-packed sand drain for Tokyo International Airport Extension
Project (Morohoshi et a., 2010). However, Morohoshi et a. (2010) reported that the
sand drain was affected by low strength of surrounding soil and broken by
deformation of soil during the sand drain installation. On the other hand, when the
height of embankment fill is higher than critical height or lower than critical bearing
capacity of soft soil layer, horizontal flow of soil caused the damage to sand drain.
A rapid improvement technique in large area reclamation work-low vacuum
preloading method has been proposed by (Yusheng et a., 1999). After that, Li et al.
(2002) developed the spatia vacuum drainage method. However, the drawback of
these proposed methods is costly and requires long construction period. A suitable
ground improvement method for the ultra-soft soil in the Mae Moh mine is the
preloading technique with prefabricated vertical drains (PVDs). It is effective in term
of economic and environmental perspectives as compared to other techniques, such as
deep soil mixing and soil replacement (Bergado et al., 1990; Bergado et a., 2002; Chu
et al., 2004; Hansbo, 1979). Even though preloading technique with PV Ds have been
used successfully inmany land reclamation project in the world (Bergado et a., 1990;
Bergado et d., 2002; Chu et a., 2004; Hansbo, 1979, 2005; R. Holtz, 1987; Holtz et
a., 1991; Indraratna & Redana, 2000; Indraratna et al., 2005; A. L. Li & Rowe,
2001), the performance of PVD for the improvements of ultra-soft soil are still
limited.

Therefore, this research is carried out to investigate the performance of PVD

improving the ultra-soft soil in Mae Moh mine, Thailand. The research outputs will



confirm the effectiveness of using PVD for the improvement of ultra-soft soil in Mae

Moh Mine, Thailand.

1.2 Objective of study

In order to use the PVDs for the improvement of Mae Moh ultra-soft soil, an
evauation in the laboratory and the field have to be fully conducted. The three main
objectives of thisresearch is of address as following outlines:

1. To investigate the compression behavior of Mae Moh ultra-soft soil
without Prefabricated Vertical Drains
2. To study the consolidation behavior of Mae Moh ultra-soft soil
improved with Prefabricated Vertical Drains using a series of large-scale model test
and numerical analysis.
3. Toinvestigate the performance of PVD improved Mae Moh ultra-soft

soil using full-scale testing in the field.

1.3 Structure of dissertation

This thesis consists of six chapters, which are divided according to the following
outlines:

- Chapter | isthe introduction part that presents the problem statement and
the objective of the study.

- Chapter Il shows the literature review of the recent research papers
involves the theory of consolidation with PV D, the performance of PVD in ultra-soft
soil and the factors which affect the PVD performance on the consolidation of ultra-

soft soil.



- Chapter |11 presents the study of compressibility characteristics of Mae
Moh ultra-soft soil, which is composed of sedimentation and consolidation phases. A
series of sedimentation tests were performed on the slurry under various initial water
contents ranging from 116% to 437%. The consolidation behavior of the
sedimentation soil at a wide range of effective stresses and water content was aso
investigated. Finally, a practical method for assessing the stress state of slurry and
consolidation curve of sedimentation soil is proposed.

- Chapter 1V presents the performance of PVD in the consolidation of Mae
Moh ultra-soft soil via a series of large-scae model test. The effects of PVD
dimension and water content of the ultra-soft soil on the settlement, excess pore
pressure dissipation and undrained shear strength of PVD improved ground under
various loading conditions were investigated. The large-scale consolidation test
results were analyzed and compared with the simulation results by finite element
method (FEM). Also, the suitable numerical method for predicting settlement at
various consolidation time was recommended. The research outputs will facilitate the
selection of design parameters and numerical method for the future design of dredged
soil in Sump 1 C1 using preloading with PV D system.

- Chapter V presents the full scale test on PVDs improved ultra-soft soil at
a trial slurry pond prior to the PVD construction in Sumpl C1. The successful
construction with field measurement will be a lesson learned for a real construction
project on the improvement of ultra-soft soil in Sumpl C1. The outcome of this field
study will result in an effective design method for Sumpl C1 in Mae Moh mine and

other similar slurry ponds.



- Chapter VI concludes the research work and provides the suggestion as

well as recommendation for further research.
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CHAPTERII

LITERATURE REVIEW

2.1 Introduction

In this chapter, a brief introduction of prefabricated vertical drains (PVDs) and
the consolidation theory with PVDs are presented in this chapter. The performance of
PVD in ultra-soft soil in both laboratory testing and in the field and some factors
which effect on the PV Ds performance are discussed in detail. The primary focusisto
critically analyze existing literature on the subject and understand whether it is
applicable in the context of PV Ds so that the importance of this study can be clearly

articulated.

2.2 Introduction of Prefabricated Vertical Drains (PVDs)

The preloading technique with prefabricated vertical drains (PVDs) has been
used widely for the improvement of soft soil in the world (Holtz 1987, Bergado et al.,
1990, Almeida and Ferreira 1993, Bergado et al., 1993, Choa et &l ., 2001, Xiao 2001,
Almeida and Marques 2003, Almeida et al, 2004, Chu et al., 2006). PVDs consists a
synthetic geotextile jacket surrounding a plastic core, as shown in Fig. 2.1. A
synthetic geotextile jacket is a physical barrier separating the core flow channels from
the surrounding fine-grained soils and afilter to limit the passage of fine grained soil
into the core area. A plastic core is support the filter fabric and to provide the
longitudinal flow path along the drain length. The advantages of preloading technique

with PVDsisasfollows:
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- Reduce the overal time, which is required to complete the primary
consolidation under the loading conditions

- Reduce amount of surcharge required to achieve the desired amount of pre-
compression in the given time.

- Reduce the water content of soil.

- Enhance the shear strength of the soil.

Dirninage
channel

Core

Filter

Figure 2.1: Structure of aPVD

2.3 Consolidation theory with PVDs

Barron (1948) proposed the solutions for both equal strain case and free strain
case based on the simplifying assumptions of one dimensional consolidation theory
(Terzaghi 1943). The conditions of Barron’s theory is: (i) free vertical strain assuming
that the vertical surface stress remains constant and the surface displacements are non-
uniform during the consolidation process; (ii) equal vertical strain assuming that the
vertical surface stress is non-uniform. The generalized three-dimensiona equation of

consolidation is proposed as follows:
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2 2
M_c, [T [y, 1m 2.1)
ot 0z or ror

For the equal strains case, the equation is given as:

el
ot or r\or

in which u is the excess pore pressure at any point and at any time t; r is the radia
distance from the center of soil cylinder to the considered point; C; is the horizontal
coefficient of consolidation. For radia flow only, the solution of Barron (1948) under

ideal conditions (no smear and no well resistance) isas follows:

8T,
U,=1- exp{F (n)} (2.3)
where:
Ct
h :Fez (2.4)
n? 3 1
F(n):|:(1_ n):“:n(n)—zﬁ'?} (25)

inwhich re isthe radius of the equivalent soil cylinder, r, is the equivalent radius of

the drain, and n is the spacing ratio, which istaken as rg/ry,
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Hansbo (1981) modified the Barron’s equation for prefabricated drain applications. It
dealt with ssimplifying assumption due to the physical dimensions, characteristics of
prefabricated drains, and effect of installation. The modified general expression for

average degree of consolidation is given asexpressed as,
8T,
U, :1—exp{—ﬁh} (2.6)

The parameter 1 represents the effect of PVDs spacing, the smear effect and well-

resistance. It isgiven as,

m=In(n/s) + (k,/ k) In(s) - 0.75+p z(2|—z)ﬁ (2.7)
O
in which gy, is the discharge capacity of PVDs, | is length of drainage path, k, and ks

are the hydraulic conductivity of undisturbed zone and smear zone, respectively.

2.4 Factorsaffecting on the performance of PVDs

24.1 Smear effect
In the field, the PVDs are installed by using a steel mandrel, which is
penetrated into the soil layer with PVD inside it. The instalation of PV Ds cause a
remolding of subsoil especialy in the immediate vicinity of mandrel. The developed
smear zone leads the increase in compressibility and the reduction in soil permeability
adjacent to PVD. The smear zone with a reduction of permeability surrounded by the

undisturbed zone was introduced by Hansbo (1979). The characteristics of smear
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effect includes the diameter of the smear zone (ds) and the permeability ratio (K, / k)

(Jamiolkowski et al., 1981, 1983, Hansbo 1987, Miura et a., 1998). The ds value can

be taken as follows (Jamiolkowski and Lancellotta 1981):

d. = (25-3)xd_ (2.8)

where dn, is equivaent diameter of the cross-section area of mandrel. Based on the

results of (Akagi 1979), the smear zone was evaluated by the simple expression:

d, =2xd,_ (2.9)

The ds value proposed by various researchers is summarized in Table 2.1.

Table 2.1: Diameter of smear zone studied by various researchers

Diameter of Smear

Reference Remark
zone

Hansbo (1986) ds=2xdy
Jamiolkowski and Lancellotta (1981) ds= 2.5x dp
Bergado et al. (1991) ds=2x dn
Onnoue et a. (1991) ds= 6~7 x d,
Chai and Miura (1999) ds = 2~3 % dn Saga Airport, Japan
Sharma and Xiao (2000) ds=4x dn Kaoline clay
Saowapakpiboon et al. (2010) ds=2x dn Bangkok clay
Ghandeharioon et al.(2009) ds=3.1x% dy Soft clay in Malaysia
Rujikiatkamjorn et a.(2013) ds= 3.7-5.5x% dy, Kaoline clay
Indraratna et al. (2014) ds= 6.3 x dn, Ballina clay Australia

Sengul et al. (2017) ds= 2.3~3.3 % dy, Kaoline clay
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Regarding the Kk, /k, value, Hansbo (1987) proposed that ks can be taken as vertical

hydraulic conductivity of undisturbed soil, k, (Hansbo 1987). The value of Kk, /K,

varied from 1 to 15, reported by (Jamiolkowski and Lancellotta 1981) or can be

caculated as
ﬁ = K xC, (2.10)
ks ks |

where subscript | is the value determined in the laboratory; C; is permeability ratio
between field and laboratory values, which can be considered as 1 in case of
homogenous deposit, and is higher than 1 for stratified deposits.

Indraratna and Redana (1998) studied the effect of smear zone due to PVDs
instalation via a large-scale consolidation test. The ds value was proposed as four
times the diameter of central drain (mandrel). The k, (inside the smear zone) was in
the order of 60-91% of that of outer undisturbed zone, which is similar to Hansbo’s
recommendation while the k, was amost remained constant even at the drain interface

(Fig. 2.2) (Hansbo 1987).
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Figure 2.2: Permeability along the radial distance from the central drain (a)

Horizontal and (b) Vertical (Indraratha and Redana 1998)

2.4.2 Selection of PVDs

2421 Selection of filter
The selection of PVDs filter plays an important role in
successful performance of PVD improved ultra-soft soil. The apparent opening size
(Ogs) is required to be small enough to prevent the fine grained soil entering into the

filter and clogging the drainage channels leading to reduction of discharge capacity.
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The criteria for AOS of the filter was suggested by Christopher and Fischer 1992,
Luettich et al. 1992, Pameria and Gardoni 2002, and Rowe and Li 2005. The

requirement of Ogs proposed by Carroll Jr (1983) is commonly used as follows:

{095 <(2-3)D,

2.11
Q,, < (10-12)D,, (211)

inwhich Q,)isthe size which islarger than 50% of the fabric pores, D and D, refer

to the sizes for 85% and 50% passing of soil particles by weight, respectively.
For Bangkok clay, Alfaro et a. (1994) suggested that the apparent opening size

should be as;

{095 < (2 - 3) D85 (212)

O,, <(18-24)D,,
For Singapore marine clay, The O, value has been suggested (Chu et al., 2004):
O, <(4-75Dy (2.13)

However, the actual filter of opening size, O, is reduced under the vertical stress.

Therefore, Pameira and Gardoni (2002) suggested that the effect of vertical stress

should be taken into account, as follows:

0}, < Oy / K K (2.14)
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K, and K, arethe reduction factors, which considers stress level and partia clogging
on the geotextile pore constriction dimensions. The vaue of K, K. variesfrom 1.9 -

4.4. On the other hand, the minimum permeability of the filter, ki, is required to be
higher than that of soil. According to consolidation test result by Bo (2008), the
permeability of ultra-soft soil was lessthan 107 m/s. The k value of PVDs normally
meets the requirements because most of the filter having the ki value is higher than
10™ m/s.
2.4.2.2 Selection of discharge capacity
Based on the back analysis data from three embankment

projects, Mesri and Lo (1991) suggested that the discharge capacity of PVDs (q,,) can

be taken as 5 times the discharge factor (D), which is defined as:

q
D= w 2.15
(ky x12) ( )
where ky, is the horizontal permeability of soil, |, is the maximum drainage length.

The value of g, has awide range from 2 to 80 m*/year for most of clays. According to
the Eq. 11, the higher value of k, or I, the higher vaue of qu. Xie (1987) proposed

another conditions for required discharge capacity value based on numerical study, as

follows:

Zﬁlé <01 (2.16)

w
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Then, the discharge capacity factor becomes:

D= >7g5 (2.17)

> =
khlm

As aresult, the g, value after considering a factor of safety and all the influencing

factorsto be:

, > 7.85F k|2 (2.18)

where F.is the factor of safety which normally varies from 4 to 6. The relationship
among these values for a factor of safety F,= 5 is plotted in Fig. 2.3 (Chu et al.,

2004). Fig. 2.3 shows that increase of | required higher the value of g
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Figure 2.3 Required discharge capacity as a function of PVD length and

permeability of soil (Chu et al., 2004)
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2.4.3 Deformation of PVDsunder loading conditions

Due to large deformation of ultra-soft soil, the deformation of PV Ds by
folding, crimping, bending, and buckling or kinking effect may reduce the discharge
capacity significantly (Ali 1991, Aboshi et a., 2001, Chu et a., 2006). The q, of
various PVD types under a hydraulic gradient, i = 1.0 was studied by Lawrence and
Koerner (1988). It is reported that the g, reduced in a range of 9-72 % with a single
90° wedge. Chang et al. (1994) used an apparatus similar to a triaxial test device to
measure the discharge capacity of PVDs with the induced shape of letters U or V
under a maximum confing pressure of 294 kPa. It is reported that the q, value at
various i decreased by 20% to 92%. On the other hand, the q,, value was not affected

at avertical strain, e,, of 15% (Sasaki 1981, Chai, Miuraet a. 1997). A significantly
the reduction of q, value at e, >15% is reported by Ali (1991). Ali (1991) revealed
that the gy value ate, > 30% and i = 0.5 reduced significantly, in the range of 47-

99%. The g, value varied with the stiffness of PVDs:. the stiffer sleeve, the higher
discharge capacity (Ali 1991). Chu et al. (2006) investigated the discharge capacity of
a PVD improved ultra-soft soil under a vertical stress of 110 kPa. Chu et a. (2006)

showed that the qy, reduced up to 84% at e, = 46% during the consolidation process.

Tran et al. (2010) developed a consolidation cell apparatus, which was a cylinder of
32 cm in diameter and 75 cm in high, to measure the g, of such deformed PVDs
under various i. Four different types of PVD were prepared with similar initial
discharge capacities at approximately 1.2 x 10* m%s. The g of PVD in al types
reduced significantly up to 90 — 99% at vertical strain of 40%, except PVD type A

(Figure 2.4).
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24.4 Hydraulic gradient

The relationship between g, and i was proposed by (Hansbo 1983):
Q= |9 (2.19)

in which Q is the discharge volume of water along the PVD per unit time (m>/s).
Holtz et a. (1991) concluded that the g, value was not affected by i. Whereas, severa
researchers showed that the i should be considered as a factor affecting on the qu
measurement. The g, decreased significantly with the increase of i (Chai et al., 1997,
Chu et al., 2004, Tran et a., 2010, Bo et a., 2016). Bo et a. (2016) indicated the
variation of g, with the i at different confining pressures for one type of PVD with

dimension 100 mm x 100 mm, as shown in Fig. 2.5.
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Figure 2.5 Decrease in discharge capacity with hydraulic gradients (Bo et al., 2016)

It can be seen that the decrease of g, varies between 27.6 % and 32% with
the increase of i from 0.2 to 1.0 at different values of vertical pressure. Tran et al.
(2010) revealed that with thei varied from 0.1 to 1, the q,, decreases with the increase

of i from0.1to1at e, of 30%.

2.4.5 Clogging effect
During consolidation process, fine grained soil particles especialy
ultra-soft soil particles gradually infiltrate into the core of the PVD and consequently
clog in the drainage channels leading to the reductions of q,. Holtz et al. ( 1991)
proposed that the effect of siltation could be neglected if the characteristic of filter
was selected carefully and meet al the special criteria as requirements. Miura et al.
(1998) conducted the discharge capacity test to investigate the factor influencing on

aw. The amount of water flow, Q (cm*/sec) decreased approximately 94% during 130
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days of testing. Then the hydraulic shocks (by firmly stepping on the inlet water flow
hose) were used to check the clogging effect. It was found that some fine particles
were pushed out of the drainage channel by pressure and deposited on the wall of the
outlet. After shocking, the q,, increased rapidly over the next 30 days. It clearly proves

that the part of clogging effect was removed by the hydraulic shocks.

2.5 Theperformance of PVDsimproved ultra-soft soil

25.1 Laboratory investigation

Chu et al. (2006) conducted the laboratory testing by using large-scale
consolidation apparatus with 0.495 m in diameter and 1 m in height to investigate the
consolidation of ultra-soft soil improved by PVDs, as shown in Fig. 2.6. The soil was
taken from a slurry pond in Changi-East Reclamation project, Singapore. The water
content was 132%, which was higher approximately 2 times than the liquid limit of
73%. The undrained shear strength of the soil was extremely low, in the range of 0 to
10 kPa. PVDs having a dimensions of 100 x 5.3 mm was selected. The characteristic
of PVD was selected carefully to meet the special requirement (AOS filter, required
Ow, the permeability of filter). The results of settlements and the excess pore water
pressure are presented in Fig. 2.7 and Fig. 2.8.

The ultra-soft soil had large deformation during the test, the settlement
until 100 days under the loading 110 kPa was approximately 335mm, which reached
46% of strains (Fig. 2.7). During the first 10 days of loading, there was no or little
pore water pressure dissipating out of the soil eventhough the settlement was
increased up to 20 % strain, (Fig. 2.8). Similar delay in consolidation of Slurry was

also observed by Tanaka (1997). Chu et a. (2006) stated that delay of excess pore
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water pressure dissipation was the typical consolidation characteristic of ultra-soft
soil, which diverts from natural soft clay. The test results showed that the water
content of the soil reduced significantly after finish the consolidation process, as
shown in Fig. 2.9. The final water content values varied from 47% to 56% which
were less than the initial water content of 132%. The lowest water content and void
ratio were found to be near PVD and increased from the center of PVD to the edge of
consolidation apparatus. The measured undrained shear strength had significantly
changed from in-situ value of 1-10 kPa and 20 to 47 kPa after consolidation process.
The decrease of water content and increase of undrained shear strength clearly

showed that the effectiveness of using PVD for ultra-soft soil improvement.

Drain Pipe

Miniature PWP1, Miniature PWP2
Miniature PWP4 Miniature PWP3

330

220

Note : All dimensions in mm

Figure 2.6: Large diameter consolidation tank (Chu et al., 2006)
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Figure 2.9 The water content distribution after testing: (a) along the elevation

perpendicular to the PVDs and (b) along the elevation facing the PV Ds.

252 Fidd performance

Besides the laboratory test, the field performance of PVD on the
consolidation of ultra-soft soil was aso studied (Bo et al. 2005, Chu et al. 2006,
Arulrgjah et a. 2009). The improvement of ultra-soft soil using PVDs in Singapore
was reported by Chu et a. (2006). The total reclamation area of this project was
approximately 180 ha in trapezoid shape. The thickness of ultra-soft soil deposits in
this pond was up to 20m thick. The water content was higher than liquid limit with the
range of 140 — 180 %. The shear strength of the soil was extremely low of 1-10 kPa.
The specia construction method is that the PVDs has been installed with two rounds
during construction stage to minimize the folding effect of PVDs applied for ultra-soft
clay. The extrusion of water occurred during PVD installation was observed (Chu et
al., 2006). It indicated that the pore water pressure in the ground was still high after
the first round of PV D installation. The benefit of two-stage PVD instalations helped

the water dissipate out of the soil faster and hence it reduced the consolidation
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process. However, a failure was occurred in the first phase of spreading sand due to
the non-uniform thickness of sand layer and hence differential settlements (Bo, Chu,
Bo et a. 2006, 2008).

The measured settlement and excess pore water pressure in the field
are plotted in Fig 2.10, respectively. The field measurements showed that the height
of fill surcharge was reduced due to the settlement of the soil (Choa 1995, Chu et al.,
2006). The slurry soil had settled approximately 2.7 m in 500 days. The delay of pore
water pressure dissipation was observed in the field which was similar in the
laboratory testing (Choa 1995, Choa et al., 2001, Chu et al., 2006, Bo 2008) (Figure
10). It can be seen that there were little reduction of pore water pressure measured by
piezometer in the first 40 days after 2™ PVD installation. The undrained shear
strength increased significantly after 14 month of surcharge showing the effectiveness

of using PV Ds for the improvement of ultra-soft soil in this project.
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CHAPTER 111
COMPRESSIBILITY OF ULTRA-SOFT SOIL IN THE MAE

MOH MINE, THAILAND

3.1 Introduction

The Mae Moh Mine is the largest open-pit lignite mine in Thailand, as well as
in Southeast Asia, with a total mining area of approximately 37.5 km? and external
dumping area of approximately 41.4 km?. It is situated at the Mae Moh district,
Lampang province in the north of Thailand, located 630 km away from Bangkok. The
lignite material at the Mae Moh basin is the main raw feed material used to generate
power at the Mae Moh power plants, operated by the Electricity Generating Authority
of Thailand (EGAT). Approximately 16 million tons of coal are produced annually
and transferred to the 10 units of the Mae Moh power plants in order to generate the
total power supply of 2,400 Megawatt. Several water ponds were constructed as the
main source for mining activities such as mineral processing and dust suppression.
The discharge of surface water and groundwater flow has caused soil erosion along
the mine slope, which has resulted in ultra-soft soil deposits |ocated underwater in the
slurry ponds over the years. The thickness of the ultra-soft soil in some pondsis even
up to 40 m.

According to the mine planning and development of EGAT, this mine will be
excavated to a depth of approximately 500 m from the original surface over the next

four decades, resulting in this becoming the deepest open pit lignite mine in the world.
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The excavated soil from mining activities will be dumped in the slurry ponds for land
reclamation. Fig. 3.1 shows a schematic of a slurry pond, which will be subjected to a
very high overburden material of approximately 300m in the next 40 years. However,
the soil in the pondsis in the ultra-soft state, with very low undrained shear strength
and high water content of greater than liquid limit. In-pit dumping without mechanical
property improvement of this ultra-soft soil is almost impossible. Due to very low
undrained shear strength, the mud flood of the ultra-soft soil could occur immediately

after the in-pit dump and causes detrimental effects on the mining activities.

