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Recently, Deep Cement Mixing (DCM) columns have been used for
permanent slope stabilization in several projects. However, the guideline for design
and construction are not well developed. This research presents field observation,

laboratory tests and numerical analysis.

Suvarnabhumi International Airport Drainage Canal project applied more than
300,000 DCM columns for stabilizing the canal slopes and roadway. The field
observations showed that several failures occurred as the excavation of canal almost
reached its proposed level. The failure modes were ranging from sudden failure, delay
failure and creep type failure. The remedial solutions were additional DCM column,
construction of counterweight berm, filling of surcharge water and arranging of
construction sequences. The measured field lateral movements were used to
determine elastic modulus of soil. The FEM back analysis indicated that the
hardening soil model with Esy= Eq.q= 3,000-60,000 kPa and E,/Eso = 3 resulting the
lateral movement close to the field measurement. The Mohr-Coulomb model with
E./Sy, =300-1000 can also give a reasonable prediction result. The numerical analysis
of one row of DCM columns found that the L,/L. = 0.29 to 0.86 and L./D.= 3.6 were
effective to give maximum Factor of Safety (FS). The numerical analysis of multi-
rows DCM column revealed that L./D. = 3 can provide the maximum FS. For both
types, the FS of slope increased with decreasing DCM column spacing. Therefore, the
spacing design is depended on the required FS. The analysis revealed that the perfect
tangential columns were quite effective to control lateral movement and provide high
FS. The possible alternative DCM arrangements are also studied for the comparative

designs and further recommendation.
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STABILITY ANALYSIS OF EXCAVATED SLOPE STABILIZED
BY DCM COLUMNS: CASE STUDY AND
PARAMETRIC ANALYSIS

INTRODUCTION

Soft clay is characterized by low shear strength and high compressibility. The
construction of embankments frequently leads to large lateral movement, excessive
settlements and slope instability (Abusharar et al., 2009). A number of ground
improvement techniques are available to solve these problems, such as reinforcement
with geosynthetics, preloading, stage construction, excavation and replacement, light-
weight fill, pre-fabricated vertical drains, reinforcement with piles (concrete piles,
stone column or deep mixing columns), or conjugation of some aforementioned
techniques (Abusharar et al., 2009; Oliveira et al., 2011). One of the effective ground
improvement techniques for the soft Bangkok clay is in-situ deep mixing
(Horpibulsuk ef al., 2011). The deep mixing method was first used in Japan and the
Nordic countries in the mid-1970s, and then later spread to Thailand, China, the
United States, the United Kingdom, Germany Poland and other countries (Coastal
Development Institute of Technology (CDIT), 2002; Bhadriraju et al., 2008). Using
this method, cement and/or lime additives in either slurry or powder is injected into
the ground and mixed with the native soil by mixing blades that form a hard treated
soil column. Cement is commonly used as an additive, since it is readily available at a
reasonable cost in Thailand (Horpibulsuk ef al., 2011). When cement is used as a

binder, this technique is called as “Deep Cement Mixing” (DCM) method.

In recent DCM columns can be used for other purposes than stabilization of
embankment. Slope stabilization, railway vibration countermeasure and retaining wall
are example. In Thailand, DCM columns for permanent slope stabilization in soft clay
have been used in several infrastructure projects. Taesiri and Chantaranimi (2001)
reported the use of DCM columns to improve stability of road embankments along
canals. Petchgate and Petchgate (2006) used the DCM columns to increase stability of

retention pound. Buathong and Mairaing (2010) investigated the behavior of canal



and roadway construction stabilized by DCM columns. Although a number of success
application of slope stabilization by mean of DCM columns have been reported in the
literature, there are a lack of clear knowledge of the exact behaviour and potential
failure mechanisms of these DCM columns. In order to effectively design and
construct DCM columns used in slope stabilization, understanding the behaviour and

potential failure mechanisms of DCM columns are very important.

Current design approach of DCM columns for slope stabilization is evaluation
of stability of slope by using limit equilibrium methods. These methods only reflect
the composite shearing through the DCM columns, and they do not reflect the more
critical failure modes of DCM column, i.e. bending, rotation or a combination of these
modes. In addition, the behaviour and potential failure mechanism of DCM column
can be not addressed. For such problems, the numerical analysis such as Finite
Element Method (FEM) can be utilized. DCM column-soil interaction is a complex
three dimensional problem in nature, and therefore all the analyses presented in this
thesis were carried out by using three dimensional finite element method incorporated

in the PLAXIS 3D FOUNDATION software.

To develop an effective guideline for design and construction of DCM
columns for slope stabilization, an actual case study is required. The Suvarnabhumi
International Airport Drainage Canal Project selected as a case study is located at
Samutprakan province, Thailand. The project consists of the canal, the pumping
stations and the telemetering system. Moreover, a two-lane roadway is constructed on
each bank of the canal for transportation. The project was constructed within the soft
Bangkok clay area, which is well known as low strength and high compressibility.
Ground improvement need to be undertaken, so that the serviceability of the
infrastructure is assured throughout its service period. DCM columns are found to be
the most suitable option. Several field trial tests during the construction were
performed to evaluate the performance of DCM column and design assumption. The
result of field trial tests were presented and discussed. Moreover, the geotechnical

problems encountered with the design and construction were presented



OBJECTIVES

The objectives of this thesis are to:

1. Investigate the field behaviour of stabilized slope with DCM columns.

2. Characterize the strength and deformation behaviour of soft clay related to

excavated slope.

3. Improved the understanding of the behaviour and potential failure of DCM

columns for slope stabilization.

4. Provide a guideline in design and construction of DCM columns for slope

stabilization.



LITERATURE REVIEW

Bangkok Clay

Formation of Bangkok clay

The Lower Central Plain or also known as Chao Phraya Basin begins at
Chainat, where the Chao Phraya River flows southward through a flat and featureless
plain. The river reaches the Gulf of Thailand at the Samutprakan province with the
distance about 200 km. The width of the plain in an east-west direction is about 180
km and total area is approximately 36,000 km*. Geological block faulting in Late
Pliocene-Pleistocene formed deep horsts and grabens in the Lower Central Plain. This
formation caused thick accumulation of Quaternary sediment overlain the basement
rocks. The exact profile of bedrock is still unknown but rock surface in the Bangkok
area is known to vary over the range of 550 to 2000 m. Figure 1 shows the cross-
section of the basin on east-west direction, summarized by JICA (1999). The
Quaternary sediments are classified into Pleistocene and Holocene deposits, described

by Sinsakul et al. (2002).

Pleistocene deposit are mainly alluvium and fluvial, intercalated of gravels,
sand, silt and clay. Generally, the upper sequence is stiff clay with orange and red
mottles. [ron and manganese concretions are also found scattered in clay matrix.
These sediments indicated the oxidizing environment, and the barren top surface of
the Pleistocene deposit, within the depth of 10-20 meters from the present ground

surface.

Holocene sediments of the Lower Chao Phraya plain were related with the
sea-level change after the ice age of late Pleistocene epoch. The flat top terrain of the
plain was affected by the transgression and regression of Holocene sea level, as
shown in Figure 2. The accumulation of rapid sedimentary took place in the area

where the Cho Phraya River flow to the sea produced the huge delta area so called



"Chao Phraya delta". Formation of the uppermost marine clay is known as "Bangkok

clay", covering about 15,000 km” (Mairaing and Amonkul, 2010).
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Figure 1 Schematic cross-section of lower Chao-Phraya Basin
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Figure 2 Subsequent sedimentation of Bangkok clay

Source: EIT (2003)

For geotechnical engineering, the typical soil profile of Bangkok clay area

from surface consists of (Mairaing and Amorkun, 2010):

1. Weathered clay: This weathered clay is hard and brown in color that varies
considerably from 1 to 3 m. Hard clay is resulted from weathering and desiccation

processes. The weathering process includes such features as fluctuation of ground



water level, leaching, ion exchange and precipitation of cementious materials due to

drying and wetting during dry and wet seasons.

2. Compressible clay: This compressibility clay consists of very soft clay to
medium stiff clay. The thickness of the soft clay varies from 10 to 20 m, which is well
known as soft Bangkok clay. But in general, the thickness of soft clay is 15 m. The
depth to the bottom of very soft to soft Bangkok clay is shown on Figure 3. The
thickness is larger on the area close to the Gulf of Thailand with maximum depth to
25 m at Samut Prakan province. High compressibility and low strength are important
properties of soft clay layer. Therefore, embankments construction on this layer
frequently encounters the problems of slope instability and excessive settlement. The

medium clay, which underlay the soft clay, has a thickness of 2 to 6 m.

3. Stiff clay: This stiff clay is hard in nature and the stiffness of this layer is
caused by desiccation and to some extent in the past. In many places, it is mottled,
fissured, with red and yellow colors indicating that it was exposed to sub-aerial
processes of desiccation and chemical weathering before burial by the soft clay (Moh
et al., 1969). Sub-aerial processes take place in the zone below ground level and
above the groundwater table. There is also evidence that the first stiff clay has been
weathered in places prior to deposition of soft clay on top. Thickness of the first stiff
clay varies between 2 to 6 m, in central Bangkok. Low compressibility, high over-
consolidation ratio (OCR) and low water content are some of its properties. This layer

is light gray and yellow-brown in color.

4. Sand: This sand layer can be broadly divided into two part namely; 1)
Medium dense sand of 2 to 6 m thick and 2) Dense to very dense sand of 0 to 6 m
thick.
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Physical properties

patterns of the Mg-saturated clay fraction (<2 um) show that the clay fraction contains

montmorillonite as the principal clay mineral with the range of 54 to 74%, followed

Ohtsubo et al. (2000) investigated the mineralogy and pore water chemistry of
Bangkok clay at a site that is 36 km east of Bang Na. The X-Ray Diffraction (XRD)

by kaolinite and mica. Based on the difference in the sediment volume between the

Na- and Ca- clay fraction (<2 um), the montmorillonite in Bangkok clay is classified

as a high-swelling type. Cox (1968) mentioned that the presence of montmorillonite

in Bangkok clay would characterize the high liquid limit (LL) and activity (I,).




The physical properties of Bangkok clay such as the specific gravity, unit
weight, water, and Atterberg’s limits, are presented in Table 1.In general, the natural
water content of soft Bangkok clay varies from 51.7% to 93.44 % while the liquid
limit varies from 50.27 % to 96.77 %. It is noticed that the natural water content is

close to liquid limit.

Compressibility properties

The compressibility properties of soft Bangkok clay are shown in Table 2. In
general soft Bangkok clay is highly compressible, and it is lightly over-consolidated
to normally consolidated. The Over-consolidated ratio (OCR) is about 1.87 due to
aging. The compression index (C) ranges from 0.51 to 1.54 while the recompression
index varies from 0.074 to 0.252. The coefficient of consolidation (C,) from

oedometer tests gives values varying from 2.93 to 19.09 m?/year.



Table 1 Physical properties of Bangkok clay

Soil Layers Depth(m) Win(%) LL (%) PL (%) PI (%) LI Yt (t/m3)
Top Crust 2-3 - - - - - -
Very Soft to Soft Clay 2-15 72.57420.87  73.52+23.25 31.11+6.44 42.26+18.97 0.96+0.35 1.56+0.11
Medium Stiff Clay 15-17 53.71+17.69  67.11£17.51 28.13+5.36 38.83+14.14 0.64+0.38 1.68+0.14
Stiff Clay 17-19 30.70+10.06  56.38+16.02 24.48+45.41 31.80+12.13 0.234+0.29 1.90+0.14
Very Stiff Clay 19-22 24.51+46.47  49.83+14.07 22.534+4.85 27.10+10.69 0.11+0.25 1.99+0.12
Medium Dense Sand 22 -25 19.16+4.52 - - - - 1.94+0.15
Dense Sand 25-28 17.75+3.84 - - - - 1.97+0.14
Very Dense Sand 28 -32 17.14+3.90 - - - - 1.99+0.16

Source: Amorkun (2010)
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Table 2 Compressibility properties of soft Bangkok clay

Soil Layers Depth (m) €0 C. C; OCR Cv_com(m2/year)
Very Soft to Soft Clay 2-15 2.120+0.794 1.02840.515 0.163+0.089 1.874+1.042 8.077+11.012
Medium Stiff Clay 15-17 1.511+0.642 0.705+0.406 0.124+0.056 1.51740.740 9.077+10.452
Stiff Clay 17-19 0.885+0.401 0.283+0.153 0.072+40.036 1.200+0.509 7.828+7.835
Very Stiff Clay 19-22 0.562+0.279 0.153+0.045 0.050+0.024 0.718+0.231 7.320+2.387

Source: Amorkun (2010)

11
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Shear strength characteristics

The shearing resistance of a soil depends on many factors, represented by

Equation 1 (Mitchel 1993):

Shearing resistance = F (e, ¢, C, ', c, H, T, g, ¢", S) (1)

Where e is the void ratio, ¢ is the angle of internal friction, C is the
composition, ¢' is the effective normal stress, ¢ is the cohesion, H is the stress history,
T is the temperature, ¢ is the strain, € is the strain rate, and S is the structure. All
these parameters may not be independent to each other; however, a functional form all
the factors are not yet known. The Mohr-Coulomb equation for shearing resistance,

which is a simplified form of Equation 2, is given by:

T=c + c.tand (2)

Where 7 is the shearing resistance of the soil. Equation 3may also be rewritten

in terms effective soil parameters as:

T=c'+ o'tand’ 3)

Shear strength parameters used in geotechnical engineering is usually divided

into two categories: undrained and drained shear strength.

The undrained shear strength plays an important role in calculating of the short
term stability and bearing capacity. Also as an indicator for soil behavior correlates
with other engineering properties, such as index parameters. The undrained shear
strength of a soil is usually determined in laboratory from unconfined compression
test (UC) or unconsolidated undrained (UU) triaxial test or consolidated undrained
(CU) or laboratory shear vane. In the field, it can be obtained from field shear vane

test, pressuremeter, cone penetrometer, etc.
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Surarak (2010) summarized the undrained shear strength of Bangkok clay

from the field vane shear and anisotrpically consolidated undrained triaxial

compression tests (CKoU), as shown in Figure 4. The average relations of the

undrained shear strength-effective stress ratio (S,/c'y,) for soft to medium stiff clay (3

m to 15 m depth) and stiff to hard clay (15 m to 50 m) were 0.33 and 0.2,

respectively.

Amonkul (2010) assembled the data of undrained shear strength of Bangkok

clay from unconfined compression and field vane shear tests. He found that the

Su/a'veratio for soft Bangkok clay was 0.47.
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The drained shear strength is represented by the parameters c' (drained
cohesion) and ¢' (drained friction angle). It is used for long term analysis. Values of c'
and ¢' can be obtained from drained tests and undrained tests with measurements of
pore water pressure during shear. In engineering practice, drained shear strength
parameters are often determined from triaxial tests. The value of the c¢' is generally
zero when the effective stress exceeds the critical or pre-consolidation pressure. If the
effective stress does not exceed the critical pressure, the clay will behave as if it is
over-consolidated and a cohesion intercept will exist. The notation for the triaxial
tests identified in this literature review are explained in Table 3, and Table 4 presents
a summary of the drained shear strength of Bangkok clays (i.e. weathered clay, soft

clay, stiff clay and hard clay). The ¢' of soft Bangkok clay varied in range between

22.2° and 34.8° while the ¢' was zero.

Table 3 Description for triaxial test notations

Notations Description

CIU Isotropically consolidated undrained triaxial compression test

CID Isotropically consolidated drained triaxial compression test

CKo U Anisotropically (Ko) consolidated undrained triaxial compression test
CAU Anisotropically consolidated undrained triaxial compression test
CIUEL Isotropically consolidated undrained triaxial extension test (Loading)
CIUEy Isotropically consolidated undrained triaxial extension test (Unloading)

Source: Surarak (2010)



Table 4 Summary of drained shear strength of Bangkok clay

15

Reference Location Depth Test ¢’ ¢
(m) type  (degree) (kPa)
Weathered clay
Balasubramaniam Nong Ngoo Hao 2.5t03.0 CIU 22.2 0
and Chaudhry (1978) CID 23.5 0
Soft clay
Wang (1969) Nong NgooHao  8.83 CAU 34.8 0
Chaiyadhuma (1974)  AIT campus 5.5-6.0 27.1 0
7075 W s 0
Chaudhry (1975) - 6.0 CIU 27 0
Balasubramaniam Nong Ngoo Hao  5.5-6.0 CIU 26 0
and Chaudhry (1978)
Balasubramaniam ez  Nong Ngoo Hao  5.5-6.0 CIU 24 0
al. (1978)
Rahman (1980) AIT campus 4.5 CKoU 25.5 0
55 23.6 0
6.5 23.2 0
Kim (1991) AIT campus 3.0-4.0 CIU 22.2 0
CKoU 23 0
Stiff clay
Hassan (1976) NongNgooHao 17.0 to CIU 28.1 11.4
18.0 CID 26.3 32.8
Surarak (2010) MRT Blue Line  15.0 to CKoU 26.1 26.9
Extension 25.0
Hard clay
Surarak (2010) MRT Blue Line  39.0 to CKoU 23.4 41.9
Extension 43.0

Source: Modified from Surarak (2010)
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There are many problems in the field correspond to stress change under
extension condition where lateral stress is higher than the vertical stress. Excavation is
an example. Table 5 presents the drained shear strength (c.' and ¢'c) of soft Bangkok
clay under extension conditions. The ¢'. was found to be in range between 14.1° to
33.5°. It is important to note that the high values of c.' may be unrealistic. These high
magnitudes of c¢.' were in order of 32 kPa to 60 kPa. Surarak (2010) reported that the
possible reasons of this were application of incorrect values of membrane correction.
In addition, the pre-failure (i.e. necking failure) may be occurred during the extension
test. Table 6 compares the results from triaxial compression and extension tests. The
¢' obtained from compression test is usually smaller than that from the extension test.

The ratio of ¢'c/¢'. 1s in order of 0.70 to 1.10.

Table 5 Summary of drained shear strength of Bangkok clay under extension

Reference Soil type Depth Test ce' (kPa) dc'(degree)
(m) type
Li (1975) Soft clay 6.5-7.0 CIUEL 47.1 19.60
CIUEy 59.8 21.10
Balasubramaniam  Soft clay 5.5-6.0 CIUEL 0 26.00
etal. (1978) CIUEy 58.7 21.10
CIDEL 0 26.20
CIDEy 31.8 23.50
Tampubolon Soft clay 6.0-6.5 CIUEy 0 17.57
(1981) CIUEL 0 17.76
CAUEy 0 14.09
CAUEL 0 13.78
Kim (1991) Soft clay 3.0-4.0 CKoUEy 0 33.10
CK(DEy 16.5 33.50

Source: Modified from Surarak (2010)
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Table 6 Summary of drained shear strength of Bangkok clay under extension

conditions
Reference Soil type Consolidation o' O /b’
stage (degree) (degree)
Parry (1960) Weald clay Isotropic 21 22.3 0.94
Duncan and seed  San Francisco ~ Anisotropic 38 35 1.09
(1966) bay mud (Ko)
Parry and Kaolin clay Isotropic 22.6 20.5 1.10
Nadarajah (1973) Anisotropic 20.8 28.0 0.74
(Ko)
Balasubramaniam Weathered Isotropic 222 29.0 0.77
et al. (1978) Bangkok clay
Atkinson et al. Kaolin clay Isotropic 24.0 27.0 0.89
(1987) 1-D then Ky 22.0 29.0 0.76
Kim (1991) Soft Bangkok  Anisotropic 23.0 33.1 0.70
clay (Ko)

Source: Modified from Surarak (2010)
Elastic parameters

The soil deformation during loading is one of important physical aspect in
geotechnical problems. The material properties required for deformation analysis are
four conventional constants used in the theory of elasticity, namely, Young's modulus
(E), Poisson's ratio (v), shear modulus (G) and bulk modulus (K). In generally, the
shear modulus G and K can be written in terms of the Young' modulus E and

Poisson's ratio v as:

D) @
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E

K= ————
31+ 2v)
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There are two alternative definitions of the modulus of elasticity, namely,
tangent modulus, and secant modulus, as illustrated in Figure 5. The tangent modulus
(Ey) is the slope of the tangent to the any particular stress-strain point under
consideration. The secant modulus (E;) is the slope of the line joining the origin (0,0)

to some desired stress-strain point such as 50% of maximum shear stress.

A
9]
E; = Initial tangent modulus
E, = Tangent modulus
Gm.n — o a— — —

1

?Gﬂ'ﬂ\. —

E. = Sccant modulus at 50 of Gy, (Fso)

Figure 5 Definition of tangent and sevant modulus

Same as strength behavior, the E has to be distinguished between undrained
and drained behavior of the deformation of soils. The value of E can be estimated
from the results of laboratory tests, field tests and back-analysis on actual
construction. The undrained modulus (E,) for soft clay is commonly normalized by
the undrained shear strength (S,). Table 7 summarized the E, of soft Bangkok clay. It
can be seen that the E, is varied within the range between 100S, and 500S,. Most
practical value of E, for Bangkok clay is based on the correlation with OCR and
plastic index (I,) proposed by Duncan and Buchignani (1976), as shown in Figure 6.
For soft Bangkok clay where OCR is approximate 1.5, E,/S, = 300-600.
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For the long-term deformation analysis, the drained elastic modulus (E') is

used instead of undrained modulus (E,). Parnploy (1985) suggested the correlation

between E, and E' for soft Bangkok clay:

E'=0.15E, for very soft clay (6)

E'=0.26E, for soft clay (7)

Surarak (2010) analyzed the results of CIU and CID tests on soft Bangkok
clay conducted by Chaudhry (1975). The confining pressure for both CIU and CID

series ranges from 138 to 414 kPa. He found that the E, and E' increased with

confining pressure. For the CIU tests, the initial undrained modulus (E, ;) and the

undrained modulus at 50% of undrained shear strength (E, 50) ranged from 10.5 to 40
MN/m? and 5.9 to 20.5 MN/m?, respectively. For CID tests, the E'; and and E', range
from 2.0 to 6.6 MN/m? and 1.0 to 2.4 MN/m?, respectively.

Table 7 Correlation between undrained elastic modulus and undrained shear strength

Equation Reference Remark
E, = 5008, Cox (1973) Embankment test on Thonburi-Pak Tor
Road
E,=131S, Parnploy (1985) S, from field vane shear test
E,=125-300S, NAVFAC.DM.7.01 Based on soft Bangkok clay properties
(1986) (P1=40-63%, OCR <3)
E,=100-500S, Duncan and Based on soft Bangkok clay properties
Buchighani(1976) (PI=40-63%, OCR <3)
E, = 1508, Bergado(1990) Embankment test on Bangna-Bangpakong
Road
E, =500S, Teparaksa (1999) Back-analysis of deep braced excavation

in Bangkok subsoil
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Creep Behavior

Soil is similar to other engineering materials which undergo time dependent
deformation under sustained shearing stress. The time-dependent deformation is
generally termed "creep". On low stress level, the creep may eventually appear to stop
or continue at an imperceptible rate after large elapsed time. On the other hand, on the
higher stress level, the creep rate may start to accelerate after a finite elapsed time and
finally lead to creep rupture. This behaviour can result in excessive deformation
leading to failure or collapse with time. These creep have been given the engineer

many difficulties in the design of slopes, foundation and earth structures on clays.

A creep behavior can be subdivided into three stages based on strain-time
curve, as shown in Figure 7. The primary stage is the stage which the strain rate is
continuously decreasing. The secondary stage is the stage which the strain rate is
nearly constant. The tertiary stage is the final stage which strain rate increases

gradually leading to creep rupture (failure).
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Figure 7 Typical creep curve

Snead (1970) performed a series of undrained creep test by varying sustained
shearing stress on normally consolidated undisturbed clay, called Haney clay. The
tests were conducted with conventional triaxial apparatus. He obtained the log-log
plot of strain rate with time, as shown in Figure 8. For the deviator creep stress greater
than 43.5 PSI, it was observed that initially the strain rate decreased, then reached a
minimum and increased rapidly proceeding to rupture. The time to failure and time to
reach minimum strain rate increase with the decrease in deviator stress. For the
specimen with a deviator stress of 42.8 PSI, it continued parallel to the line of
minimum strain rates. Therefore, it was predicted that the specimen should never fail
under the imposed stresses. From the results, it was found that all points of minimum
strain rate for a given failure stress lie on a straight line. The equation of minimum

strain rate line was found to be:

Logjot=-0.412-1.15logioem = 0.116 (8)
where t = elapsed time until the minimum strain rate in minutes
€m = minimum strain rate in percent per minute
+0.116 = 95% of the data points are considered
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The results indicate that samples could fail under sustained shearing stress less

than the strength determined from normal strength test. Once a minimum strain rate
was reached, the strain rate began to increase, and the specimen was bound to fail.

Snead (1970) used the existence of a minimum strain rate as a failure criterion.
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Figure 8 Creep rate behavior for normally consolidated undrained creep tests on

Haney clay

Source: Snead (1970)

Arulanandan et al. (1971) studied creep behavior of coastal organic silty clay
under undrained conditions at different isotropic consolidation pressure and stress
level. For all consolidation pressures, the specimens subjected to creep loads of 30%
and 50% showed only a small increase in strain after an initial deformation, whereas

specimens subjected to creep loads of 70% and 90% led to failure. Figure 9 shows the
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example of creep behavior at consolidation pressure of 1 kg/cm?.
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Holzer et al. (1973) conducted a series of six consolidated isotropically
undrained creep tests on San Francisco Bay mud by conventional triaxial apparatus.
They found that the specimens tested at stress level of 80% and 90% of normal
strength test attained axial strain of 15% in less than 2 weeks and were considered to

fail, as shown in Figure 10.
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Figure 9 Axial strain versus log time at consolidation pressure of 1 kg/m’

Source: Holzer et al. (1973)
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Figure 10 Axial strain behavior during undrained creep test

Source: Holzer et al. (1973)

Campanella and Vaid (1974) studied the undrained creep rupture
characteristics for undisturbed normally consolidated sensitive clay, called Haney
clay. A series of creep rupture tests was performed in each of the conventional
triaxial, Ky triaxial and plan strain apparatuses. The shape of the creep curve in each
case is shown in Figure 11. The three distinct regions, namely, primary stage,
secondary stage and tertiary stage can be recognized. It can be seen that the axial
strain at creep rupture was not too different under K, triaxial and plan strain
conditions. However, for the isotropic triaxial condition, the axial strain was larger
than that obtained from plan strain condition approximately 4-5 times. They found the
creep rate-time behavior in isotropic triaxial, Ko triaxial and plan strain series was
similar in shape, as shown in Figure 12. Under a given constant creep stress, the creep
rate continuously decreased with elapsed time to a minimum value and thereafter
increased until rupture. This indicated that the onset of an accelerating creep rate
indicated impeding failure. They suggested that the elapsed time up to rupture was at
least 2.5-3.5 times the elapsed time up to the point when the creep rate started

accelerating.
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Stress Paths Method

Definition of stress path

The Mohr circle is an excellent tool for analyzing the state of stress in a
certain moment on a soil element. However, if the states of stress are changed, during
a laboratory test or excavation, a diagram with many circles can be quite confusing. A
more satisfactory agreement is to plot a series of stress points, and connect these
points with a line or curve. Such a line or curve is called a stress path. Two different
graphical techniques for stress paths are in common use: the MIT plot, originated at
the Massachusetts Institute of Technology, USA (Lambe and Whitman, 1979) and the
Cambridge plot, developed at the University of Cambridge, England (e.g., Atkinson
and Bransby, 1978). In this section, the MIT plot, which is derived directly from

Mohr's circle, was described.

Figure 13 illustrates the relationships between Mohr's circle and stress path.
The stress point A represents the maximum value of shear stress while the stress point
B denotes the maximum ratio of shear stress to normal stress, as shown in Figure 13a.
The stress path method uses the point where the shear stress (1) has its maximum
value on point A. Figure 13b shows Mohr's circle and stress path for a stress change.
In the stress path method, the stress path consists of a line drawn through points for
the condition of maximum shear stress. An arrow head on a stress path denotes the
direction of stress change. The stress path shown in Figure 13b represents a condition

of loading followed by unloading.
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Figure 13 Relationships between Mohr's circle and stress path

Source: Lambe et al. (1979)

The failure conditions used in stress path method are shown in Figure 14,
which also shows the relationships with Mohr's Coulomb failure condition. For a
cohesion soil, the K¢ line which has a slope of o' and intercept on the vertical axis
equal to a' for a cohesion soil, as shown in Figure 14a. For a soil without cohesion, the

K¢ line does not possess a cohesion intercept, as shown in Figure 14b.

Lambe et al. (1979) presented stress paths for four stress condition leading to
failure, as shown in Figure 15. In each case the same starts from an initial isotropic
stress state point L. It can be seen from the figure that reducing the value of p
constitutes "unloading condition" while increasing the value of p constitutes "loading
condition". The vertical compression and extension result in increasing and

decreasing the value of q, respectively.
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Stress paths for an excavation

Stroh (1974) produced a diagram showing the zones of different stress paths in
an excavation in Frankfurter overconsolidated clay supported by multiple ground

anchors as shown in Figure 16.

Kempfert and Gebreselassie (2006) used finite element software to investigate
the stress path at different locations of the supported excavation, shown in Figure 17.
The effective and total stress paths at various points are presented in Figure 18. For
the point B, C and D located at the passive side of the wall, the stress paths at theses
points lie on the extension zone (below the K0-line). It can be seen that the stress
paths at the point F, G, H, I and K located at the active side of the wall may not
necessarily all lie within the compressive zone (above KO0-line). The point E is located
in a zone where maximum rotation of the principal stresses usually occurs. It can be

proved by changing the total stress path.



Zone-1: The vertical stress remains constant
whereas the horizontal stress decreases during
excavation.

Zone-2: The vertical stress remains almost
constant whereas the horizontal stress in-
creases due to anchor force.

Zone-3: The vertical stress decreases due to
excavation and at the same time the horizontal
stress increases due to wall displacement.
Zone-4: The vertical stress decreases due to
excavation and the horizontal stress remain
constant.

Figure 16 Stress paths in an anchored excavation

Source: Stroh (1974)
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Figure 17 Idealized excavation problem with the location of the stress points

Source: Kempfert and Gebreselassie (2006)
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Deep mixing method

The DMM was first used in Japan and the Nordic countries in the mid-1970s,
and then later spread to Thailand, China, the United States, the United Kingdom,
Germany Poland and other countries (Coastal Development Institute of Technology
(CDIT), 2002; Bhadriraju et al., 2008). Using this method, cement and/or lime
additives in either slurry or powder is injected into the ground and mixed with the
native soil by mixing blades that form a hard treated soil column. Cement is
commonly used as a additive, since it is readily available at a reasonable cost in
Thailand (Horpibulsuk et al., 2011). When cement is used as a binder, this technique
is called as “Deep Cement Mixing” (DCM) method. Deep mixing technology has a
variety of associated acronyms and terminology. Table 8 defines some current terms
used in deep mixing industry and research project. Other phases include mixed-in-
place piles, in-situ soil mixing, lime-cement columns and soil cement columns

(Porbaha, 1998a, 1998b and Porbaha et al., 2000).
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Table 8 Deep Mixing Acronyms and Terminology

Acronym Terminology
SMW Soil mix wall

DSM Deep soil mixing

DCM Deep chemical mixing

DMM Deep mixing method

CCP Chemical churning pile

DCMM Deep cement continuous method
DIM Dry jet mixing

DLM Deep lime mixing

SWING Spreadable WING method

RM Rectangular mixing method
JACSMAN Jet and churning system management
DEMIC Deep mixing improvement by cement stabilization

Source: After Porbaha (1998)
Basic mechanisms of cement treated clay

The cement types used as stabilizing agents are "Portland cement". There are
two major chemical reactions of cement treated clay which are the primary hydration
reaction and secondary pozzolanic reaction. The primary hydration reaction is
reaction between cement and water. It leads to the initial gain in strength because of
the formation of primary cementitious products and drying up of the soil-cement mix.
The secondary pozzolanic reaction is reaction between the lime released by the
cement and the clay minerals. It can be defined in term as solidification. In this
reaction, the pore chemistry in soil system achieves a sufficiently alkaline condition.
This occurs when sufficient concentration of OH™ ions is presented in the pore water
due to the hydrolysis of the lime. The resulting alkalinity of the pore water promotes
dissolution of silica and alumina from the clays, which then react with the Ca* ions,

forming calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH), which
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are the secondary cementitious products. These compounds crystallize and harden
with time; thereby enhancing the strength of the soil cement mixes (Xiao, and Lee,

2009). The reaction of the cement treated clay can be represented in the equation

below.
CsS + H,O = (C;3S,Hi(hydrated gel) + Ca(OH), (9)
(primary cementitious products)
Ca(OH), = Ca" +2(OHY (10)
Ca""+2(OH) "+ SiO; (soil silica) = CSH

(secondary cementitious product) (11)

Ca™ + 2(OH) + AL,O; (soil alumina) = CAH

(secondary cementitious product) (12)
When pH<12.6, then the following reaction occurs:
CsS;Hy = C;3S,Hi (hydrated gel) + Ca(OH), (13)
The rather complicated mechanism of cement treated clay is simplified and

schematically illustrated in Figure 19 for the chemical reactions between clay, pore

water and slag (Saitohet al., 1985).
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Figure 19 Chemical reaction between clay, cement, slag and water
Source: Saitoh et al. (1985)
Factor affecting strength increase
The strength of cement treated soil can be influenced by a number of many
factors. Terashi (1997) summarized the factors that influence the strength of the

improved soil into four categories: characteristics of stabilizing agent; characteristics

and condition of soils; mixing condition; and curing conditions, as shown in Table 9.



Table 9 Factors affecting the strength increase
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Factors Details

I. Characteristic of stabilizing agent 1. Type of stabilizing agent
2. Quality
3

. Mixing water and additives

II. Characteristics and conditions of 1. Physical chemical and mineralogical
soil(especially important for clays) properties of soil
Organic content

pH of pore water

g ¢ I

Water content

III. Mixing conditions Degree of mixing

Timing of mixing/re-mixing

SR €=

Quantity of stabilizing agent

IV. Curing conditions 1. Temperature
curing time

Humidity

S

Wetting and drying/freezing and

thawing, etc.

Source: After Terashi (1997)

Engineering behaviors of DCM materials

1. Permeability

The permeability or hydraulic conductivity of cement treated soil is
important for the design of cut-off wall where seepage needs to be suppressed.
Terashi et al. (1983) found that the permeability of treated soil decreases with
decreasing the water content and with increasing the amount of cement, as shown in
Figure 20. From the accumulated test data on Japanese clay, the permeability of

treated clays is equivalent to or lower than that of the untreated soft clay and whose
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order is 10” to 10 cm/sec. Kauschinger ef al. (1992) indicated that the permeability
of the cement-treated clay reduces with the increase of cement content and curing
time. Porbaha et al. (2000) noted that the distribution of pore sizes inside the soil
cement mix influences the coefficient of permeability of the treated soil. Win (1999)
concluded that the permeability of cement treated soft Bangkok clay decreased with

increasing cement. Its value varies in range between 8x10™ and 30x10™® cm/sec.
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50 100 150 200 250

Water content of treated soil, w, (%)

Figure 20 Permeability and water content of cement treated soils

Source: Terashi et al. (1983)

2. Compressibility

The compressibility behavior of cement treated clay is similar to the
ordinary clay samples, as shown in Figure 21. The resistance to compression of
cement treated samples prevails up to the pre-consolidation pressure, beyond which
the samples exhibit a large compression. Hunag and Airey (1998) suggested that the
effect of the bonding is only significantly for stress below a pre-consolidation
pressure. Balasubramanian et al. (1998) reported that, at stresses much higher than the
pre-consolidation pressure, the e-log p “relationship of the treated clay is almost

parallel to the virgin compression line of the untreated clay. Horpibulsuk et al. (2005)
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identified this stress level as the yield stress. It does not represent pre-consolidation or
maximum part pressure since the cement treated clay was not being subjected to any
stress history. Uddin et al. (1997) postulated that a certain amount of cement (>5%) is
required to improve the compressibility of untreated clay. He also found that the
compression index (C,) reduces with the increase in cement content when cement
content is lower than 15%. Kamruzzaman (2002) reported that compression index
reduces with the increase in cement content and curing time. The some values of
compression index and recompression index of cement treated soft Bangkok clay are

present in Table 10.

5.0
- —O— Cement Content 5%, reconstituting w% = 130 %
B —— Cement Content 10%
4.0 [ —w— Remolded Clay, w% = 130 %
L —&— Undisturbed Clay, w% = 86 %

c'p (pre-consolidation pressure)
)

3.0

2.0

Void Ratio, e

1.0
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Vertical Effective Stress, ¢',, (kPa)

—_

Figure 21 Effective stress versus void ratio of cement treated soft Bangkok clay

Source: Modified from Arnigo (2002)
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Table 10 Compression and recompression index of cement treated soft Bangkok clay

Cement Content, kg/m’ Compression Index,Cc Recompression Index,Cr
0 0.970 0.060
125 1.760 0.023
150 1.260 0.033
200 1.190 0.030
250 0.760 0.029

Source: Win (1999)

3. Shear strength

Broms (1984) postulated that the two components of the strength, namely
frictional resistance ([") and cohesion intercept (c¢') increase via two processes. The
frictional resistance increases due to the formation of significant amounts of particle
interlocking in the clay-cement skeleton while the cohesion component increases due
to the reduction of the thickness of the diffused doubled-layer of adsorbed water. Yin
and Lai (1998) reported that, for Hong Kong marine deposit, the cohesion of the
treated soil increase with increase in cement content and decrease in initial water
content of the untreated soil. However, the internal friction angle decreases with the
increase of cement content and decrease in initial water content. In contrast,

Uddin et al. (1997) reported that, for soft Bangkok clay, both the cohesion and
friction angle increase with the increase of cement content and curing time and
reached asymptotic values at about 15% cement content. Horpibulsuk (2005) found
that the cement content has a large effect on the cohesion intercept and little effect on
the friction angle for soft Bangkok clay, as shown in Figure 22 and 23. Azman et al.
(1994) classified the failure pattern of cement-treated clays into "friction-dominated"
at very high confining stress, "cementation-plus-friction" at medium confining stress

and "cementation-dominated" at low confining stress.
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Lee (1999) studied the unconfined compressive strength of cement-treated
Singapore marine clay with soil/cement/water ratios which are relevant to jet
grouting. It was found that the strength was found to be dependent not only on the
water/cement ratio but also the soil/cement ratio. Lorenzo and Bergado (2006)
reported that the unconfined compressive strength increased with increasing cement
content and curing time for certain remolding water content or mixing water content,
as shown in Figure 24. Horpibulsuk et al. (2011) found that the average field to
laboratory strength ratio (que/qui) is about 0.7 and 1.0 for the dry and the wet mixing

methods, respectively.
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Figure 24 Stress-strain curve from UC tests of 28 day cured cement-admixed

specimen

Source: Lorenzo and Bergado (2006)

4. Elastic modulus

The elastic modulus of cement treated soil is generally correlated with the

unconfined compressive strength (qy). The initial (E;) and secant (Eso) moduli of

cement treated Bangkok clay are shown in Figure 25. The figure indicated that the Esg
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of cement treated Bangkok clay can be taken as 114q,-150q,. Petchgate et al. 2003
found that the Esy of cement treated Bangkok clay ranged from 170q,r~200qy¢, where

qur 18 the unconfined compressive strength of field coring specimen.
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Figure 25 Modulus of elasticity versus unconfined compressive strength of cement-

admixed Bangkok clay

Source: Arnigo (2002)

Tan et al. (2002) investigated the Eso of cement treated Singapore marine clay
through unconfined compression test using external and internal strain measurement.
The values of Es both external and internal strain measurement are shown in Figure
26 and 27, respectively. For the external strain measurement, the range of Eso= 150q,
to 400q,. While the Esy from the internal strain measurement varied between 350q,
and 800q,. Kamruzzaman (2002) found that the stiffness measured by local transducer
is about 3.0 and 2.16 times of that by conventional method for unconfined

compression and undrained triaxial test, respectively.
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Construction technique

The construction techniques for the Deep Cement Mixing (DCM) method can
be divided into two groups, as illustrated in Figure 28.

Slurry type
— Mechanical Mixing }—

Powder type

DM method ——
' —\ Grout Injection

PreSSLL‘FeFl grout }7_‘ Air/Grout Injection
Mixing J

—\ Air/Water/Grout Injection |

Figure 28 Classifications of Deep Mixing Methods

In mechanical Mixing method, DCM column is manufactured by mixing the
chemical agents, which is either in a form of slurry (wet method) or power (dry
method) of cement or lime, with in-situ soft soil by rotating mixing blades. The
typical construction sequence of DCM column is shown in Figure 29, which is carried

out from the left to right:

1) Positioning 2) Penetration 3) Completion of  4) Withdrawing  5) Completion of
penetration (Feeding agency) withdrawing

Soft ground

Figure 29 Construction sequence of Deep Mixing pile by mechanical mixing method

Source: Tateyamaet al. (2006)
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1. The position and verticality of the shaft is checked first.

2. Mixing shaft penetrated to the desired depth of treatment with simultaneous

disaggregation of the soil by the mixing tool.

3. After reaching the desired depth, the shaft is withdrawn and at the same

time, the binder in slurry or powder form is injected into the soil.

4. Mixing tool rotates in the horizontal plane and mixes the soil and the

binder.

5. Completion of the treated pile.

In pressurized grout mixing method or sometimes called jet grouting; the
typical construction process consists of breaking up the soil with a high pressure jet of
fluid in a predrilled borehole and mixing the loosened soil with a self-hardening grout

(slurry form) in order to form piles in the ground as shown in Figure 30.