Figure 3.1. Typical cross-section of In-pit dump in the Mae Moh mine (dimension in

meter)

A suitable ground improvement method for the ultra-soft soil in the Mae Moh
mine is the preloading with vertical drains technique. It is effective in term of
economic and environmental perspectives as compared to other techniques, such as
deep soil mixing and soil replacement. The preloading can be performed using a 1-m
thickness of clean sand as a drainage layer and the usage of abandoned clayey stone
as a backfill material. A sufficient understanding of the mechanical behavior,
especially compressibility and hydraulic conductivity of the ultra-soft soil is therefore

required for calculating the settlement and rate of consolidation settlement (Chai et
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a., 2004; Chai et a., 2018; Horpibulsuk et al., 2007; Horpibulsuk et al., 2011; Liu et
al., 2013; Liu et a., 2018; Xu et al., 2019). The compressibility of the ultra-soft soil
includes the sedimentation and consolidation stages. The ultra-soft soil under the
sedimentation process is termed as a slurry while the ultra-soft soil after completion
of sedimentation is termed as a sedimentation soil.

The sedimentation process is a special characteristic of slurry at high water
content (Been & Sills, 1981; Blewett et al., 2001; Chen et a., 2019; Ozer &
Bromwell, 2012; Sills, 1998; Tan et al., 1990; Zhang et al., 2015). The evauation of
consecutive process from sedimentation to consolidation is a maor challenge on the
geological and geotechnical practical design of land-filling and disposal work. The
void ratio of the sedimentation soil is a required parameter for the calculation of the
consolidation settlement (Imai, 1980, 1981; Watabe & Saitoh, 2015). The first well-
known theory of sedimentation was proposed by Kynch (1952) and was later
modified by Fitch (1957, 1966, and 1979). The sedimentation of durry has been
studied by using a traditional method of slowly injecting slurry into a column or
cylinder. Based on the observation of the sedimentation tests, three stages can be
distinguished: flocculation, settling, and self-weight consolidation stages (Imai, 1980,
1981; Tan, 1995; Tan et al., 1990; Xu et a., 2012). Scotts et a. (1986) reported that
the sedimentation and consolidation stages are different from each other. The
sedimentation process includes the flocculation and settling stages. The self-weight
consolidation occurs at the bottom of the settling column after the sedimentation
process. During the sedimentation process, it is postulated that there is no effective
stress in the slurry and the slurry acts as fluid (Xu et al., 2012). When soil particles

come close to each other to develop the soil structure, the slurry turnsinto soil and the
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effective stress can be determined. After the sedimentation process, the sedimentation
soil has sufficient strength to carry an external load. The understanding of
compression behavior of sedimentation soil in term of compressibility and hydraulic
conductivity characteristics has played a key role in geological and geotechnical
engineering practice for many decades (Chai et al., 2004; Desai, 2000; Horpibulsuk et
al., 2007; Horpibulsuk et al., 2011; Wu et a., 2019; Xu et d., 2019). Forty-eight
reconstituted clay samples at different water contents (ranging from 0.7 to 2.0 times
their liquid limit) were tested using a modified oedometer test with alight loading cap
(Hong et a., 2010). Most of these tests were applied at low effective stress of 0.5 kPa
and gradually increased to reach high effective stress (1600 kPa). Based on the test
results, it has been well documented that the completed virgin compression curve of
reconstituted clay is represented by S-shape function (Horpibulsuk et a., 2016; Liu et
al., 2013; Zeng et al., 2015). Horpibulsuk et a. (2016) proposed an S-shaped equation
to predict the consolidation curve of reconstituted clays over the wide range of
stresses and initial water contents.

Even though there are available research on sedimentation of dlurries and
consolidation behavior of sedimentation soils, they have been previousy studied
in isolation. As such, the role of water content on the overal compressibility
characteristics of the ultra-soft soil is still uncertain. The compressibility
characteristics of the ultra-soft soil are thus a chalenge for geologica and
geotechnical designersin land reclamation projects.

The aim of this study is to assess the compressibility characteristics, which
include sedimentation and consolidation at different initial water contents, w.

A series of sedimentation tests were conducted which analyzed the change of soil
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interface, void ratio, and water content over time. The consolidation behavior of the
sedimentation soil at a wide range of effective stresses and water contents was also
investigated. Finaly, a practical method for assessing the stress state of slurry and
consolidation curve of sedimentation soil is proposed, based on the complete S-
shaped function (Horpibulsuk et al., 2016). The outcomes of this research will enable
geological and geotechnical engineers to assess the compressibility of ultra-soft soils
in land reclamation and ground improvement projects, such as in the Mae Moh slurry

pond.

3.2 Materialsand methods

3.21 Soil sample
The soil samples were taken from a slurry pond in alow lying area of
the Mae Moh mine, Lampang province in Thailand. Disturbed samples were collected
at a depth of approximately 1 m below soil surface of the pond with a backhoe and

placed in a plastic tank. The studied site is shown in Fig. 3.2.
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Shurry pond in Mae
Maoh mine

Colleet sample using
backhoe

Figure 3.2 Sampling site.

The grain size distribution curve of the soil sample is shown in Fig. 3.3. The
soil sample contained 41% clay and 58% silt with 1% sand. The liquid limit and the
plastic limit were measured in accordance with Casagrande method (BS 1377 — Part
2: 4.3 and BS1377 — Part 2: 5.3), and were 57% and 26%, respectively. The specific
gravity was 2.57. The soil had a very high in-situ water content of 98%, greater than
1.7 times the liquid limit. The in-situ strength was 1.5 kPa, which is considered to be
extremely low. As this research mainly focuses on the compressibility and hydraulic
conductivity characteristics of the ultra-soft soil, the chemical properties of the ultra-
soft soil was not examined. The comparison of the physical and chemical properties
between the ultra-soft soil and its parent rocks is however useful for soil science

technology and is recommended for further research.
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Figure 3.3 Grain size distribution curve.

3.2.2 Sedimentation test

To study the sedimentation behavior of Slurry under various water
contents, the water content of the samples was adjusted to be greater than that of the
liquid limit. The slurry sample at the target w; was thoroughly mixed using a
mechanica mixer for 15 minutes and then slowly injected into a unified transparent
glass cylinder, using a funnel with a small tube down to the bottom of the cylinder.
The injection process was stopped upon reaching 36 cm height of the slurry (Imai,
1980, 1981; Tan, 1995; Tan et a., 1990; Xu et al., 2012). The cylinder was then
covered with a plastic sheet to prevent water evaporation during testing and kept in
the laboratory at a controlled temperature of 20 + 1°. Eight different initial water
contents (w; = 116%, 137%, 193%, 219%, 230%, 325%, 400%, and 437%) were

prepared as shown in Fig. 3.4. The w; values were selected to cover the in-situ water
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content and far higher than liquid limit of up to approximately 7.7 times so as to
understand the role of w; on the sedimentation behavior. During 42 days of the
sedimentation process, the height of slurry was recorded at different times (minutes).

A schematic diagram of the sedimentation processis shown in Fig. 3.5.

SAMPLE 1 SAMPIL 2 SAMPLT 3 SAMPLE + SAMPLE 5 SAMPLE & SaMPLE 7 SAMFLE &
MWi=11724 Wi—37 W — 1930 Wi —219% Wi =231% Wi —3250% Wy =% Wi =437%

T T T T T T T T

Figure 3.4. 8 cylinders containing slurry at different initial water contents.
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BEFORE SEDIMENTATION AFTER SEDIMENTATION

Figure 3.5. lllustration of changing interface location before and after sedimentation

process.

According to the theory of soil mechanics (Terzaghi, 1951), a fully saturated
soil consists of two phases. solid soil particles and pore water. Consequently, the
water content of the sedimentation layer is the ratio of the mass of water to the mass
of solid, except for the mass of water above the soil surface. The water content (w;) of

the durry at time t can be calculated from the change of soil interface (the surface

between slurry and water):
w, z[eo_m:lxi (31)
hO GS

where hg and g are the initial height and initial void ratio of the slurry, respectively;
Ah is the change of soil interface at time t using calibration scale in cylinder wall; Gg

is specific gravity of the soil.
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The calculated water contents were validated by comparing with the measured water
content at the end of the test (ws). After completion of the sedimentation test, the
water above the soil mass was slowly taken out of each cylinder by using a small
syringe. The soil mass was then oven-dried to determine the ws of the durry.
3.2.3 Consolidation test

The consolidation behavior of the sedimentation soil upon application
of the additional load due to the effect of the sedimentation water content, ws (water
content at the end of sedimentation), as well as under the same loading sequence were
studied. Six samples were prepared by mixing the slurry thoroughly with a quantity of
distilled water to reach the target initial water contents. Once the target initial water
contents were obtained, at 1.45, 1.79, 1.84, 1.97, 2.10, and 2.28 times the liquid limit,
the slurry was carefully poured into the consolidation ring by controlling the mass of
specimen, which was cal culated by considering the slurry in fully saturated condition.
A metal rod of 5 mm in diameter was used to remove air bubbles inside the oedometer
ring (Hong et al., 2010; Zeng et a., 2015). The consolidation sample was 105 mm in
diameter and 20 mm in nominal height. After preparing the sample in O-ring, the
slurry was kept in the consolidation cell and covered by plastic sheet under room
temperature for 42 days to ensure that the sedimentation process was completed. This
rest period of 42 days was obtained from the sedimentation test. After that the
samples were then subjected to both low and high loads. A very low effective vertical
stress of 0.5 kPa was first applied and gradually increased with following vertical
stresses of 1 kPa, 1.5 kPa, 2.5 kPa, 3.5 kPa, 5.5 kPa, 7.5 kPa, 9.5 kPa, 12.5 kPa, 25

kPa, 50 kPa, 100 kPa, 200 kPa, 500kPa, 1000 kPa, 2000kPa, 4000 kPa. The duration
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of each loading step was fixed at 24 hours. For each loading increment, the hydraulic

conductivity, k, was calculated by the following equation.

k =c,mg, (32)

where ¢, is the coefficient of consolidation determined using the root time method
proposed by Taylor (1942), m, is the coefficient of volume change, and g, is the

density of water.

3.3 Resultsand discussion

3.3.1 Sedimentation of slurry

Fig. 3.6 presents the change of interface location of the slurry samples
at different initial water contents and their measured water contents (ws) at the end of
the test. The measured water contents were compared with the calculated ones using
Eq. 1 at the end of the test as summarized in Table 3.1. The results indicated that the
measured water contents are in excellent agreement with the calculated ones. On the
other hand, the soil-fluid interface location decreases significantly after 42 days of
sedimentation (comparing Fig. 3.6 with Fig. 3.4). The sedimentation curves of the
durry at various w; are shown in Fig. 3.7, which can be divided into two stages:
flocculation and settling. The flocculation occurs a an early stage in which the soil
particles were dispersed in the mixture and no interface between soil mass and water
was observed in this stage. When the flocculation stage finishes, the settling begins
whereby the flocs start to settle uniformly with a clearly observed interface change.
During this stage, the interface location moves downward with a constant rate and the

sedimentation curve shows a linear behavior in arithmetic time scale. After the
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settling stage, the flocs in the slurry deposit onto bottom and voids are consolidated

under self-weight in the self-weight consolidation stage (Scott et al., 1986).

Table3.1: The comparison between measured and calculated water content after

testing.
Cylinder Initial water Measured water Calculated water
No. content, Wi (%)  content, Wi, measured (%0)  content, W, caculated (%0)

117 110 111.02

1

2 137 125 124.75

3 193 165.7 165.78

4 219 161 159.67

5 231 160 161.70

6 325 161 162.49

7 400 167 166.03

8 437 158 160.15
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Similar to Fig. 3.7, the water content versus time was plotted and is presented
in Fig. 3.8. The sedimentation water content, ws, defined as the water content at the
end of sedimentation, was determined from the interception of the two straight lines
extended from settling and self-weight consolidation stages. The ws can be considered
as the transition point between the sedimentation process and the self-weight
consolidation stage. It is worth noting that the ws value was essentially the same, at
171% for the slurry with very high w; while it deviates for slurry with low w;. The
constant ws of the lurry at various w; is defined herewith as critical water content, We;.
The we for the studied ultra-soft soil is therefore 171%. It is noted that w. was

approximately 3 times liquid limit.

500
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—O— W, =137% | |
—— W, =193% | |
D>—P-PPD DD m - —O— W=219% |4
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Figure 3.8 Water content versus with time (log scale) relationship.
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Based on the sedimentation test result (Fig. 3.8), the dlurry is divided into large and
small sedimentation slurry separated using w, as the reference. The dlurry with w; >
W IS defined as large sedimentation slurry while the slurry with w; < w, is defined as
small sedimentation dlurry. Two stages (flocculation and settling) of the
sedimentation process were clearly observed for the large sedimentation slurry. The
soil particles are far apart from each other, hence the water content reduces
significantly with high velocity in the settling stage. On the other hand, for the small
sedimentation slurry, the change in water content with time during the first 1000
minutes is little and then the water content slightly decreases with time. This slight
change in water content is consistent with change in soil interface in that very little
compression takes place during the first 1000 minutes, and then the soil interface
decreases with low velocity. As such, the ws of small sedimentation Slurry is
dependent upon the w; and practically its value can be assumed to be the w; value.
3.3.2 Consolidation behavior of sedimentation soil
3.3.2.1 Consolidation curve

The ws is assumed to be the same for high sedimentation slurry.
As such, the consolidation curve of high sedimentation soil is unique, irrespective of
w;. On the other hand, the consolidation curve of small sedimentation soil varies and
is dependent upon ws, which will be examined in this section. The consolidation
curves in term of void ratio versus effective vertical stress in a semi-logarithmic (e vs
log o) for six samples at different ws are shown in Fig. 3.9. The consolidation
behavior of sedimentation soil is an inverse S-shape curve, which is similar to
previous studies reported by Hong et a. (2010) for Lianyungang, Baimahu clay and

Liu et a. (2013) for Kemen clay. The transitional stress separating small and large
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change in void ratio is defined as yield stress or suction pressure, which is similar to
the pre-consolidation pressure for natural soils (Hong et al., 2010). Hong et a. (2010)
explained that at pre-yield state, the load is carried by the suction pressure. At post-
yield stage, the soil undergoes large compression strain due to the destructuring of soil
structure.

The yield stress of the soil samples can be determined by the
interception of two straight lines (pre-yield and post-yield state line) in bilogarithmic
graph In (1+e) - log 0,” as plotted in Fig. 3.10 (Hong et al., 2010). These two straight
lines are assumed for 0,” < 100 kPa. The calculated yield stresses of six samples at
different ws are presented in Fig. 3.11 and also compared with that of Lianyungang,
Baimahu, and Kemen clays studied by Hong et al. (2010). It is evident that the yield
stresses of all soils reduce with an increase of ws. The reduction in yield stress is due
to the fact that the higher ws results in resistance to vertical consolidation pressure and
the shear strength (Horpibulsuk et al., 2007; Horpibulsuk et al., 2011; Nagara et al.,

1998).
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3.3.2.2 Hydraulic conductivity
Fig. 3.12 shows the relationship between the hydraulic
conductivity and void ratio of sedimentation soil at various water contents. Even
though the hydraulic conductivity of six samples at various o, is different, the
hydraulic conductivity is however the same at the same void ratio. The hydraulic
conductivity significantly reduces with the reduction of void ratio. The non-linear
relationship between specific volume and log k for the Mae Moh sedimentation soil

samples can be represented by the following equation.

1+e=141.84x K% (3.3)

where k is expressed in cm/s.
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With Eq (3), the k value of Mae Moh sedimentation soil at any e can be approximated.
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sedimentation water contents.

3.3.2.3 Edimation of the consolidation curve of Mae Moh sedimentation

Based on the collected compression data of 24 reconstituted

clays, Horpibulsuk et a. (2016) proposed a robust S-shaped equation to predict the

complete compression behavior of reconstituted clays with effective vertical stress o’

> 0.01 kPa. The consolidation equation in term of void ratio and mean effective stress

isgiven as (Horpibulsuk et al., 2016):
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e=

a +0-31{1+ 10s -1 -2.1¢xC; +gfor 0’y 20.01kPa (3.4)

S o ' exp(0.0551s ' )%
exp(F)(Js Sv p( Sv)

with C; = €00 ~ Qoo

where eis the void ratio corresponding to a vertical effective stress o’y; g,, and e,

arethevoid ratio at ¢’, = 100 kPa and 1000 kPa, respectively. Two parameters a and b
are used to predict the compression behavior at alow range of stresses.

The applicability of the equation was illustrated by the excellent simulation of
compression curves of various soils such as kaolin (Shipton & Coop, 2012), marine
soil (Fukue & Mulligan, 2009), Weiner Tegel clay (Burland, 1990), and Huaian clay
(Zeng et a., 2015). Therefore, EQ. (4) was adopted to predict the compression
behavior of Mae Moh sedimentation soil. Two parameters a and b were obtained by a
trial and error method. Thetrial and error process started from sel ecting the parameter
a as a fixed value between 1 and 4 (recommended by Horpibulsuk et a., 2016), and
then varies b value until fitting the experiment curve. The a and b values for Mae
Moh sedimentation soil with ws in arange of 88% to 130% are shown in Table 3.2. It
is noted that the a value decreases with decreasing ws. On the other hand, the b value
increases with the decrease of ws. The simulation results are comparable with the

measured results as seen in Fig. 3.13



Table 3.2 Values of equation parameter for Mae Moh Slurry soil.
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Woater content of the soil €*\.100 €* 11000 a b
W =130 % 1.33 0.76 2.19 3.77
W =120% 132 0.74 1.87 4.07
W=112% 1.29 0.73 18 4.75
W =105 % 124 0.72 17 5.07
W =97% 1.23 0.69 1.37 531
W =88 % 1.19 0.67 117 5.62
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Sincetheliquid limit is the state parameter reflecting the soil structure (Mitchell, 1993

and Nagarg] et al. 1990), it islogical to relate the consolidation parameters a and b to

generalized void ratio, e /e Wwhere & is the sedimentation void ratio and ¢ is the

liquid limit void ratio. Figure 3.14 presents the relationship of parameters a and b

versus e /e ratio of Mae Moh soil at different ws. As a result, the generalized

equation to describe compression behavior of the Mae Moh sedimentation soil can be

proposed as:

10s -1 \
v _21'xC +
exp(0.0551s | )% e Cioo

(3.5)

1.4(es/eL)l—0.8618 - +o.:§1{1+

0.5
S Sy
ex Y
'{—2.67(eS le)+ 9.8275}

The compression behavior of Mae Moh durry soil was predicted using this

generalized equation and presented in Fig. 3.15. It is evident that compression
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behavior of the soil at different ws can be captured successfully by proposed equation

using the generalized void ratio.
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The compression behavior of remolded Kemen and Baimahu clay samples with
different ws reported by Hong et a. (2010) were taken to validate the modified
eguation by comparing the predicted results with measured data. The ws was ranged
from 99% to 116% and from 101% to 180% for Kemen clay and Baimahu clay,

repsectively. The soil parameters used for smulation are presented in Table 3.3.

Table 3.3: The soil parameters of Kemen and Baimahu clay used for simulation.

Sail Water content W Liquid Limit LL € 100 € 1000
(%) (%)
116 61 1.34 0.81
Kemen Clay 110 61 131 0.76
99 61 1.23 0.71
180 91 1.78 0.95
Baimahu Clay 143 91 1.65 0.81
101 91 1.47 0.70

Fig. 3.16 shows the prediction of consolidation curves of Kemen and Baimahu clays
based on Egs.5. For Kemen clay, the soil behavior can be well described by the
generalized equation, except for loading at 0.5 kPa of the sample with the ws = 116%.
For Baimahu clay, the predicted results and measured data are in very good agreement
except for the first loading of sample with very high ws = 141%. This reinforces the
applicability of the generalized equation. The generalized equation using e,/ e_ratio
can describe satisfactorily consolidation behavior for various soils (Mae Moh sail,

Kemen clay and Baimahu clay) at very high and low stresses.
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Even with limited available test data, the development of the generalized equation is
based on sound principles. The variable parameters can be refined by more test data,

which can be performed in future research.
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3.4 Assessment of stress state of ultra-soft soil

Based on the sedimentation and consolidation test results, the e versus log [,
relationship of sedimentation soil is controlled by ws. The ws is approximately the
same equal to wg and independent of w; for large sedimentation soil. Consequently,
the consolidation curve of large sedimentation soil is unique and defined as intrinsic
state line (ISL). For the studied Mae Moh soil with w, = 171%, the ISL can be

represented by the following equation as presented in Fig. 3.17.

3.31 0.31 [ 10s -1
+ x| 1

ot — y }—2.1 %0.74+1.62 (36)
-S . S,
ex v
DL.%J

= ,
exp(0.0551s | )***
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Figure 3.17 Intrinsic state line for large sedimentation soil.

It islong accepted that the compressibility of soil in both the slurry and sedimentation
states is controlled by the stress state (e and [1,). In this study, examination of the
stress state using ISL is introduced. The ultra-soft soil is divided into high
sedimentation soil, small sedimentation soil and slurry. The soil is classified as high
sedimentation soil when the stress state is on the ISL, as low sedimentation soil when
the stress state is below the ISL and as slurry when the stress state is above the ISL.

A suggested stepwise procedure for examining the stress state and compressibility of
ultra-soft soil can be presented as follows:

1. Determineliquid limit and specific gravity of ultra-soft soil samples
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2. Preparethe dlurry at w; > 3 times liquid limit
3. Perform the sedimentation test on the Slurry to determine we;
4. From the known e_, draw the ISL using Eqg. (5)
5. Take the in-situ soil samples a various depths and determine e and
corresponding s’y
6. Classify the stress state
6.1 If the stress state is on the ISL, the ultra-soft soil is high sedimentation
soil
6.2 If the stress state is below the ISL, the ultra-soft soil is low sedimentation
soil
6.3 If the stress state is above the ISL, the ultra-soft soil is slurry and under
sedimentation process
7. Approximate consolidation curves of either low or high sedimentation soil at

various depths using Eq. (5)

The stress state assessment is important for predicting the settlement of ultra-soft soil.
If the ultra-soft soil isin a dlurry state, the settlement is due to both sedimentation of
slurry and consolidation of the sedimentation soil. The sedimentation settlement is
caculated from the difference between in-situ water content and ws. The
consolidation settlement can be calculated using Eq. (5) where e is equal to critica
void ratio, e, for high sedimentation soil and approximately equal to initial void ratio,
g for small sedimentation soil. From this study, the w,, was found to be 171% while
the in-situ water content was 98%, with an effective vertical stress of less than 6.2

kPa. This effective vertical stress is considered to be very low, considering that the
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soil sample was collected at 1 m depth from the soil surface and had unit weight of
approximately 16 kN/m®. Based on the proposed method, the Mae Moh soil can

therefore be classified as alow sedimentation soil.

3.5 Concluson

This research studied the compressibility and hydraulic conductivity
characteristics of ultra-soft soil at the Mae Moh mine, Thailand. The study is useful
for designing the land reclamation of ultra-soft soil using preloading technique with
vertical drains. The following conclusions can be made from this study.

1. The sedimentation process of Mae Moh slurry was divided into two
distinct stages: flocculation and settling. The flocculation occurred at the early stage
of sedimentation process with very small change in soil-fluid interface. The settling
stage then commenced, when the floc particles started to settle uniformly, causing the
significant change in soil-fluid interface.

2. A critical water content (w,y) separating the large sedimentation and small
sedimentation slurry, was found to be 171% for studied Mae Moh soil. For large
sedimentation slurry, the water content reduces significantly after sedimentation
process. On the other hand, the water content of small sedimentation slurry slightly
decreases during sedimentation process and thus ws can be assumed to be w; .

3. The consolidation curve of high sedimentation soil is unique and
independent of w;. On the other hand, the consolidation curve of small sedimentation
soil is significantly dependent upon ws. The consolidation curves of sedimentation soil
can be represented by the inverse S-shape function from a very low (0.5 kPa) to very

high vertical effective stresses.
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4. The powerful S-shape equation proposed by Horpibulsuk et a. (2016) was

extended to develop the generalized equation using generalized void rétio (e, /e ) as

the prime parameter. The generalized equation can satisfactorily capture the
compression behavior of various sedimentation soils at different ws.

5. Theintrinsic state line (ISL) for high sedimentation soil was proposed to
assess the stress state of ultra-soft soil. The soil is classified as high sedimentation soil
when the stress state is on the ISL, as low sedimentation soil when the stress state is
below the ISL and as slurry when the stress state is above the ISL. The stepwise
procedure for ng stress state and compressibility of ultra-soft soil is suggested.

6. The stress state assessment is important to predict the settlement of the
ultra-soft soil when subjected to ground improvement and land reclamation. For the
ultra-soft soil in adlurry state, the settlement is due to both sedimentation of the slurry
and consolidation of the sedimentation soil. The sedimentation settlement can be
caculated from the difference between in-situ water content and ws. The
consolidation settlement can be calculated using the proposed S-shaped equation for

both low and high sedimentation soils.
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CHAPTER IV
CONSOLIDATION BEHAVIOR OF ULTRA-SOFT SOIL
IMPROVED WITH PREFABRICATED VERTICAL

DRAIN AT THE MAE MOH MINE, THAILAND

4.1 Introduction

The Mae Moh mine is situated at Mae Moh district, Lampang province,
located about 600 km north of Bangkok, Thailand. It is well-known as the largest
open-pit lignite mine in Southeast Asia covering an area of 4 km in width and 7.5 km
in length. Approximately 45,000 tons of coal/day, which represent 70% of the total
coa production of Thailand, are processed to generate power at the Mae Moh power
plants (Udomchai et al., 2017). This mine is operated by the Electricity Generating
Authority of Thailand (EGAT). Sumpl C1 isalow-lying area, located in the north of
the Mae Moh mine with the total area of 80,000 m?. The soil erosion caused by the
discharge of surface water along the mine slope was finally collected and formed up
to approximately 38 m thickness of soil deposits under water in sump 1 C1 for over
decades.

According to the mine planning and development of EGAT, the mine will be
excavated to a depth of approximately 500 m from origina surface in the next 40
years. As a result, this mine will become the deepest open-pit lignite mine in the
world. The excavated soil from mining activity will be transferred to dump in the

Sump 1 C1. It will be subjected approximately 300 m of overburden materia in 2038.
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However, the soil in the Sump 1 C1 is ultra-soft soil and possesses very low bearing
capacity. Therefore, it is imperative to improve the existing ultra-soft dredged soil
before commencing any construction activities in order to prevent any failure due to
the mud flow.

Soil improvement techniques generaly include soil replacement, preloading,
stone column, and cement column, etc (Arulrgjah et al., 2005; Cai et al., 2018; Cao et
al., 2019; Horpibulsuk et a., 2013; Jiang & Liu, 2019; Morohoshi et al., 2010; Pham
et a., 2019; Pham et al., 2019; Wang et al., 2020; Yonghui et al., 2019; Zhang et al.,
2019). Among these methods, the preloading with prefabricated vertical drains
(PVDs) is cost-effective and commonly used in land reclamation projects on ultra-soft
soil deposits (Arulrgjah et a., 2004; Bo et a., 2005; Chen et al., 2016; Geng et €.,
2017; Mesri & Kane, 2019). PVDs are band-shaped, which can be inserted into the
soft ground up to even 40m depth to reduce the drainage path and therefore shorten
the consolidation time (Almeida et al., 2004; Bo et a., 2016; Chai et al., 2001; Fang
& Yin, 2006; Saowapakpiboon et al., 2010). However, a few laboratory testing and
field instrumentation have been conducted to study the performance of PVDs
improved ultra-soft soil in dredged sump (Bo 2004; Choa et al., 2001; Chu et al.,
2004; Chu et d., 2006). It was evident that the PVDs accelerate settlement, enhance
shear strength, and reduce moisture content of the ultra-soft clay for a particular water
content and PV D dimension. However, the PVD dimensions and water content, which
play an important role in successful performance of PVD in the ultra-soft soil have
not been well examined.

In this study, a series of large - scale model test was carried out to assess the

effectiveness of PVD in the consolidation of the Mae Moh ultra-soft soil. The effects
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of PVD dimension and water content of the ultra-soft soil on the settlement, excess
pore pressure dissipation and undrained shear strength of PVD improved ground
under various loading conditions were investigated. The large-scale consolidation test
results were analyzed and compared with the simulation results by finite element
method (FEM). The distinct consolidation behavior especialy excess pore pressure
dissipation of ultra-soft clay was presented and compared with the conventional soil
mechanics theory. Also, the suitable numerical method for predicting settlement at
various consolidation time was recommended. The research outputs will facilitate the
selection of design parameters and numerica method for the future design of soil in
Sump 1 C1 using preloading with PVD system. The knowledge gained can be applied

to the ground improvement of ultra-soft soils in future dredging projects.

4.2 Large-scale consolidation test

To investigate the effectiveness of PVD for the ground improvement of ultra-
soft soil, the large-scale consolidation tests were conducted at various initial water
contents (case 1 and case 2) and dimensions of the PVDs (case 1 and case 3) as listed
in Table 4.1. The details of the sample preparation and testing procedure of each
testing case are being presented.

4.2.1 Soil sample

The ultra-soft soil samples were obtained from a slurry pond (Sump 1
C1). The disturbed bulk samples were collected from 1.5 m depth below the soil
surface. It was then stored in plastic tanks and kept inside the laboratory at a room

temperature of approximately 27°C.
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The ultra-soft soil consists of 1% sand, 58% silt, and 41% clay. The
85% of soil particles by weight, Dgs were smaller than 0.017 mm. Theliquid limit and
the plastic limit determined using Casagrande method were 57% and 26%,
respectively. The specific gravity was 2.5. The activity of this soil is about 0.756 and
it is therefore classified as a normal clay based on Skempton’s classification
(Skempton, 1953). The natural water content was in the range of 114% - 180%. The

in-situ strength was extremely low.

Table 4.1 Cases tested

Total
Height Weater content  PVD dimensions  Loading step
Case loading time
of soil (mm) W; (%) (mm) (kPa)
(hours)

Casel 950 120 100 x5 20, 40, 80 1362
Case?2 950 180 100 x5 20, 40, 80 1362
Case3 950 120 50 x 5 20, 40, 80 1362

4.2.2 Selection of PVD

During consolidation, very fine particles may infiltrate into the core of
the PVD and conseguently clog the drainage channels, and reduce the discharge
capacity (Cao et a., 2019; Chu et al., 2004, 2006; Holtz, 1987). Therefore, the
selection of PVD types plays a mgjor role in the successful performance of PVD in
ultra-soft clay (Chu et al., 2004, 2006). In this study, the filter of PVD was selected
carefully based on the requirement of permeability and the apparent opening size of
thefilter. In general, the permeability of filter is required to be higher than that of soil.

On the other hand, the apparent opening size should meet the requirement as follows:



72

O, < (4-7.5) % (4.1)

a

where Ogs is the apparent opening size of the filter; andK,is a reduction factor
considering the effect of loading and partial clogging on the geotextiles. The value of
K, varies from 1.9 to 4.4 as recommended by Chu et al. (2006) and Palmeira and

Gardoni (2002). Based on this criterion, two types of PVDs, namely Ali-drain type
AD250 having 100 mm and 50 mm width but with the same thickness of 5 mm were
selected. The apparent opening size of the filter was smaller than 0.08 mm, satisfied
the requirement in Equation 4.1. The hydraulic conductivity of the PVD filter was
1.8 x 10" m/s, higher than the laboratory permeability of the ultra-soft soil (1.21 x 10°
® m/s). The core of the PVD had a discharge capacity of 150 x 10° m¥/sin the straight
condition and 110 x 10° m%s in the kinked condition, under a confining pressure of

250 kPa. The characteristics of the PVDs are summarized in Table 4.2.

Table 4.2 PVDs characteristics

Discharge capacity Discharge capacity Apparent

Permeability
Thickness ~ Width of straight drain of kinked drain opening
of thefilter
(mm) (mm) under 300 kPa under 250 kPa size
(m/s)
pressure (m°/s) pressure (m°/s) (mm)
100 5 1.8x 10* > 150 x 10° 110 x 10° <0.08

50 5 1.8x 10* > 150 x 10° 110 x 10° <0.08
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4.2.3 Mode test

Large-scale consolidation apparatus

A large-scale consolidation apparatus was developed at the Center of
Excellence in Innovation for Sustainable Infrastructure Development of Suranaree
University of Technology, Thailand for this research. Fig. 4.1 shows the schematic
and photo of the fully-instrumented large-scale consolidation tank. The consolidation
tank was made of stainless steel with an inside diameter of 495 mm and a height of
1200 mm. Six saturated miniature pore pressure transducers (PPT) were installed to
measure excess pore water pressures at different positions. Six pore pressure
transducers (PPTs) were installed at 100 mm (PPT 2, PPT 4, and PPT 6) and 200 mm
(PPT 1, PPT 3, and PPT5) away from the center of vertical drain, respectively. A total
earth pressure cell was placed on the steel plate in order to control the pressure acting
on the sample during the test. To reduce wall friction, the inner surface was polished
and smeared with lubricating oil beforehand.

Sample preparation

For each test, the remolded sample was prepared by adding a sufficient
amount of water to obtain the initial water content greater than its liquid limits and
then thoroughly mixed by a mechanical mixer. The sedimentation process is specia
characteristic of ultra-soft soil at very high initia water content (Been & Sills, 1981;
Blewett et d., 2001; Sills, 1998; Tan et a., 1990; Xu et al., 2012). The remolded soil
was hence poured into the tank for about 1 month to negate the effect of
sedimentation on the consolidation. The water on the top of slurry soil was taken out
of the tank after the 1 month of sedimentation. The final height of the soil in the

consolidation tank was approximately 95 cm while the water contents of the soil in
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the 3 tested cases were respectively 120%, 180%, and 120% after sedimentation time.
One geotextile layer with a rectangular hole of 120 mm x 15 mm at the center of the
model ground for PVD installation using a mandrel was placed on the top of the

model ground.
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Figure4.1 Large scale of consolidation tank (dimensions are in mm)

Installation of PVD

After the 1 month of sedimentation, two small aluminum mandrels
with different rectangular sections of 120 mm x 10 mm and 60 mm x 10 mm
connected with an aluminum tip shoe a the end were used to simulate field
installation of PVDs with 10 cm width and 5 cm width, respectively. In each case, the

mandrel with PVD inside was penetrated through the hole at the center of geotextile
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and vertically into the ultra-soft soil. When the mandrel touched the bottom of the
tank, it was slowly withdrawn from the soil. A 10 cm thick sand layer was then spread
on the geotextile layer (on top of the ultra-soft clay) after PVD installation and
covered with the other geotextile (see Fig. 4.1). A stedl plate with one rectangular
hole of 120 mm by 15 mm (for PV D to pass through) at the center was placed on the
top of geotextile to impose the same displacement. It is noted that a hole of 50 mm
diameter was manufactured in the steel plate to push the mini vane shear into the
consolidated soil during the consolidation process to measure the undrained shear
strength. The sand layer and geotextiles could prevent the ultra-soft clay from being
squeezed out from the holes. During the consolidation stage, no squeezed soil was
however observed from the holes.

Step loading

After assembling the tank, three incremental vertical pressures
(20 kPa, 40 kPa, and 80 kPa) were applied at the top of the soil layer until the degree
of consolidation in each loading stage was more than 90% for case 1. The degree of
consolidation and the magnitude of final settlement were estimated based on the
Asaoka’s observational method (Asaoka, 1978). Chung et a. (2014) and Hiep &
Chung (2018) aso proposed an observational method, which is comparable to the
Asaoka’s method. The consolidation times of case 1 were also applied for case 2 and
case 3 for comparison. The consolidation times were 620 hours, 410 hours and 333
hours for 20 kPa, 40 kPa and 80 kPa vertical stresses, respectively. The top surface
was drainage boundary and the bottom of tank were closed drainage. The water flows
towards to the PVDs and verticaly drains to the top surface. In this study, the

settlement was measured by two Linear Variable Displacement Transducers (LVDTS)
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having the reading accuracy of 0.01 mm and 500 mm maximum deformation reading.
The pore water pressure, earth pressure, and settlement were automatically recorded
in real-time with a data logger. To investigate the effectiveness of PVDs on the
strength improvement, the undrained shear strengths were measured by using a mini
vane shear apparatus after the end of each loading. The vane blade was made of
stainless steel with 30 mm in diameter and 60 mm in height. It was attached to a
stainless steel rod with 5 mm in diameter, which can measure undrained shear
strength at different depths in the consolidation tank.
4.2.4 Numerical simulation

In redlity, the PVD improved soil can be represented by the unit-cell
theory in the axisymmetric condition (three-dimensional, 3D), which is similar to the
large consolidation model. However, the 3D finite element modeling of PVDs
improved soil is very sophisticated and requires large computational effort.
Consequently, the transformation of the unit cell condition to equivalent plane strain
condition was introduced by Hird et a. (1992). In practice, the plane strain model
satisfactorily simulates the settlement behavior of soil improved by PVD (Indraratna
& Redana, 2000). The equations to determine an equivalent hydraulic conductivity of
soil were proposed by several researchers to convert an axisymmetric model to an
equivalent plane strain model (Idraratna et a., 2010). The equivalent hydraulic
conductivity is determined in term of hydraulic conductivity of soil, PVD dimension
and spacing, and smear effect. In this study, the settlement behavior of the ultra-soft
soil of case 1 as an example was modeled by both the axisymmetric and plane strain
models using the Plaxis modeling software. The suitable plane strain model, which

can smulate the settlement of the model ground was sggested to predict the
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settlement behavior of the ultra-soft soil in the field in the next phrase of this research.
In this study, four different approaches were adopted to simulate the consolidation

behavior of ultra-soft soil using vertical drain asfollows:

a) Axisymmetry model with drain element:

An axisymmetric unit cell model was considered to analyze the consolidation
of ultra-soft soil in the large-scale test. At the center of the unit cell, the retangular
sized PVD was converted into an equivalent radius, ry, . The r,, was equa to one
fourth of sum of width and thickness of PVDs (Chai et al., 1999; Rixner et al., 1986).
The PVDs were modeled as 3 nodes drainage element (excess pore water pressure is
always zero) with the equivalent radius (r,,) of 26.25 mm for PVDs 10 cm, as shown
in Fig. 4.2a. The top boundary was set to drainage while outer vertica and bottom
boundaries were assigned as closed drainage. The vertical stress of each loading stage

was applied as uniform stress at the top of boundary. The horizontal hydraulic
conductivity of the surrounding soil, k., was taken as 2.03 times of the vertical
hydraulic conductivity, which was recommended by Arulrgjah et al. (2005) for ultra-
soft soil. The soil parameters using axisymetric model are indicated in Tables 4.3.
The modified compression index (I *), modified swelling index (k*), the vertical
hydraulic conductivity were obtained from the oedoemeter test. The cohesion (¢') and

friction angle (j ') were based on the undrained triaxial compression test results.
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Table 4.3 Soil parameters for modeling case 1.

Axisymetry Plane strain Plane strain Plane strain
Model (Soft soil (Chaietal.’s Linetal. ’s (Indraratna and
model) method) method Redana‘s method)
Type Undrained Undrained Undrained Undrained
Yunsa (KN/m?®) 16 16 16 16
Ve (KN/M®) 18 18 18 18
kn (m/hour) 8.85x 10° - - -
k, (m/hour) 4.36 x 10°° A . -
Kne (M/hour) - 5.89 x10° 3.10x10° 3.48x 10°
kve (M/hour) - 5.89 x 10 1.53x 10° 1.72x 10°
A* 0.068 0.068 0.068 0.068
K* 0.025 0.025 0.025 0.025
Void ratio (en) 3.02 3.02 3.02 3.02
Cohesion () 1 1 1 1
Friction angle (¢’) 29 29 29 29

lelw 0.2221 0.2475 0.2475 0.2475
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b) Plane strain model using Chai et al.’s method (Chai et al., 2001)
In this approach, a plane strain model without the drain element was adopted,

in which the PVD and surrounded soil were considered as a uniform layer with the
equivalent value of vertical hydraulic conductivity (K,). The equivalent value of

vertical hydraulic conductivity can be expressed as:

md? k

e \

2
K, = (1+ 2.5l ﬁj K, 4.2)
Thevaue of Mcan betaken as

m= Inﬂ+ﬁln(s)—§+p% 4.3
s Kk 4 3,

where n=d,/d,;s=d./d,;d,is the diameter of unit cell; d,is the diameter of drain;

d,is the diameter of smear zone; K;is the horizontal hydraulic conductivity in smear

zone, which can be assumed as the vertical hydraulic conductivity (k,), | is the

drainage path of PVD, which is the same as the PV D length for one-way drainage, g,

isthe discharge capacity of PVD.
The geometry and loading conditions of this model are shown in Fig. 4.2b.
The boundary on the top was set as drainage and the other boundaries were assigned

as closed drainage.
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C) Plane strain model using Lin et al.’s method (Lin et a., 2000)
To simulate the PVDs in plane strain model, Lin et al. (2000) proposed an

equation to convert the radial flow of an axisymmetric model to that of a plane strain
model. The horizontal hydraulic conductivity in an axisymmetric model (k) was

converted to plane strain model with consideration of the smear effect as follows.

_ Ky P
K= 6[In(n/ )+ (k, / k.)In(s) —0.75] (4.4)

in which K., is the horizontal hydraulic conductivity in the undisturbed zone in the

plane strain model.

d) Plane strain model using Indraratna and Redana’s method (Indraratna &
Redana, 2000)

Indraratna and Redana (2000) proposed an equation to convert the horizontal
hydraulic conductivity of axisymmetry model to that of plane strain model. With
considering the smear effect, the equivalent plane strain hydraulic conductivity is

calculated as follows:

K,
oL
k{a+ k&J

In@j{i’;jln(s)—o.?S—a

Ko = (4.5)
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The terms a and b consider the geometric conversion of an axisymmetric

unit cell into plane strain, and smear zone effects, respectively. The parameters a and

b aregiven by:

2 2o b, b
=—_- +

a - (1—ES 387 (4.6)
1 2 b 2 2
b =27 (0,=b,)" + 55 (30, ~ L) (4.7)

2 2
inwhich b, =2 and b, = 21w
25 2S

The geometry conditions of plane strain model using Lin et al.’s and
Indraratna and Redana’s methods to simulate the consolidation settlement of ultra-soft
soil improved by PVD areillustrated in Fig. 4.2c.

The soil parameters in plane strain model used for FEM are indicated in Table
4.3. It is noted that the soil parameters used for the axisymmetric and plane strain
models are the same, except the horizontal and vertical hydraulic conductivities. For
Chai et al.’s method, 1-D consolidation settlement is assumed so only ke controls the
rate of settlement. As such, ke can be taken as k. For Lin et a and Indraratna and
Redana’s methods, the kn/k.e ratio was taken as 2.03, which is the same as the
axisymmetric condition. As such, the k. can be calculated after obtaining kpe from

Eqgs. (4) or (5).
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4.3 Resultsand Discussion

4.3.1 Mode test results
4.3.1.1 Settlement results

The relationship between the settlement versus time of the three
tested casesis shown in Fig. 4.3. The settlement occurred in the first loading stage (20
kPa) was much higher than the settlement induced in the second loading (40 kPa) and
the last loading (80 kPa), respectively for all studied cases. The value of settlement
reduced as the consolidation stress increased due to non-linear compression behavior
of the ultra-soft soil (Fang & Yin, 2006; Hong et al., 2010; Horpibulsuk et al., 2016;
Liuetal., 2013).

The large settlements for all cases were observed, especially for
case 2 with the initial water content of 180% that exhibited the highest value. The
settlement of case 1 was in the order of 240 mm, which was about 27% of strain under
the vertical consolidation stress of 80 kPa. The values of ultimate settlement (Sy;) and
the degree of consolidation (S/Sy) at the end of each loading are presented in Fig. 4.3
and 4.4, where & is the measured settlement at the end of each loading and S; is the
ultimate settlement predicted by using the Asaokas observational method (Asaoka,
1978). The time interval used for Asaoka’s observational method, At, was 40 hours.
The soil in case 1 achieved more than 90% the degree of consolidation in all stages of
loading, which was about 90.65%, 96.80%, and 97.90% for consolidation stresses of
20 kPa, 40 kPa, and 80 kPa, respectively.

The measured settlement in case 2 was much higher than that in
case 1, which was approximately 393.02 mm after 1362 hours of testing. A very large

vertical strain of approximately 42% was developed at the end of consolidation test.
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Large settlements induced by PVDs in both cases (case 1 and case 2) proved the
effectiveness of PVDs in improving the ultra-soft soil at different initial water
contents. The degree of consolidation in case 2 in each loading stage was smaller than
that in case 1. This indicates that the higher initial water content leads to the higher
final settlement and the lower rate of consolidation settlement.

The effect of PVD dimension on the consolidation behavior of
the ultra-soft soil can be noticed by comparing case 1 with case 3. Under the same
testing condition (the water content of the soil, and loading pressure), the measured
settlement for 5 cm PVD was smaller than that for 10 cm PVD at the same
consolidation time, especially at low vertical stress. For instance, the settlement at the
end of loading stage 1 (20 kPa of vertical stress) was approximately 126.03 mm for
case 1 while it was 111.53 mm for case 3 (Fig. 4.3). The degree of consolidation at
the end of test in case 3 was 80.20%, 94.80%, and 96.20% at 20 kPa, 40 kPa, and 80
kPa, respectively, as presented in Fig. 4.4, which is lower than that in case 1.
However, based on the Asaoka’s observational method, the ultimate settlement at
100% degree of consolidation for case 1 and case 3 was approximately the same. It is
evident that at low vertical stress where the viscosity is relatively high, the PVD
dimension significantly affected the rate of consolidation settlement while at high
vertical stress, the effect of PVD dimension was less. The larger PVD has the higher
drainage area per soil volume, which can stimulate the flow rate of the PVD improved
ground. It was observed during the test that the water volume squeezed out from the

soil incase 1 (10 cm PV D) was higher than that in case 2 (5 cm PVD).
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The PVD of each test was extruded from the tank at the end of each test. The drain
filter was cut open to check the soil particles entering into the PVD core. In all studied
cases, the core was clean, which shows a good selection of PVDs filter for the
consolidation of Mae Moh ultra-soft soil. For Mae Moh ultra-soft soil, the apparent

opening size of thefilter is therefore suggested to be:

O, <4.71x Dy 4.8)

4.3.1.2 Excess pore water pressure
The dissipation of excess pore water pressures from six
transducers of 3 tested cases is shown in Figs. 4.5-4.7. In al cases, the initial excess
pore water pressures (at time t = 0) measured from 6 PPTs were dlightly lower than
the total vertical stress. It can be explained by the pore pressure coefficients A and B

proposed by Skempton (1954). The change in pore water pressure under the changein
the principle stresses As, and As, is given as Au=B[As ;+ A(As, —As;)]. For

saturated soils, the coefficient B is equal 1 while the value A varies with stresses and
strains (Fang & Yin, 2006; Skempton, 1954). This behavior is similar to previous
studies by Fang and Yin (2006) for Hong Kong marine clay. The excess pore water
pressures recorded at the top (PPT 5, PPT 6) were different with those measured at the
bottom of the tank (PPT 1, PPT 2), showing the different distribution of pressures on
the soil aong the depth possibly due to different drainage conditions. Only minimal
pore pressure dissipation was recorded by the six transducers in the early of loading
stages, athough the majority of settlements took place during this time (Figs. 4.5-

4.7). Bo (2008) explained that for ultra-soft soil, settlement is induced during the
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initial time of loading due to reduction of water which will not lead to a subsequent
reduction of pore water pressure in the soil. For instance, Fig. 4.3 shows that the
settlement in case 2 after 50 hours was 53.61 mm, which was 30.89% of degree of
consolidation, with the delay of excess pore water pressure during the first loading
stage. The delayed time is defined as the transitional point from small change to large
change in excess pore pressure. The delay of excess pore water pressures was aso
observed in the second and the last loading stage. It is noted that the delayed time
tended to reduce with the increase of vertical consolidation pressure, as shown in
Figs. 4.5-4.7. The delayed time observed in PWP 5 and PWP6 was shorter than that in
the other locations in the first loading stage and this difference was noted by 2 dotted
linein Figs. 4.5-4.7.