€ H.P. Pump (grout)
€ Compressor (air)

Figure 30 Construction sequence of Deep Mixing pile by jet grouting method
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There are three basic jet grouting systems are currently used as shown in

Figure 31.

Figure 31 Principal jet system: (1) single jet, (b) twin jet and (c) triple jet

1. Single jet: soil loosening and grout injection are performed by a jet of high
pressure grout from nozzles at the bottom end of a drill rod. This method produces the
most homogeneous soil-cement element with the highest strength and the least

amount of grout spoil return.

2. Twin jet: soil loosening and grout injection are performed by a high
pressure jet of grout shrouded by a concentric jet of air. The air reduces friction loss,
allowing the grout to travel farther from the injection point, thereby producing greater
column diameters. However, the presence of the air reduces the strength of the

column as compared to the single jet and produces more spoil return.

3. Triple jet: soil loosening is performed by a jet of water shrouded by

concentric jet of air. Grout injection is performed by a separate jet of grout.
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Patterns of deep mixing installations and area of application

DCM column can be done to a replacement ratio of 100 per cent wherein all
the soil inside a particular block is treated, as is usually the case for shallow mixing
applications, or to a selected lower ratio, which is often practiced with DCM column.
The chosen ratio reflects, of course, the mechanical capabilities and characteristics of
the applied method. Depending on the purpose of DCM column works, specific
conditions of the site, stability calculations and costs of treatment, different patterns of
column installations are used to achieve the desired result by utilizing spaced or

overlapping and single or combined columns. Typical patterns are presented in Figure
32.
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Figure 32 Examples of DCM column patterns: (a), (b) column-type (square and
triangular arrangement); (c) tangent wall; (d) overlapped wall; (e) tangent
walls; (f) tangent grid; (g) overlapped wall with buttresses; (h) tangent
cells; (1) ring; (j) lattice; (k) group columns; (1) group columns in-contact;

(m) block

Source: Moseley and Kirsch (2004)
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Stability analysis of embankments supported on deep mixing columns

The current Swedish design method considers the stabilized soil as a
composite material (SGF, 2000; Végverket, 2009). The peaks shear strength of the
DCM columns is assumed to mobilize at the same time as the peak shear strength of
the unstabilized soil between the columns (Figure 33). This means that there is full
interaction between the soil and the DCM columns. Failure is assumed to occur along

a slip surface through the DCM columns and the surrounding soil.
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Figure 33 Assumed strains in the calculation of weighted average shear strength

A weight average undrained shear strength of the stabilized soil is used to

estimate the stability of the embankment on improve soil.

Tu ™ Tu,col-as+Tu,soil-(1‘as) (14)

Tu,col = Cu,col-as'i_cn-tan(i)u,col (15)

Tu,so0il = Cu, soil-as+5n-tan¢u,soil (16)
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where: ¢, = average undrained shear strength of the stabilized soil
= undrained shear strength of the DCM column
ag = area replacement ratio

= undrained shear strength of the soil

If ¢y col = Pusoil = 0, as commonly used by many practitioners and researchers

for DCM columns, then T s0i1 1S €qual to Cy soil, and Ty co1 1S €qual to Cy ol When these
simplifications are made, the equation for average undrained shear strength of ground

improved with DCM columns takes the form of Equation 14.

Tu= Cu,col-as'i'cu,soil-(1 -a5) (17)

The area replacement ratio (as) is represented as the percentage of the sectional
area of the DCM column to the ground occupied by the DCM column; it is calculated
by equation 9. DCM column is usually arranged either rectangular or staggered

pattern, as shown in Figure 34.

aS_ d]X dz ( )
where:  ag = improvement ratio
A, = sectional area of DCM column

di, d> = interval between DCM columns
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(a) Rectangular arrangement (b) Staggered arrangement
Figure 34 Arrangement of DCM column
Source: CDIT (2002)

The design method in Japan (CDIT, 2002) is similar to Swedish design. It
considers the stabilized soil as a composite material. However, unlike the Swedish
practice, it assumes that the shear strengths of the DCM columns and the unstabilized
soil between the DCM columns are not mobilized at the same time, as shown Figure
35. Therefore, in the method used in Japan, a factor, k, is applied to account for the
difference in strain at failure between DCM columns and surrounding soil. The

average undrained shear strength of ground improved with DCM columns is:

Tu = Cu,col-as'i_k-cu,soil-( 1-a5) (19)

where:  k —  coefficient factor for soft soil strength = Ty mob /Ty soil

shear strength of soft soil mobilized at the peak of the

Tu,mob

shear strength of treated soil

50
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Figure 35 Mobilized shear strength of stabilized soil

Limit equilibrium methods (LEM) have been commonly adopted for analyzing
slope stability of embankments over deep mixed foundations. By this method, soil and
DCM column are assumed to behave as an elastic perfectly plastic material, and the
failure surface takes a certain shape. Despite the simplicity of LEM methods, they
may overestimate the safety of the embankment constructed on DCM foundations.
This is probably due to the adopted assumptions and the possibility of more than one
failure mode occurring in the columns at failure. More important point, the stress-

strain behavior of materials is not considered.

In recent years, numerical methods have been increasingly used for analyzing
slope stability including the computation of its factor of safety. Numerical methods
are more rather powerful than limit equilibrium slope analyses because they are able
to include other failure modes than shear mode, namely bending, rotation, tension or a

combination of these modes.

Broms (1999) illustrated the possible failure modes of columns under the
embankment as shown in Figure 36. There exist flexural and tension failure
depending on the locations of the columns. He also indicated that horizontal forces

from the embankment would reduce the bearing capacity of DM columns.
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Figure 36 Possible failure modes of columns

Source: Broms (1999)

Han et al. (2005) investigated the influence factors on the deep-seated failure
of the embankment over DCM columns by finite difference program FLAC 2D (Fast
Lagrangian Analysis of Continua) and Bishop's method included in the software-
ReSSA. They varied several parameters such as the size and strength of the DCM
columns, the spacing and the thickness of the soft soil underneath. A series of
comparisons demonstrate that the calculated factors of safety using Bishop’s
simplified method are higher than those calculated using the FLAC. They also
concluded that the modes of failure for DCM columns include shearing, bending, or
rotation, tension failure, or a combination of these four modes depending on soil
conditions, DCM column strength, and design configurations. Kitazume et al. (2005,
2007) studied external and internal stability of DCM columns embankment by using
centrifuge model tests. For the external stability, DCM columns did not fail with a
sliding failure pattern but rather with a collapse failure pattern where the columns tilt
like dominos, as show in Figure 37. The example of failure patterns of DCM columns
for the internal stability is shown in Figure 38. Their study revealed that the DCM
columns did not fail simultaneously but fails one by one by bending failure mode.
Moreover, they found that the location of bending failure is shallower in the low

strength DCM column than the higher one.



Figure 37 Collapse failure pattern of DCM columns

Source: Kitazume et al. (2005)
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Figure 38 DCM Column failures
Source: Kitazume et al. (2007)
Adams et al. (2009) used the finite difference program FLAC to study the

internal stability (failure of the columns under embankment load) of single columns

and shear walls. Several important conclusions can be drawn:
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a. Numerical analyses give a lower factor of safety than limit equilibrium
slope analyses. This means that considering solely shear failure overestimates the

embankment stability (the classical methods tend to be risky).

b. Single DCM columns fail with a bending mode failure. This behavior is
proposed by KivelO (1998) and confirmed by the tests performed by Larsson (1999,
2008) and Larsson and Broms (2000).

c. DCM shear walls are more effective than single columns at the same area
replacement ratio, i.e. about the same cost for raw material. The same conclusion was

drawn by Larsson (2008).

d. The failure modes of shear walls are greatly influenced by the interaction
between the overlapping columns. If the interaction is assumed to be perfect (that is,
the compressive strength of the material between two columns is equal to the
compressive strength of the columns), then the shear wall fails by sliding and
shearing. In reality the mixing process of the columns leads to weaker joints between
the overlapping columns. When the vertical joint efficiency is below 30% of the
strength of the columns, the shear walls fail by racking. The same behavior is
indicated by the test performed by Larsson (2008), where the overlapping distance

between the columns was varied.

Possible failure modes of DCM column

The possible behavior of lime-cement columns has been investigated by
KivelO (1998). He pointed out that individual lime-cement columns may fail at
different patterns along the potential slip surface, as shown in Figure 39. Failure
modes a, b and c represent column bending, d represents flow of soil around the
column, and e, f, g and h represent column tilting, column translation, shearing
through the column and compression failure in the column, respectively. He has also
derived the expressions for evaluating the shear resistance of the columns along

assumed slip surfaces for each failure mode. It has been shown that the failure of
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relatively high-strength columns can occur by exceeding the moment capacity of the
columns (i.e. failure modes a, b and c) or the lateral resistance of the soft soil around
the columns (i.e. failure modes d, e and f). Failure of low-strength columns can be
caused by shear failure along a slip surface (i.e. failure mode g) or when the
compressive strength of the columns is exceeded (i.e. failure mode h). The low-
strength column is defined as the columns that possesses shear strength equal to or
lower than 150 kPa (Brom, 2004). It should be noted that the proposed failure modes

has not been verified by load tests and has therefore not yet been applied in practice.
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Figure 39 Failure modes of single DCM columns

Source: Modified from KivelO (1998)

Possible failure modes of DCM column row were illustrated by Moseley and
Kirsch (2004), as shown in Figure 40. The unstabilized soil is extruded between the
column walls (Figure 40a) when the slip surface is located close to the top of the
column row. A DCM column row fails by overturning (Figure 40b) when the toe
resistance is high. The wall is displaced laterally (Figure 40c) together with the
unstabilized soil above the slip surface. The shear resistance depends on the
penetration depth of the DCM columns into the hard or stiff layer below the wall
(Figures 40d and 40e). The DCM column wall could also fail when the bearing
capacity of the DCM columns is exceeded (Figure 40f).
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Case histories and previous research in slope stabilized by DCM columns

Presently, the DCM columns can be used for other purposes than stabilization
of embankment; slope stabilization is an example. There was a few papers related to
slope stabilized by DCM columns have been published. The available researches
related with this topic are presented below.

Watn et al. (1999) observed behaviour of lime-cement columns for slope
stabilization in Norway. The configuration of lime-cement columns for stabilization
of slope is illustrated in Figure 41. They found that there were several incidents of
deformations and failures of slopes during the construction, as shown in Figure 42.

They reported that typical sources for failure were:

1. Inhomogeneous of lime-cement columns resulting in lower strength than

assumed in design;

2. Temporary cut at toe of slope for drainage trenches;

3. Insufficient transition zone between rib and bed rock;

4. Deformation in remolded clay above rib;

5. Water runoff from upstream the slope;

6. Water fill cracks on the clay surface;

7. Surface deformation due to swelling of the clay.
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__ Single or double ribs of
lime/cement-columns of
diameter 0,6-1,0m (2.0-3.3 ft)

Typical spacing 4-10m (13-33 ft)

Slope inclinations
1:1,5t01:3

Soft and often
quick clays and

o il

The stabilising load is taken by
horizontal resulting force in
passive area, and shear forces
on ribs below slip surface

Figure 41 Configuration of lime-cement columns for stabilization of slope

Source: Watn et al. (1999)

(a) Slope failure (b) Outfall of clay

Figure 42 Failures during the construction

Source: Watn et al. (1999)

Priol et al. (2007) used the Three-Dimension Finite Element Method,
incorporated in Plaxis 3D Tunnel, in order to investigate the influence factors on the
stability of slope. The geometry of model is presented in Figure 43, which was
simplified from Figure 41. The factors varied were spacing of columns rib, cohesion

and friction of soft clay. The important conclusions can be drawn:
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1. The safety factor of slope decreased when spacing had increased, as shown
in Figure 44. Two different modes were observed when the spacing had been varied,
as shown in Figure 45 and 46. It was observed a modification of the mode of failure
between the 4 m spaced ribs showing a block failure and 6 m spaced ribs exhibiting a
rotational failure. After the failure mode changing from block failure to slip on soil

between column ribs, the change of FS is similar to virgin soil.

2. When the cohesion of soft clay had increased, the safety factor increased.
However, it observed that the rate of increase in the safety factor was not the same for
each spacing value, as shown in Figure 47. The transition between the block and

rotational failures was separated by the dot line.

3. The rate of increase in the safety factor of stabilized slope was greater than
the virgin slope once the friction angle of soft clay had increased, as shown in Figure

48.

= ]
. 3
—i

Figure 43 Cross section of the 3D model

Source: Priolet al. (2007)
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Figure 44 Effects of the spacing on the safety factor

Source: Priol et al. (2007)

Figure 45 Block failure: rotational failure (S = 4)

Source: Priol et al. (2007)



Figure 46 Rotational sliding: "banana" type of failure of the soil in between the ribs

(S=06)

Source: Priol et al. (2007)

Safety factor

2.4 —

~0— Stabilized
—i— Spacing 3 m
Spacing 4 m
9 Spacing & m
=V Spacigom Rotational
~&~ Virgin W fa *
_ \ mp,;ﬁ.ﬁ'lh failure mode
> Rl J L boin
» _'_H_,.U

Block failure —

mode

Cohesion (kPa)

Figure 47 Effects of the cohesion on the safety factor

Source: Priol et al. (2007)
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Taesiri and Chantaranimi (2001) reported the use of DCM columns for
improving stability of road embankments along canals. The diameter of each DCM
column was 0.6 m and the length of the DCM columns, depending on the soil profile,
varied from 13 m to 20 m. The DCM columns were arranged in form of a wall type

aligning parallel to the road, as shown in Figure 49.
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Figure 49 DCM column arrangements

Source: Taesiri and Chantaranimi (2001)

Stabilization of Slope Using Piles

Stabilization of slopes by placing spaced rows of piles is a widely accepted.
The piles used in slope stabilization are in passive stage, because they are usually
subjected to lateral force arising from the horizontal movements of the sliding mass.
Chen (1994) introduced the typical situation of a pile undergoing lateral soil
movement, as shown in Figure 50. The pile in the upper part is subjected to lateral soil
movement and is referred as a “passive” portion. Where the pile in the lower part is
subjected to lateral loading transmitted from the upper pile portion, and it is referred
as an “active” portion. It can be seen that the soil surrounding the pile at any depth is

at equilibrium under the initial stress state before the soil starts moving. When the soil
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begins to move, the stress surrounding the pile will change from the initial state to a

new equilibrium state.

Some of successful applications of such techniques have been reported by Esu
and D'Elia (1974), Ito and Matsui (1975), Sommer (1977), Wang et al. (1979), Ito et.
al. (1982), Nethero (1982) and Reese et a/ (1992). Driven timber piles have been used
to reinforced the slope stability of very soft clays in Sweden, while cast-in-place
reinforced concrete piles as large as 1.5m diameter have been used in Europe and the
United States to stabilize active landslides in stiff clays (Bulley, 1965 and
Offenberger, 1981). In Japan, steel tubes piles of 300mm diameter have been used to
stabilize active landslides areas. Taniguchi (1967) and Fukouka (1977) presented
three real-life cases in Kanogawa Dam, Hokuriku Expressway in Fukue Prefecture
and Higashitono where steel piles were used to improve the factor of safety of

landslides.

Unstable layer

-—
__ Soil movement

Stable layer @

(a) A deflected pile (b) Stress state

“Passive” portion

“Active” portion

Figure 50 Pile loaded by lateral soil movement

Source: Modified from Chen (1994)
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Methods for analyses

A number of methods have been proposed to analyze stabilizing piles. The

four main categories of analysis have been classified as (Pradel ef al., 2010):

a. Limit Equilibrium Method: Methods for the design of stabilizing piles
using limit equilibrium method have been proposed by many researchers in the past
decades (Ito et al., 1975; Poulos, 1995; Lee et al., 1995; Hassiotis et al., 1997). In
practical design, the limit equilibrium method is used most often in analysis due to its
simplicity. The design methods based on limit equilibrium generally obtain an
equivalent force, which piles must be capable of resisting. The basic concept to
determine the factor of safety is as shown in Equation 20. This equation is based on
the resisting moment My of the soil, and the driving moment, My of the sliding mass.
After placing a reinforcing pile in an unstable slope, the pile is considered to provide
an additional resistance and will increase the overall resistance. In the calculation, a
limiting resistance force per unit width, F, which is provided at the sliding surface by
reinforcing pile is added to the internal forces of the intersecting slice. The additional
resistance provided by the pile is included in the equilibrium equations to satisfy the
static equilibrium. The resisting moment by the pile, My, can be determined. The
equation of the factor of safety can be written as Equation 21. However, the present
design for pile-stabilized slopes using limit equilibrium methods is unable to take the
pile-soil interaction into account. The piles are assumed to only provide reinforcing

resistance.

FS = (20)

1)
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b. Pressure Based Method: This method is based on the analysis of the
passive pile subjected to the lateral soil pressure. Generally, the lateral soil pressure
on the piles in a row is estimated based on plastic theory developed by Ito and Matsui
(1975). The main assumption is that the soil is soft and able to deform plastically
around the piles. The other assumptions are; the plies are rigid, the frictional forces
between pile and soil are neglected, the active earth pressure acts on inner distance
between pile faces, two sliding surfaces occur marking an angle of (45+¢/2) with soil
movement direction (Figure 51). This model may not represent the actual piles in the
field, because it does not take account for the finite flexibility of the pile, soil arching

and saturated soft clayey soil, etc (Jeong et al., 2003).
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Figure 51 Stage of plastic deformation in the ground just around piles

Source: Ito and Matsui (1975)

c. Displacement Based Method: This method considers the relative
displacement between the soil and pile. The soil movement can be measured directly

from inclinometer data or calculated by the finite element approach. Poulos (1973)
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mentioned a boundary element method to analyze a single pile subjected to lateral soil
movements. The soil was assumed to be elastic; the parameters of elastic modulus and
yield pressure were allowed to vary with depth. The method required an input of the
magnitude of the free field soil movement at each depth, and the ultimate soil pressure
acting on the pile. Based on comparisons between the method predictions and the
measured data, the author concluded that it was quite agreement with the
measurements. This method is used for analyzing the single pile as well as the pile
group. Later, this was modified by Hull ez al. (1991). He raised different failure
modes which were identified for the pile-soil interaction when the pile was subjected
to lateral soil movements. The modified method was considered to be good practical
applications. However this method still depends on an input of both soil movement

and ultimate soil pressure.

d. Numerical Solution Method: The Finite Element Method (FEM) or Finite
Difference Method (FDM) are normally used. It provides coupled solution for the pile
response, and slope stability simultaneously. Cai and Ugai (2000) used the 3D-FEM
with shear strength reduction method to study the effect of stabilizing piles on the
stability of a slope. They varied parameters such as the pile spacing, pile head
conditions, bending stiffness, and pile positions. Jeong et al. (2003) used finite
element program, ABAQUS, to study the influence of the one row pile groups on the
stability of the weathered slope. Goh and Wong (1997) presented a simplified
numerical method for analyzing the response of single piles to lateral soil movements.
In their method, the pile is modeled as beam element, and the pile-soil interaction as

the hyperbolic soil springs.

Parameters affecting the stability of slope

There are several parameters that could affect the stability of slope with pile.

Some of these parameters are the pile position, pile depth and pile spacing. The

previous researches on pile stabilizing slope were reviewed in this section.
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1. Effect of pile location

The pile location within a slope is very important to the increase in the
slope stability. Numerous studies performed to determine the optimal location of piles

within a slope were summarized by Ho (2009):

Lee et al. (1995) using the simplified Bishop’s slip circle approach, found
out that the most effective pile positions are at the toe and crest of the slope for
homogeneous cohesive soil slopes. And for the slope on soft clay layer underlain by

stiff clay, the pile positions are between mid point to the crest of slope.

Poulos (1995) pointed out that the row of piles should be located in the
vicinity of the center of the critical failure wedge to avoid merely relocating the

failure surface behind or in front of the piles.

Hassiotis et al. (1997) used the extended friction and Ito's approach to
analyze slopes reinforced with one row of piles. They concluded that for a maximum
factor of safety, the piles must be placed in the upper middle part of the slope. When

the slope steeper, pile have to be placed closer to the top.

Cai and Ugai (2000) compared the results obtained by using shear strength
reduction finite element and Bishop's simplified methods, as shown in Figure 52. The
Ly is horizontal distance between the slope toe to the pile position. The L is horizontal
distance between the slope toe and the slope shoulder. In finite element analysis, the
pile should be located in the middle of the slope to achieve the maximum safety
factor. While in Bishop's simplified method, the largest factor of safety occurred once
the pile was placed in the upper middle part of the slope. The pile behavior for various
pile position are shown in Figure 53. When the piles were placed in the lower and
middle portion of the slopes, the pressure on the piles is larger, and the soil-pile
interface is sufficiently mobilized. On the other hand, the soil-pile interface is not

sufficiently mobilized when the piles were installed in the upper portion of the slopes.