The delay of excess pore water pressure of case 1 (Fig. 4.5) and
case 2 (Fig. 4.6) was compared under the same total vertical stresses but different
water contents. The higher initial water content resulted in the longer delay of excess
pore pressure dissipation. The delayed time observed in PWP 5 and PW6 of case 2
(W = 180%) was approximately 50 hours in the first loading, which was
approximately 20 hours longer than that of case 1 (W = 120%). Although there was
little or no pore pressure dissipation, the water squeezed out from the soil was
observed in the early of the loading stages.

The consolidation behavior of Mae Moh ultra-soft soil
improved by PVD in case 1 was compared with that of soft Bangkok clay
(Saowapakpiboon et a., 2011) in the relationship of S/Sy: and u/up, as shown in Fig.

4.8 where S is the settlement at any time, u is the excess pore water pressure at any
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time and o is the initial excess pore water pressure. It was evident that the u/ug ratio

reduced remarkably with the increase of SIS ratio for the soft Bangkok clay.
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The same trend was however not found for Mae Moh ultra-soft soil. The u/ug
ratio was approximately constant and equal to 1 when the S/Sy; ratio < 0.28. Beyond
this S/Sy; ratio of 0.28, the u/up ratio reduced significantly with increasing S/Sy rétio.
This delay in excess pore pressure dissipation with progressive settlement is a distinct
behavior of ultra-soft clay which diverts from the behavior of natura soft clay. This
similar behavior was also noticed in the previous research reported by Bo (2002) ,

Chu et a. (2006), and Tanaka (1997).

10
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—O— Mae Moh dredged soil
—@&— Bangkok clay (Saowapakpiboon et al. 2011)
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Figure 4.8 Relationships between S/S,; versus u/u, of Mae Moh ultra-soft soil and

soft Bangkok clay improved with PVD.

The effect of PVD dimension on the delay of excess pore water pressure

dissipation was evident by comparing case 1 and case 3. The delayed time observed in
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the top of the soil (PWP 5 and PWP6) was 30 hours for case 1, while it was 40 hours
for case 3 at low vertical stress (20 kPa). At high vertical stress (80 kPa), the effect of
PVD dimension on the delayed time was essentially the same (approximately the
same delay times). Beyond the delayed time, the pore water pressure reduced
significantly (Figs. 4.5-4.7). At the same depth, the excess pore water pressures close
to the PVD (PPT 2, PPT 4, and PPT 6) indicated a faster rate of dissipation than the
others. Because the drainage was only alowed at the top of surface of the model
ground, the decrease of excess pore pressures observed from 2 PPTs at the bottom of
tank (PPT 1 and PPT 2) were lower than those measured on the top of the tank.
4.3.1.3 Water content and undrained shear strength

The water contents of the ultra-soft soil, W, in all cases were

measured at radial distances (r) from the center of PVD after the end of consolidation

test at vertical stress of 80 kPa. The relationship between water content, W/W ratio,
versus angle ratio,a /360°, at different r/r, ratio (0.4 and 0.8), is shown in Fig. 4.9

where W is the initial water content and ro is the radius of the tank). A significant
reduction of the water content was noticed in all tested cases. The water content of the

soil at the same radius (r ) was found to be approximately the same. The lower water
content was found for lower r /1, ratio of 0.4. For case 1 (W = 120%), the final water

contents varied from 42.01% to 52.66%. It was noted that the reduction of water
content in case 2 (W = 180%) was very large, which reduced by approximately 129%
near the vertical drain. The effect of PVD dimension was noticed when compared the
results of case 1 with case 3, the water contents in case 3 were found to be higher than
those in case 1, which varied from 46.12% to 57.84%. The undrained shear strength

(S) of the soil in the middle of the soil layer in the tank was measured by using the
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mini vane shear equipment. For all total vertical stress, the undrained shear strengths
in case 1 (larger PVD) were higher than those in case 3 (smaller PVD) because of
higher degree of consolidation under the same vertical stress and consolidation time.
The higher water contents and lower initial undrained shear strengths were observed

in case 2 when compared with the results in case 1. Fig. 4.10 shows the undrained

shear strength, S, , versus the vertical effective stress, S\', relationship for the three

cases. The vertical effective stress (S;) a the end of test of each vertica

consolidation pressure was a product of the total vertical stress (s, ) and the degree of

consolidation (U) calculated using the Asaoka’s observation method.

It was evident that the undrained shear strength was directly related to vertical
effective stress (AS ). The S, versus S, relationship was therefore developed based

on the SHANSEP equation proposed by Ladd and Foott (1974):

2022 (4.9)

v

(7]

This constant value of 0.22 was found to be similar with the proposed value for
Bangkok clay by Shibuya and Hanh (2001). Although the reclamation and soil
improvement processes for ultra-soft soil are more difficult and challenging than
those of natural soft soils, the results from the large-consolidation test highlighted the
successful performance of PV Ds for improvement of ultra-soft soil. The PVDs can be
used to accelerate the settlement, enhance the shear strength and decrease
significantly the water content of the ultra-soft soil in pond Sump 1 C1, Mae Moh

mine, Thailand.
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4.3.2 Numerical test results
4.3.2.1 Settlement and excess pore water pressure

Fig. 4.11 presents the comparison of measured settlement from
the large consolidation tank and predicted settlement by FEM anaysis using 4
different approaches for case 1. The axisymmetric analysis provided an excellent
agreement with measured data in term of settlement. The measured settlement in case
1 after loading stage 3 (80 kPa) was 234.52 mm, which was only 2 mm higher than
the predicted one from the axisymmetric model by means of conventional modeling
method using ky, = 2.03% k,, as shown in Fig. 4.11.

Fig. 4.12 shows arelationship between measured and simulated
excess pore water pressures versus time in the first loading of case 1, which is similar
to the other cases. The observed data from the two different pore pressure transducers
(PPT 3, PPT4) were compared with the axisymmetric simulation results. The
measured excess pore pressures diverted from the predicted ones due to the delay in
excess pore water pressures at the early stages of loading. The prediction of excess
pore water pressures by the Soft Soil model is based on the principle of effective
stress (Terzaghi, 1943) in that for an incremental total stress, the reduction in excess
pore water pressure is equal to the increase in effective stress, leading to the soil
settlement. However, the settlement of Mae Moh ultra-soft soil occurred with minimal
reduction of excess pore water pressure at the initial loading stage.

The predicted excess pore water pressure increased to reach the maximum value and
then decreased rapidly in the early stages of loading while a little or no pore water
pressure dissipation was observed from 2 pore pressure transducers. However, the

predicted excess pore pressures agreed well with measured excess pore pressures at
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the end of loading stages. To simply simulate the performance of PVD in plane-strain
condition in 2D FEM analysis, 3 different approaches proposed by Chai et a. (2001),
Lin et al. (2000), and Indraratna and Redana (2000) were adopted in this study. The
smear effect was considered in the analysis in term of the ratio between the smear
zone diameter and the equivaent drain diameter (dJ/d,,) to transform parameters from
axisymmetric to plane strain conditions. The smear ratio (dJd,) was taken as 1 for al
cases in the plane strain model. The smear effect during the installation of PVDs was
considered as small because the Mae Moh ultra-soft soil was extremely soft.

The predicted settlements obtained from the plane strain solutions were
compared with measured data, as illustrated in Fig. 4.11. It can be seen that the
predicted settlements using Chai et al.’s method were in good agreement with the
measured data. The simulated settlements from Chai et al.’s method were dlightly
lower than the measured one in the first loading stage. The difference in predicted and
measured settlements was very small in the second and last stages. Based on the
comparison of plane strain model with the model test results, it is recommended that
the plane strain models using Chai et al.’s method and Indraratna and Redana’s
method is proposed to predict the performance of PVD for reclamation of Mae Moh

ultra-soft soil in thefield.
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4.3.2.2 Undrained shear strength
The comparison between predicted and measured settlements
of the ultra-soft soil in the consolidation apparatus provided an insight in the
suitability of the soft soil model, as well as the appropriate model parameters to

simulate the consolidation of the ultra-soft soil in FEM analysis. Considering a soil
sample, which has been normally compressed at mean effective stress p= p,, S, can

be predicted using the critical state soil mechanics as (Atkinson & Bransby, 1977,

Wood, 1990):

S, :MTexp{(rl_—v')Hn po} (4.10)

6sinj '
3-sinj '

with p('):%s\',(1+2K0); M =

in which M is the slope of critical stete line; \ is the specific volume at the normal
compression linewith p = 1; T isthe specific volume of soil at critical state line with

p =1, | isthe sope of normal compression line. K,varies from 0.5 to 1 as
recommended by Shibuya and Hanh (2001) for Bangkok soft clay.

Eqg. 10 was adopted to predict S, of Mae Moh ultra-soft soil in the large consolidation
apparatus after each loading stages. The parameters M, V, ,T",I , K, for the prediction

of undrained shear strength of the soil in each case are presented in Table 4.4. The

slope of the critical state line (M) and the slope of normal compression line (1 ) were

calculated from j ' and | *. The Vi and T were obtained from the undrained triaxial
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compression test results. It is noted that the soil parameters for cases 1 and 3 were the

same because they had the same initial water content of 120%.

Table 4.4 Soil parameter for predictions of undrained shear strength

Case No. Water content Soil parameters
(Wi) M r v I Ko
Casel 120% 1.1565 4111 4.279 0.2733 0.5
Case?2 180% 1.1565 5.394 5.898 0.629 0.5
Case3 120% 1.1565 4111 4.279 0.2733 0.5
*M=6sinj /(3-sinj ); | =1"x(+e,)

The predicted undrained shear strengths are comparable with the measured results

presented in Fig. 4.10. It is evident that the undrained shear strength of the soil in 3
tested cases can be well predicted by using the constant soil parameter M, V, , T, | .

However, the simulated values were lower than the measured one, especially in case 2

with the initial water content of 180%.

44 Conclusion

This research studied the application of PVD for reclamation of ultra-soft soil
in Mae Moh mine, Thailand. To assess the performance of PVD in the consolidation
of dlurry soil, a series of large-scale consolidation test was conducted at different
water contents and PVD dimensions. The following conclusions can be drawn:

1. The large settlements for all cases were observed, especialy for case 2
with the initial water content of 180% that exhibited the highest value after the
consolidation stage of ultra-soft soil improved by PVDs. The test results indicated that

the higher initial water content resulted in the higher settlement and the lower rate of
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consolidation settlement. At low vertical stress where the viscosity is relatively high,
the PVD dimension significantly affected the rate of consolidation settlement while at
high vertical stress, the effect of PVD dimension was less.

2. The distinct behavior of Mae Moh ultra-soft soil was the delay of excess
pore water pressure at the initial stage of consolidation although the settlements had
taken place. The delay of excess pore water pressure reduced with the increase of
consolidation pressure. The higher initial water content and the smaller of PVDs
dimension resulted in the longer delay of excess pore pressure dissipation. Beyond the
delayed time, the excess pore water pressures rapidly decreased with time.

3. A dignificant reduction of water content and increase of undrained shear
strength after testing highlighted the successful performance of PVDs on the
improvement of the Mae Moh ultra-soft soil. The equation for predicting undrained
shear strengths at various vertical effective stress was developed based on
SHANSEP’s method.

4. The consolidation behavior of the PVD improved Mae Moh ultra-soft soil
can be simulated by finite element method using Plaxis 2D software. The
axisymmetric model produced an excellent match with measured data in term of
settlement value. However, the excess pore water pressure was not well predicted
using the axisymmetric model due to the delay of excess pore water pressure at the
initial time of loading. The settlement of Mae Moh ultra-soft soil can be simulated
satisfactorily by the plane strain models proposed by Chai et a. (2001) and Indraratna
and Redana (2000). Therefore, both models are suggested for field reclamation in

practice.



101

5. Based on the Cam Clay and Soft Soil models, the undrained shear strength
(S)) can be well predicted using the constant soil parameter M, V, , T', | . Assuch, the

Soft Soil model together with the plane stran model by Cha et a. (2001) and
Indraratna and Redana (2000) can be used to analyze both settlement and stability of

reclamation of ultra-soft soil in Mae Moh mine.
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CHAPTERYV
FULL SCALE CONSOLIDATION TEST ON ULTRA-
SOFT SOIL IMPROVED BY PREFABRICATED

VERTICAL DRAINSIN MAE MOH MINE, THAILAND

5.1 Introduction

Mae Moh Mine is the largest open-pit lignite mine in Southeast Asia, located
in the Mae Moh district, Lampang province, Thailand. The total mining area and
external dumping area of the Mae Moh mine are in the order of 38 km? and 42 km?,
respectively. This mine produces and supplies approximately 16 million tons of
lignite annually to generate electricity in the Mae Moh power plant, which is operated
by the Electricity Generating Authority of Thailand (EGAT) (Udomchai et a., 2017).
The Mae Moh power plant has a production capacity of 24000 Megawatt, and
currently supplies 50% of the electricity to the northern area, 30% to the central area,
and 20% to the north-eastern area of Thailand. Sumpl C1, a durry pond with a total
area of 80000 m* located in the north of the Mae Moh mine, is the main water source
for mining activities, e.g., mineral processing and dust suppression. According to the
Mae Moh mine planning and development of EGAT, this mine will become the
deepest open pit lignite mine in the world with an excavation depth of approximately
500 m from original surface in the next 40 years (Ngo et a., 2020a, b). Sumpl C1
will be dumped with a very high overburden materia of approximately 300 m

transferred from the mining areas within 2038. However, Sumpl C1 contains
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approximately 40 m thickness of an ultra-soft soil deposit, which has very high water
content of greater than liquid limit. The in-situ strength of ultra-soft soil are extremely
low. The dumping activity in Sumpl C1 which is planned for the future is becoming a
challenging issue for EGAT. Therefore, it isabsolutely crucia to improve the ultra-
soft soil deposit before dumping activity in order to prevent any failure, which might
causes detrimental effects on the mining activities.

The prefabricated vertical drains (PVDs) with preloading technique, was
recommended by the Geotechnical Engineering Department, Mae Moh mine for
the improvement of the ultra-soft soil deposit in Sumpl C1, particularly for its
effectivenessfrom economical and environmental perspectives. PV Ds are increasingly
being used to accelerate the consolidation process of soft soil deposits such as marine
clay (Bergado et al., 2003; Bo et a., 2014; Chu et a., 2004) and ultra-soft soil
(Arulrgah et a., 2004; Bo, 2004; Chen et d., 2016; Chu et al., 2006; Geng et al.,
2017) in various land reclamation project. The consolidation of ultra-soft soil
improved with PVDs has been studied in laboratory by severa researchers (Arulrgah
et a., 2004; Bo et d., 2016; Chu et a., 2004; Fang & Yin, 2006; Ngo et al., 2020a).
The performance of PVDs in ultra-soft soil was affected by severa factors, e.g.,
selected filter, and discharge capacity and deformation of PVDs under the loading
condition (Bo et d., 2016; Chu et a., 2006; Ngo et a., 2020a). Ngo et a. 2020a
conducted a series of large-scale model tests to investigate the effectiveness of using
PVD for the improvement of Mae Moh ultra-soft soil at different water contents and
PVD dimensions. The laboratory test results indicated that PVDs accelerated
settlement, enhanced shear strength, and reduced water content of the ultra-soft soil

tested for all various conditions (water contents and PVD dimensions) tested. Ngo et
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al. 2020a aso reported that the distinct behavior of Mae Moh ultra-soft soil was the
delay of excess pore water pressure dissipation at the initial stage of consolidation
although the large settlement had taken place. This finding is similar to that
previously reported by Chu et al. (2006) for ultra-soft soil in Changi East reclamation
project, Singapore. Besides the laboratory test, the field performance of PVD
improved ultra-soft soil was also studied (Arulrgjah et al., 2004; Bo, 2008; Chu et al.,
2006). The reclamation and soil improvement processes on ultra-soft soil are more
difficult and challenging than those on natural soft soil due to very low bearing
capacity of ultra-soft soil foundation (Bo, 2008; Chu et al., 2006). A special sand-
spreading method was used to construct a platform on a slurry pond in Changi East
reclamation project, Singapore (Chu et al., 2006). The sand with a high water content
was pumped through the pipelines and deposited on the slurry (Chu et al., 2006) .
However, a fallure was occurred in the first phase of spreading sand due to the non-
uniform thickness of sand layer and hence differential settlements (Bo, 2008; Chu et
al., 2006). The PVDs were installed in two rounds to minimize the folding effect of
PV D on drainage capacity. The field monitoring data indicated that large deformation
was occurred with a little pore pressure dissipation in the initial stage of loading (Chu
et al., 2006).

The Center of Excellence in Innovation for Sustainable Infrastructure
Development of Suranaree University of Technology, Thailand was engaged by the
Mae Moh mine of EGAT to undertake a full-scale test on PVD improved ultra-soft
soil at atria slurry pond prior to the PVD construction in Sumpl C1. This full-scale
study is a continuation of previous laboratory model study (Ngo et al., 2020a) on the

consolidation of PVD improved ultra-soft soil. The successful construction with field
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measurement will be a lesson learned for a real construction project on the
improvement of ultra-soft soil in Sumpl C1. The outcome of this field study will
result in an effective design method for the reclamation of Sumpl C1 in Mae Moh

mine and other similar reclamation works.

5.2 Sitecondition and material used

521 Full-scaletest site

To investigate the effectiveness of PVD on the improvement of ultra-
soft soil, afull trial was conducted at atrial slurry pond, which is located near Sumpl
C1 in the north of Mae Moh mine, Thailand. The location of the tria slurry pond is
shown in Fig. 5.1. The trial lurry pond with dimensions of 30 x 30 m at the top and
22 x 22 m at the bottom was prepared by excavating and blasting the claystone layer
up to a depth of 8 m from the existing ground. The thickness of the claystone layer
was between 60 to 200 m. The unconfined compressive strength of claystone was
very high of approximately 4.2 MPa. The unit weight and the water content of
claystone were 22.5 kN/m® and 21.5%, respectively. The properties of claystone is
summarized in Table 5.1. The preparation of the trial pond commenced in May, 2018

and was completed in June, 2018.
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Figure5.1: Location of full-scale test sitein the field

5.2.2 Ultra-soft soil

After preparation of the trial slurry pond, the ultra-soft soil was
transferred from Sumpl C1 to the trial slurry pond through a 400-mm diameter
pipeline using a high-pressure pump, as shown in Fig. 5.1, which commenced on 16
August 2018. The initial water content of the slurry was higher than 200%. The
transfer of slurry from Sumpl C1 to the trial pond took two weeks. After that, the
slurry was allowed to settle. The compressibility of Mae Moh ultra-soft soil without
PVDs is composed of the sedimentation and consolidation phases, which was
discussed previously by Ngo et a. (2020b). Ngo et al. (2020b) revealed that the
sedimentation process of ultra-soft soil was divided into the flocculation and settling
stages. The flocculation occurred at the early stage of sedimentation process with a
small change in soil-fluid interface, while the settling stage caused the significant
change in soil-fluid interface, leading to the reduction of water content. In late April
2019, the water above the ultra-soft soil deposit was pumped out of the pond by using

asmall pump every day prior to the construction of sand platform. The thickness and
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water content of ultra-soft soil deposit in the pond was approximately 4.5 m and
163%, respectively. The ultra-soft soil in the pond contained 1% sand, 58% silt and
41% clay. The liquid limit and the plastic limit were 57% and 26%, respectively. The
specific gravity was 2.5. The undrained shear strength, S, was extremely low of < 1.0
kPa. The effective strength parameters obtained from the triaxial drained test was ¢’ =
O and f’ = 29 degrees and the compression index, C., was 1.10. The properties of the

ultra-soft soil are summarized in Table5.1.

Table5.1 Properties of ultra-soft soil and clay stone

Unit Water  Liquid Plastic Cohesion Friction C. S
Soil layer  weight content  limit,  limit angle (kPa)
(kN/m®) (%) LL, (%) PL,

(%)

Ultra-soft 16 163 57 26 c’=0 1’'=29 11 <1
soil
Cl aystone 22.5 215 50.6 27.5 NA NA NA 2100

5.2.3 Selection of prefabricated vertical drains
During the consolidation process, very fine particles of the ultra-soft
soil might enter into the core and filter of PVDs and hence reducing the discharge
capacity. Therefore, the selection of PV Ds play a significant role on the consolidation
process of ultra-soft soil. The selection of PVDs for Mae Moh ultra-soft soil was
discussed previoudy (Ngo et a., 2020a) by considering apparent opening size of
filter, Ogs, and permittivity of PVD’s filter. To prevent the clogging effect, the

apparent opening size of the filter was recommended to be (Ngo et al. 2020a):
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Og5 <4.71 % Dgs (51)

in which Dgs refers to the size for 85% of passing of soil particles by weight. In this
study, the PVD AD250 type from Tecate Geosynthetics (Thailand), Co. Ltd. with
100 mm in width and 5 mm thick was chosen. It consisted of a permeable drainage
core surrounded by a robust filter jacket. The Ogs was smaller than 0.08 mm. The
permeability of the PVD filter was 1.8 x 10™ m/s. The discharge capacity of the PVD
core was 150 x 10° m%¥s and 110 x 10° m¥s in the straight condition and kinked
condition under a confining pressure of 250 kPa, respectively. The characteristics of

PVD are summarized in Table5.2.

Table 5.2 Characteristics of PVD

Thickness Width Permeability of  Discharge capacity (m*/s)  Apparent opening

(cm) (cm) thefilter (m/s)

size, Ogs (mm)

Straight Kinked
condition condition
10 05 1.8 x 10* >150 x 10° 110 x 10° <0.08

5.3 Factor of safety analysisfor construction process

Finite element (FE) modelling using PLAXIS 2D program was carried out to
evauate the stability of full-scale test site during construction of sand platform, sand
blanket, and three loading stages. The geometry condition of full-scale test is shown
in Fig. 5.2. The material parameters of the soil are summarized in Table 5.3. To

consider the critical condition during the construction stage, the M oh-Coulomb model
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with the undrained shear strength of the ultra-soft soil of 1.4 kPa was used to simulate

Loading stage 3: 2.5 m of clay stone

Loading stage 2: 2.0 m of clay stone

Loading stage 1: 1.5 m clay stone
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Table 5.3 Soil materia properties for finite element analysis.

Claystone Claystone
Parameter Soft soil Sand fill (Existing (excavated
ground) soil)
Material model Mohr- Mohr- Mohr- Mohr-
coulomb coulomb coulomb coulomb
Type of behavior Undrained Drained Undrained Undrained
Vunsat (KN/M®) 16 20 17 17
Vet (KN/Y) 18 20 19 19
Young’s modulus 500 4000 25x 10° 50 000
Poisson’s ratio 0.35 0.33 0.25 0.33
Cohesion, ¢ (kPa) S,=14 3 500 50
Friction Angle, ® - 30 335 30
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Claystone Claystone

Parameter Soft soil Sand fill (Existing (excavated
ground) soil)

Kx (m/day) - 1 - -

K, (m/day) - 1 - -

The minimum factor of safety for construction of sand platform, sand blanket and the

three loading stages is summarized in Table 5.4. The FEM results show that the

minimum factor of safety (FS) of each construction stage (sand platform, sand

blanket, loading stage 1, loading stage 2, loading stage 3 are greater than the required

design FS = 1.5, commonly used by the geotechnical engineers and researchers. This

demonstrates that the construction of full-scale test has a high stability.

Table 5.4. Minimum factor of safety during construction process.

Construction stages

Minimum

Factor of Safety

Total displacement

Sand Platform 1.985
| :
Sand Blanket 1.610
L
Loading stage 1 1.533 :
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Minimum
Construction stages Total displacement
Factor of Safety

Loading stage 2 2.07

Loading stage 3 1.55

5.4 Construction of field trial

5.4.1 Construction of platform

Since the §, of the ultra-soft soil was extremely low, the construction
of the platform in the trial pond was impossible without ground improvement. The
non-uniform thickness of spreading sand may cause the shear failure on the ultra-soft
soil foundation even with low overburden sand fill (Bo, 2008; Chu et a., 2006). The
sand layer might then progressively sink into the underlying ultra-soft soil. In this
research, the geotextile was applied to enhance the bearing capacity of ultra-soft soil
prior to the construction of sand platform. The role of geotextile on improving the
short-term bearing capacity of soft clay foundation was successfully reported by
Rashid et al. (2019). It was designed to place a seamed geotextile on the ultra-soft soil
surface and the surrounding areas with a dimension of 40 x 40 m. The stitch between
geotextiles was done by sewing them with high strength threads. The geotextiles type
polyfelt TS 70 were selected and the construction was performed during 3 to 10 May

2019. The geotextiles were bonded continuous-filament nonwovens manufactured
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from UV -stabilized polypropylene. Each sheet of geotextile was 4 m wide and 40 m
long per roll. The opening size, Ogy, and the mass per unit area of the geotextile were
0.09 mm and 325g/m?, respectively. The geotextile properties are summarized in
Table 5.5. Three sheets of geotextile were sewn together using a portable sewing
machine. The overlapping between two geotextile sheets was 2 m as shown in Fig.
5.3. The total width and weight of a single seamed sheet (composed of 3 geotextile
sheets) were about 6 m and 156 kg, respectively. The first seamed geotextile sheet
was laid slowly to the trial pond by 10 labors in 2 sides of the pond, as presented

Fig. 5.3.

Table5.5 Characteristic of geotextile.

Mass/ Unit Opening size of Tensile
Thickness Elongation
Type area of filter filter, Ogg strength
(mm) (%)
(g/m?) (mm) (KN/m)
Polyfelt 325 2.9 0.09 25 46

The other seamed geotextile sheets were subsequently installed in the trial pond in the
same manner as the previous one. In total, eight seamed geotextile sheets (6 m in
width/seamed sheet) were sewn together in the pond, with the overlapping width
between 2 seamed geotextile sheets of 1.5 m. It took seven days to complete the
sewing and the placement of the eight-seamed geotextile sheets in the trial pond. To
enhance the bearing capacity, 12 rubber balloons were sewn with the geotextile sheets

(Fig. 5.3). Both sides of the geotextiles were embedded in a 0.2 m thick sand on the
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ground surface (top of the pond) to prevent slippage of geotextile during the sand

filling.

Figure 5.3 Stitching of the geotextile sheets (a) Concept of sewing geotextile; (b)
Sewing geotextile at the site; (¢) Installing a connected geotextile in the

pond; (d) Completion of connected geotextile installation in the pond.

After completion of the geotextile installation, the construction of platform
commenced on 11 May 2019. The thickness of sand platform was 0.2 m. The sand
platform was constructed using a crane transferring the sand to the pond. Then, labors

standing on the geotextile spread the transferred sand from one side to other side of
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the pond. The detail construction procedure of sand platform is presented in Fig. 5.4.

The construction of platform was completed on 13 May 2019.

STEP 1 STEP 2

Figur e 5.4 Construction procedure for platform

The sand on both sides of geotextile sheets and the rubber balloons were
removed after completion of platform without any track of failure. Due to heavy rain
and typhoon, the PVD instalation was postponed to 15 July 2019. During the rainy
season, the rain water above the sand platform was pumped out of the trial pond

regularly by using a hydraulic pump machine.
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54.2 Ingtallation of PVD

The PVDs installation commenced from 16 July 2019. A 15-mm
diameter steel rod connected with a sted tip shoe at the toe was made and used to
instal the PVDs, instead of using a conventional mandrel. Because S, of ultra-soft
soil was very low, the stedl rod with PVDs could be penetrated easily through the
predetermined holes in the geotextiles. When the steel rod reached the desired length,
it was slowly withdrawn from the soil. The PVDs were installed to a depth of 4 min a
square pattern with 1 m center to center spacing, which was commonly designed in
land reclamation project (Arulrgjah et al., 2004; Bo, 2008; Chu et a., 2006). It was
observed that a small amount of ultra-soft soil was squeezed out from the hole during
the installation of PVDs. Thisindicated that the excess pore water pressures due to the
loading of the sand platform were not fully dissipated during two months of
consolidation. Fig. 5.5 shows a photo of the trial pond after the completion of

installation of PVDs on 3 August 2019.
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Figure5.5: Completion of PVDsinstallation on 3 August 2019

5.4.3 Installation of drainage system and sand blanket

After two months of consolidation with PVDs and preloading under
the vertical load of approximately 4 kPa (0.2 m thick sand platform), the first 0.2 m
sand blanket was constructed and a drainage system was then built. 65-mm diameter
Neodrain pipes made from a high density polyethylene and reinforced with hollow
strand ribs were used to collect water from the sand layer. The Neodrain pipes can
resist an axia load of 150 kPa with a strain < 8%. The pipes were wrapped with
geotextiles to prevent the sand clogging into the drainage channel, as shown in Fig.

5.6.
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Figure 5.6 Installation of Neodrain pipes on 30 September 2019: (a) Step 1:

Installing Neodrain pipes; (b) Step 2: Preparing geotextile to wrap
the pipes; (c) Step 3: Wraping the pipes by using geotextile; (d) Step

4: Connecting the pipes with the tanks

The Neodrain pipes were connected with two tanks at the center of the pond.
The tanks had diameter of 0.6 m and were made of steel with all-round reinforced
steel bars to prevent buckling due to the backfill loading. The installation of drainage
system was started on 28 September 2019 and completed on 30 September 2019. The
collected water was pumped out of the pond during the consolidation of the ultra-soft
soil regularly (Fig. 5.6). Additional sand blanket of 0.6 m was filled to have a tota

thickness of sand platform and sand blanket of 1.0 m.
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5.4.4 Loading stages

The step loading after the completion of sand blanket was divided into
3 stages: loading stage 1 (1.5 m height), loading stage 2 (2.0 m height) and loading
stage 3 (2.5 m height). The total height of fill was 6 m. Abundant claystone in the
Mae Moh mine was used as a fill for the three loading stages. A loading period for
each loading was allowed until the degree of consolidation was more than 90%. The
degree of consolidation and the fina settlement were determined based on the
Asaoka’s observational method (Asaoka, 1978). The consolidation times were 73
days, 53 days, 36 days, and 30 days for sand blanket, loading stage 1, stage 2, and
stage 3, respectively. The loading stage versus time is presented in Fig. 5.7. A 10-ton
bulldozer was used for loading stage 2 and stage 3 without bearing failure as §, was
gained enough after the loading stage 1. During the consolidation in al loading
stages, the water from the ultra-soft soil through the water tanks was pumped out
regularly. Photos of the trial pond after construction of each loading stage is shown in
Fig. 5.8.

In total, 9 settlement plates (SPO1 to SP09) and 3 piezometers were
instaled in the trial pond to monitor the consolidation behavior of ultra-soft soil. A
settlement plate (SPOS) was installed at the center of the pond and the others were at
the edges to measure differential surface settlements. The piezometers (PZ01, PZ02,
PZ03) were installed at different depths of 1 m, 2.5 m, and 4 m at the center of the
pond, respectively. To investigate the effectiveness of PVDs on the shear strength
improvement, the undrained shear strengths were measured with a field vane shear
apparatus for each loading stage. The plan and section views of thetrial pond with full

instrumentations are presented in Fig. 5.9.
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Figure 5.8 Photos of trial pond after finishing construction of each loading stage: (a)
Sand blanket; (b) Loading stage 1: 1.0 m clay stone; (c) Loading stage 2:

1.5m clay stone; (d) Loading stage 3: 2.5 m claystone.
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Figure 5.9 Plan and top views of full-scale test pond
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55 Fidd test results and discussion

551 Settlement

The relationship between the settlement versus consolidation time at
three selected settlement plates, which were located at the center (SP5) and the edges
(SP2 and SP8) of the pond, is shown in Fig. 5.10. The record from settlement plates
was started after the PVDs installation because the settlement plates could not be
installed after finishing construction of platform due to avery heavy rain and typhoon
in the rainy season. The settlement before installation of settlement plates was
measured using a survey levelling and was approximately 30 mm. With PVDs, the
ultra-soft soil underwent rapid settlement and reached 89.93% degree of consolidation
(based on the observational Asaoka’s method) after 50 days of PVD installation (Fig.
5.10 and Fig. 5.11). The settlement at SP5 was 87 mm, which was higher than that
without PVD. Fig. 5.10 indicates that the final settlement due to the 0.8 m sand
blanket (16 kPa) was the highest, followed by the final settlements due to loading
stage 1 (1.5 m claystone), stage 2 (2.0 m claystone) and stage 3 (2.5 m claystone). The
decrease in settlement even with the increase in consolidation stress is due to non-
linear compression behavior of the ultra-soft soil (Fang & Yin, 2006; Hong et a.,
2010; Horpibulsuk et al., 2016; Ngo et al., 2020a,b).

The measured settlement at the center of the pond (SP5) was dlightly
higher than that at the edges of the pond (SP2 and SP8) at the end of the sand blanket
installation and loading stage 1. For instance, the settlement at SP5 was 0.37 m, while
the settlement at SP2 was 0.35 m at the end of sand blanket installation. However, the
measured settlement at SP5, was significantly higher than that at SP2 and SP8 in the

loading stages 2 and 3. The measured settlement at SP5, SP2, and SP8 after 360 days
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of testing were approximately 1.10 m, 1.01 m, and 1.07 m, respectively. This
indicated that the large differentia settlements happened at high consolidation
stresses. A large vertical strain of approximately 24.44 % was recorded after loading
stage 3. The predicted final settlement (S) and the degree of consolidation (Us %)
using the Asaoka’s observational method (Asaoka, 1978) at the end of each loading
stage for SP5 are shown in Fig. 5.11. The time interval, At, used for the calculation
was four days. Fig. 5.11 shows that the settlements achieved Us > 90% for all loading
stages, being 96.57%, 95.70%, 91.19%, and 96.50% for the sand blanket installation

and loading stage 1, stage 2, stage 3, respectively.
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Figure 5.10 Settlement versus time curves obtained from 3 settlement plates



129

1.2 —r . Tt 1 r ' r Tt T Tt 1t Tt T 7T — 1 T 1
[ S;=1106m
: U=9650%
10 f ]
[ S,=09285m
0.8 U4:91.19%
’é\ _ S
\‘/__'_.06 i S,=0.6866m ]
ur [ U=9%.70%
04 | ]
: S,=03784m
i U=9637% o  Sandplaform(02m) ]
0.2 | 0 Sand blanket 08m)
- v Loading stage1(1.5m) A
I < $=00928m ®  Loading stage2(20m) ]
L U=89.93% A Loading stage3(25m)
0.0 PR S T NS S U S N Vo Tt S S U A S T S S S N Y S T
0.0 0.2 04 0.6 0.8 1.0 1.2
S (m)

Figure 5.11 Final settlements of each loading stage predicted by using Asaoka’s

observational method.

55.2 EXxcessporewater pressure
The measured excess pore water pressure versus consolidation time
curves at the center of trial pond and at three different depths of 1 m, 25 m, and 4 m
(Pz01, PZ02, and PZ03) are shown in Fig. 5.12. Since the piezometers were installed
after the installation of PV Ds, the pore water pressure during the first 83 days was not
recorded. A quick increase in excess pore water pressure was observed immediately
after filling for al loadings. However, the increase of excess pore water pressure in

each loading stage was dlightly lower than the increased total vertical stress, which
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was equal to the product of the thickness of backfill and its unit weight. The
difference between the excess pore water pressure and the increased total vertical

stress can be explained by using Equation (Skempton, 1954) as follows:

Au=B[As,+Ax(As,-As ;)] (5.2)

in which As, and As, are the principa stresses; A and B are pore pressure

coefficients. The B value can be taken as 1 for saturated soil and the A value varies
with stresses and strains (Fang & Yin, 2006; Ngo et al., 2020a; Skempton, 1954). This
similar behavior was aso reported in laboratory model tests by Ngo et al. (2020a) for
Mae Moh ultra-soft soil, and Fang and Yin (2006) for Hong Kong marine clay.

Similar to the laboratory model test results reported by Ngo et a. (2020a), the delay in
excess pore water pressure dissipation (PZ01, PZ02, PZ03) was observed in the early
loading stages, despite the ultra-soft soil underwent large settlements. For instance,
the settlement after 14 days of 0.8-m sand blanket installation was 0.2270 m (Fig.
5.10), resulting in Us = 59.73%, while u/ug = 97.32%, 98.4%, 98.53% at depths of 1
m, 2.5 m, and 4 m where u is the excess pore pressure at any depth and time and U is
the initial excess pore pressure (Fig. 5.12). These high u/ug values indicated the very
slow dissipation of excess pore water pressure. The delay of excess pore water
pressure dissipation was observed in al the loading stages and the delayed time,
defined as the transitional time separating slow and fast excess pore water pressure
dissipation, decreased with increasing vertical consolidation stress, which is aso
reported by Ngo et a. (2020a) in laboratory model test. The delayed time observed in

PZ02 was 14 days, 12 days, 8 days, and 6 days for the sand blanket installation and
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loading stage 1, stage 2, and stage 3, respectively (Fig. 5.12). The excess pore water
pressure recorded at PZ02 and PZ03 (2.5 m and 4 m) was dlightly higher than that at

PZ01 (1 m) due to different drainage conditions. The PZ01 was closer to the sand

blanket.
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Figure 5.12 Measured excess pore water pressure versus time rel ationships

The dissipation of excess pore water pressure of PVD improved Mae Moh
ultra-soft soil from both field (present work) and laboratory (Ngo et al. 2020a) studies
was compared with that of PVD improved Bangkok soft clay from laboratory study

(Saowapakpiboon et al., 2010). Fig. 5.13 shows the relationship between Us (§5) and
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U/ug, where Sis the settlement at any time. The data of excess pore water pressure at
the middle of the soil layer were taken for the calculation of u/up for both Mae Moh
ultra-soft soil and soft Bangkok clay. For soft Bangkok clay, the u/up ratios reduced
significantly with the increase of I ratio, which is different from Mae Moh ultra-
soft soil. The u/ug ratios were remained constant at 1.0 when the S ratios < 0.28 and
0.32 for the laboratory and field test results, respectively. When the S ratios > 0.28
and 0.32, the u/up ratios decreased significantly with the increase of §S. The delay of
excess pore water pressure dissipation with the occurrence of settlement is a distinct
behavior of ultra-soft soils, which differs from that of natural soft clays. It is also
noted that the delay of excess pore water pressure dissipation in the field study was
longer than that in the laboratory study even at the same consolidation stress of 20

kPa, possibly due to the field water content being higher.
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Figure 5.13 Relationship between S/S; versus u/u, of Mae Moh ultra-soft soil

compared with soft Bangkok clay.

5.5.3 Degreeof consolidation
Two means of determining degree of consolidation was calculated: one
was based on the measured excess pore water pressure, Ue %, and the other is based
on the measured settlement, Us % to illustrate the role of delay in excess pore water
pressure in the Terzaghi’s effective stress concept. The data of excess pore water
pressure and the settlement due to the sand blanket installation were selected to

determine U, and Us as an example. To determine Ue, the relationships between u at
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any time against depth were plotted, as shown in Fig. 5.14. The U, was then
approximated using the following equation (Terzaghi, 1943):

_[ut(z)dz

V(%) =1- Iuo(z)dz

(5.3)

in which u,(2) isthe initial excess pore water pressure at depth z under the surcharge

loading; U, (2)isthe excess pore water pressure at depth z at timet.
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Figure 5.14 Excess pore water pressure versus depth relationships at any time during

sand blanket installation

The relationship between Us and U for Mae Moh ultra-soft soil was plotted

and compared to that of PVD improved Bangkok clay (Bergado et al. 2002), as
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presented in Fig. 5.15. It is seen that at different consolidation times, Us was dlightly
higher than U for Bangkok soft clay, while Us was remarkably higher than U, for the
Mae Moh ultra-soft soil due to the delay in excess pore water pressure. The U, for
Mae Moh ultra-soft soil would approach the U-Line (Us = Ue) at the end of loading

stage.
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Figure5.15 Comparion of degrees of consolidation based on measured settlement
(Us %) and excess pore water pressure (Ue %) for Mae Moh ultra-soft

soil and Bangkok soft clay.

5.5.4 Undrained shear strength
The relationships between measured S u, and S, versus time for

loading stage 3 are presented in Fig. 5.16 to investigate the influence of delay in
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excess pore water pressure dissipation on S, development. There was avery little gain
in §, within the delayed time while the large settlement was recorded. For instance,
the settlement during the first 6 days were increased from 0.915 m to 1.1015 m while
there was almost no change of u and S,. After the reduction of u, the S, development
over time was being started, as shown in Fig. 5.16. This implied that the S,
development is dependent upon the dissipation of excess pore water pressure, not
settlement. Since Ug is simpler to calculated than Ue and amost equal to Us when Us
> 90% (Fig. 5.15), the S, when Us > 90% is suggested to be calculated based Us. The
relationships between S, versus depth and average S, versus the increased vertical
effective stress (Ao ) at each loading stage are plotted in Fig. 5.17 where Ad , = Us X
Ao, and Aoy is the increased vertical total stress. The S, value were significantly
increased as A, increased. Similar to laboratory model test results (Ngo et a., 2020),
the §, development with Ac', can be described based on the SHANSEP equation

proposed by Ladd and Foott (1974):

= =0213 (5.4)

The constant value of 0.213 was dightly lower with that of 0.22 obtained from

laboratory test result (Ngo et al., 20204).
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Figure5.16 Settlement, excess pore water pressure and the undrained shear strength

versus time relationships in loading stage 3
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56 Conclusion

This research studied the consolidation behavior of PVD improved ultra-soft
soil in Mae Moh mine, Thailand on afull-scale trial. The conclusions of this research
can be drawn asfollows:

- Since §, of the ultra-soft soil was extremely low, geotextile reinforcement
was used to strengthen the bearing capacity of ultra-soft soil foundation prior to the
sand platform installation. The differential surface settlements due to step loading
increased with the increase in vertical stress. The Asoaka’s method was used to
determine the final settlements for each loading stage and to confirm that Us at the end

of each loading stage was greater than 90%; Us = 96.57 %, 95.70 %, 91.19 %, and
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96.50 % for sand blanket installation, loading stage 1, stage 2, and stage 3,
respectively.

- The delay of excess pore water pressure dissipation at the initial stage of
loading despite the occurrence of large settlements is the distinct behavior of Mae
Moh ultra-soft soil, which is different from the behavior of natural soft clay. Beyond
the delayed time, the excess pore water pressure reduced significantly with time. The
delayed time of excess pore water pressure dissipation was reduced with the increase
of vertical stress.

- Within the delayed time, Us value increased as the settlement increased
while Ue and S, retained almost unchanged. Beyond the delayed time, both Ue and S,
increased; moreover, U and Us was essentially the same when Us > 90%. Since Us is
simply obtained from Asaoka’s method, it was suggested to use Us for approximation
of S, when Us > 90% based on the SHANSEP’s method. The increase of S, at the end
of each loading demonstrated the efficiency of PVDs in the improvement of the Mae
Moh ultra-soft soil.

- The successful installation and application of PVD to improve ultra-soft
soil in this research would be a lesson learned for a real construction project on the
reclamation of Sumpl C1. The outcome of this study will also result in an effective

design method of prel oading technique with PVDs on ultra-soft soils.
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CHAPTER VI

CONCLUSIONSAND RECOMMENDATIONS

6.1 General summary

The primary objective of this study was to investigate the performance of PVD
improved ultra-soft soil in Mae Moh mine, Thailand. A detailed discussion on the
problem statement in Mae Moh mine was provided in Chapter 1. Chapter 2 provided a
literature review of the prefabricated vertical drains and the factor affecting on the
performance of PVD on the consolidation of soft soil. Chapter 3 presented the
compressibility characteristic of Mae Moh ultra-soft soil without PVDs, which is
composed of the sedimentation and consolidation phases. Chapter 4 presented the
performance of PVDs in the consolidation of ultra-soft soil with various soil water
contents in Mae Moh mine, Thailand via a series of large-scale model tests and
numerical analysis. Chapter 5 presented a full-scale test on PVD improved ultra-soft
at atrial slurry pond for future the PVD construction in Sumpl C1. The following
conclusions can be drawn from this study:

6.1.1 Compressibility of Mae Moh ultra-soft soil without PVDs

The compressibility characteristics of Mae Moh ultra-soft soil is
composed of the sedimentation and consolidation phases. The sedimentation process
of Mae Moh ultra-soft soil was divided into two distinct stages. flocculation and
settling. The flocculation occurred at the early stage in which soil particles were

dispersed in the mixture and very small change in soil-fluid interface was observed in
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this stage. The settling stage then commenced, when the floc particles started to settle
uniformly, causing the significant change in soil-fluid interface. A critical water
content (wg) separating the large sedimentation and small sedimentation slurry, was
found to be 171% for Mae Moh ultra-soft soil. For large sedimentation slurry, the
water content reduces significantly after sedimentation process. On the other hand, the
water content of small sedimentation slurry slightly decreases during sedimentation
process. The consolidation curve of Mae Moh sedimentation soil can be represented
by the inverse S-shape function from very low to very high vertical effective stress
and it can be simulated by generalized equation using generalized void rétio (eJe.).
The intrinsic state line for high sedimentation soil was proposed for examining the
stress state and predicting the consolidation curve of ultra-soft soil.