They concluded that the pile behavior characteristics were significantly influenced by

the positions of the piles.
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Figure 52 Effect of pile position on safety factor

Source: Cai and Ugai (2000)
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Figure 53 Pile behavior characteristics for various pile position (a) free head and
(b) fixed head

Source: Cai and Ugai (2000)

Ausilio et al. (2001) developed an analysis for stabilizing of slopes reinforced
with piles using the kinematic approach of limit analysis. According to their studies,
the optimal location of the piles within the slope is near the toe of the slope where the
stabilizing force needed to increase the safety factor to the desired value takes a
minimum value. They also found out that piles also appear to be very effective when

they are installed in the region from the middle to the toe of the slope.

70



71

Jeong et al. (2003) used finite element program, ABAQUS, to study the
influence of the one-row pile groups on the stability of the weathered slope. The result
between coupled and uncoupled analysis were compared. In uncoupled analysis, the
pile response and slope stability are considered separately. While in coupled analysis,
the pile response and slope stability are considered simultaneously. Their results show
in Figure 54. For the coupled analysis, the safety factor was largest when the piles
were installed in the middle of the slope. However, uncoupled analysis showed that
the piles should be placed slightly closed to the top of the slope for largest safety
factor. They gave the reason that when the piles were placed at the middle portion of
the slope, the soil-pile interaction was sufficiently mobilized. In other word, the
pressure action on the piles installed at the middle portion of the slope was larger than

that on the piles in the upper portion.

2 L ] Uncoupled (hinged) by present method
] Uncoupled (free) by present method
] o] Coupled (hinged) by Cai et. al.
(m] Coupled (free) by Cai et. al.
1.8 — * Bishop

Factor of Safety

Figure 54 Effect of pile position on safety factor

Source: Jeonget al. (2003)
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Nian et al. (2008), using limit analysis, concluded that the optimal location of
the piles is near the toe of the slope where the force needed to increase the slope

stability to the design safety factor has the lowest value.

Wei and Cheng (2009), also using FLAC3D, considered the problem of slope
reinforced with one row ofpiles. Their numerical results showed that the optimal
pileposition lies between the middle of slope and the middle of the critical slip surface

of the slope with no pile.

The results from researchers described above were summarized in Table 11.
The optimal location is rather different. It depends on many factors such as soil type

and analytical model.



Table 11 Summary of recommended optimum pile position

Reference Soil type Failure type RSN FR i istages of Comment
location analytical model
Lee et al. (1995) Purely Cohesive Circular Toe and Crest Uncoupled Different soil
slope formulation distributions govern
the optimal pile
location
Upper soft Circular Between middle and  Pile response- -
lower stiff Crest boundary element
Upper Stiff Circular Toe and crest Slope stability - -
lower soft simplified Bishop
slip circle approach
Poulos (1995) Clay, Clay stone Circular Middle Highway 23, Analyzed the
and Silt stone Newcastle AU Use  response of pile
program ERCAP placed in the middle

derive from Ito &

Matui’s Equation

€L



Table 11 (Continued)

Reference Soil type Failure type RSN FR i istages of Comment
location analytical model
Hassiots et al. Cohesive soils Circular Upper to top Friction circle Plane Strain
(1997) method incorporate  conditions
the reaction force
derived from
plasticity theory
Cai and Ugai ¢ =10 kPa Circular Middle 3D FEM Shear Compared different
(2000) $=20° Reduction finite pile head conditions
element method Hinged pile
condition is
recommended
Top Modified Bishop Did not consider the
Method influence of pile

head

VL



Table 11 (Continued)

Reference Soil type Failure type RSN FR i istages of Comment
location analytical model
Ausilio et al. c=4.7 kPa Circular Toe Kinematic approach -
(2001) o= 25° limit Analysis
Joeng et al. (2003) ¢ =10 kPa, ¢=20° Circular Middle ABAQUS Finite Uncoupled analysis
element modeling
Nian et al. (2008)  Anisotropic and Log-spiral Toe Kinematic Limit -
non-homogeneous analysis combined
with strength
reduction method
Wei and Cheng c=10kPa - Middle of slope and FLAC 3D -
(2009) ¢ =20° the middle of the

critical slip surface
of the slope with no

pile

Source: Ho (2009)

SL
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2. Effect of pile length

The pile length for a stabilization of slope is generally penetrated beyond
the potential slip surface in order to provide adequate fixity condition and utilize the
full pile resistance. There is no absolutely appropriate pile length to be used because it
is dependent on the dimension of the slope, the depth of potential slip surface and
location of pile within the slope. Several papers related to numerical analysis of slope
stabilized with piles usually assumed that the piles are embedded and fixed into the
bedrock or a stable layer. There are a few papers study the effect of pile length for

stabilizing slope.

Griffiths ef al. (2010) investigated the effect of pile length on the factor of
safety of slope by using finite element method. The slope model used in their study is
shown in Figure 55. They found that the influence of pile length depended on its
position, as shown in Figure 56. If the pile was driven at the slope vertex or toe, its
length has little effect on the factor of safety. For the pile at the optimum location, the
factor of safety increased almost linearly with increasing pile length until reaching a
stable depth. Beyond 16 m depth, the factor of safety remains constant, as shown in

Figure 57.
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Figure 55 Slope model used in the study of effect of pile length

Source: Griffiths et al. (2010)
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Yang et al. (2011) used three-dimensional elastoplastic shear strength
reduction method to study the effect of embedded length on the stability of slope. The
slope model used in their study is shown in Figure 58. Their results showed that the
factor of safety of slope increased with increasing length of piles, as shown in Figure
59. It can be seen that when the embedded pile length exceeded the critical embedded
length, the factor of safety approached a constant. However, this length is
significantly dependent on the pile spacing and pile head conditions. In addition, they
observed the pile behavior for various embedded lengths of pile, as shown in Figure
60. The deflection, bending moment shear stress and pressure of pile increased with
increasing pile length. However, they come to be a steady distribution when the pile

length is greater than a critical length.

Figure 58 Model of slope and finite element

Source: Yang et al. (2011)
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Kourkoulis ef al. (2011) used a hybrid method for analysis slope stabilized
with piles. The slope model used in their study is shown in Figure 61. They found that
for small embedment length (L.= 0.7H,), the pile behave as rigid-body rotation
without substantial flexural distortion. This similar to the short pile failure mode
described by Poulos's (1999). They proposed that the critical embedment depth (L) of
pile in the stable soil layer should be at least equal to unstable soil depth (H,).

(a)

(®)

Assumed displacement
profile u

Figure 61 Slope model: (a) slope-soil-pile system; (b) simplified model

Source: Kourkoulis et al. (2011)
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3. Effect of pile spacing

Wang and Yen (1974) analytically investigated the behavior of piles in a
rigid-plastic infinite soil slope. They concluded that there is a critical pile spacing
value in both sandy and clayey slopes beyond which almost no aching develops. The
arching originates from the stress transfer from the soil to the piles through the
mobilization of shear strength (Kourkoulis et al., 2011). The stress is transferred from

a yielding mass of soil to the adjoining stationary part of the soil (Terzaghi, 1936).

Cai and Uai (2000) studied the effect of pile spacing on the safety factor of
slope by using shear strength reduction finite element and Bishop's simplified method.
Their results showed that the safety factor increased with decreasing the pile spacing,
as shown in Figure 62. They gave the reason that when the pile spacing decreases, the
pile become more like a continuous barrier and the influence of soil arching becomes
more pronounced. Therefore, the soil does not reach the limit state until the soil is
deformed greatly. It can be indicated by the pile deflection in Figure 63, which also

shows the bending moment, shear force and pressure acting on the pile.
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Figure 62 Effect of pile spacing on factor safety: D = pile diameter and D1 center to

center spacing

Source: Cai and Uai (2000)
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Source: Cai and Uai (2000)

Jeong et al. (2003) used ABAQUS to study the effect of pile spacing on the
safety factor for pile head assumed to be free, unrotated, and hinged condition. The
effect of pile spacing on safety factor is shown in Figure 64. The figure showed that
the safety factor with hinged head piles was larger than with free head. They
suggested that, a restrained pile head is recommended (hinged or fixed), and the free

head condition should be avoided.
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Figure 64 Effect of pile spacing on safety factor

Source: Jeonget al. (2003)

Won et al. (2005) used FLAC 3D to investigated the effect of pile spacing on
the safety factor of the slope for two different pile head conditions. Their results
showed that the safety factor increases significantly as the pile spacing decrease
(Figure 65). They explained that the lateral soil movement between the piles was
more resisted by the piles as the spacing becomes closer. In addition, the pile head

conditions have more influence on the safety factor of the slope.
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Figure 65 Effect of pile spacing on safety factor at the middle of slope

Source: Won et al. (2005)

Yang et al. (2011) investigated the effect of pile spacing on the safety factor of
slope by using three-dimensional elastoplastic shear strength reduction method. Their
results is similar to previous studies that discussed above (Cai and Uai, 2000; Jeong et
al.,2003; Won et al., 2005). Their results showed that when the pile spacing
decreases, the pile become more like a continuous pile wall and integrity of soil and
piles becomes larger. Therefore, the lateral bearing capacity of reinforced slope had
greatly improved. They explained their assumption by the pile behavior for various
pile spacing, as shown in Figure 66. As the pile spacing increased, the bearing
capacity of single pile increased. This was because the loading zone by the lateral soil

movement of single pile increased.
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Figure 66 Pile behaviour for free head condition

Source: Yang et al. (2011).

Kourkoulis ef al. (2011) used finite element model to determine the effective
pile spacing for stabilized slope with piles. They found that the pile spacing of 4
diameters (S = 4D) was the most cost-effective pile spacing, because it was the largest
spacing that can still generate soil arching between the piles. While the pile spacing
was greater than 5 diameters (S > 5D), the pile behaved almost as single isolated piles,
and the soil can flow between them. Figure 67 illustrated comparison between two
extreme cases: a very dense configuration in which pile spacing is S = 2D, where soil
arching was guaranteed. And a configuration with large spacing S = 7D, where the

piles were so far that soil flowed between them (i.e., no arching develops).
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(a) Dense configuration s = 2D

Direction of
loading

—

Plan view

(b) Sparse configuration s = 7D

Direction of
loading

—

Plan view

Figure 67 Soil arching between piles: contour of horizontal displacement

Source: Kourkoulis ez al. (2011)

Hayward et al. (2000) carried out a series of centrifuge tests, shown in Figure
68, to investigate the use of discrete piles for slope stabilization. A slope without
piles, and with piles spaced at about 3, 4and 6 pile diameters (d) were modeled, and
the long term behavior was then investigated. Their results showed that the slope
without piles and with piles spaced at 6d failed while others did not. Figure 69 shows
the plan view of displacement vector at the end of test for the pile spacing at 3d and
6d. It is found that soil flow between pile spacing of 6d was more than of 3d spacing.
They explained that when the spacing between piles increased to a certain distance
then pile behaves like a single isolated pile with piles interaction. The increase in the

pile spacing also increase the bending moment developed on the piles, as shown in
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Figure 70. This is because when the piles are installed at a large spacing, each pile has

to resist a wider strip of the lateral load.

Figure 68 Photograph taken at end of test where piles were spaced at 3 d center-to-

center spacing

Source: Hayward et al. (2000)
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Figure 69 Plan view of displacement vectors measured in centrifuge tests for piles

spaced at 3d and 6d

Source: Hayward et al. (2000)
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Figure 70 Measured bending moment profiles of piles spaced at 3d, 4d and 6d
Source: Hayward et al. (2000)
Potential failure mechanism of laterally loaded piles

The resisting force which each pile can provide against the sliding soil mass
depends on several factors including the diameter, length and stiffness of the pile, the
length of pile embedded into the firm layer, the size and extent of the slipping mass
and the stiffness of the soil layer (Kanagasabai, 2010). There are two main types of
potential failure mechanism for laterally loaded piles classified by Kanagasabai
(2010), as shown in Figure 71. The first group involves a flow of soil around the pile
associated with failure of the soil if the pile can be designed with sufficient bending
capacity (Figure 71a and b). The second group concerns with the formation of one or
more plastic hinges in the pile (Figure 71c). The plastic hinges will form at the points

where maximum bending moments occur.
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(a)

Piles too far apart to stop
slipping mass. Piles stay
where they are, and
failing mass slips through

501l does not fail

(b)

Insufficiently  embedded
pile moves with shpping
mass and ploughs through
the underlying soil.

)

Pile has insufficient yield
moment (}LI;J

Soil does not fail

Figure 71 Potential failure mechanisms in the laterally loaded piles

Source: Kanagasabai (2010)
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Poulos (1995) carried out a number of simplified boundary element analyses
using a computer program, ERCAP (CPI, 1992), to present an approach for design of
slope stabilizing piles by assessing their response to lateral ground movement. He

reported three different failure modes of slope stabilizing piles (Figure 72).

1. Flow mode: when the depth of the slip plane is shallow, the unstable soil

becomes plastic and flows around the stationary pile (Figure 72a).

2. Intermediate mode: when the soil strength in both the unstable and stable

soil is mobilized along the pile length (Figure 72b).

3. Short pile mode: when the slip plane is relatively deep and the length of the
pile in the stable soil is relatively shallow, the unstable sliding soil carries the pile

through the stable soil layer (Figure 72c).
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Three Dimensional Finite Element Analysis

Over the last few decades, the finite element analyses (FEA) have been
increasingly used in the design and analysis of geotechnical systems. FEA can
provide information on stability and displacements over time and, in many situations.
The PLAXIS 3D FOUNDATION software is a reasonably new finite element
program for geotechnical applications in which various soil models can be used to
simulate soil behavior in three dimensions. This program consists of three main parts

which is Model, Calculation and Output mode.

1. Model mode:

In the model mode, the boundary condition, problem geometry and
materials are defined. The geometry is defined by vertical “boreholes” and horizontal
“work planes”. The boreholes are used to define the soil stratigraphy, ground surface
level and pore water pressure distribution. Soil layers and ground surface may be non-
horizontal by using several boreholes at different location. And the work planes are
used to define geometry points, geometry lines, clusters, loads, boundary conditions
and structures. After creating the 2D geometry model in a work plane, the 2D mesh is
first generated. Then, the 3D mesh is created by vertical mesh that connects the work

plane meshes together, with taking account in to the soil profiled.

2. Calculation:

A number of calculation phases can be defined in the calculation mode.
Different load cases and geometries are set to simulate a realistic construction
sequences. For every step, different groundwater conditions can be set, and
construction elements could be activated or deactivated. The calculation mode must
be defined including plastic, consolidation or phi/c reduction. The plastic calculation
is used to analyze the elastic-plastic deformations according to small deformation
theory. The consolidation analysis is used when modeling time dependent behaviours

such as development and dissipation of excess pore pressures and settlement
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calculation when creep deformations are requested. The result is depending on the

choice of material model.

The phi/c reduction is a safety analysis that will calculate the global factor
of safety and is executed by stepwise reduction of the strength parameters of the soil.
This iteration process proceeds until failure occur somewhere in the model. The safety
factor, My, is then calculated by the relation between the input strength parameters
and the stepwise reduced strength parameters when failure occurs, see Equation 22.
Note that phi/c reduction will not reduce the strength parameters of the structural

elements such as plates and anchors.

tan ¢input & Cinput (22)

o tan ¢reduced Creduced
3. Output mode

In the third main part of PLAXIS is the output mode and is used for post
processing of the calculation result. Deformations, strains and pore-pressures are
visualized for every phase of the calculation and for construction elements bending

moments and shear forces can be studied.
Mesh Generation

To perform finite element calculations, the geometry has to be divided into
elements. A composition of finite elements is called a finite element mesh. When the
geometry model is fully defined and material properties have been assigned to all soil
layers and structural objects, it is recommended to first generate a 2D mesh of work
planes. The 2D mesh should be made fully satisfactory before proceeding to the 3D
mesh generation. If the 2D mesh is satisfactory, 3D mesh generation can be
performed. The 3D mesh generation process will take the information from the work

planes at different levels as well as the soil stratigraphy from the boreholes into
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account. The 3D FOUNDATION program allows for a fully automatic generation of

2D and 3D finite element meshes.

Element

The basic soil elements of a 3D finite element mesh are the 15-node wedge
elements, as shown in Figure 73. These elements are generated from the 6-node
triangular elements as generated in a PLAXIS 2D mesh. Due to the presence of non-
horizontal soil layers, some 15-node wedge elements may degenerate to 13-node
pyramid elements or even to 10-node tetrahedral elements. The 15-node wedge
element is composed of 6-node triangles in horizontal direction and 8-node
quadrilaterals in vertical direction. The accuracy of the 15-node wedge element and
the compatible structural elements are comparable with the 6-node triangular element

and compatible structural elements in a 2D PLAXIS analysis.

The soil elements, special types of elements are used to model structural
behavior. For beams, 3-node line elements are used, which are compatible with the 3-
noded sides of a soil element. In addition, 6-node and 8-node plate elements are used
to simulate the behavior of walls and floors. Moreover, 12-node and 16-node interface

elements are used to simulate soil-structure interaction.
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Figure 73 Comparison of 2D and 3D soil element

Source: Brinkgreve and Swolfs (2007)

Volume pile elements

The geometry of the volume piles is defined vertically by specifying two work
planes, between which, the piles should be drawn. The piles are then defined
horizontally by choosing a cross section. There are five different cross section types
available; massive circular pile, circular tube pile, massive square pile, square tube
pile and user-defined pile shape. The tube piles (i.e. hollow piles) are composed of
wall elements and the massive piles are composed of volume elements. The material
properties are subsequently assigned to the piles. All pile types have interface
elements (optional), which are placed at the periphery of the piles. These are
implemented to model the interaction between the piles and the surrounding soil, such

as the shaft resistance.
Modeling of soil behavior
Three major soil models are available in PLAXIS 3D FOUNDATION; Mohr-

Coulomb model (MC), Hardening Soil model (HS) and Soft Soil Creep model (SSC).

The MC model is generally recommended for first analysis of complex geotechnical
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problems or the basic for numerical analysis when soil parameters are not well known

with great certainty. The basic principle of this model is explained below.

The MC model is a linear elastic perfectly plastic model. It is assumed that the
soil resistance increases linearly with displacement, until the failure criterion is
reached. This model describes material behavior as elastic within a certain defined

area and outside of it plastic, as shown in Figure 74.

r Y
¥
F'y
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™

Figure 74 Basic idea of an elastic perfectly plastic model

Source: Brinkgreve and Swolfs (2007)

The model requires five basic input parameters, namely a Young's modulus
(E), a Poisson's ratio (v), a cohesion (c), a friction angle (1), and a dilatancy angle
(w). To understand the five basic model parameters, typical stress-strain curve for
dense sand or over-consolidated clays as obtained from standard drained triaxial test
are compared with the MC model, illustrated in Figure 74. The figure gives an

indication of the meaning and influence of the five basic model parameters.
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Figure 75 Drained triaxial test of dense sand or over-consolidated clay (a) Results

from standard drained triaxial tests and (b) elastic-plastic model

Source: Brinkgreve and Swolfs (2007)

Type of material behavior (Material type)

In principle, all model parameters in PLAXIS are meant to represent the
effective soil response, i.e. the relation between the stresses and strains associated
with the soil skeleton. An important feature of soil is the presence of pore water. Pore
pressures significantly influence the soil response. To enable incorporation of the
water-skeleton interaction in the soil response PLAXIS offers for each soil model a

choice of three types of behavior:

Drained behavior

Using this setting no excess pore pressures are generated. This is clearly the
case for dry soils and also for full drainage due to a high permeability (sands) and/or a
low rate of loading. This option may also be used to simulate long-term soil behavior

without the need to model the precise history of undrained loading and consolidation.
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Undrained behavior

This setting is used for a full development of excess pore pressures. Flow of
pore water can sometimes be neglected due to a low permeability (clays) and/or a
high rate of loading. All clusters that are specified as undrained will indeed behave
undrained, even if the cluster or a part of the cluster is located above the phreatic
level. The input soil parameter can be divided into two ways. The first is by adopting
effective parameters i.e. £, v’, ¢’, ¢". The second is by adopting undrained parameter,

i.e. E,, Vi, ¢y (54), ¢u. The latter option is used for this research.

Non-porous behavior

Using this setting neither initial nor excess pore pressures will be taken into
account in clusters of this type. Applications may be found in the modeling of
concrete or structural behavior. Non-porous behavior is often used in combination
with the linear elastic model. The input of a saturated weight is not relevant for non-

porous materials.

Suvarnabhumi Drainage Canal Project: A Case Study

September 29, 2005, was opening date ceremony for Suvarnabhumi
International Airport. The area surrounding airport locates in the eastern part of the
lower Chao Phraya River basin which is the low lying plain area. Therefore, the
flooding problem often occurs during the rainy season influencing the airport. The
Royal Irrigation Department contacted three education institutions, the Faculty of
Engineering Kasetsart University, the Asia Institute of Technology, and Thammasart
University, to carry out survey and design for drainage canal at the tender design
level. The immediate action plan requires the digging of a new canal from the
Samrong Canal to the sea, the building of pumping stations and the installation of a
telemetry system, as shown in Figure 76. Moreover, a two-lane roadway is

constructed on each of the canal for transportation. Water from the vicinity of the
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airport will be drained to the sea through this new canal, as shown in Figure 77, which

also shows the location of project.