6.1.2 Consolidation behavior of Mae Moh ultra-soft soil improved with

PVDsvialaboratory testing.

A series of large-scale consolidation test was conducted to assess the
performance of PVD in the consolidation of Mae Moh ultra-soft soil. The higher
water content of the soil, the higher settlement and the lower rate of consolidation
settlement. Large settlement with the delay of excess pore pressure at the initial stage
of loading is a distinct behavior of Mae Moh ultra-soft soil. The higher initial water
content, the lower consolidation pressure and the smaller of PVDs dimension resulted
in the longer delay of excess pore pressure dissipation. Beyond the delayed time, the
excess pore water pressures rapidly decreased with time. The reduction of water
content and the increase of undrained shear strength of the soil after testing
highlighted the successful performance of PVDs on the improvement of Mae Moh

ultra-soft soil. The undrained shear strength of the soil could be approximated by the
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vertical effective stress based on SHANSEP’s method. The finite element analysis
with axisymmetric and plain strains model indicated that the axisymmetric model
produced an excellent match with measured data in term of settlement value.
However, the excess pore water pressure was not well predicted using the
axisymmetric model due to the delay of excess pore water pressure at the initial time
of loading. The settlement of Mae Moh dredged soil can be simulated satisfactorily by
the plane strain models proposed by Chai et al. (2001) and Indraratna and Redana
(2000).
6.1.3 Consolidation behavior of Mae Moh ultra-soft soil improved with
PVDsvia full-scale test
A full-scale trial was conducted to study the consolidation behavior of
PVD improved ultra-soft soil in Mae Moh mine, Thailand. Geotextile reinforcement
was used to strengthen the bearing capacity of ultra-soft soil foundation prior to the
sand platform installation. The field study indicated that the delay of excess pore
water pressure dissipation at the initial stage of loading despite the occurrence of large
settlements is the distinct behavior of Mae Moh ultra-soft soil, which is different from
the behavior of natural soft clay. Beyond the delayed time, the excess pore water
pressure reduced significantly with time. The delayed time of excess pore water
pressure dissipation was reduced with the increase of vertica stress. Within the
delayed time, the calculated degree of consolidation based on the measured settlement
increased while the calculated degree of consolidation based on the measured excess
pore water pressure and the undrained shear strength remained constant. Beyond the
delayed time, both U and S, increased significantly with time and the U value was

essentialy similar with Us when Us > 90%. Since Us is simply obtained from
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Asaoka’s method, it was suggested to determine the undrained shear strength when Ug
> 90% based on the SHANSEP’s method. The increase of undrained shear strength at
the end of each loading stage demonstrated the efficiency of PVDs in the

improvement of the Mae Moh ultra-soft soil.

6.2 Recommendationsfor futurework

Some plausible avenues of future work that could extend the work in this
thesis are stated as follows:

1. The development of generalized equation to estimate the consolidation
curve of sedimentation soil at very high and low vertical stresses was based on sound
principles. It would be interesting to confirm the applicability of this method by more
test data.

2. The three dimensiona analysis (3D) should be performed to predict the
consolidation behavior of Mae Moh ultra-soft soil conducted in the large-scale model
test and compared with 2D analysis and measured data.

3. Thetwo dimensional and three dimensional finite element analysis of full-
scale test should be performed for the full-scale test and compared with the measured

data.
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ARTICLEINFO ABSTRACT

Keywords: The effectiveness of the prefabricated vertical drains (PVD) in the consolidation of ultra-soft dredged soil with
Ulira-saft soil warivus soil water contents (W) in Mae Moh mine, Lampang, Thailand was researched via a series of large-sale
Large-scale model test model tests and numerical analysis, Large settements with the delay of excess pore pressures is a disinet be-
Prefsbeicated varical dbainis havior of ultra-seft sodl. The PVD dimensions were found to have a significant effect on the rate of consalidation
:w:‘”rgt:"::‘mml and the delay of excess pore pressure at low total vertical stress (0,). The smalles PVD dimension resulted in the
smaller rate of consolidation and longer delay of excess pore pressure, The undrained shear strength (5,) of ultra-
saft clay at various degrees of consolidation could be approximated by the vertical effective stress (o) based on
the SHANSEP where the o, was determined from the Asacka's obeervational method. The finite element analysis
with axisymmetric and plane strain models showed that the axisymmetric model produced an excellent settle-
ment prediction. However, the excess pore pressures were nol well predicted by the axisymmesric model, due to
the delay of exeess pore pressures sl the early stages of consolidation. In practice, the plane strain models
propased by Chai et al. and Indraratna and Redana’s methods ane suggested to predict the consolidation set-
tlement of the Mae Moh dredged soil improved with PV The outcome of this ressarch will facilitate the
geotechnical design of reclamation of ultra-soft dredged sodl in Mae Moh mine and other similar soils.

1. Introduction

The Mae Moh mine iz situated at Mae Moh district, Lampang pro-
vince, located about 600 km north of Bangkok, Thailand. It is well-
known as the largest open-pit lignite mine in Southeast Asia covering an
area of 4 km in width and 7.5 km in length. Approximately 45,000 tons
of coal/day, which represent 70% of the total ecal production of
Thailand, are processed to generate power at the Mae Moh power plants
(Udomchal et al., 2017} This mine is operated by the Eleetricity Gen-
erating Authority of Thailand (EGAT). Sumpl C1 iz a low-lying area,
located in the north of the Mae Moh mine with the total area of
80,000 m™. The soil erosion caused by the discharge of surface water
along the mine slope was fimally collected and formed up to

approximately 38 m thickness of dredged soil deposits under water in
sump 1 C1 for over decades.

According to the mine planning and development of EGAT, the mine
will be excavated to a depth of approximately 500 m from original
surface in the next 40 years. As a result, this mine will become the
deepest open-pit lignite mine in the world. The excavated soil from
miining activity will be transferred to dump in the Sump 1 C1. Iv will be
subjected approximately 300 m of overburden material in the next 40
years. However, the dredged soil in the Sump 1 C1 is ultra-soft soil and
possesses very low bearing capacity. Therefore, it is imperative to im-
prove the existing ultra-soft dredged soil before commencing any con-
struction activities in order to prevent any failure due to the mud flow.

Soil improvement techniques generally include soil replacement,
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preloading, stone column, and cement column, ete (Arulrajah et al.,
2005; Cai et al., 2018; Cao et al., 2019; Horpibulsuk et al., 2013; Jiang
and Liu, 2019; Morohoshi et al., 2010; Pham et al., 2019a,b; Yonghui
et al., 201% Zhang et al., 2019). Ameng these methods, the preleading
with prefabricaved vertical drains (PVDs) i= cost-effective and com-
monly used in land reclamation projects on ultra-soft soil deposits
(Arulrajah et al., 2004; Bo et al., 2005; Chen et al., 2016; Geng et al.,
2017; Mesri and Kane, 2019). PVDs are band-shaped, which can be
inserted into the soft ground up to even 40m depth to reduce the
drainage path and therefore shorten the consolidation time (Almeida
et al., 2004; Bo et al., 2016; Chai et al., 2001; Fang and Yin, 2006;
Sacwapekpiboon et sl 2010). However, a few laboratory testing and
field instrumentation have been conducted to study the performance of
PVDe improved ultra-soft soil in dredged sump {Bo, 2004; Choa et al.,
2001; Chu et al., 2004, 2006). It was evident that the PWVDs accelerate
settlement, enhance shear strength, and reduce moisture content of the
ultra-soft clay for a particular water content and PVD dimension.
However, the PVD dimensions and water content, which play an im-
portant role in successful performance of FVD in the ultra-soft soil have
not been well examined.

In this study, a series of large — scale model test was carried out to
assess the effectiveness of PVD in the consolidation of the Mae Moh
ultra-soft soil. The effects of PVD dimension and water content of the
ultra-soft soil on the settlement, excess pore pressure dissipation and
undrained shear strength of PVD improved ground under various
Inading conditions were investigated. The large-scale consolidation test
results were analyzed and compared with the simulation results by fi-
nite element methed (FEM). The distinct consolidation behavior espe-
cially excess pore pressure dissipation of ultra-soft clay was presented
and compared with the conventional soil mechanics theory. Also, the
suitable numerical method for predicting settlement at various com-
solidation time was recommended. The research outputs will facilitate
the selection of design parameters and numerical method for the future
design of dredged soil in Sump 1 C1 using preloading with PVD system.
The knowledge gained can be applied to the ground improvement of
ultra-soft soils in future dredging projects.

2. Large-scale consolidation test

To investigate the effectiveness of PVD for the ground improvement
of dredged soil, the large-scale consolidation tests were conducted at
various initial water contents (case 1 and case 2) and dimensions of the
PVDe {case 1 and case 3) as listed in Table 1. The details of the zample
preparation and testing procedure of each testing case are being pre-
sented.

21, Soil sample

The ultra-soft soil samples were obtained from a dredged soil pond
{Sump 1 Ci). The disturbed bulk samples were collected from 1.5 m
depth below the dredged soil surface. It was then stored in plastic tanks
and kept inside the laboratory at a room temperature of approximately
27T

The dredged soil consists of 1% sand, 58% silt, and 41% clay. The
85% of soil particles by weight, Dy were smaller than 0.017 mm. The
liquid Hmit and the plastic limit determined using Casagrande method
were 57% and 26%, respectively. The specific gravity was 2.5. The
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activity of thiz zoil is about 0.756 and it is therefore classified as a
normal clay based on Skempton's classification (Skempton, 1953). The
natural water content was in the range of 114%-180%. The in-situ
strength was extremely low.

2.2 Selection of PVD

During consolidation, very fine particles may infiltrate into the core
of the PVD and consequently clog the drainage channels, and reduce the
discharge eapacity [Cao et al., 2019; Chu et al, 2004, 2006; Holtz,
1987}, Therefore, the selection of PVD types plays a major role in the
successfol performance of PVD in ultra-soft clay (Chu et al, 2004,
20086).

In this study, the flter of PVD was selected carefully based on the
requirement of permeability and the apparent opening size of the filter.
In general, the permeability of filter is required to be higher than that of
so0il. On the other hand, the apparent opening size should meet the
requirement as follows:

Des

O = (4 — 7.5
sS40 o

where Oy is the apparent opening size of the filter; and K, is & re-
duction factor considering the effect of loading and partial clogging on
the geotextiles. The value of K, varies from 1.9 to 4.4 as recommended
by Chu et al. (2006) and Palmeira and Gardoni (2002).

Based on this criterion, two types of PWDs, namely Ali-drain type
AD250 having 100 mm and 50 mm width but with the same thickness
of 5 mm were selected. The apparent opening size of the filter was
smaller than 0.08 mm, satisfied the reguirement in Equation (1). The
hydraulic conductivity of the PVD filter was 1.8 x 10°% m/s, higher
than the laboratory permeability of the dredged seil (1.21 % 10" my
5). The core of the PVD had a discharge capacity of 150 » 10 ~® m*/zin
the straight condition and 110 % 10" m”/s in the kinked condition,
under a confining pressure of 250 kPa. The characteristics of the PVDs
are summarized in Table 2.

2.3, Model test

23 1. Large-scale consoliderion apparatiis

A large-scale eonsolidation apparatus was developed at the Center
of Excellence in Innovation for Sustainable Infrastructure Development
of Suranaree University of Technology, Thailand for this research. Fig. 1
shows the schematic and phote of the fully-instrumented large-scale
consolidation tank. The consolidation tank was made of stainless steel
with an inside diameter of 495 mm and a height of 1200 mm. Six =a-
turated miniature pore pressure transducers (PPT) were installed ro
MEasUre excess pore water pressures at different positions. Six pore
pressure transducers (PFTs) were installed at 100 mm (PPT 2, PPT 4,
and PET &) and 200 mm (PPT 1, PFT 3, and PPTS} away from the center
of vertical drain, respectively. A total earth pressure cell was placed on
the steel plate in order to control the pressure acting on the sample
during the test. To reduce wall friction, the inner surface was polished
and smeared with lubricating oil beforehand.

232 Sample preparation
For each test, the remolded sample was prepared by adding a suf-
ficient emount of water to obtain the initial water content greater than

Table 1
Casess bested.
Case Height of soil (mm Water combent W, (%) FVD dimensians {mm) Loading step [kPa) Total bsading time (hours)
Case 1 ) 120 160 = & o0, 40, Bl 1362
Case 2 w5l 150 1 = 5 an, 40, 80 1362
Case 3 w50 120 50 % 5 0, 40, 80 1362
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Table 2
PVDe char
Thickress (mm)  Width Permenhility of the filter  Discharge capacity of siraight deain under Discharge capacity of kinked drain under  Apparent apening size
{mm} /sl 300 KPa pressure (m /) 250 kPa pressure (m®/5) ]
1o 5 18 = 107" =150 = 107* 110 = 107 =0.08
£l 5 18 10 * =150 % 107 % 110 = 18°% =0.08

its liquid limits and then thoroughly mixed by a mechanical mixer. The
sedimentation process is special characteristic of dredged soil at very
high initial water content (Been and Sills, 1981; Blewett et al., 2001;
Sills, 1998; Tan et al., 1990; Xu et al, 2012). The remolded =0il was
hence poured into the tank for about 1 maonth to negate the effect of
sedimentation on the conselidation. The water on the top of slurry soil
was taken out of the tank after the 1 month of sedimentation. The final
height of the sail in the conselidation tank was approximately 95 cm
while the water contents of the soil in the 3 tested cases were respec-
dvely 120%, 180%, and 120% after sedimentation time. One geotetile
layer with a rectangular hole of 120 mm = 15 mm at the center of the
moadel ground for PVD installation using a mandrel was placed on the
top of the model ground.

233 Insmilation of PVD

After the 1 menth of sedimentation, two small aluminum mandrels
with different rectangular sections of 120 mm = 10 mm and
60 mm * 10 mm connected with an aluminum tip shoe at the end were
used to simulate field installation of PYDs with 10 cm width and 5 cm
width, respectively. In each case, the mandrel with PVD inside was
penetrated through the hole at the center of geotextile and vertieally
into the ultra-soft soil. When the mandrel touched the bottom of the
tank, it was slowly withdrawn from the soil. & 10 em thick sand layer
was then spread on the geotextile layer (on top of the ultra-soft clay)

after PVD installation and covered with the other geotextile (see Fig. L)
A steel plate with one rectangular hole of 120 mm by 15 mm (for PVD
to pass through) at the center was placed on the top of geotextile o
impose the same displacement. [t is noted that a hole of 50 mm dia-
meter was manufactured in the steel plate no push the mini vane shear
into the consolidated soil during the conselidation process to measure
the undrained shear strength. The sand layer and geotextiles could
prevent the olira-soft clay from being squeezed out from the holes.
During the consolidation stage, no squeezed soil was however observed
from the holes.

2.3.4. Step loading

After assembling the tank, three incremental vertical pressures
(20 kPa, 40 kPa, and B0 kPa) were applied at the top of the soil layer
until the degree of consolidation in each loading stage was more than
0% for case 1. The degree of consolidation and the magnitnde of final
sertlement were estimated based on the Asacka's observational method
{Asacka, 1978). Chung et al. (20014) and Hiep and Chung (2018) also
proposed an observational method, which is comparable to the Asacka's
method. The consolidation times of case 1 were also applied for case 2
and case 3 for comparison. The consolidation times were 620 h, 410 h
and 333 h for 20 kPa, 40 kPa and B0 kPa vertical stresses, respectively,
The top surface was drainage boundary and the bottom of tank were
closed drainage. The water flows towards to the PVDs and vertically

Fig. 1. Large scale of cansolidation tank {dimensions are in mm).
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drains to the top surface. In this smdy, the settlement was measured by
two Linear Variable Displacement Transducers (LVDTs) having the
reading accuracy of (L01 mm and 500 mm maximum deformation
reading. The pore water pressure, earth pressure, and settlement were
automatically recorded in real-time with a data logger. To investigate
the effectiveness of PVDs on the strength improvement, the undrained
shear strengths were measured by using a mini vane shear apparatus
after the end of each loading. The vane blade was made of stainless steel
with 30 mm in diameter and 60 mm in height. It was attached to a
stainless sreel rod with 5 mm in diameter, which can measure un-
drained shear strength at different depths in the consolidation tank.

2.4, Numerical zsimudation

In reality, the PVD improved soil can be represented by the unit-cell
theory in the axisymmetric condition (three-dimensional, 3D}, which is
similar to the large consolidation model. Howewver, the 3D finite ele-
ment modeling of PYDs improved soil is very sophisticated and reguires
large computational effort. Consequently, the transformation of the unit
cell condition to equivalent plane strain condition was introduced by
Hird et al. {1992). In practice, the plane strain model satisfacrorily si-
mulates the settlement behavior of soil improved by PVD (Indrarzma
and Redana, 2000} The equations to determine an equivalent hydraulic
conductivity of sail were proposed by several researchers to convert an
axisymmetric model to an equivalent plane strain model (Indrarama
et al, 2010). The equivalent hydraulic conductivity is determined in
term of hydraulic conductivity of soil, PVD dimension and spacing, and
smear effect. In this study, the settlement behavior of the dredged sail
of case 1 as an example was modeled by both the axisymmetric and
plane strain models using the Plaxis modeling software (Plaxis w. 8).
The suitable plane strain model, which can simulate the setflement of
the model ground was suggested to predict the settlement behavior of
the dredged soil in the field in the next phrase of this research. In this
study, four different approaches were adopted to simulate the con-
solidation behavior of dredged soil using vertical drain as follows:

241 Avisymumetry model with drain element

An axisymmetric unit cell model was considered to analyze the
consolidation of dredged soil in the large-scale test. Ar the center of the
unit cell, the rectangular sized PVD was converted into an equivalent
radius, r,. The r, was equal to ene foarth of sum of width and thickness
of P¥Ds {Chai et al., 199%; Rixner et al., 1986). The PVDs were modeled
as 3 nodes drainage element (excess pore water pressure is always zero)
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with the equivalent radivs {r,,) of 26.25 mm for PVDs 10 em, as shown
in Fig. Za. The top boundary was set to drainage while outer vertical
and bottom boundaries were assigned as closed drainage, The vertical
stress of each loading stage was applied as uniform stress at the top of
boundary. The horizontal hydraulic conductivity of the surrounding
a0dl, ky, was taken as 2.03 times of the vertical hydraulic conductivity,
which was recommended by Arulrajah et al. (2005} for ultra-soft soil.
The soil parameters using axisymetric model are indicated in Table 3.
The modified compression index (4*), modified swelling index (x*}, the
vertical hydraulic conductivity were obtained from the cedoemeter test.
The cohesion {¢') and friction angle (¢} were based on the undrained
triaxial compression test results.

242 Plane sirain model nsing Chai ef al.'s method (Chai et o, 2001)

In this approach, a plane strain model without the drain element
was adopred, in which the PVYD and surrounded s0il were considered as
a uniform layer with the equivalent value of wvertical hydraulic con-
ductivity (k). The equivalent value of vertical hydraulic conductivity
can be expressed as:

H
ke = [i + ot ﬂ]k.

pd? k. (2}
The value of u can be taken as
n .k 3 2k,
=In— 2 i i
u n! + L, n{5) 3 +K3l?., i

where n = d./d,; § = du/d.; de is the diameter of unit cell; d,, is the
diameter of drain; 4, is the diameter of smear zone; k; is the horizontal
hydraulic conductivity in smear zone, which can be assumed as the
vertical hydraulic conductivity (k,), [ is the drainage path of PVD,
which is the zame as the PVD length for one-way drainage, q,. is the
discharge capacity of PVD.

The geometry and loading conditions of this model are shown in
Fig. 2b. The boundary on the top was set as drainage and the other
boundaries were assigned as closed drainage.

2.4.3 Plane strain model using Lin et ol s method (Lin et al, 20000

To simulate the PVDs in plane strain model, Lin et al. (2000) pro-
posed an equation to convert the radial flow of an axisymmetric model
to that of a plane strain model. The horizontal hydraulic conductivity in
an axisymmetric model (k) was converted to plane strain model with
consideration of the smear effect as follows.

3 AU\ I/
.i/“utm’ !

| Dnin . Equivalent soi
 clemem } and drain slement
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Fig. 2. Geomelry condilions usng a) Axigymetry model; b) Plane strain model using Chai et al.'s method; ) Plane sirain model wsing Lin et al.'s method and

Indraratng and Redana ‘s method
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Table 3
Soil parameters for modeling case 1.

Geatixtites and Geomambrines 48 (2020) 561-571

Mudel Axigymetry (Saft il model} Plase sirain {Chai et al.'s method] Plame strain Plane strain (Imdrarstna and Redanas method}
Lin &L al, 8 method

Type Undrained Undrained Undrained Undraimed

Tueuas (i) 16 16 16 1%

Yoo [N/ 18 bt 18 18

k, (myhour} BES w107 - - -

&, (moheur) 436 = 10°° - - -

B mToourd = 589 = 107° 310 = W07 348 = 107"

by (mhoar) - 589 x 1077 153 = 1078 172 = 167"

e 1L06H F] 0.0 0B

x* 1025 A.025 0,025 s

Wil rartior (g 3.02 302 302 302

Cobesion (27 1 1 1 b

Fricticn angle (4} % 25 b ]

[ hz2 2475 0.2475 2475
g 2 kaxm i T T

s[in{n/s) + (kn/k,)ln(s) — 0.75] 4 s O L s
= Laiel) adh.
in which ki, is the horizontal hydraulic conductivity in the undisturbed 100 A EVS it
zone in the plane strain model.
g - 200
244 Plone strain model wsng Indrarome and Redamas  method
{Indrarama and Redana, 2000} E
Indreratna and Redana (2000) propesed an equation to convert the ‘E <300
horizontal hydraulic conductivity of axisymmetry model to that of w1
plane strain model. With considering the smear effect, the equivalent 400
plane strain hydraulic conductivity is calculated as follows: 1 {herslbroyadngat
Vg 2 (1URB4 £ T4 11863 01 40050 BEI2
K [.:: 4 et o Lo AR e el
ki 4
Ko = - 1] 200 400 G600 B0 1000 1200 1400
= i
]nl:J—:] + (i)Ln{sJ -0 - ® Time (hour)

The terms & and § consider the geometric conversion of an ax-
isymmetric unit cell into plane strain, and smear zone effects, respec-
tively. The parameters x and 2 are given by:

2 _ [ A &

"= B[l B’+JHE} 8
_lp o Boiy

f= B’(h" b.}-'-w,ﬁbn b s

in which b, = 2 and. b, = 22

The geometry conditions of plane strain model using Lin et al.'s and
Indraraina and Redana's methods to simulate the consolidation settle-
ment of dredged soil improved by PVD are illustrated in Fig. Ze.