5 .

(c) Pumping station (d) Water bridge

Figure 76 Constructions in the Suvarnabhumi Drainage Canal Project

Suvarnabhumi
Drainage Ganal Project

Gulf of Thailand

Figure 77 Project location
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The project, called as "Suvarnabhumi Drainage Canal Project", located at
Samutprakan province, Thailand (Figure 77).The project is divided into three sections

with different contractors, illustrated in Figure 78:

Section I consists of the digging of drainage canal and the roadway from

0+000 to 5+000 km.

Section II consists of the digging of drainage canal and the roadway from

5+000 to 10+000 km.

Section III consists of the digging of drainage canal, the roadway, pumping

station as well as water bridge from 10.00 to 12+650 km.

Figure 78 Divide of section for construction

Source: Rojkansadarn (2009)



Soil profiles and their properties along the project

Figure 79 shows the subsoil profile as interpreted by Rojkansadarn (2009)
from 50 boreholes close to the project and the position of borehole drilled at the
project. The general soil profile consisted of the deltaic sediment of approximately 12
m to 18 m of soft normally consolidated clay, which is highly compressible clay. This
sediment was underlain by medium stiff clay of thickness 2 to 7 m, followed by stiff

clay and sand.

The properties of soil from the 8 boreholes drilled in the project are shown in
Figure 80. The natural water content approximately close to liquid limit and high
water content is noted in depth range 3 to 8 m (80% to 140 %), followed by lower
water content for deeper layer. The shear strength typically increases with depth, and
the low shear strength is encountered in the depth range of 3 to 8 m, corresponding to

the high natural water content.

Gulf of Thailand
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Figure 79 Soil profiles along the project

Source: Rojkansadarn (2009)
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Figure 80 Physical properties, water content, vane shear strength, and standard

penetration test

Source: Rojkansadarn (2009)

Original Design of DCM columns

The design criterion of this project is given in Table 12. To provide the safety
factor of 1.3 during the construction period and 1.5 during the serviceability, a ground
improvement technique by deep mixing (DCM) method was used for stabilizing soil
foundation. The typical cross-section of canal in each section is presented in Figure 81
and 82. The DCM columns under the roadway (which are called the bearing DCM
columns) were 0.6 m in diameter and were installed in a rectangular pattern at 1.50 X
1.75 m spacing. Seven tangential DCM columns (which are called the tangential
DCM columns) were installed in a row pattern at the canal slope with a spacing of
1.50 m. It is noted that the DCM column row of the Section II and III is designed to

be 1.0 m from the canal edge.
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The construction plan was divided into four stages: first the DCM columns
were installed; second, the roadway with a height of 1.2 m was constructed using silty
sand fill material; third, the canal was constructed with a depth of 3.0 m; finally, the

roadway was built to a full height of 2.4 m.

Table 12 Design criterion for Suvarnabhumi Drainage Canal project

Criteria Construction period Service period
Live Load 20 kPa 10 kPa
Factor of Safety 1.30 1.50
Allowable Settlement of Roadway <0.30 m. in 20 years
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Figure 81 Typical cross-section of canal at Section I

Source: Rojkansadarn (2009)
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Figure 82 Typical cross-section of canal at Section II and III
Source: Rojkansadarn (2009)
Installation of DCM columns

Four techniques of DCM installation were proposed in this project namely:
low pressure mechanical mixing (Section I), jet grouting and modified dry mixing
(Section II) and high pressure mechanical mixing (Section III). The required
compressive strength of DCM pile is 600 and 1000 kN/m? for bearing DM columns
and row DM columns, respectively. To reach the required compressive strength, 220
kg/m’ of cement is used. Because the low strength and non-homogeneous of columns
from traditional dry mixing method occurred during a field trial, the modified dry
mixing method was employed. The principles of the system are shown in Figure 83.
The dry binder is fed pneumatically during installation. At the same time, water is

added through separate injection ports on the mixing tool.
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Figure 83 Principles of modified dry mixing method
Source: Eriksson et al. (2005)
Field strength and elastic modulus of DCM column

Rojkansadarn (2009) collected the strength and elastic modulus data of DCM
columns obtained from field specimens and performed statistical analysis. Table 13
presented the average undrained shear strength in each mixing method. The average
undrained shear strength was found to ranges from632to 1047kN/m”. The highest
average undrained shear strength is encountered in the modified dry mixing method.
He concluded that the mixing method and natural water content significantly affect on
the undrained shear strength of DCM columns. As for average elastic modulus (at
50% of q,), which shown in the Table 14, it varies between 229,790 and 314,010
kN/m?”. The modified dry mixing method gives the highest value of average elastic
modulus. He also evaluated the correlation between elastic modulus and undrained
shear strength, as given in Table 15 based on the Coefficient of Determination (r%)

more than 0.40.



Table 13 Variation of undrained shear strength of DM columns by different methods
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Section Method N Undrained Shear Strength, (kN/m?)
Max Min Mean SD
1 Low Pressure 524 1470.00 270.00 630.22 23.79
2 Low Pressure 463 1680.00 310.00 760.74 27.19
2 Jet Grouting 226 2090.00 310.00 870.58 44.55
2 Modified Dry 116 2290.00 180.00 1040.73 32.82
Mixing
3 High Pressure 492 1470.00 130.00 710.95 25.35
Source: Rojkansadarn (2009)
Table 14 Variation of elastic modulus of DCM columns by different methods
Section Method N Modulus of Elasticity, (kN/m?)
Max Min Mean SD
1 Low Pressure 564 1957550 29260 229790 14905
2 Low Pressure 463 782040 60940 262110 10860
2 Jet Grouting 226 753000 85710 302090 15312
2 Modified Dry 131 956660 100000 314010 12931
Mixing
3 High Pressure 547 1451000 25830 161940 14771

Source: Rojkansadarn (2009)
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Table 15 Correlation between elastic modulus and undrained shear strength of DCM

column (r*>0.4)

Method Correlation r N
Low Pressure Es0 =319 S, 0.613 1974
Jet Grouting Eso =320 S, 0.419 452
Modified Dry Mixing Eso =281 S, 0.734 232

Source: Rojkansadarn (2009)



stabilized slope with DCM columns, a systematic procedure was followed in Figure

84.

METHODOLOGY
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Site investigation

Field and laboratory testing results close to the field trial tests were collected
to investigate the geotechnical properties of soils and provide input soil parameter for
finite element analysis. The field testing data include standard penetration tests (SPT)
and field vane shear test. The laboratory testing data consists of that standard

classification and tests involved in determining the engineering properties of soils.

Field trials during the construction

The field trial tests at the Section I and II selected as a case study in this
research. The field data were interpreted on the lateral movement and excess pore
water pressures. From the lateral movement measurements, field value of soil
stiffness was evaluated. The geotechnical problems and solutions encountered during

the construction were also reported.

Laboratory tests

Extensive laboratory tests related to the field behaviour were carried out to
characterize the undrained strength and deformation behavior of soft clay. The test
results were then used for numerical analysis. The testing program consists of
undrained triaxial test under compression, extension and creep test. The notation and
details of all tests are summarized in Table 16 and 17, respectively. The result from
laboratory tests was compared with the previous researches on Bangkok clay and

other clays.



Table 16 Description for triaxial test notations
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Notations Descriptions No. of test
CIU Isotropically consolidated undrained 3
triaxial compression test
CAU Anisotropically consolidated undrained 3
triaxial compression test
CIUEy Isotropically consolidated undrained 3
triaxial extension test (unloading)
CIuC Isotropically consolidated undrained 3
triaxial creep test
CAUC Anisotropically consolidated undrained 3
triaxial creep test
Table 17 Summary of undrained triaxial tests
Test series Depth (m) Ko b o
kPa kPa
CIU-I 50.00 50.00
CIU-II 3.0 1 80.00 80.00
CIU-1II 100.00 100.00
CAU-I 37.5 62.5
CAU-II 3.0-4.0 0.6 75 125
CAU-III 100.00 166.67
CIUE-I 50.00 50.00
CIUE -1I 3.0-4.0 1 80.00 80.00
CIUE -111 100.00 100.00
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Table 17 (Continued)

Test series Depth (m) Stress level c'3 o’y
CIUC-I 50%

CIUC-II 3.0-4.0 70% 50.00 50.00
CIUC-III 85%

CAUC-1I 50%

CAUC-II 3.0-4.0 70% 50.00 50.00
CAUC-III 85%

Numerical analysis

The field trial test was reproduced by three-dimensional finite element method
to improve understanding of stabilized slope and roadway with DCM columns. To
ensure reasonableness of the results, the back-analysis of soil stiffness with measured

field lateral movements was performed.

To effectively establish a guideline for design, the influential factors on
stability of slope and DCM column behaviours are needed to be understood. Three-
dimensional shear strength reduction finite element method was used for analyses.
The stabilized slope with one row of DCM column was firstly desirable to study prior
to multi-rows of DCM columns. The behaviour of DCM column was interpreted in

term of displacement, shear force and bending moment.

Suggested guideline for design and construction of DCM column on excavated

slope and roadway

Based on the result from field trial tests, laboratory tests, and numerical
analyses, design and construction guideline were established. The guideline included
laboratory tests, field tests, and stability analysis, construction techniques and

remedial work.
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RESULTS AND DISCUSSION

Field Trial Tests

Prior to the actual construction, the field trial tests were performed to verify
the design assumption and construction process. The first field trial tests were
conducted according to the initial design of DCM columns. The failures occurred
after the end of construction. The additional DCM columns were considered as
remedial solution. The second field trial tests were carried out again with lateral

movement and pore water pressure measurements.

Integrity of DCM column

1. Tangential DCM columns

DCM column located in the canal slope is designed to resist lateral force by
its flexural resistance. Due to low flexural resistance of a single DCM column,
tangential DCM columns were used. To confirm the design assumption, the
construction of tangential DCM column needs to be perfectly contacted to each other.
Figure 85 provides an illustrative comparison between two cases of the constructed
tangential DCM columns by jet grouting method. It can be seen from Figure 85a that
the contacts of tangential DCM columns are relatively well. However, on some of
tangential DCM columns is not good quality; there are small gaps in between. Figure
85b shows the worse condition of constructed tangential DCM column. The tangential
DCM column is not well in alignment and contact. Moreover, the overlapping column
leading to reduce in improvement area can be observed. In construction, the
constructed tangential DCM column in Figure 85a can be considered as a satisfactory
condition. While constructed tangential DCM column on Figure 85b leads to the

weakness on flexural resistance.
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Figure 85 Integrity of DCM column row

2. Pull out test

Pullout test was also conducted to extract the whole column for visual
inspection, including homogeneity of material and DCM column size. The procedure
of pullout test and inspection of DCM column are presented in Figure 86. An 80 cm
steel casing with flap door at the bottom was then lowered to enclose the DCM
column until the tip of casing was approximate 1 m below the DCM column tip. A
vibro-hammer was employed to ease the driving of casing. The flap door was closed
at the bottom of the casing to capture the DCM column, and the casing was then
pulled out from the ground. The DCM column in the casing was pulled out, and the
covering soil of the DCM column was removed. The recovered DCM column was cut
into several sections and split apart for investigating homogeneity and size. If the
recovered DCM column has a perimeter smaller than 15% or larger than 20% of
designed perimeter, then the construction process of DCM column is adjusted (i.e.

mixing time, binder, injection energy, etc.)



Figure 86 Procedure of pullout test and inspection of DCM column

First field trial tests

1. Construction of field trials

The cross-section of canal of the first field trial at the Section I and II is
shown in Figure 87 and 88.The DCM columns under the roadway (which are called
the bearing DCM columns) were 0.6 m in diameter, and were installed in a
rectangular pattern at 1.50 X 1.75 m spacing. Seven tangential DCM columns (which
are called the tangential DCM column) were installed in a row pattern at the canal
slope with a spacing of 1.50 m. For the Section II (Figure 88), the tangential DCM
column was installed 1.0 m from the canal edge. Low pressure mechanical and jet
grouting methods are used for construction of DCM columns at the field trial Section

I and II, respectively.
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The construction stages were performed as follows. First, the DCM columns
were installed according to designed configuration. Next, the roadway was built to
+1.2 m high equal to one half of the final elevation. Then, the canal was excavated to
a depth of -3.0 m with 1:3.5 slope. The final stage was roadway construction to the

final elevation at +2.4 m. There were no measurement devices installed at this stage.
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Figure 87 Cross-section of canal at the Section I
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Figure 88 Cross-section of canal at Section II

2. Field trial test at the Section |

The failure occurred when the excavation reached to 3.0 m deep, as shown
in Figure 89. The scarp of failure extended approximately 5.0 m to the top of canal,
throughout the berm area where no DCM column. Based on geometry of failure, the
settlement of berm area approximate 0.6 m was observed. The head of tangential
DCM columns tilted toward the canal side approximately 1.0 m from its original
position while the base of canal heaved up. It indicates that the tangential DCM

columns cannot resist the active force.
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Figure 89 Failure of canal at the Section I for the first field trial

3. Field trial test at the Section 11

117

The failure also occurred in this field trial test, as shown in Figure 90. The

separate and move toward the canal side, as shown in Figure 91.

Bearing DCM ol -

Soif OVerm ey,

Berm area
(Without DCM columns)

(a) Canal failure (b) Soil movement

Figure 90 Failure of canal at the Section II for the first field trial

failure mode was similar to the field trial test at Section I. After the failure, the

geometry of tangential DCM column was investigated. The DCM columns in row

Canal bottom
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(a) Excavation of surrounding soil (b) Separation of DCM columns

Figure 91 Failure of tangential DCM columns

Buathong et al. (2010) undertook Two-Dimensional Finite Element Method
(2D-FEM) of the field trial test at Section II. Figure 92 shows the potential failure
surface at the end of excavation. The potential failure surface was close to the top of
tangential DCM columns, and extended to the top of canal. It can be seen that the

potential failure surface from the FEM coincided with the field failure behavior.

T

Soft clay
- ‘.-E:ﬂfri aled poteinticl

Mﬁm Bearimg ICM Saifure surface 10.0m
'“iﬁ.ﬂ i Tamgential INCM columns TEXIRN
SHft clay

— | 22.0m

Figure 92 Potential failure surface at the end of excavation

Source: Modified from Buathong ef al. 2011



4. Possible failure mode of canal and tangential DCM columns

Based on the observed geometry of failure and FEM result, the possible
failure mode was illustrated in Figure 93. The scrap of failure extends to the top of
canal throughout the berm area, where no DCM column. The tangential DCM
columns are considered to fail by bending. The plastic hinge where maximum
bending moment exceeds moment capacity of DCM column is expected to develop at
the upper portion of tangential DCM columns. This is because the potential failure

surface obtained from the FEM was close to the upper portion of DCM columns.

Berm area settled +1.20m
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I\
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-~ VA

Possible failure surface

Plastic hinge

Figure 93 Possible mode of canal failure

Remedial solution

After the first failure cases, several remedial solutions were proposed by the
contractors. However, the additional DCM columns were generally used for the
solution. There were two positions of additional DCM column (i.e. Group I and II)
were considered for the remedial solution, as shown in Figure 94. The berm area was
considered as a primary area for additional DCM columns to reduce the active force
on the tangential DCM column and also support the future roadway widening. Due to
relative low soil strength in some area, the extra additional DCM columns were
required to increase passive force. The guideline for selection of additional DCM
column position was proposed by consultant of the project based on in-situ soil

strength, as described below.
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1. If the shear strength of in-situ soil is higher than 7 kPa, defined as "normal

soft clay", only Group-I of additional DCM columns was installed.

2. If the shear strength of in-situ soil is lower than 7 kPa, defined as “very soft
clay”, the Group-I and II of additional DCM columns were installed.

L 1LEKEm I
+2.40 m

i HLMm
0Kl m m\ y 24 m -

-3.00 m
r

0

Figure 94 Typical cross-section of DCM columns for the remedial solution

Not only the additional DCM columns were used to increase the stability of
canal, but also the lateral movement were closely controlled and kept within
allowable values. Operation of heavy machines is recommended to move in the canal
rather than on the canal bank. The lateral movement during the various stages of
construction was also monitored by a series of inclinometers. In addition, piezometer
was installed as part of research to measure the change of pore water pressure during

the excavation.

Second field trials tests at Section |

1. Location of field trial and configuration of DCM columns

Two locations at the Section I were selected to perform the field trial test,
as shown in Figure 95. The first location was constructed on the natural canal
crossing, named as F1-1. The shear strength of soil was found to be lower than 7 kPa
(i.e. very soft clay condition); therefore, the additional DCM columns at the canal
slope and berm area were installed, as shown in Figure 96. Three additional DCM

columns with a length of 15 m were installed at the berm area, and four DCM
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columns with a length of 8 m were placed at the canal slope in front of the tangential
DCM column. The second location was built on the natural ground where the shear
strength of soil was higher than 7 kPa (i.e. normal soft clay condition). Thus, the
additional DCM columns with a length of 15 m at berm area were installed, as shown

in Figure 97.
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Figure 95 Location of field trials at the Section I
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Figure 96 Cross-section of canal at the field trial test F1-1
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Figure 97 Cross-section of canal at the field trial test F1-2

2. Instrumentation

The lateral movement during the various stages of constructions were
monitored by a series of inclinometers installed prior to the excavation works. The
layout of inclinometers is shown in Figure 96 and 97. For the field trial F1-1, the
variation of pore water pressure throughout the construction was monitored by
piezometer (KU type) installed as part of research. The pore water pressure data were

recorded every 30 minute.
3. Field trial test F1-1

The lateral movement profiles with depths measured from the inclinometers
at the end of excavation are shown in Figure 98. The lateral movement of the
inclinometer I-1 moved backward to the canal slope due to the effect of machine
operation. The data obtained from inclinometer I-2 and I-3 indicated that the

maximum lateral movement was 13.85 mm.
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Figure 98 Lateral movement profiles at the field trial F1-1

After the end of excavation following the rainfall, longitudinal surface cracks
were observed on the top of roadway, as shown in Figure 99. Moreover, the lateral
movement indicated continuous increase with time. The cracking is considered to
have an effect on the abrupt change of lateral movement. To prevent progressive
failure, the soil was filled back at the slope toe. Based on the lateral movement

profiles, the potential failure surfaces can be interpreted as shown in Figure 98.

Figure 99 Longitudinal surface cracks at the field trial F1-1



The variations of pore water pressure (i.e. hydrostatic plus excess pore water
pressure) at the depth of 6 m throughout the excavation are shown in Figure 100. The
pore water pressure before the excavation is higher than the hydrostatic pore water
pressure. This excess pore water pressure may be generated during the installation
process of DCM column (Phanumart ef al., 2007) and first stage of roadway
construction. As the excavation commenced, the pore water pressure reduced as a
result of stress relief. It found that the pore water pressure indicated rapid reduction
which coincided with the significant increase of lateral movement. It is considered
that the increase of pore water pressure is associated with the shear stress developed

in the vicinity of piezometer.

Excavation period Cracks developed

e}
(=}
TTTTTTT T TTTT

Excess pore water pressure

Pore water pressure (kPa)

Hydrostatic pore water pressure

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Time (day)

Figure 100 Variation of pore water pressure during the excavation of F1-1

4. Field trial test F1-2

The canal and roadway were successfully constructed at this field trial test.
However, the failure occurred after the completion of roadway construction at about
10 days. Figure 101 shows the lateral movement profiles with depths during and post
construction. The inclinometer data revealed that the maximum lateral movement
after the end of excavation was 5.33 mm, less than the field trial test F1-1. As the
roadway had reached to the finial elevation, the maximum lateral movement was

41.46 mm.

124



125

Lateral movement (mm) Lateral movement (mm) Lateral movement (mm)
80 60 40 20 0 -20-40-60-80-100 80 60 40 20 0 -20 80 60 40 20 0 -20
i 4 e 4 e e
Excavation L Excavation
1 R«
Aﬁerfallure sk 5L Roadway 5L oadway ~
Excavation /sl i e —
' _4+- T
I Roadway _A—=""0} gl b 0
R _ - pirSavTii |

— o B

IF 2k 3\1 )

airiiie e Translated Mass k

- 4F 4
! E E L
st e | =]
5 5 |

T — a
Sk RE =
Shear zone
10 F Wil /10

Possible failure surface

14 F 14 F 14

-16 -16 -16

Inclinometer, I-1 Inclinometer, 1-2 Inclinometer 1-3

Figure 101 Lateral movement profiles at the field trial F1-2

The lateral movements indicated continuous to increase with time until
eventual failure, as shown in Figure 102. The scrap of failure was extended
throughout the berm area while the base of canal heaved. The tangential and
additional DCM columns also tilted toward the canal. The failure behavior is similar
to that found in the first field trial tests. Based on the lateral movement profiles, the
potential failure surfaces are illustrated in Figure 101. The translation soil mass
dominated down to 7.5 m deep. The lateral movement obtained from the inclinometer
I-1 clearly indicates that development of shear zone occurs at the depth from 5.0 m to

9.0 m.