The =oil parameters in plane strain model used for FEM are in-
dicated in Table 3. It is noted that the soil parameters used for the
axisymmetric and plane strain models are the same, except the hor-
izontal and vertical hydraulic conduetivities. For Chai et al's method,
1-D consolidarion settlement is assumed so only k,, controls the rate of
settlement. As such, ki can be taken as k... For Lin et al. and Indraratna
and Redana'’s methods, the ky,/k,. ratio was taken as 2.03, which is the
same as the axisymmetric condition. As such, the k.. can be caleulated
after obtaining ky, from Eq. (4} or (5)

3. Results and discussion
3.1, Model rest resiles
3.1.1. Seulement results
The relationship between the settlement versus time of the three

tested cases is shown in Fig. 3. The sertlement oceurred in the first
loading stage (20 kPa) was much higher than the settlement induced in

565

Fig. 3. Measured settlement versus time curve of 3 cases under 3 loading stages.

the second loading (40 kPa) and the last loading (80 kPa), respectively
for all studied cases. The wvalue of settlement reduced as the con-
solidation stress increased due to non-linear compression behavior of
the dredged soil (Fang and Yin, 2006; Hong et al., 2010; Horpibulsuk
&t al, 2016; Liu et al., 2013).

The large settlements for all cases were ohserved, especially for case
2 with the inirial water content of 180% that exhibited the highest
value. The settlement of case 1 was in the order of 240 mm, which was
about 27% of strain under the vertical consolidation stress of 80 kPa.
The values of ultimate sertlement (5, and the degree of consolidation
{8¢/Sue) at the end of each loading are precented in Figs. 3 and 4, where
5 ie the measured settlement at the end of each loading and 8, is the
ultimate settlement predicted by using the Asaoka’s observational
method (Asacka, 1978} The time interval used for Asacka's observa-
tional method, At, was 40 h. The soil in case 1 achieved more than 90%
the degree of consolidation in ell stages of loading, which was about
90.65%, 96.80%, and 97.90% for consolidation stresses of 20 kPa,
40 kPa, and 80 kPa, respectively.

The measured settlement in case 2 was much higher than that in
cage 1, which was approximately 393.02 mm after 1362 h of testing. A
very large vertical strain of approximately 42% was developed at the
end of consolidation test. Large settlements induced by PVDs in both
cases [case | and case 2) proved the effectiveness of PVDs in improving
the ultra-soft soil at different initial water contents. The degree of
consolidation in case 2 in each loading stage was smaller than that in
cace 1. This indicates that the higher initial water content leads to the
higher final settlement and the lower rate of conselidation settlement.

The effeer of PVD dimension on the consolidation behavior of the
ultra-soft dredged soil can be noticed by comparing case 1 with case 3.
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Fig. 4. Ultimate settlements of each loading stage predicted by using Asoka's
abservational method.

Under the same testing condition (the water content of the soil, and
loading pressure), the measured settlement for 5 cm PVD was amaller
than that for 10 em PVD at the same consolidation time, especially at
low wertical stress. For instance, the seftlement at the end of loading
stage 1 (20 kPa of vertical stress) was approximately 126,03 mm for
case 1 while it was 111.53 mm for case 3 (Fig. 3). The degree of con-
solidation at the end of test in case 3 was B0.20%, 94.80%, and 96.20%
at 20 kPa, 40 kPa, and 80 kPa, respectively, as presented in Fig. 4,
which is lower than that in case 1. However, based on the Asacka'’s
observational method, the ultimate settlement at 100% degree of con-
solidation for case 1 and ease 3 was approximately the same. It is evi-
dent that at low vertical stress where the viscosity is relatively high, the
PVD dimenszion significantdy affected the rate of consolidation settle-
ment while at high vertical stress, the effect of PVD dimension was less.
The larger PVD hac the higher drainage area per soil velume, which ean
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Fig. 5. Measured excess pore water pressure versus lime relationships for case 1
W, = 120% and PVD 10 om width).

stimulate the flow rate of the PVD improved ground. It was observed
during the test that the water volume squeezed out from the soil in case
1 (10 cm PVD} was higher than that in case 2 (5 cm PVD).

The PVD of each test was extruded from the tank at the end of each
test. The drain filter was cut open to check the soil particles entering
into the PVD core. In all studied cases, the core was clean, which shows
a good selection of PVDs filter for the consclidation of Mae Moh
dredged soil. For Mae Moh dredged soil, the apparent opening size of
the filter is therefore suggested to be:

Ops £ 471 % Dys (8]

3.1.2 Excess pore warer pressure

The dissipation of excess pore water pressures from six transducers
of 3 tested cases is shown in Figs. 5-7. In all cases, the initial excess
pore water pressures (at time t = () measured from 6 PPTs were
slightly fower than the total vertical stress. It can be explained by the
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(W, = 180% and PVD 10 cm width]).

pore pressure coefficients A and B proposed by Skempton (1954]. The
change in pore water pressure under the change in the prineiple stresces
Am and Ay iz given as Au = Bldoy + A{ds — Am)]. For saturated
soils, the coefficient B is equal 1 while the value A varies with stresses
and strains (Fang and Yin, 2006; Skempton, 1954). This behavior is
similar to previous studies by Fang and ¥in (2006} for Hong Kong
marine clay. The excess pore water pressures recorded ar the top (PPT
5, PPT &) were different with those measured at the bottom of the tank
(PPT 1, PPT 2}, showing the different distribution of pressures on the
soil along the depth possibly due to different drainage conditions.
Only minimal pore pressure dissipation was recorded by the six
transducers in the early of loading stages, although the majority of
settlements took place during this gme (Figs. 57N Bo {2008) explained.
that for dredged soil, settlement is induced during the initial tme of
loading due to reduction of water which will not lead to a subsequent

Ly
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reduction of pore water pressure in the soil. For instance, Fig. 3 shows
that the settlement in case 2 after 50 h was 53.61 mm, which was
30.8%% of degree of consolidation, with the delay of excess pore water
pressure during the first loading stage. The delayed time is defined as
the transitional point from small change to large change in excess pore
pressure, The delay of excess pore water pressures was also observed in
the second and the last leading stage. It is noted that the delayed time
tended to reduce with the increase of vertical consalidation pressure, as
shown in Figs. 5-7. The delayed time observed in PWP 5 and PWP6 was
shorter than that in the other locations in the first loading stage and this
difference was noted by 2 dotted line in Figs. 5-7.

The delay of excess pore water pressure of case 1 (Fig. 5) and case 2
{Fig. &) was comparved under the same total vertical stresses but dif-
ferent water contents. The higher initial water content resulted in the
lenger delay of excess pore pressure dissipation. The delayed time ob-
served in PWP 5 and PW6 of case 2 (W) = 150%) was approximately
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50 hin the first loading, which was approximately 20 h longer than that
of case 1 (W, = 120%). Although there was little or no pore pressure
dissipation, the water squeezed out from the soil was observed in the
early of the loading stages. The consolidation behavior of Mae Moh
ultra-soft dredged soil improved by PVD in case 1 was compared with
that of soft Bangkok clay {Saowapakpiboon et al., 2011) in the re-
lationship of 5/8,, and w/uy, as shown in Fig. B where 5 is the settle-
ment at any time, v is the excess pore water pressure at any time and uy
is the initial excess pore water pressure. It was evident that the u/ny
ratio reduced remarkably with the inerease of 8/5;; ratio for the soft
Bangkok clay. The same trend was however not found for Mae Moh
ultra-soft soil. The u/u, ratio was approximately constant and equal to
1 when the 8/8,, ratio = 0.28_ Beyond this 5/5_, ratio of 0.28, the u/u,
ratio reduced significantly with increasing 5/8,, ratio. This delay in
excess pore pressure dissipation with progressive sertlement iz & distiner
behavior of ultra-soft clay which diverts from the behavior of namural
soft clay. This similar behavior was also noticed in the previous re-
search reported by Bo (2002), Chu et al. (2006), and Tanaka (1997]).

The effect of PVD dimension on the delay of excess pore water
pressure dissipation was evident by eomparing case 1 and case 3. The
delayed time observed in the top of the soil (FWP 5 and P\WP6) was
30 h for case 1, while it was 40 h for case 3 at low wvertical stress
{20 kPa). At high vertical stress (80 kPa), the effect of PVD dimension
on the delayed time was essentially the same (approximately the same
delay times].

Bevond the delayed time, the pore water pressure reduced sig-
nificantly (Figs. 5-7). At the same depth, the excess pore water pres-
sures close to the PVD (PPT 2, PPT 4, and PPT 6) indicated a faster rate
of dissipation than the others. Because the drainage was only allowed at
the top of surface of the model ground, the decrease of excess pore
pressures ohserved from 2 PPTs at the bottom of tank (PPT 1 and PPT )
were lower than those measured on the top of the tank.

3.1.3. Water content and undrained shear strength

The water contents of the ultra-soft soil, W, in all cases were mea-
sured at radial distances (r) from the center of PVD after the end of
consolidation test at vertical stress of 80 kPa. The relationship between
water content, W/W, ratio, versus angle rato =/360°, at different r/r
ratio (0.4 and 0.8), is shown in Fig. 9 where W) is the initial water
content and ry is the radine of the tank). A significant reduction of the
water content was noticed in all tested cases. The water content of the
soil at the same radius (r] was found to be approximately the same. The
lower water content wag found for lower r/r ratio of 0.4, For case 1
(W, = 120%}), the final water eontents varied from 42.01% to 52.66%:
It was noted that the reduction of water content in case 2 (W, = 18034)
was very large, which reduced by approximately 129% near the vertical

Y
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drain. The effect of PVD dimension was noticed when compared the
results of case 1 with case 3, the water contents in case 3 were found to
be higher than those in case 1, which varied from 46.12% to 57 84%.

The undrained shear strength (£,) of the soil in the middle of the soil
layer in the tank was measured by using the mini vane shear equip-
ment. For all total vertical stress, the undrained shear strengthe in case
1 (larger PVD) were higher than those in case 3 (smaller PVD} because
of higher degree of consolidation under the same wertical stress and
consolidation time. The higher water contents and lower initial un-
drained shear strengths were observed in case 2 when compared with
the results in case 1. Fig. 10 shows the undrained shear strength, 5, ,
versus the vertical effective stress, o relationship for the three cases,
The vertical effective stress (57) at the end of test of each vertical
consolidation pressure was a product of the total vertical stress () and
the degree of consolidation () caleulated using the Asaoka's observa-
tion methad. [t was evident that the undrained shear strength was di-
rectly related to vertical effective stress {da). The S. versus o re-
lationship was therefore developed based on the SHANSEP equation
preposed by Ladd and Foott (1974
S g2
& (9)

This constant value of 0.22 was found to be similar with the pro-
posed value for Banghkok clay by Shibuya and Hanh (2001},

Although the reclamation and soil improvement processes for ultra-
soft dredged soil are more difficult and challenging than those of nat-
ural soft soils, the results from the large-consolidation test highlighted
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Fig. 10. Maasured and predicied undrained shear strength (in kPa) during the
congalidation process.
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Fig. 11, Measured and predicted settlement versus Hme carves in case 1.

the successful performance of PVDs for improvement of dredged soil.
The PVDs can be used to accelerate the settlement, enhance the shear
strength and decrease significantly the water content of the dredged sail
in pond Sump 1 C1, Mae Moh mine, Thailand.

3.2 Numerical test resuits

3.2.1. Sertlement and excess pore Waler pressure

Fig. 11 presents the comparison of measured settlement from the
large consolidation tank and predicted settlement by FEM analysis
using 4 different approaches for case 1. The axisymmetric analysis
provided an excellent agreement with measured data in term of set-
tlement. The measured settlement in case 1 after loading stage 3
(B0 kPa) was 234.52 mm, which was only 2 mm higher than the pre-
dicted one from the axisymmetric model by means of conventional
maodeling method using ky = 2.03 » ki, a8 shown in Fig. 11,

Fig. 12 shows a relationship between measured and simulated ex-
cess pore weter pressures versus time in the first loading of case 1,
which is similar to the other cases. The shserved data from the two
different pore pressure transducers (FPT 3, PPT4) were compared with
the axisymmetric simulation results. The measured excess pore pres-
sures diverted from the predicted ones due to the delay in excess pore
water pressures at the early stages of loading. The predietion of excess
pore water pressures by the Soft Soil model is based on the principle of
effective stress (Terzaghi, 1943) in that for an incremental total stress,
the reduction in excess pore water pressure is equal to the increase in
effective stress, leading to the soil settlement. However, the settlement
of Mae Moh ultra-soft soil occurred with minimal reduction of excess
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Prodicted-FFTS |

Delay of coess === Froduscd-FFTS |
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Fig. 12, Measured and predicted excess pore waler pressures in case 1.
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pore water pressure at the inital loading stage.

The predicted excess pore water pressure increased to reach the
maximum wvalue and then decressed rapidly in the early stages of
loading while a little or no pore water pressure dissipation was ob-
served from 2 pore prescure transducers. However, the predicted excess
pore pressures agreed well with measured excess pore pressures at the
end of loading stages.

To simply simulate the performance of FYD in plane-strain condi-
tion in 2D FEM analysis, 3 different approaches proposed by Chai et al.
{2001), Lin et al. {2000), and Indrarame and Redana (2000) were
adopted in this study. The smear effect was considered in the analysis in
term of the ratio between the smear zone diameter and the equivalent
drain diameter {d,/d,,} to transform parameters from axisymmetric to
plane sirain conditions. The smear ratio {d./d.) was taken as 1 for all
cases in the plane strain model. The smear effect during the installation
of PVDie was considered as small because the Mae Moh dredged soil was
extremely soft.

The predicred settlements obtained from the plane strain solutions
were compared with measured data, as illustrated in Fig. 11. It can be
seen that the predicted settlements using Chai et al."s method were in
good agreement with the measured data. The simulated settlements
from Chai et al's method were slightly lower than the measured one in
the first loading stage. The difference in predicved and measured set-
tlements was very small in the second and last stages.

Based on the comparison of plane strain model with the model test
results, it is recommended that the plane strain meodels using Chai
et al's method and Indraratna and Redana's method is proposed to
predict the performance of PV for reclamation of Mae Moh dredged
soil in the field.

322 Undrained shear strength

The comparison between predicted and measured settlements of the
dredged soil in the consolidation apparatus provided an insight in the
suitability of the soft soil model, as well as the apprepriate medel
parameters to simulate the consolidation of the dredged soil in FEM
analysis. Considering a soil sample, which has been normally com-
pressed at mean effective stress p° = pf, 5, can be predicted using the
critical state soil mechanics as (Atkinson and Bransby, 1977; Wood,
1990}

M {r—w) 2
5= expl 7 TR 0
withy! = $a0(1 + 2K M = 22

in which M is the slope of critical state line; v is the specific volume
at the normal compression line with p' = 1; I' is the specific volume of
soil at critical state line with p” = 1, 4 is the slope of normal com-
pression line. K, varies from 0.5 to 1 as recommended by Shibuya and
Henh {2001) for Bangkek soft clay.

Eq. (101} was adopted to predict 5, of Mae Moh dredged soil in the
large consolidation apparatus after each loading stages. The parameters
M, v, I', 4, K, for the prediction of undrained shear strength of the sail
in each case are presented in Table 4. The slope of the critical state line
{M) and the slope of normal compression line (4) were caleulated from
@ and A*. The w and " were obtained from the undrained triaxial

Table 4
Soil parameter for predictions of undrained shear strength.
Case No.  Waber contend (W} Soil parameiers
L r v i Ka
Came 1 120% 1565 4111 4.279 02733 a5
Caze 2 130% 1. 1565 53 5858 04529 a5
Caze 3 120% 1.1565 4111 4279 0273 s

M = Gsin @ fi% — sin b =20 (L # a)
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compression test resulfts, It is noted that the soil parameters for cases 1
and 3 were the same because they had the same initial water content of
120%.

The predicted undrained shear strengths are comparable with the
measured results presented in Fig. 100 It is evident that the undrained
shear strength of the soil in 3 tested cases can be well predicted by using
the constant soil p M, v, I, A Hi , the simulated values
mlowuthmﬂlemedmespedﬂl}hmzmﬂllhemﬂa]
water content of 1804,

4. Conclusion

Thiz research studied the applicaton of PVD for reclamation of
dredged soil in Mae Moh mine, Thailand. To assess the performance of
PVD in the consolidation of slurry soil, a series of large-scale con-
solidation test was conducted at different water contents and PVD di-
mensione. The following conclusions can be drawn:

1. The large settlements for all cases were observed, especially for case
2 with the initial water content of 180% that exhibited the highest
value after the consolidation stage of dredged scil improved by
PvDs. The test results indicated that the higher initial water content
resulted in the higher settlement and the lower rate of consolidation
settlement. At low vertical stress where the viscosity is relatively
high, the PVD dimension significantly affected the rate of con-
solidation settlement while at high vertical stress, the effect of PVD
dimension was less.

2. The distinet behavior of Mae Moh ultra-soft dredged soil was the
delay of excess pore water pressure at the initial stage of con-
solidation although the settlements had taken place. The delay of
excest pore water pressure reduced with the increage of consolida-
ton pressure. The higher inirial water content and the smaller of
PVDs dimension resulted in the longer delay of excess pore pressure
dissipation. Beyond the delayed time, the excess pore water pres-
sures rapidly decreased with tme.

. A significant reduction of water content and increase of undrained

shear sirength after testing highlighted the successful performance

of PVDs on the improvement of the Mae Moh dredged soil The
equation for predicting undrained shear strengths at various vertical
effective stress was developed based on SHANSEP's method.

The consalidation behavior of the PVD improved dredged soil can be

gimulated by finite element method using Plaxis 20 software. The

axisymmetric model produced an excellent match with measured
data in term of settlement value. However, the excess pore water
pressure was not well predicted using the axisymmetric model doe
to the delay of excess pore water pressure at the initial time of
loading. The settlement of Mae Moh dredged soil can be simulated
satisfactorily by the plame strain models proposed by Chai et al

{20301) and Indrarama and Redana {2000). Therefore, both models

are suggested for field reclamation in practice.

5. Based on the Cam Clay and Soft Soil models, the undrained chear
strength () can be well predicted ucing the constant soil parameter
M, w, I', 1. As such, the Soft Soil model together with the plane
strain model by Chai et al. (2001) and Indreraineg and Kedana
(2000} can be used to analyze both settlement and stability of re-
clamation of dredged soil in Mae Moh mine.
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ARTICLE INFO ABSTRACT

Keywords: The compressibility characteristics of ulira-soft soils are an important Issue for the deformation analysis of
Mae Moh ultra-soft sodl reclaimed land. This research study investigated the compressibility characteristics of ultra-soft soil present in a
Compressibility slurry pond, which is d of the sedi jon and lidation phases. The ultra-soft soil under the

Large sedimentation soil
Small sedimentation soil
Critical water content
Intrinsic state line

sedimentation process is termed as a slurry while the ultra-sofl soil after completion of sedimentation is termed
as a sedimentation sail. The samples were obtained from a slurry pond in the Mae Moh mine, Lampang province,
Thailand. A series of sedimentation tests were performed on slurry at various initial water contents, w;, ranging
from 116% to 437%. It was found that the sedimentation curve of the Mae Moh slurry was divided into two
distinet different stages, being flocculation and settling. A novel parameter, being the critical water content (w,,)
was i 1o sep the large sedi ion slurry and small sedimentation slurry. The w., for Mae Moh
slurry was found to be 171%. The sedimentation water content, w, was found to be equal to w,, for the shurry
undergoing large sedimentation and lower for the slurry und, ing low sedi fon, The lidation curve
of the large sedimentation soil was assumed to be unique for different w;. The w, of small sedimentation soll is
governed by wy and thus the conselidation curves are different for different w,. The consolidation curves of the
ultra-soft soil at differemt w, can be assessed by a prop . lized S-shaped eq The intrinsic state line
for high soil was prop for ining the stress state and predicting the consolidation curve of
the ultra-soft soil, which is significant for reclamation projects.

1. Introduction

The Mae Moh Mine is the largest open-pit lignite mine in Thailand,
as well as in Southeast Asia, with a total mining area of approximately
37.5 km® and external d g area of apy ly 41.4 km® It is
situated at the Mae Moh district, Lampang province in the north of
Thailand, located 630 km away from Bangkok. The lignite material at
the Mae Moh basin is the main raw feed material used to generate
power at the Mae Moh power plants, operated by the Electricity
Generating Authority of Thailand (EGAT). Approximately 16 million
tons of coal are produced annually and transferred to the 10 units of the
Mae Moh power plants in order to generate the total power supply of
2400 Megawatt. Several water ponds were constructed as the main

source for mining activities such as mineral processing and dust sup-
pression. The discharge of surface water and groundwater flow has
caused soil erosion along the mine slope, which has resulted in ultra-
soft soil deposits located underwater in the slurry ponds over the years.
The thickness of the ultra-soft soil in some ponds is even up to 40 m.
According to the mine planning and development of EGAT, this
mine will be excavated to a depth of approximately 500 m from the
original surface over the next four decades, resulting in this becoming
the deepest open pit lignite mine in the world. The excavated soil from
mining activities will be dumped in the slurry ponds for land re-
clamation. Fig. 1 shows a schematic of a slurry pond, which will be
subjected to a very high overburden material of approximately 300 m in
the next 40 years. However, the soil in the ponds is in the ultra-soft
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Fig. 1. Typical cross-section of In-pit dump in the Mae Mah mine (dimension in meter).

state, with very low undrained .'.huar.'.lmngth and high water Lomem of
greater than liquid limit. [n-pit dumping without t | property
improvement of this ultra-soft soil is almost impossible. Due to very low
undrained shear strength, the mud flood of the ultra-soft soil could
occur immediately after the in-pit dump and causes detrimental effects
on the mining activities.

A suitable ground impr method for the ultra-soft soil in the
Mae Moh mine is the preloading wnh vertical dram.s technique. It is
effective in term of e ic and envi pectives as com-
pared to other techniques, such as deep soil rrmuns and soil replace-
ment. The preloading can be performed using a 1-m thickness of clean
sand as a drainage layer and the usage of abandoned clayey stone as a
backfill material. A sufﬁc(cm understanding of the mechanical beha-
vior, especially pressibility and hydrauli Juctivity of the ultra-
soft soil is lhcrcfurl:l quired for calculating the { and rate of
consolidation settlement (Chai et al, 2004; Chai et al, 2018;
Horpibulsuk et al., 2007; Horpibulsuk et al., 20113 L et al., 2013; Liu
et al., 2018; Xu et al, 2019). The eompressibility of the ultra-soft soil
includes the sedi ion and c lidation stages. The ultra-soft soil
under the sedimentation process is termed as a slurry while the ultra-
soft soil after completion of sedimentation is termed as a sedimentation
soil.

The sedimentation process is a special characteristic of slurry at
high water content (Been and Sills, 1981; Blewett et al., 30015 Chen
et al., 2019; Ozer and Bromwell, 2012; Sills, 1998; Tan et al, 1990;
Zhang et al., 2015). The evaluation of consecutive process from sedi-

2011; Wu et al., 2019; Xu et al., 2019). Forty-eight reconstituted clay
samples at different water contents (ranging from 0.7 to 2.0 times their
liguid limit) were tested using a modified oedometer test with a light
loading cap (1long et al., 2010). Most of these tests were applied at low
effective stress of 0.5 kPa and gradually increased to reach high effec-
tive stress [1&00 kPa). Based on the test results, it has been well
doc i that the completed virgin comp curve of recon-
stituted clay is represented by S-shape function (Horpibulsuk et al.,
2016; Liu et al., 2013; Zeng et al., 2015), Horpibulsuk et al. (2016)
proposed an S-shaped equation to predict the consolidation curve of
reconstituted clays over the wide range of stresses and initial water
contents.