16:.12:20PM

Figure 102 Failure of field trial test F1-2



The increase of lateral movements with time is resulted by the coupling
process of swelling and undrained creep. Figure 103 plots the lateral movement with
time at the 3.0 m deep after the end of roadway construction. The lateral movement
behavior is similar to that of undrained creep behavior (Snead, 1970; Arulanandan et
al., 1971), which is divided into three stages (i.e. primary, secondary and tertiary
stages). It can be seen from the inclinometer I-1 that the rate of lateral movement in
secondary stage is constant prior to reach the failure condition. Therefore, the

remedial measures should be applied in the secondary region to prevent the failure.

70 [
L Primary Secondary, Tertiary
60 A
g -
g 50 F
g f
Gé 40 | —
(] 5 N
: LA =R g 14
g 30 A
= .  ——®
s Lo
8 20
< —0— I-1
— —— 12
10 —0— 13
0 ! ! 1 ! 1 ! 0
0 2 4 6 8 10 12

Time (day)

Figure 103 Lateral movement at depth of 3 m after the end of construction

Second field trials test at Section 11

1. Additional remedial solution

The field trial tests at the Section I indicated that the lateral movement

increased with time after the end of construction leading to eventual failure condition.

Toe berm and canal water were considered to provide additional resistance force. The

toe berm has a width of 6.0 m and a height of 1.0 m. The water at least 1.0 m was
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filled at the canal bottom. The purpose of this field trial test is to assess the

performance of the toe berm and canal water.

2. Cross-section of canal and layout of instrumentation

Figure 104 shows the cross-section of canal and layout of instrumentation.
The additional DCM columns with a length of 15.0 m were installed only at the berm
area. The lateral movements were closely monitored by a series of inclinometers. The
change of pore water pressure was monitored by piezometers installed at various

depths. The interpretation of instrumentation was emphasized at the excavation stage.
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Figure 104 Configuration of DM columns at the Section II
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3. Lateral movement

During the excavation, the fine longitudinal surface cracks were observed
at the top of canal approximately 1.0 cm to 2.0 cm width. The lateral movement
profiles with depths measured from the inclinometers during the excavation are
shown in Figure 105. The inclinometer I-1 indicated partial disturbance from the
machine operation in the early stage of excavation, similar to the previous field trial
tests. The data from inclinometers reveal that the maximum lateral movement was
20.2 mm, greater than the field trial at Section I. The lateral movements show the
increase with time after the end of excavation. However, it is approach a constant due

to effect of toe berm and canal water.
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Figure 105 Lateral movement profiles of field trial at Section II

Figure 106 shows the lateral movements at 3.0 m depth after the end of
excavation. The rate of increase in lateral movements is significant in the early stage
of toe berm construction. The reduction in the rate of lateral movement is coincident
with the time that the toe berm is completely constructed, and the canal water is
started to apply. This indicates that the toe berm and canal water are effective to
remedy the lateral movement after the end of excavation. Unfortunately, the lateral

movements during the roadway construction were not monitored.
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Figure 106 Lateral movements after the end of excavation at 3.0 m depth

4. Pore water pressure

Figure 107 shows the variation of pore water pressures (i.e. hydrostatic
plus excess pore water pressure) at the depth of 4.5 m, 6.5 m and 8.5 m during the
canal and roadway construction. It is noted that the initial pore water pressures prior
to the excavation were higher than the hydrostatic pore water pressures, as found at
the field trial F1-1. As the excavation commenced, the pore water pressures reduced
as a result of stress relief. The piezometer P-1, located at the canal slope, indicated the
fluctuation of pore water pressure during construction of the toe berm and canal
water. While the Piezometer P-2 and P-3 continued to decrease at a relatively steady
rate. This is coincident with the reduction rate of increase in lateral movement. The
piezometer P-3, located on the top of canal, shows obviously increase in pore water
pressure during the roadway construction. The increase of pore water pressure is then

stable as the roadway reached to its final level. The pore water pressure of piezometer
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P-1 and P-2 show slightly increase of pore water pressure in the early stage of

roadway construction.
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Figure 107 Variation of pore water pressure during the construction of field trial at

Section 11
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Numerical Back-Analysis of Field Trial Test

The input soil parameters are primary factor that affects the reliability of the
results. Several approaches are available for determining soil parameters. For
simplicity, soil parameters can be indentified on the basic of laboratory tests.
However, using these parameters from the laboratory tests may not always give
results that are representative to the actual field behavior. Sometimes, the soil
parameters from the literature and empirical values can be used. Generally, this
method can be considered as imprecise. For these reason, soil engineers often perform
the full scale test in the field or proceed the back-analysis using measured data (such
as lateral movement, etc.). The numerical back-analysis is an approach that widely
used in geotechnical engineering to estimate the soil parameters, because it is

economical as compared with the full scale test.

This section examined the soil stiffness for a stabilized canal and roadway
with Deep Cement Mixing (DCM) columns. The measured lateral movements at the
field trial test F1-1 were used to back-analyze soil stiffness. Mohr-Coulomb (MC) and
Hardening Soil (HS) model, as implemented in finite element software PLAXIS 3D

Foundation, were employed in this study.

Soil and DCM properties

Figure 108 shows soil characteristics and DCM properties with the depths.
The soil profiles consist of four layers as follows: 5.5 m of soft clay 1; 9.5 m of soft
clay 2; 4.2 m of medium clay; and 1.6 m of stiff clay. The natural water content (W)
of soft clay is approximately close to liquid limit (LL). The undrained shear strength
(Sy) obtained from field vane shear (FVS) test typically increases with depth.

The unconfined compressive strength (q,) of Deep Cement Mixing (DCM)
column obtained from the field specimens ranged from 1,000 kPa to 2,600 kPa. While
the undrained elastic modulus (E,) ranged from 200,000 kPa to 900,000 kPa,
indicating empirical E, = 200q, to 350q,.
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Finite element modeling

The stabilized canal and roadway with DCM columns is truly three-
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dimensional as each column is not continuous in the out-of-plane direction. Therefore,

three-dimensional finite element software, PLAXIS 3D FOUNDATION V2.2, was

adopted. The total stress analysis was used in corresponding with rate of construction.

shown in Figure 109. The 3D-FEM mesh has a size of 4.5 m wide x 80 m long x 20.8

m deep. The boundary conditions are; restrained horizontal displacement and free

vertical displacement on the side of boundaries. Both horizontal and vertical

displacements are also restrained at the bottom of boundary.

The field trial test of F1-1was reproduced by finite element modeling, which is
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Figure 109 Finite element mesh for numerical back-analysis of field trial F1-1

Construction stages that were used in the numerical analysis correspond to

those in the actual construction as follows:
1. Generation of initial stresses according to Jaky's formula (Ko = 1-sin¢");

2. Activation of DCM columns;

A7 TRTR7
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3. Construction of Roadway of 1.2 m (half of final level);

+1.2m

Gl 7RI

I

4. Excavation of 1.5 m deep and installation of inclinometers;

=

Q® 9

P77,

5. Excavation of 3.0 m deep
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Constitutive model and parameters

The behaviour of DCM columns and roadway were usually simulated by using
Mohr-Coulomb (MC) model, linear elastic-perfectly plastic model (Han et al., 2007,
Huang and Han, 2009; Huang and Han, 2010; Abusharar ef al., 2009). An unconfined
compressive strength q, of 1,000 kN/m” and an undrained elastic modulus E, of
225,000 kN/m? indicating the empirical relation E, = 225q, were used in the analyses
(Figure 108). Terashi et al. (1980) conducted a series of flexural strength tests on
Kawasaki clay stabilized either by quicklime or Portland cement. They found that the
flexural strength was around 0.1 to 0.6 of unconfined compressive strength. For soft
Bangkok clay, the flexural strength of soft Bangkok clay was 0.16 of unconfined
compressive strength (Jamswang et al., 2010). To indicate the failure criteria of the
DCM columns due to the bending mode, the flexural strength of 0.16qu was applied.

The DCM column and roadway parameters used in analysis are shown in Table 18.

Table 18 DCM columns and roadway parameters for numerical back-analysis

Material ~ Material Y Vu E' ¢ ¢’ o}
behaviour (kN/m?) (kPa) (kPa) (°) (kPa)

DCM Undrained 15 033 E,=225000 S,=500 0 0.16q,
Roadway  Drained 20 0.33 7,500 8 29

Two constitutive models of soil, Mohr-Coulomb (MC) model and Hardening
Soil (HS) model, were selected to evaluate the performance of model. The MC model
is considered the most widely used model among practicing engineers. Many
researchers have used this model to simulate the behavior of soft clay as a first-order
approximation of real soil behavior (Hossain et al., 2006; Huang ef al., 2006;
Madhyannapu et al., 2006; Han et al. 2005, Chen et al., 2006). This model is assumed
that the soil resistance increases linearly with displacement, until the failure criterion
is reached. The stiffness is estimated to be constant. In this model, the undrained

Poisson's ratio (v,) of soils is assumed to be 0.495. The cohesion intercept is equal to
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undrained shear strength, i.e. ¢ = S,, and friction angle is equal to 0. The undrained

shear strength from the field vane shear test (Figure 108) is adopted for the analysis.

The HS model is an advanced hyperbolic soil model formulated in the
framework of hardening plasticity. The main difference with the MC model is
stiftness approach. The HS model utilizes four basic stiffness parameters: the secant
stiffness in standard drained triaxial tests (Erefso), the tangential stiffness for primary
oedometer loading (E™'sq), the unloading and reloading stiffness (E*;). The strength
parameters of very soft clay and soft clay were obtained from a series of undrained
triaxial test performed. The medium stiff clay and stiff clay were selected from the

previous analyses on Bangkok clay.
Back-analysis results

In back-analysis, the stiffness of soils was adjusted so that the measured lateral
movements were matched by the analyzed lateral movement. Initially the typical
values of the soil stiffness were used. Then, a trial-and-error procedure was employed
to obtain the best fit between the field measurements and the finite element simulation
results. Figure 110 shows the analysis results that used the Mohr-Coulomb (MC) and
Hardening Soil (HS) model. The final set of soil parameters used in the HS model is
shown in Table 19. The value of E™'s5, = E™f .4 was 3000, 15000, 30000 and 60000 for
very soft, soft, medium stiff and stiff clay, respectively. The ratio of E™'/ E™so =3
for all soils. At the location of inclinometer I-2, the lateral movement analyzed from
the HS model is generally close to the measured lateral movement but larger than the
field measurement for a depth below 4.0 m from the ground surface. While the
analyzed lateral movement at the location of inclinometer I-3 is quite close to the

measured lateral movement at a depth below 8.0 m.
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Figure 110 Comparison between FEM results and field measurement data after

excavation completed

Table 20 presents the final set of soil parameters used in the MC model. The
values of E,/S, =300, 600, 1000 and 1000 for very soft, soft, medium stiff, and stiff
clay, respectively. The back-analyzed values of E,/S, are in good agreement with the
empirical correlation proposed by Duncan and Buchigani (1976) based on PI and
OCR. It can be seen that the analyses of lateral movement using the adjustment of soil
stiffness are generally good agreement with the HS model. As long as the maximum

lateral movement is concerned, the use of MC model seems to give a reasonable

lateral movement with the field measurement.

The investigation of model performance revealed that rather than using
complex model (HS model), a simple model (MC model) with carefully selected soil
stiffness produced reasonable prediction of lateral movements for the investigated
case. However, the use of MC model may not be sufficient for complex geotechnical

problems due to its limitation (i.e. constant stiffness). For this reason, the HS model

was selected for further studies in this paper.



Table 19 Final set HS model Parameters used for numerical back-analysis
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Materials Very soft clay Soft clay Medium clay Stiff clay
Depth (m) 0.0-5.5 5.5-15.0 15.0-19.2 19.2-20.8
Model HS HS HS HS
Material Undrained Undrained Undrained Undrained
behavior
E"™'S, (kPa) 3,000 15,000 30,000 60,000
E™ .q (kPa) 3,000 15,000 30,000 60,000
E*', (kPa) 9,000 45,000 90,000 180,000
y (kN/m?) 14 15 17 19
L' 0.33 0.33 0.33 0.33
m 1 1 1 1
c' (kPa) 0 0 10 30
$(°) 26.5 26.5 25.0 26.0

Note HS = Hardening Soil

E™, = Secant stiffness in standard drained triaxial test

ref _
E oed —
ref _
E u

m

'

L

Unloading/reloading stiffness

Effective Poisson's ratio

Tangent stiffness for primary oedometer loading

Power for stress-level dependency of stiffness
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Table 20 Final set of MC model parameters used for numerical back-analysis

Materials Very soft clay Soft Clay Medium stiff Stiff Clay

Clay
Depth (m) 0.0-5.5 5.5-15.0 15.0-19.2 19.2-20.8
Model MC MC MC MC
Material Undrained Undrained Undrained Undrained
behaviour
E.(kPa) 300S, 600S, 1000S, 1000S,
y (KN/m’) 15.5 15.5 17 18
Vu 0.495 0.495 0.495 0.495
6 () - : - :
Su (kPa) 5 -] 27" 132.5
Note MCM = Mohr-Coulomb model

DCM = Deep Cement Mixing

Su = Undrained shear strength

E. = Undrained elastic modulus

Vu = Undrained Poisson's ratio

* = Strength increase with depth according to Figure 108

Multi-stage behaviours

For this field trial, there are no detailed field measurements of lateral
movement and pore water pressure after the excavation completed. Therefore, the
finite element analysis with the HS model was performed in order to examine the
behaviours. The cases analyzed correspond to the actual construction and service
period as follows: 1) Construction of second stage of roadway with a height of 1.2 m,
2) Filling water in the canal with a height of 3.0 m, 3) Performing of consolidation

process 1 year and 4) Lowering of water in the canal to represent dry season. Figure
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111 shows the location of lateral movement and pore water pressure that were

investigated.

Lowering water
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Figure 111 Location of investigated lateral movement and pore water pressure

Figure 112 illustrated the variation of excess pore water pressure throughout
the construction. As expected, the excess pore water pressure at the point A increased
during the first stage of roadway construction. The increase in the excess pore water
pressure also was observed at the point C and E. This is probably due to the result of
load transfer from roadway to DCM columns. As the excavation commenced, the
excess pore water pressures on the excavation side (point B, C, D and F) reduced to
the negative values, as a result of stress relief. The point A showed a small decrease of
excess pore water pressure. At the second stage of roadway construction, the point A
indicated significantly increase in the excess pore water pressure. While the other
points slightly changed in excess pore water pressure. The water was assumed to fill
immediately after the roadway construction complete. It can be seen on the
excavation side at point B, C, D and E that the negative pore water pressures
decreased, and tended to reach equilibrium condition due to the effect of water in the
canal. It is noted that the positive excess pore water pressure was developed at the
point E after the filling of water in canal. This means that the soil element is

compressed due to the load from the water.
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Figure 113 illustrates the dissipation of excess pore water pressure after the
filling of water. Generally the dissipation of excess pore water pressures was
completed approximately 120 days. However, the negative excess pore water pressure
at point B and D still remained. The rapid drawdown during dry season was carried
out by lowering of water in the canal immediately (i.e. undrained condition). There
was no change of pore water after the lowering of water in the canal from 3.0 m to 1.0
m. However, the analysis result revealed that the instability of canal is shown when

the water in the canal reduced from 3.0 m to 2.0 m.
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Figure 112 Excess pore water pressure throughout the construction
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Figure 113 Dissipation of excess pore water pressure after the end of filling water



Figure 114 shows the development of excess pore water along the canal and

roadway. It is clear that the negative excess pore water pressures were generally

generated at the canal side as a result of vertical stress relief. While the positive
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excess water pore pressures were commonly developed under the roadway. The filling

of water in the canal led to the reduction of negative excess pore water pressure at the

canal side. After the consolidation process of 1 year, the excess pore water was nearly

close to zero. The slight negative excess pore water pressures were observed at the

canal slope.
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Figure 114 Shading contours of excess pore water pressures

Figure 115 shows the lateral movements after the end of roadway

construction. The maximum lateral movements of inclinometer I-2 and I-3 at the end

of roadway construction was 36.59 mm and 42.38 mm, respectively. It was also found

that the large lateral movement occurred at the outside slope of roadway instead of the

canal side, as shown in Figure 116. The DCM column at the outside slope of roadway

also indicated the tension failure from bending mode. This behaviour coincides with

the analysis of Navin (2005). He recommended using the shear wall pattern of DCM

columns at the side slope of roadway to improve bending strength of column. After

the filling water in the canal completed, the decreased of lateral movement was
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shown. This is because the lateral pressure from the water in the canal compressed the
soil element in concurrence with the relief of negative pore water pressure. The lateral
movements continued to decrease due to the relief of negative and positive excess
pore water pressure from consolidation process. When the water in the canal reduced
from 3.0 to 2.0 m high, the lateral movement showed slight increase. The analysis
result indicated that the failure of canal occurred as the water in the canal sudden

reduced from 2.0 to 3.0 m high.
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Figure 115 Predicted lateral movement at different stage of construction
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Figure 116 Contour shading of lateral movement and failure of DCM columns at the

end of roadway construction
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Numerical Analysis of a Stabilized Slope with One Row of DCM Columns:

Parametric Analysis

Although, a number of success application of slope stabilization by mean of
DCM column have been reported in the literature, in general there is a lack of clear
knowledge of the exact behaviour and potential failure mechanisms of these columns.
Current deign approaches of DCM columns are generally aimed at the stability of
slope. Moreover, the stability analysis is still empirical in term of the composite
strength and stiffness of the treated area. To develop an effective guideline for design,
the behaviour and potential failure mechanisms of DCM columns should be studied in

conjunction with the stability analysis.

Prior to study stability of a stabilized slope with multi-row of DCM columns,
it is desired to examine stability of a stabilized slope with one row of columns. Three-
dimensional shear strength reduction finite element method was adopted to solve the
Factor of Safety (FS) value of stabilized slope. The behaviours of DCM columns at
the slope failure were investigated. The parametric analysis was performed in order to
clearly understand the influence of parameters on the stability of stabilized slope. The

parameters examined are: location, embedded length and spacing of DCM columns.

Finite element modeling

Figure 117 shows the finite element mesh used in the parametric analysis. The
excavated slope of 3.0 m deep with the grade of 1:3.5 (V:H) was used in analysis. The
three-dimension mesh has a size of 4.5 m wide x 60 m long x 20.8 m deep. The soil
profiles was similar to use in the numerical back-analysis. The boundary conditions
are; restrained horizontal displacement and free vertical displacement on the side of
boundaries. Both horizontal and vertical displacements are also restrained at the
bottom of boundary. The DCM column of 0.6 m in a diameter, 1.5 m in a spacing

(S/D =2.5) was used as a basic configuration in the model.
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Figure 117 Finite element mesh for stabilized slope with one row of DCM columns

Constitutive model and parameters

The result from the numerical back-analysis in the previous section indicated
that the Mohr-Coulomb (MC) model was reasonable to simulate the behavior of
stabilized slope with DCM columns. Therefore, the in-situ soils were modeled as MC
model. While a linear elastic material model is used for the DCM column in order to
examine the ultimate resistance of column at the slope failure. This analysis applied
the same set of parameters as numerical back-analysis. Table 21 shows the complete

list of input parameters.
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Table 21 List of parameters used in stabilized slope with one row of DCM columns

Materials Very soft Soft Clay Medium Stiff Clay DCM

clay stiff Clay column
Depth (m) 0.0-5.5 5.5-15.0 15.0-19.2 19.2-20.8 -
Model MC MC MC MC LE
Material Undrained  Undrained  Undrained  Undrained Undrained
behaviour
E.(kPa) 300 600Su 1000Su 1000Su 225000
y (kKN/m’) 15.5 15.5 17 18 15
Vu 0.495 0.495 0.495 0.495 0.33
6 () : - - - :
Su (kPa) 5 7 27 132.5 -

Note MCM = Mohr-Coulomb model
LEM = Lineal Elastic model
DCM = Deep Cement Mixing

Su = Undrained shear strength
E. = Undrained elastic modulus
Vu = Undrained Poisson's ratio

Stability analysis of unstabilized slope

The geometry of slope in Figure 117 was used to investigate failure
mechanism and find Factor of Safety (FS) of the unstabilized slope. Figure 118 shows
potential failure mechanism of unstabilized slope represented by incremental total
displacement contours. The FS of unstabilized slope was 1.04. The depth of potential
failure surface was at 5.5 m to 6.0 m deep below the ground surface, and passed

through the toe of slope.
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Figure 118 Estimated failure surface of unstabilized slope

Parametric analysis

1. Effect of position

The effect of DCM column position was carried out by moving the position
of DCM column along the slope. The DCM column position in the slope are indicated
by the ratio of the horizontal distance between the slope toe and the column position
(L) to the horizontal distance between the slope toe and slope crest (L), as shown in
Figure 117. The ratio of L,/L = 0 means the position of DCM column is at the slope
toe while the ratio of L/L = 1 indicates the column is placed at the slope crest. To
provide a fixity condition, the lower tips of DCM columns were set at a depth of 14

m, which was deeper than the potential failure surface.

The influence of the DCM columns position on the FS of the slope is
shown in Figure 119. The FS increases sharply with the increase of L,/L from 0 to
0.29. It then slightly increases to the peak value of 1.29 at the Ly/L = 0.58. After that,
the FS gradually decreases to the value of 1.21 at the L,/L = 1.0. The effective zone is
considered to be Ly/L = 0.29 to 0.86. This finding is very close to the result of Lee et
al. (1995), Hassiotis et al (1997), Cai and Ugai (2000), Jeong et al. (2003), Won et al.
(2005) and Ashour and Ardalan (2012).
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Figure 119 Effect of DCM column position on FS

Figure 120 presents the displacement, shear force and bending moment
developed in DCM column at various positions. When the DCM columns are placed
within the effective zone, the lateral pressure acting on the DCM columns is large.
This can be indicated by DCM column displacement. Therefore, the resistance of
DCM columns (i.e. shear force and bending moment) is sufficiently mobilized, and
the large FS is obtained as on Figure 119. On the other hand, when the DCM columns
were placed at the toe of slope, the resistance of DCM columns is not sufficiently
mobilized due to small pressure acting on the DCM columns. It can be concluded that

the developed resistance of DCM column is significantly influenced by the position.
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Figure 120 DCM column structural behaviour

2. Effect of embedded length

150

The embedded length (L.) was expressed as a ratio of excavated depth (D).

The various (L¢/D.) were studied to see the effect of L. and its corresponding
behaviour. The values examined are: Lo/D. = 0.33, 1.00, 1.67, 2.33, 3.00, 3.67, 4.70
and 5.93. Two positions of DCM columns within the effective position, i.e. Ly/L =

0.286 and 0.571, were used in this study.
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Figure 121 Effect of embedded length on FS

The effect of column depth on the Factor of Safety (FS) of slope is shown
in Figure 121. When the L/D > 1 (i.e. the DCM column tip penetrates through the
potential failure surface of unstabilized slope), the FS of both positions exhibits the
increase with L/De. The relevant length is depended on the design requirement, but

L¢/D. more than 3.6 times will not benefit to the stability of slope.

The behaviour DCM column at the L,/L = 0.571 was explained in to two

cases as follows:

a. Short embedded length

The displacement, shear force, and bending moment developed in the
DCM column for the L. = 1 and 3 m are shown in Figure 122. When the embedded
length is so short that it does no penetrate beyond the potential failure surface, the
DCM columns displace with the sliding soil. This finding agrees with Poulos (1999)
that described the failure mode of short pile, which involves failure of soil underneath

the pile. Therefore, the resistances of DCM column (i.e. shear force and bending
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moment) are not adequately mobilized to improve stability of slope. When the lower
tip of DCM columns penetrate beyond the potential failure surface, the column
rotation rather than sliding was observed. The resistance of DCM columns is also

more developed. It coincides with the increase of FS.
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Figure 122 DCM column structural behavior for L. =1 m, 3 m and 5 m at
L/L=0.57
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b. Intermediate and long embedded lengths

Figure 123 shows the displacement, shear force, and bending moment
developed in the DCM column for the L, =5 m to 17.8 m. The potential failure
behaviour were considered by the displacement behavior. The fixity condition at the
lower tip of DCM column is pronounced when the L.> 3 m. For the intermediate
embedded length (L.= 5 m and 7 m), the DCM columns behave as a rigid body
rotation without substantial flexural. In this mechanism, the soil is assumed to be
failure over the full length of DCM columns (Viggiani, 1981 and Poulos, 1995). For
the long embedded length (L. >7 m), the DCM columns flexure rather than rotation
was observed. In this case, the failure of soil occurs around the upper portion of DCM
columns (Viggiani, 1981 and Poulos, 1995). The failure mode of DCM columns

involves with one plastic hinge, where maximum bending moment occurs.

The shear force increase with the increase of embedded length. The first
extreme point of the shear force can be regarded as the level of potential failure
surface described by Ito et al. (1981), Poulos (1995) and Hossiotis ef al. (1997). The
bending moment also increases with increasing embedded length. It is found that the
point of maximum bending moves downward until stable even if the embedded length

is larger. This is consistent with the constant of FS in Figure 121.

It is clear that the DCM column behaviours significantly influence on
the FS of slope. To improve the FS of slope, the fixity condition at lower tip of DCM
column should be provided. In this study, the FS reaches to the maximum value when

the L./D. = 3.6. The further increase of L. does not benefit to increase the FS.
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Figure 123 DCM column behavior for L, = 5 m to 17.8 m (Ly/L = 0.57)



3. Effect of spacing

The purpose of this study is to investigate the effect of DCM column
spacing on the stability of slope. To study the effect of the spacing, the ratios of S/D
(S = center-to-center of column and D = diameter of the column) from 2 to 10 were
investigated. Due to the previous analysis regarding the effective position and
embedded length, the Ly/L. = 0.57 and L. = 14 m were determined. Therefore, the
effect of spacing was only analyzed in the aforementioned position and embedded

length.

The effect of DCM column spacing on the Factor of Safety (FS) is shown
in Figure 124. The FS increased with the decrease of DCM columns spacing as found
by Cai and Ugai (2000), Jeong et al. (2003), Won et al. (2005) and Ashour and
Ardalan (2012). The optimum spacing cannot clearly identify in this analysis. This
may be because the interface element model was not applied with DCM columns.
Therefore, soil and DCM column move together. However, it is found that the rate of
increase in the FS is shown obviously at the S/D < 4. This can be explained by the
fact that the DCM column and surrounding soil start to act together as one soil mass
(i.e. soil arching effect). The assumption is consistent with the finding of Prakash
(1962), Cox et al. (1984), Reese et al. (1992), and Liang and Zeng (2002), who

concluded that S/D < 5 is required to generate soil arching.
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Figure 124 Effect of DCM column spacing on FS

Figure 125 illustrates the displacement, shear force, and bending moment
developed in DCM columns for various spacings. It found that the displacement of
DCM columns increase with the decrease in spacing as found by Cai and Ugai (2000)
and Yang et al. (2011). This is because the DCM columns and soil in between act as a
stronger mass. The stabilized slope does not reach the failure condition at small
displacement until the DCM columns displace greatly. For the closer spacing, the
large development of shear force and bending moment is noticeable at the lower
portion of the DCM columns. It indicates that the resistance of DCM column is fully

mobilized.
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Figure 125 DCM columns structural behavior for various spacings (Ly/L = 0.57)
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Numerical Analysis of Stabilized Slope with Multi-Rows of DCM Columns:

Parametric Analysis

DCM column used for slope stabilization is generally designed as a row
pattern of tangential or overlapping in order to improve its bending strength (Moseley
and Kisach, 2004). However, the problem of alignment and contact of DCM columns
can be encountered when the single mixing tool is used without sticky control. The
poor construction of tangential DCM columns leads to lower bending strength than
design. To avoid this problem, a group of individual DCM columns pattern can be

utilized.

In the previous section, the influence of parameters on the stability of
stabilized slope with one row of DCM column was investigated. The effective design
parameters (i.e. position, embedded length and spacing) were addressed. When the
DCM columns are grouped together, the column-soil interaction influences on the
behaviour of each individual column. Therefore, this section study the effect of
parameters on the stability of stabilized slope with a group of individual DCM column
called as multi-rows of DCM columns. Three-dimensional shear strength reduction

finite element method was adopted to solve the Factor of Safety (FS).

Finite element modeling

Figure 126 shows the finite element mesh of stabilized slope with rectangular
or square and triangular of DCM columns. The DCM column spacing of 1.5 m in the
cross-section of slope (Ss) and in the longitude of slope (Sr) was used as a basic
configuration in the model. The three-dimensional mesh has a size of 4.5 m wide x 60
m long x 20.8 m deep. The boundary condition, constitutive models and parameters

were the same as use in the analysis of one row of DCM columns.
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Parametric analysis

1. Effect of embedded length

The embedded length of the DCM column below the excavation depth was
varied parametrically. The embedded length (L.) is expressed as a ratio of excavated
depth (D.). The values examined are: L./D. = 0.33, 1.00, 1.67, 2.33, 3.00, 3.67, and
4.70. The effect of embedded length (L) on the Factor of Safety (FS) of slope is
shown in Figure 127. The FS obtained from both patterns increases consistently with
the L.. There is no significant difference in the FS between rectangular and triangular
patterns. It can be seen from the figure that the FS tends to approach a constant of 1.4
when the L./D. is more than 2.33. Therefore, the further increase of L. will not benefit
to the slope stability. It can be seen from the figure that the L/D. = 3 can be

considered to be effective ratio.

1.5
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Lo=9mL,=1lm L,=14.Im
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De:3m/
ol
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Figure 127 Effect of embedded length on FS
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Figure 128 to 130 shows the behaviour of short embedded length of DCM
columns (i.e. Le = 1 and 3 m). When the embedded length is so short that (L. = 1 m) it
does not penetrate beyond the potential failure surface, the potential failure mode of
DCM columns is similar to short pile. The DCM columns move together with the
sliding soil due to failure of soil underneath the column tip (Poulos, 1999). Therefore,
the resistance of DCM columns is not adequately mobilized to improve stability of
slope. The translation failure mode of DCM columns take place instead of sliding
mode as the embedded length of DCM column reaches to 3 m (L. =3 m). The

resistance of DCM columns can be sufficiently mobilized to escalate the FS.

Figure 131 to 134 illustrates the behavior of long embedded length of DCM
columns (L. =5 to 14.1 m). The displacement of DCM columns shown in Figure 131
indicated that the fixity condition was pronounced at the embedded length of 9 m, that
is consistent with the constant FS. This means a large embedded length is required to
provide a fixity condition so that the highest FS is obtained. When the maximum
bending moment within the DCM columns exceeds the moment capacity of columns,
plastic hinges will develop at these locations, as illustrated in Figure 132. It can be
seen from the figure that the two plastic hinges are almost formed within the DCM
columns as the fix end condition is pronounced (i.e. L > 5 m). Figure 133 shows the
development of shear force within the DCM columns. The negative shear force
generally reaches the first extreme point approximately 5 m to 7 m from the original
ground surface, depending on the DCM column position. This depth can be regarded
as the level of the potential failure surface described by Ito et al. (1981), Poulos, 1995
and Hassiotis et al. (1997). Their analytical results of showed that the maximum shear
force the pile was developed at the level of the slide plane. Figure 134 shows the
development of bending moment within the DCM columns. The maximum bending
moment occurs at the zero shear force. It is found that the positive bending moment
caused by the lateral pressure from sliding soil was a function of the row position. The
DCM column 8 located at the top of slope carried the greatest load whereas the DCM
column 1 carried the lowest load. The negative bending moment increases with the
increase of embedded length, and the point of maximum bending moment moves

downward until it tends to be a stable. After reaching a maximum value, the negative



bending movement decrease with a depth until approaches to be zero value at a depth

from 12.5 to 13.0 m. This means that the further increase of DCM column length will

not benefit to the stability of slope.
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2. Effect of DCM column spacing

DCM column spacing must be sufficient for arching effect so that column
and soil will act as one soil mass. Wang and Yen (1974) analytically studied the
behaviour of piles in a rigid-plastic infinite soil slope. They concluded that both sandy
and clayey slopes had the critical spacing beyond which almost no arching develops.
This section investigated the effect of DCM column spacing on stability of slope. The
spacing in the cross-section of slope (Sp) was varied while the spacing the longitude
of slope (Ss) was kept constant. The effect of DCM column spacing (S ) was
expressed as a ratio of column diameter (D). The ratios of S;/D varied were: 2, 2.5, 4,
6, 8 and 10. Due to previous analysis regarding the effect of embedded length (L.), the
L. =9 m was enough to provide the fixity condition and maximum Factor of Safety
(FS). However, the L. of 11 m was selected for the analysis to ensure the fixity

condition of large spacing.

Figure 135 shows the effect of spacing on the FS of the slope. Similar to
the one row DCM columns, the optimum spacing cannot identify in this analysis.
However, it is observed that the rate of increase in the FS is significant at the S;/D <
8. It can be interpreted that the interaction between DCM column and surrounding soil
start to mobilize associated with arching effect. The effect of pattern is observed at the
Si/D < 2.5. The triangular pattern shows FS higher than the rectangular patter,
especially at the S;/D = 2. For S;/D = 2, the DCM column in triangular pattern

behave as a continuous large wall.

Figure 136 to 138 illustrate the displacement, shear force and bending
moment within the multi-rows of DCM columns generally increase with increasing
column spacing. This can be explained by the fact that each DCM column has to resist
a wider strip of lateral soil movements at a high spacing. Figure 139 shows the
maximum displacement of DCM columns for different column spacing. For Si/D <4,
the DCM column in each row moves by nearly the same amount. It indicates that the
DCM columns act as a continuous row associated arching effect in resisting lateral

pressure from sliding soil. For the S;/D > 4, the different movements of DCM column
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in each column are shown. The DCM columns behave like a individual column due to
insufficient column-soil interaction. The maximum shear force and bending moment
of DCM columns for different columns spacing are shown in Figure 140 and 141. The
development of DCM column resistance in each row (i.e. negative shear force and
bending moment) is approximately the same amount for the S;/D < 4. While the
significant difference of DCM column resistance development is found for the S;/D >
4. As explained in more detail, S;/D = 4 is largest ratio that is required to sufficiently

mobilize arching effect and continuous row.
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Figure 135 Effect of multi-rows DCM columns spacing on FS
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Alternative Design of Stabilized Canal and Roadway with DCM columns

Due to the increase of traffic volume, the construction of canal is often
combined with the roadway. The guideline for selection DCM column patterns is still
not addressed. In this section, four different DCM column patterns were analyzed.
Three typical DCM column patterns from the Suvarnabhumi International Airport
Drainage Canal project were taken. The other pattern called as the "alternative design"
used the multi-rows of DCM columns for stabilization of canal slope. The lateral
movement and Factor of Safety (FS) analyzed in each pattern were compared and

discussed.

Finite element mesh, constitutive model and parameters

The finite element mesh of four difference patterns of DCM columns is shown
in Figure 142. The analysis was focused on the patterns of DCM columns at the canal
slope. The DCM column patterns A, B and C were taken from the Suvarnabhumi
International Airport Drainage Canal project. The field behaviours were completely
presented and discussed in the section of field trial tests. It found that the main
problems of using tangential DCM column were alignment and contact of columns.
Therefore, the multi-rows of DCM columns for stabilizing canal slope were proposed,
as shown in pattern D. Embedded length and spacing of DCM columns were based on
the results of previous analysis regarding to the effective value which gave the
maximum FS. The embedded length (L) and spacing used in analyses were 9 m and
1.5 m, respectively. Soil, roadway and DCM columns were simulated by the Mohr-
Coulomb (MC) model, linearly elastic-perfectly plastic model. The complete list of
parameters used in the model is shown in Table 22. The boundary conditions are;
restrained horizontal displacement and free vertical displacement on the side of
boundaries. Both horizontal and vertical displacements are also restrained at the

bottom of boundary.
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Table 22 List of parameters used in alternative design

Materials Very soft Soft Clay Medium Stiff Clay DCM

clay stiff Clay column
Depth (m) 0.0-5.5 5.5-15.0 15.0-19.2 19.2-20.8 -
Model MC MC MC MC MC
Material Undrained  Undrained  Undrained  Undrained Undrained
behaviour
E.(kPa) 300 600Su 1000Su 1000Su 225000
y (kKN/m’) 15.5 15.5 17 18 15
Vu 0.495 0.495 0.495 0.495 0.33
6 () : : : - :
Su (kPa) 5" 7 27" 132.5 500
Note MCM = Mohr-Coulomb model

DCM = Deep Cement Mixing

Su = Undrained shear strength

E. = Undrained elastic modulus

Vu = Undrained Poisson's ratio

* = Strength increase with depth according to Figure 108

It is expected that the DCM columns under the roadway have effect on the
lateral movement and FS. Therefore, the results were compared in term of DCM

column volume per improvement area.
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Lateral movement

The lateral movement at the top (L-1) and middle (L-2) of slope shown in
Figure 142 was investigated to evaluate the performance of DCM column patterns.
Figure 143 and 144 present the maximum lateral movement versus DCM column
volume per area at the end of excavation and roadway, respectively. As show in the
figure, the lateral movements tended to reduce with the increase of DCM column
volume. However, the maximum lateral movement showed increase at the DCM
column volume of 253.85 m® according to the pattern D (i.e. multi-rows of DCM
column). It indicates that the decrease of maximum lateral movement depend not only
the DCM columns volume but also the installation pattern. It is also found that the
lateral movement significantly reduced as the additional DCM columns under the
berm area were installed, as shown in pattern B. For the analyzed patterns, the
tangential DCM columns are quite effective to minimize the lateral movement due to

high stiffness of column.

100
— i %) L-1 —O0— L-1 (Excavation)
é B —&— L-2 (Excavation)
?E/ 80 - (Pattern A)
G) =
E |
g =
g .
g X (Pattern D)
5 40r
g Z
2 i
E 2L (Pattern B)
5 i
= - (Pattern C)
0_||||I||||I||||I||||I||||I||||
200 210 220 230 240 250 260

Volume of DCM column (m’/area)

Figure 143 Maximum lateral movement at the end excavation
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Slope stability analysis

Figure 145 shows the variation of Factor of Safety (FS) versus the DCM
column volume. The FS increased with the increase of DCM column volume and
reached the maximum value at the column volume of 251.3 m’ (pattern C). Beyond
that, the reduction of FS was shown. It is clear that the installation pattern also affects
on the FS. The significant increase of FS was shown as the additional DCM columns
were installed ahead of tangential columns. To consider the effectiveness of DCM
column patterns, the required Factor of Safety (FS) of 1.3 during the construction was
set as criteria. Therefore, the DCM column pattern C and D can use for slope

stabilization.

Figure 146 illustrates the potential failure surface for different DCM column
patterns. The potential failure surface of DCM column pattern A extended top of
slope throughout the berm are where no columns were installed. The potential failure
surface is the same location as field failure behaviour. When the DCM columns were

installed at the berm area (pattern B and C), the potential failure surface occurred at
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the slope top due to high stiffness of tangential columns. It is also found that two
potential failure surfaces occurred with the DCM columns pattern C at the roadway
stage. The potential failure surface of DCM column pattern D passes through the
slope toe for both stages of construction due to low columns stiffness as compared
with tangential column. However, if the alignment and contact of each DCM column

are not sticky controlled, they will lead to lower bending strength than design.

1.8 1
E —O0— FS-Excavation
1.7 | —&— FS-Roadway (Pattern C)  (Pattern D)
1.6 F
15 F
[75) B
F~ C
14
N - Minimum required FS
1.2 | (Pattern A) (Pattern B)
1.1:||||I||||I||||I||||I||||I||||
200 210 220 230 240 250 260

Volume of column (m’/area)

Figure 145 Factor of safety at end of excavation and roadway for various DCM

columns patterns
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Table 23 Summarize potential failure surface for different DCM column patterns

Factor of safety
Pattern

Excavation Roadway

y /7
. s ~ s 7
A Potential failure Potential failure
surface surface

FS=1.150 FS=1.143

7
~ -

B Potential failure

Potential failure
surface

surface

FS=1.228 FS=1.227

C /
Potential failure
surface

7l

Potential failure
surface

FS=1.649 FS=1.518
D
Pote:;ir'z/lfi {Zil ure Potential failure
IRIRIRIRIRIRIRINI] v

puouuuun

FS =1.629 FS=1.384

Figure 146 shows the failure mode of DCM columns of the pattern D. The
figure indicated that the failure mode of DCM column using for stabilized slope and
roadway was bending failure instead of shear failure. Therefore, the slope stability
analyses by limit equilibrium method based on only shear failure may not represent

the actual failure of DCM column leading overestimate FS.
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H Tension from DCM column bending failure M Tension from DCM column bending failure
a) Excavation stage b) Roadway stage

Figure 146 Failure mode of DCM column for stabilized slope and roadway

Effect of water level during the construction of roadway

To increase the FS and decrease the lateral movement during the construction
of roadway, the optimum water level in the canal was studied parametrically. Figure
147 presents the effect of water level on the FS. For the pattern B and D, the FS
significantly increased with the increasing water level, and reached to the maximum
value at the water level of 1.0 m high. On the other hand, the pattern C showed the
slight reduction of FS as the increasing water level. The presence of water along the
roadway relocates the potential failure surface to the outside edge of roadway for all

patterns analyzed.

t = —O0— Pattern B
o Potential failure surface/ o— Pattern C

—4— Pattern D

12 I I I I 1 I I I I 1 I I I I 1 I
0 1 2 3 4

Water level (m)

Figure 147 Effect of water level along the roadway on the FS



Based on the patterns of DCM columns analyzed, the conclusion can be

tabulated in the Table 24.