Even though there are available research on sedimentation of slur-
ries and consolidation behavior of sedimentation soils, they have been
previously studied in isolation. As such, the role of water content on the
overall compressibility characteristics of the ultra-soft soil is still un-
certain. The compressibility characteristics of the ultra-soft soil are thus
a challenge for geological and geotechnical designers in land reclama-

tion projects.
The aim of this paper is to assess the compressibility characteristics,
which include sedi ion and ¢ licl at different initial water

contents, wy, A series of sedimentation tests were conducted which
analyzed the change of soil interface, void ratio, and water content over
time. The lidation bet of the sedi soil at a wide
range of effective stresses and water contents was also investigated.
Finally, a practical method for assessing the stress state of slurry and

1o« lidation is a major challenge on the geological and
geotechnical practical design of land-filling and disposal work. The void
ratio of the sedimentation soil is a required parameter for the calcula-
tion of the consolidation settlement (Imai. 1980, 1981; Watabe and
Saitoh, 2015). The first well-known theory of sedimentation was pro-
posed by Kynch (1952) and was later modified by Fitch (1957, 1966,
amd 1979). The sedimentation of slurry has been studied by using a
traditional method of slowly injecting slurry into a column or eylinder.
Based on the observation of the sedimentation tests, three stages can be
distinguished: flocculation, settling, and self-weight consolidation
stages (Imai, 1980, 1981; Tan, 1995; Tan et al., 1990; Xu eral., 2012).
Scott et al. (1986) reported that the sedi ion and ¢ lidati
stages are different from each other. The sedimentation process in-
cludes the flocculation and settling stages. The self-weight consolida-
tion oceurs at the bottom of the settling column after the sedimentation
process. During the sedimentation process, it is postulated that there is
no effective stress in the slurry and the shurry acts as fluid (X et al,
2012). When sgil particles come close to each other to develop the soil
structure, the slurry turns into soil and the effective stress can be de
termined.

After the sedi tion process, the sedi ion soil has suffi-
cient strength to carry an external load. The understanding of com-
p behavior of soil in term of compressibility and

hydraulic conductivity characteristics has played a key role in geolo-

« lidation curve of sedi soil is p d, based on the
complete S-shaped function (Horpibulsuk et al., 2016), The outcomes of
this research will enable geological and geotechnical engineers to assess
the compressibility of ultra-soft soils in land reclamation and ground

improvement projects, such as in the Mae Moh slurry pond.

2. Material and methods

2.1, Soil sample

The soil samples were taken from a slurry pond in a low lying area
of the Mae Moh mine, Lampang province in Thailand. Disturbed sam-
ples were collected at a depth of approximately 1 m below soil surface
of the pond with a backhoe and placed in a plastic tank. The studied site
is shown in Fig. 2,

The grain size distribution curve of the soil sample is shown in
Fig. 3. The soil sample contained 41% clay and 58% silt with 1% sand.
The liguid limit and the plastic limit were measured in accordance with
Casagrande method (BS 1377 - Part 2: 4.3 and B51377 - Part 2: 5.3),
and were 57% and 26%, respectively. The specific gravity was 2.57.
The soil had a very high in-situ water content of 98%, greater than 1.7
times the tiquid limit. The in-situ strength was 1.5 kPa, which is con-
sidered to be extremely low. As this research mainly focuses on the

gical and geotechnical engineering practice for many decades (Chai
et al., 2004; Desai, 2000; Horpibulsuk et al., 2007; Horpibulsuk et al.,

compressibility and hydraulic conductivity characteristics of the ultra-
soft soil, the chemical properties of the ultra-soft soil was not examined.
The comparison of the pl 1 and ch | properties t the
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Fig. 3. Grain size distribution curve.

ultra-soft soil and its parent rocks is however useful for seil science
technology and is recommended for further research.

2.2, Sedimentation test

To study the sedimentation behavior of slurry under various water
contents, the water content of the samples was adjusted to be greater
than that of the liquid limit. The slurry sample at the target w; was
thoroughly mixed using a mechanical mixer for 15 min and then slowly
injected into a unified transparent glass cylinder, using a funnel with a
small tube down to the bottom of the cylinder. The injection process
was stopped upon reaching 36 cm height of the slurry (Imai, 1980,
1981; Tang1995; Tan et al., 1990; Xu et al., 2012). The cylinder was
then covered with.a plastic sheet to prevent water evaporation during
testing and kept in the laboratory at a controlled temperature of
20 = 1° Eight different initial water contents (wy = 116%, 137%,
193%, 219%, 230%, 325%, 4008 and 437%) were prepared as shown
in Fig. 4. The w; values were selected to cover the in-situ water content
and far higher than liquid limit of up to approximately 7.7 times so asto
understand the role of wy on the sedimentation behavior. During
42 days of the sedimentation process, the height of slurry was recorded
at different times (minutes). A schematic diagram of the sedimentation

process is shown in Fig. 5.

According to the theory of soil mechanics (Terzaghi, 1951), a fully
saturated soil consists of two phases: solid soil particles and pore water.
Consequently, the water content of the sedimentation layer is the ratio
of the mass of water to the mass of solid. except for the mass of water
above the soil surface. The water content (w;) of the slurry at time t can
be calculated from the change of soil interface (the surface between
slurry and water):

_ARx(l+e)
he G, (n

w=lg

where h, and ¢, are the initial height and initial void ratio of the slurry,
respectively; Ah is the change of soil interface at time t using calibration
scale in cylinder wall; G, is specific gravity of the soil.

The calculated water contents were validated by comparing with
the measured water content at the end of the test (wyg). After completion
of the sedimentation test, the water above the soil mass was slowly
taken out of cach cvlinder by using a small syringe. The soil mass was
then oven-dried to determine the wy of the slurry.

2.3. Consolidation test

The consolidation behavior of the sedimentation soil upon appli-
cation of the additional load due to the effect of the sedimentation
water content, w, (water content at the end of sedimentation), as well as
under the same loading sequence were studied. Six samples were pre-
pared by mixing the slurry thoroughly with a quantity of distilled water
to reach the target initial water contents, Once the target initial water
contents were obtained, at 1.45, 1.79, 1.84, 1.97, 2.10, and 2.28 times
the liguid limit, the slurry was carefully poured into the consolidation
ring by controlling the mass of specimen, which was calculated by
considering the slurry in fully saturated eondition. A metal rod of 5 mm
in diameter was used to remove air bubbles inside the oedometer ring
(Hong @t al,, 2040; Eengoet alg2015). The consolidation sample was
105 mm in diameter and 20 mm in nominal height. After preparing the
sample in O-ring, the slurry was kept in the consolidation cell and
covered by plastic sheet under room temperature for 42 days to ensure
that the sedimentation process was completed. This rest period of
42 days was obtained from the sedimentation test. After that the
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AFTER SEDIMENTATION

Fig. 5. lllustration of changing interface location before and after sedimentation process.

samples were then subjected to both low and high loads. A very low
effective vertical stress of 0.5 kPa was first applied and gradually in-
creased with following vertical stresses of 1 kPa, 1.5 kPa, 2.5 kPa,
3.5 kPa, 5.5 kPa, 7.5 kPa, 9.5 kPa, 12.5 kPa, 25 kPa, 50 kPa, 100 kPa,
200 kPa, 500 kPa, 1000 kPa, 2000 kPa, 4000 kPa. The duration of each
loading step was fixed at 24 h. For each loading increment, the hy-
draulie eonductivity, k, was caleulated by the following equation.

k= eumyy, (2)

where ¢, is the coefficient of consolidation determined using the root
time method propesed by iaylor (1942), m,is the coefficient of volume
change, and vy,is the density of water.

3. Results and discussion
3.1, Sedimentation of slhury

Fig. & presents the change of interface location of the slurry samples

at different initial water contents and their measured water contents
(wy) at the end of the test. The measured water contents were compared
with the calculated ones using Eq. (1) at the end of the test as sum-
marized in Table 1. The results indicated that the measured water
contents are in excellent agreement with the calculated ones. On the
other hand, the soil-fluid interface location decreases significantly after
42 days of sedimentation (comparing Fig. & with Fig. 4). The sedi-
mentation curves of the slurry at various wy are shown in Fig. 7, which
can be divided into two stages: flocculation and settling. The floccula-
tion occurs at an early stage in which the soil particles were dispersed in
the mixture and no interface between soil mass and water was observed
in this stage. When the floccalation stage finishes, the settling begins
whereby the flocs start to settle uniformly with a clearly observed in-
terface change. During this stage, the interface location moves down-
ward with & constant rate and the sedimentation curve shows a linear
behavior in arithmetic time scale, After the settling stage, the flocs in
the slurry deposit onto bottom and voids are consolidated under self-
weight in the self-weight consolidation stage (Scotr et al, 1986).
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Fig. 6. Interface location of § samples the end of test.

Table 1 1 ——
‘The comparison of calculated and measured water content at the end of the test. - L
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10! 10 1w o 10¢
Testing time { min)
351 !' Fig. 8. Waler content versus with time (log scale) relationship.
5 30 § weight consolidation stages. The w, can be considered as the transition
g 2 point between the sedimentation process and the self-weight con-
§ 25 ” [y solidation stage. It is worth noting that the w, value was essenrially the
- o v =T same, at 171% for the slurry with very high w, while it deviates for
& 20 f|o-me ""l:: slurry with low wy. The constant w, of the slurry at various w, is defined
g g Yo herewith as eritical water content, .. The w,, for the studied ultra-soft
- 15 e, =32 soil is therefore 171%. It is noted that w,, was approximately 3 times
liquid limit.
" ol VY B Based on the sedimentation test result (Fig. 3), the slurry is divided
10 100 into large and small sedimentation slury separated using w. as the
Testing time {min) reference. The slurry with w, > w.. is defined as large sedimentation
. o - 2 — slurry while the slurry with w; < W is defined as small sedi i
Fig. 7. . s initial water contents in logarithmic slurry. Two stages. (flocculation and settling) of the sedimentation
time scale.

process were clearly observed for the large sedimentation slurry. The
soil particles are far apart from cach other, hence the water content
reduces significantly with high velocity in the settling stage. On the
other hand, for the small sedimentation slurry, the change in water
content with time during the first 1000 min is little and then the water
content slightly decreases with time. This slight change in water

Similar to Fig. 7, the water content versus time was plotted and is
presented in Fig. 8. The sedimentation water content, w,, defined as the
water content at the end of sedimentation, was determined from the
interception of the two straight lines extended from settling and self-

0




165

DH. Ngo, et al.

-
i

= B N u
bhh 2 W =

Void ratio (e}

=

05

00
1t e 10! 1 1w 1
Pressure (kPa)

curve of soil at

Fig. 9. Consolidati

contents,

content is consistent with change in soil interface in that very little
compression takes place during the first 1000 min, and then the soil
interface decreases with low velocity. As such, the w, of small sedi-

slurry is d Jent upon the w; and practically its value can
be assumed to be the wy value.

3.2. Gonsolidation behavior of sedimentation soil

3.2.1. Consolidation curve

The w, is assumed to be the same for high sedimentation slurry. As
such, the consolidation curve of high sedimentation soil is unique, ir-
respective of wy. On the other hand, the consolidation curve of small
sedimentation soil varies and is dependent upon w,, which will be ex-
amined in this section. The consolidation curves in term of void ratio
versus effective vertical stress in a semi-logarithmic (e vs log ;) for six
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Fig. 11. Yield stress versus sedimentation water content.

Fig. 11 and also compared with that of Lianyungang, Baimahu, and
Kemen clays studied by Hong et al. (2010). It is evident that the yield
stresses of all soils reduce with an increase of w,. The reduction in vield
stress is due to the fact that the higher w, results in resistance to vertical
consolidation pressure and the shear strength (Horpibulsuk et al., 2007;
Horpibulsuk et al., 2011; Nagaraj et al., 1998).

3.2.2. Hydraulic conductivity

Fig. 12 shows the relationship between the hydraulic conductivity
and void ratio of sedimentation soil at various water contents. Even
though the hydraulic conductivity of six samples at various g, is dif-
ferent, the hydraulic conductivity is however the same at the same void
ratio, The hydraulic conductivity significantly reduces with the reduc-
tion of void ratio. The non-linear relationship between e and log k for

samples at different w, are shown in Fig. 9. The consolidation bek

of sedimentation soil is an inverse S-shape curve, which is similar to
previous studies reported by Hong et al. (2010) for Lianyungang, Bai-
mahu clay and Liv et al. (2013) for Kemen clay. The transitional stress
separating small and large change in void ratio is defined as yield stress

the Mae Moh sedi soil ples can be rep d by the
& =141.84 % (3)

where k is expressed in em/s.
With Eq. (3], the k value of Mae Moh sedimentation soil at any e can
i % 1

or suction pressure, which is similar to the pre-c lidation p

for natural soils (Hong et al., 2010). Hong et al. (2010) explained that at
pre-yield state, the load is carried by the suction pressure. At post-vield
stage, the soil undergoes large compression strain due to the destrue-
turing of soil structure.

The yield stress of the soil samples can be determined by the in-
terception of two straight lines (pre-yield and post-yield state line) in
bilogarithmic graph In (1 + ) - log o, as plotted in Fig. 10 (Hong et al.,
2010). These two straight lines are assumed for ¢," = 100 kPa. The
calculated yield stresses of six samples at different w; are presented in

1

030 bt e Sk SO
1! 100 w' 1w 1o
Vertical pressure (kPa)

Fig. 10. Bil ithmi lidati

mentation water contents.

curves of soil at diff sedi-

3.2.3. Estimation of the consolidation curve of Mae Moh sedimentation soil

Based on the collected compression data of 24 reconstituted clays,
Horpibulsuk et al. (2016) proposed a robust S-shaped equation to
predict the complete compression behavior of reconstituted clays with
effective vertical stress o, = 0.01 kPa, The consolidation equation in
term of void ratio and mean effective stress is given as (Horpibulsuk
et al., 2016):

4.5

L [ Wt W hurry sl | {
| vim

€ = 4Lk

05 L i . I
' 1078 1ot 1’ 1ot 10t

Hydraulic conductivity, kicm/s)

Fig. 12. e- log(k) relationship of sedi
conients,

soil at diff di ‘water
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Table 2

Values of equation paremeter for Mee Moh slurry soil.
Water eontent of the sall ¥y e 1o a b
W = 130% 1.33 0.76 219 77
W = 120% L3z 0.7 1.87 4.07
W= 112% 1.29 0.73 1.8 4.75
W = 105% 1.24 0.72 1.7 5.07
W= 07% 123 0.69 137 53
W = BE% 119 0.67 117 5.62

a 0.31 g1 |
pm g b —— | |+ —————— 21} X
Exp(—?)c" oy exp{0.0551g) )4 N
+ &y fore', = 001 kPa (4)

with C." = e,00 — e100oWhere e is the void ratio corresponding to a
vertical effective stress ¢’ eyq0 and ejpep are the void ratio at
o, = 100 kPa and 1000 kPa, respectively. Two parameters a and b are
used o predict the compression behavior at a low range of siresses.

The applicability of the equation was illustrated by the excellent
simulation of compression curves of various soils such as kaolin
(Shipton and Coop, 2012), marine soil (Fukue and Mulligan. 2009),
Weiner Tegel clay (Burland, 1990), and Huaian clay (Zenget al., 2015).
Therefore, Eq. (4) was adopted to predict the compression behavior of
Mae Moh sedimentation soil. Two parameters a and b were obtained by
a trial and error method. The trial and error process started from se-
lecting the parameter @ as a fixed value k 1 and 4 (rec ded
by Horpibulsuk et al., 2016), and then varies b value until fitting the

FEngineering Geology 271 (2030} 105504

loading at 0.5 kPa of the sample with the w, = 116%. For Baimahu
clay, the predicted results and measured data are in very good agree-
ment except for the first loading of sample with very high w, = 141%.
‘This reinforces the applicability of the generalized equation. The gen-
eralized equation using e/e;ratio can satisfactorily describe the con-
solidation behavior for various soils {Mae Moh soil, Kemen clay and
Baimahu clay) at very high and low stresses.

Even with limited available test data, the development of the zen-
eralized equation is based on sound principles. The variable parameters
can be refined by more test data, which can be performed in future
research.

4. Assessment of stress state of ultra-soft soil

Based on the sedimentation and consolidation rest resulis, the e
versus log o, relationship of sedimentation soil is controlled by w.. The
w; is approximately equal to w, and independent of wy for large sedi-

ion soil. Conseq ly, the ion curve of large sedi-
mentation soil is unique and defined as intrinsic state line (ISL). For the
studied Mae Moh soil with w, = 171%, the ISL can be represented by
the following equation as presented in Fig. 17.

e
3.31 031 10, =1
= ——t — x|l ——— =21 x0H
" l % J‘” al I exp(ﬂ.OSSla._’_)“‘*‘]
| T
+ 162 (6)

It is long accepted that the compressibility of soil in both the slurry

experiment curve. The a and b values for Mae Moh sedi sail
with w, in a range of 88%: 10 130% are shown in Table 2. It is noted that
the a value decreases with decreasing w,. On the other hand, the b value

with the decrease of w,. The simul results are
with the measured results as seen in Fig. 13.

Since the liquid limit is the state parameter reflecting the soil
structure (Mirchell, 1993 and Magaraj et al., 1998), it is logieal to relate
the consolidation parameters a and b to generalized void ratio, e/e,
where g, is the sedimentation vold ratio and e; is the liquid limir void
ratio. Fig. 14 presents the relationship of parameters a and b versus e,/
e ratio of Mae Moh soil at different w,. As a result, the generalized
equation to deseribe compression behavior of the Mae Moh sedi-

ion soil can be prop as:
e
. | L4(efer) ~ 08618 031
@

0.5
exp[ 267085 {ep) + ne.m]
10g; = 1

T ———
exp(0.0551; <°

]'21] % G+ 2o
J (5)

‘The compression behavior of Mae Moh slurry soil was predicted
using this generalized equation and presented in Fig. 15. It is evident
that the compression behavior of the soil at different w, can be obtained
successfully with the proposed equation when using the generalized
void ratio,

The comyp ion behavior of t lded Kemen and Baimahu clay
samples with differentw, veported by Hong et 2l (2010) were taken (o

lidate the modified by comparing the predicted results with
measured dara. The wewas ranged from 99% 1o 116% and from 101%
to 180% for Kemen clay and Baimahu clay, repsectively. The seil
parameters used for simulation are presented in Table 3

Fig. 16 shows the prediction of consolidation curves for Kemen and
Baimahu clays based on Eqs. (5). For Kemen clay, the soil behavior can
be described well when using the generalized equation, except for

and sedi ion stares is controlled by the stress state (e and &), In
this study, examination of the stress state using ISL is introduced. The
ultra-soft soil is divided into high sedimentation soil, small sedi-
mentation soil and slurry, The soil is classified as high sedimentation
soil when the stress state is on the ISL, as low sedimentation soil when
the stress state is below the ISL and as shury when the stress state is
above the ISL.

A suggested stepwise procedure [or examining the stress state and
compressibility of ultra-soft soil can be presented as follows:

1. Determine liquid limit and specific gravity of ultra-soft soil samples

2. Prepare the slurry at w; > 3 times liquid limit

3. Perfurm the sedimentation test on the shiry to determine w.,

4. From the known e, draw the ISL using Eq. (5)

5, Take the in-situ soil samples at various depths and determine e and
corresponding o,

6. Classify the stress stare

6.1 If the stress state is on the ISL, the ultra-soft soil is high sedi-
mentation soil.
6.2 If the stress state is below the ISL, the ultra-soft soil is low se-
dimentation soil.
6.3 1f the stress state is above the 151, the ultra-soft soil is shurry and
under sedimentation process

7. Approximate consolidation curves of either low or high sedimenta-
tion soll at various depths using Eq. (5)

The stress state assessment is important for predicting the seule-
ment of ultra-soft soil. If the ultra-soft soil is in a slurry state, the set-
tlement is due to both sedimentation af slurry and consolidation of the

di ion soil. The sedi fon settlement is caleulated from the
difference berween in-situ water content and w,. The consolidation
sertlement can be caleulared using Eq. (5) where e; is equal 1o critical
void ratio, es for high sedimentation soil and approximately equal to
initial void ratie, & for small sedimentation soil. From this study, the wy
was found to be 171% while the in-situ water content was 98%, with an
effective vertical stress of less than 6.2 kPa. This effective vertical stress
is considered to be very low, considering that the soil sample was
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Fig. 13. Prediction of lidation curves of sedi soil using 5-shaped equation.

collected at 1 m depth from the soil surface and had unit weight of
approximately 16 kN/m”. Based on the proposed method, the Mae Moh

soil ean therefore be classified as a low sedimentation soil.

conductivity characteristics of ultra-soft soil at the Mae Moh mine,
Thailand. The study is useful for designing the land recl ion of
ultra-soft soil using preloading technique with vertical drains. The
following conclusions can be made from this study.

5. Conclusions
1. The sedimentation process of Mae Moh slurry was divided into two
This research studied the compressibility and hydraulic distinet stages: floceulation and settling. The flocculation oceurred
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Table 3 € lidation curves of sedi soil can be rep 1 by the
The soil of kemen and ! hu clay used for simulation. inverse S-shape function from a very low (0.5 kPa) to very high
i vertical effective stresses.
Soll Wi tent W (%) id Limit LL (%)
o g b i - 4. The powerful S-shape ion proposed by Horpibulsuk et al.
Kemen clay 16 &1 134 081 (2016) was ded to develop the lized equation using
110 61 131 076 generalized void ratio (e./e;) as the prime parameter. The general-
— ':20 2: :g ;:; ized equation can satisfactorily capture the compression behavior of

142 o 165 08l various sedimentation soils at different w,.

101 a 147 070 5. The intrinsic state line (15L) for high sedimentation soil was pro-
posed to assess the stress state of ultra-soft soil. The soil is classified
as high sedimentation soil when the stress state is on the ISL, as low

at the early stage of sedimentation process with very small change in sedimentation soil when the stress state is below the 1SL and as
soil-fluid interface, The settling stage then commenced, when the slurry when the stress state is above the 181 The stepwise procedure
floe particles started to settle uniformly, causing the significant for assessing stress state and compressibility of ultra-soft soil is
change in soil-fluid interface. suggested.

2. A critical water content (w,) separating the large sedimentation and 6. The stress state assessment is important to predict the settlement of
small sedimentation shurry, was found to be 171% for studied Mae the ultra-soft soil when subjected to ground imp and land

Moh soil. For large sedimentation slurry, the water content reduces
significantly after sedimentation. process. On the other hand, the
water content of small sedimentation slurry slightly decreases
during sedimentation process and thus wg can be assumed to be w,.
3. The consolidation curve of high sedimentation soil is unigue and
independent of w,. On the other hand, the consolidation curve of
small sedimentation soil is significantly dependent upon w, The

reclamation. For the ultra-soft soil in a slurry state, the settlement is
due to both sedimentation of the slurry and consolidation of the

i tion soil. The sedi ion settlement can be caleulated
from the difference between in-situ water content and w,. The
[ dicati 1 can be calculated using the proposed §-

shaped equation for both low and high sedimentation soils,
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