Table 24 Recommendations for selection of DCM column patterns

184

Pattern

Recommendations

R

e Large lateral movement and low FS

e Large active force acting on the tangential
DCM columns

e Slope stability based on only tangential
DCM columns

e Careful sequencing of construction

e Sensitive with additional load on the
roadway due to absent DCM column at the

berm area.

e Moderate lateral movement and FS with
strictly control of construction of tangential
DCM column

e Small active force active on the tangential
DCM column due to existing column under
roadway

e Unsuitable for very low soil strength

e [ ocal failure ahead of DCM column can be

remedial by counterweight berm

e Small lateral movement and high FS with
strictly control of construction of tangential
DCM column

¢ Additional passive force is provided by
additional DCM column ahead of

tangential columns
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Table 24 (Continued)

Pattern Recommendations

e Moderate lateral movement and FS

- ~= o | ess construction control of DCM columns
Mw ¢ FS can be escalated by water level in the
canal, but potential failure surface relocate

to outside edge of roadway

Suggested Guideline for Design and Construction of DCM Columns on

Excavated Slope and Roadway

One of the important objectives of this research was to provide a preliminary
guide in design and construction of Deep Cement Mixing (DCM) columns using in
stabilization of excavated slope and roadway. Based on the result of literature review,
field trial tests, laboratory tests and numerical analysis in this research, following
guideline is shown in Figure 148, which includes data compilation and testing,

analysis and design, field trial test.

Data Compilation and Testing

The data compilation and testing includes determining the engineering
properties of soil, and indentifying field investigation as well as laboratory tests. Prior
experience for other DCM columns project may be obtained from published literature
and from discussions with experience engineers. More details are described in the

following section.



Soil investigation

1. Depth of investigation

The depth of investigation should be carried to such a depth that the net
increase in soil stress under the weight of roadway is less than 10% of the applied
load, or less than 5% of the effective stress in the soil at that depth. At the excavation

side, the depth of investigation should be deeper than potential failure surface.

2. Spacing of borehole

The basic for determining the spacing of boreholes is based on variability
of site conditions, performance requirement, experience, and judgment. The borehole
spacing is usually performed at intervals of 50 to 200 m. In area where geological

strata show considerable rises, additional boring is needed.

3. Soil strength properties

The shear strength testing of soil for slope stability analysis in a
construction of canal and roadway should be performed both extension and
compression tests (Buathong, ef al. 2008). The strength parameters in term of
undrained (S,, ¢= 0) and drained strength (c¢', ¢") are required for analyzing short term
and long term condition, respectively. Field vane shear test and unconfined
compression test are usually conducted to obtain the undrained shear strength. The
drained shear strength is usually obtained from triaxial drained test or triaxial
undrained test with measurements of pore water pressure during shear. The creep test
may also need to be performed in order to determine standing time of canal which is

left dry before filling canal water

186
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Data compilatisn EE k8 Design parameters

and testing -FVS _
Establish design
]
Site investigation parameters
Laboratory test
-UC Improvement
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and extension tests
- TX-creep test : :
Perfect construction ﬂﬂ - Multi-row columns
control - Secant columns
Yes #
DCM column tests Laboratory test ]
-uC Tangential columns
- Flexural strength test

Field test
- Coring specimen
- Pullout test
- Column load test
- Column lateral load test

Stability
analysis
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!

Pub.lished da.ta and Design requirement
prior experience satisfied?
No 'Yes
Field Trial Field trial

!
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- Inclinometer

- Piezometer
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!

Construction

!

Lateral movement and

pore water pressure  *+——

increase with time?

_ |- Counterweight berm
Yes - Surcharge water

No

Y

Continue

Figure 148 Flowchart for design and construction of DCM columns on stabilization

of excavated slope and roadway
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DCM column tests

1. Laboratory mixing test

The strength of DCM column depends on the binder material, in-situ soil
condition, detail of mixing and curing condition. Therefore, a pre-construction,
laboratory mixing test is required in order to determine appropriate cement content
used in field mixing. It is also provided strength parameter and elastic modulus for
preliminary analysis. Typical flowchart for mixing test procedure is shown in Figure

149.

Sampling
(Usually by boring)

v
Adjustment of water
content of sample

V: Admixture: cement

Mixing

A
Preparation
of specimen

v
Unconfined
compression test

A
Curing time
7, 14, 28 days

A

Flexural tests

Y

Tests

Y

Su, Eua Gr

Figure 149 Flowchart for typical mix test procedure

Source: DOH and JICA (1998)
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Samples taken during the soil investigation are also used as specimens for
mixing test. For the trial mixing, cement content usually varies in rage of 125 kg/m’

to 250 kg/m’. The cement content can be expressed as follow:

a
Ay, = — % (Al)
Ya

Where:
Ay, = cement content, %
o = cement content per cubic meter (kg/m®)

v4 = dry unit weight of soil

By dry mixing method, cement powder was added directly to the clay
sample which has water content equal to in-situ. On the other hand, wet mixing
method, clay sample was mixed with cement slurry determined by water-cement ratio
(W/C). The water-cement ratio in trial mixing usually ranges from 0.8 to 1.2 in order
to select an appropriate water-cement ratio and discharge capacity of stabilizer feeder
(DOH and JICA, 1998). The mixing was done by using portable mechanical mixer for

about 10 minute until a homogenous sample was attained.

The unconfined compression test (ASTM D 2166-00) is usually performed
to determine undrained shear strength (S,) and elastic modulus (E,) of DCM column.
Soil-cement mixture was placed into the mold when the mixing is completed. The
mold usually made from PVC pipe which has 38 mm in diameter and 76 mm in height
or 50 mm in diameter and 100 mm in height. Soil-cement mixture was pushed into the
mold and shaking in order to remove the trapped air bubbles from specimen. When
the mold was completely filled with soil-cement mixture, plastic sheets are wrapped
at both ends of the mold. These specimens was placed in a humid room and cured

before testing.
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The flexural strength test (ASTM D 1635-00) is also required for evaluating
flexural strength (or) of DCM column due to the bending mode. The standard test
specimens should be beam 76 x 76 x 290 mm. The total load of failure is recorded and

calculation of flexural strength (or modulus of rupture).

2. Field tests

It is advisable to conduct the field tests adjacent to the construction site
prior to actual construction. The required tests include coring of DCM column,
column load test, column lateral load test and pullout test. At this stage, amount of
stabilizing agent, rotation speed of mixing blade and penetration and withdraw speeds

of shaft are calibrated.

The coring of DCM column is carried out throughout the column depth in
order to verify the continuity. The ends of the cored specimen were trimmed and

unconfined compression test was conducted.

DCM column load test is carried out to verify the design capacity of
column. This test is performed in accordance with ASTM D1143-94, Standard Test
Method for Piles Under Static Axial Compressive Load. The lateral load test on DCM
column (ASTM D3966-95, Standard Lateral Loading Procedure) should be also

conducted to evaluate lateral capacity of column used for stabilization of canal.

Pullout test was also conducted to extract the whole column for visual
inspection, including homogeneity of material and DCM column size. The recovered
DCM column was cut into several sections and split apart for investigating
homogeneity and size. If the recovered DCM column has a perimeter smaller than
15% or larger than 20% of designed perimeter, then the construction process of DCM

column is adjusted (i.e. mixing time, binder, injection energy, etc.)



191

Analysis and Design

Establish design parameters

Most strength and stiffness information about DCM column usually comes
from unconfined compression tests. Numerous studies (Krishnakmnar, 1996; Hong,
1989; Soe, 1996; Uddin et al., 1997 Yin and Lai, 1998; CDIT 2002; Horpibulsuk,
2005; Horpibulsuk, 2011) show that the unconfined compressive strength of DCM
column increases with increasing stabilizer content, increasing mixing efficiency,
increasing curing time, and increasing curing temperature. For Bangkok clay treated
by cement, value of unconfined compressive strength obtained in laboratory test range

from about 600 to1600 kPa, as shown in Figure 150.

qu (kPa)
B EEEEHE S
I

Law ¢Dry mixing

Chen (Slurry mixing
Uddin (Slurry mixing}
Soralump (Dry mixing )
Krizhnaumar {Dey mixing )
Soe Mo {(Dry mixing)

Figure 150 Comparison of unconfined compressive strength from AIT research,

average cement content 150 kg, curing time 28 days

Source: Soe (1996)
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Because of low quality of in-situ mixing, it is well known that the field
unconfined compressive strength (qyr) is usually lower than laboratory unconfined
compressive strength (qy;). Rojkansadarn (2009) study the qu¢ from the Suvarnabhumi
International Airport Drainage Canal project and found that the qysranges from 600 to
1100 kPa. He also revealed that the qu¢/ qu ratios are about 0.7-0.9.

The elastic modulus of cement treated soil is generally correlated with the
unconfined compressive strength (q,). The Eso of cement treated Bangkok clay can be
taken as 114 to150qy, and 170 to 200q,s. Rojkansadarn (2009) found that the Es is
about 159,160 and 140qy¢ for low pressure mixing, jet grouting and modified dry

mixing, respectively.

Terashi et al. (1980) reported that the flexural strength was 10% to 60% of
unconfined compressive strength. Kitazume et al. (1996) reports that a value of 15%
is used in Japan with wet mix methods. For soft Bangkok clay, the flexural strength

of soft Bangkok clay was 0.16 of unconfined compressive strength (Jamswang et al.,

2011).

Improvement geometry

Square of triangular grid patterns of single DCM columns are usually applied
under roadway to reduce settlement and increase bearing capacity of the foundation
soil. Due to low flexural strength of DCM column, tangential or secant pattern is
usually applied for stabilization of excavated canal. The field observation from
Suvarnabhumi International Airport Drainage Canal project found that the perfect
tangential pattern is difficult to construct if single mixing shaft is used. For this
problem, the secant pattern can be used instead of tangential pattern. The multi-row of
DCM column can also apply for stabilization of excavated canal. The main advantage

of this pattern is easy to install and construction control.
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Stability analysis

Stability analysis is performed to determine the critical failure surface and
Factor of Safety (FS). Limit Equilibrium (LE) methods should be first performed for
analyzing stability analysis due to simplicity. The LE methods usually overestimate in
the FS, because they take into account only for shear failure mode of DCM column.
Therefore, the numerical analyses by shear strength reduction method should be

performed to evaluate the FS in concurrent with the LE methods.

If the canal is excavated rapidly enough to prevent dissipation of excess pore
water pressures caused by unloading, such failure can be analyzed by total stress
analysis with undrained shear strength (S,, = 0). The undrained shear strength is
usually determined in laboratory from unconfined compression test (UC) or
unconsolidated undrained (UU) triaxial test. In the field, it can be obtained from field
shear vane test, pressuremeter, cone penetrometer, etc. The average relations of the
undrained shear strength-effective stress ratio (S,/c'y,) for soft Bangkok were 0.33-

0.47 (Surarak, 2010; Amonkul 2010).

Over time, the negative excess pore water pressures dissipate; consequently,
the effective stresses in soil around the excavation decrease. Therefore, the long
condition is critical for an excavation. The drained shear strength (c', ¢') is usually
used in analysis of excavation in the long term condition. In engineering practice,
drained shear strength parameters are often determined from triaxial tests. The ¢' of

soft Bangkok clay varied in range between 22.2° and 34.8° while the c¢' was zero.

Terashi (2005) indicated that the state of practice in Japan is to use a total
stress, ¢ = 0 and ¢ = 2 q, envelope for DCM column. Broms (2003) mentions use of
total stress friction angles in the range of 25 to 30 degrees for deep-mixed materials.
In Thailand, the S, of DCM column is used for stability analysis. To indicate the
failure criteria of the DCM columns due to the bending mode, the flexural strength

should be applied in the numerical analyses.
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Field trial

Prior to actual construction, field trial test with instrumentation should be
conducted to verify design assumption and identify overall construction sequence of
the project. The required instrumentation includes surface settlement inclinometer and
piezometer. Results of measurements during construction can be used as a basis for
modification of design assumption. Finite element analyses are often helpful in
identifying critical locations of instruments. Structurally weak zone, most heavily

loaded zones or highest pore pressures zones are an example.

During the excavation of canal, the lateral movement should be closely
controlled and kept within allowable values. The experience from the Suvarnabhumi
International Airport Drainage Canal project showed that the lateral movements of
canal increased with time (i.e. creep behaviour) and led to eventually fail when the
canal had left dry without water about 2 weeks. To prevent the failure due to creep

behaviour, the counterweight berm and canal water may be applied.



CONCLUSION AND RECOMMENDATION

Conclusion

Field trial tests

1. The field integrity of tangential DCM columns showed that the alignment
and contact of columns were not well. The excessive overlapping and gap between
columns were observed. These problems lead to weakness on flexural resistance due

to less section modulus.

2. The initial design of DCM columns showed that the slope failures occurred
immediately as the excavation reached to its proposed level. The top of tangential

DCM columns moved toward the canal side approximately 1.0 m.

3. Corrective design and second field trials were carried with limited numbers
of field instrumentation. Construction Section I (F1-1 and F1-2), the failure was on
Section F1-2 where the additional DCM columns were added on berm area only. On
Construction Section II was carried out without failure with maximum lateral

movement of 20 mm and some hairline crack on the roadway.

Numerical back-analysis of field trial test F1-1

1. The matching soil stiffness of the Hardening Soil (HS) and Mohr-Coulomb

modes to the measured lateral movement are:

a. Mohr-Coulomb (MC) model

For very soft clay: E, =300S,
For soft clay: E, = 600S,
For medium stiff clay: E, = 1000S,
For stiff clay: E,=1000Su

195



196

b. Hardening Soil (HS) model

For very soft clay: E™50= 3,000 kPa, Eoeq= 3,000 kPa,
Eu:= 9,000 kPa

For soft clay: E™,= 15,000 kPa, Eoeq= 15,000 kPa,
E.: = 45,000 kPa

For medium stiff clay: E™'5, = 30,000 kPa, Eoeq = 30,000 kPa,
Er = 90,000 kPa

For stiff clay: E™5o= 60,000 kPa, Eq.q= 60,000 kPa,
E, = 180,000 kPa

2. The excess pore water pressures were dissipated to a steady condition
approximately 120 days. And rapid drawdown of water in the canal lower than 2 m

contributed to slope failure.

Suitable arrangement with one row of DCM columns

1. The suitable position of DCM columns should be installed between L,/L =
0.29 to 0.86 on the slope so that column resistances were sufficiently mobilized for

maximum FS.

2. The ratio of embedded length (L.) to excavated depth (D.) of 3.67 was

considered as effective ratio for maximum FS.

3. The FS of slope increases with decreasing DCM column spacing. As the
spacing decreases, the DCM column and surrounding soil act as one soil mass (i.e.

soil arching effect). The design spacing is depended on the required FS.



Modeling of full slope with multi-row of DCM columns

1. There was no significant difference in the FS between rectangular and

triangular patterns.

2. The ratio of embedded length (L) to excavated depth (D.) of 3 was

considered as effective ratio for maximum FS.

3. The S/D =4 is a largest ratio that is required for soil arching effect and one
soil mass. The triangular pattern gave higher FS than rectangular pattern at the
S/D = 2.

Alternative design of stabilized slope and roadway with DCM columns

1. The DCM columns should be distributed throughout the can slope to

prevent the local failures.

2. The tangential DCM columns are quite effective to control lateral

movement and provide high FS due to more section modulus.

3. The multi-rows DCM columns are possible alternative DCM column

arrangement for slope stabilization.

4. The presence of water in the canal relocates the potential failure surface to

the outside edge of roadway.
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Recommendations

Based on thus research and literature reviews, some of the recommendation

for further study on DCM stabilization on soft clay can be draw as follows:

1. Field shear strain during the excavation

2. Measure lateral movement of soil and DCM columns

3. Pore pressure dissipation during service period and long term consolidation

4. Effect of traffic loading on roadway and canal slope

5. Long-term stability and lateral movement due to creep effect

6. Risk base design for DCM stabilization slope

7. Soil-DCM interaction and lateral capacity of DCM
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Result of Laboratory Tests

Laboratory tests were carried out to characterize undrained strength and
deformation behavior of soft Bangkok clay related with an excavation. The testing
program consists of undrained triaxial test under compression, extension and creep
tests. The result from laboratory tests were analyzed and compared with the previous

researches on Bangkok clay and others.

Undrained triaxial test under compression condition

1. Isotropically Consolidated Undrained (CIU) tests

The results from CIU test are summarized in Appendix Table 1.The
deviator stress (o,) and axial strain (&,) relationship from CIU tests are shown in
Appendix Figure 1.With an increase of consolidation pressure, the deviator stress
presents hardening character. The strain at failure (&f) was found to be between 6%
and 10%. Strain softening was observed after the deviator stress had reached its peak
and reaching the residual stress at about 15% of peak. The undrained elastic modulus
at 50% of maximum deviator stress (E, s0) determined from the curves in Appendix
Figure 1 for CIU I, II and III are 1803 kPa, 2477 kPa and 7238 kPa, respectively. It

can be seen that E, 5o increase with confining pressure.

The excess pore water pressures developed during the shear are shown in
Appendix Figure 2. The excess pore water pressures increase steadily with the strain
by positive value throughout the test. No sharp peaks are observed on the excess pore
water pressure-strain relationship. Skempton (1954) pore pressure parameter at the
failure (A¢) ranged from 0.4 to 0.9. The deviator stress and excess pore water pressure
indicate typical behavior of normally to lightly overconsolidated clay, were the
deviator stress and excess pore water pressure reaches their ultimate values at a

relatively large strain.
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Appendix Table 1 Results from CIU tests

Series c'. Y wi(%) wi(%) e (%) Ar (%) O o'
(kPa)  (KN/m’)
CIU I 50 1.45 79.89 7358  6.18  0.60
CIU II 80 1.45 9204 7336 847 084 166 264

CIU III 100 1.48 100.62 69.12  9.16 0.44

100
—O— CIUL €,=6.18%

—O— CIUIL €,=8.47%
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(e

—A— CIUTIL €,=9.16%
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Appendix Figure 1 Deviator stress and strain relationships from CIU tests
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Appendix Figure 2 Excess pore water pressure and strain relationships from CIU

tests

Total (p, q) and effective (p', q') stress paths for CIU tests are plotted in
Appendix Figure 3 based on the data in Appendix Figure 1 and 2. The total stress
paths rise at 45° to the right for the failure point (py, qf) and end up at failure on a
strength envelop with a slope o, = 16° corresponding with Mohr Coulomb envelope

d. = 16.6°. The equation relating strength and total stress is therefore given by:

qre= prtan 16° (1)

The effective stress paths are different from the total stress paths due to excess
pore pressure changes. They are displaced to the left equal by a value equal to the
excess pore water pressure and end up at failure on a strength envelope with a slope
o' = 24° corresponding with Mohr Coulomb envelope ¢.' = 26.4°. The relationship

between strength and effective stress can be expressed by the equation:

qr= p'r tan 26.4° (2)
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Appendix Figure 3 Total and effective stress paths from CIU tests

2. Anisotropically Consolidated Undrained (CAU) tests

The results from CAU tests are summarized in Appendix Table 2. The
relationship between deviator stress (c,) and strain (g,) from CAU tests are shown in
Appendix Figure 4. The strain at failure (gr) is approximately 2% to 4%, which are
lower than the CIU tests. This corresponds to the investigation of Chaiyadhuma
(1974) and concepts of strain contour by Lambe and Whitman (1969). Chaiyadhuma
conducted the undrained triaxial tests on soft Bangkok clay consolidated under ko
condition and found that the anisotropic consolidation caused the decrease in failure
strain. The undrained elastic modulus at 50% of maximum deviator stress (E, s0)
determined from the stress-strain curves in Appendix Figure 4 for CAU I, II and III
are 7450kPa, 15211 kPa and 34841kPa, respectively. Appendix Figure 5 shows
positive excess pore water pressure generated during the shear. Skempon's (1954)
pore pressure parameter at the failure (Af) ranged from 0.3 to 0.5, lower than CIU
tests. The results correspond with the conclusion made by Wang (1969) and
Chaiyadhuma (1974). They concluded that anisotropic effects result in a decrease of
Ay

221



Appendix Table 2 Results from CAU tests
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Series o' o1 ko y Wi weogr o Ar o ¢
(kPa)  (kPa) kNmY) (%) (%) (%) (%)

CAUI 375 625 142 1044 88.1 251 0.38

CAUIl 750 1250 0.6 143 1074 67.7 250 044 251 30.6

CAUIII 100.0 166.7 1.42 1053 73.0 3.51 0.36

100

40

Deviator stress (kPa)

—0— CAUL €,=2.51%
—O— CAUIL §,=2.50%

—— CAUILL §,=3.51%

Strain (%)

Appendix Figure 4 Deviator stress and strain relationships from CAU tests
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Appendix Figure 5 Excess pore water pressure and strain relationships from CAU

tests

The total (p, q) and effective (p', q') stress paths from CAU tests are
illustrated in Appendix Figure 6. The total stress paths end up at failure on a strength
envelope with a slope o, = 23.5°corresponding with Mohr Coulomb enveloped, =
25.1°. The relationship between strength and total stress at failure can be expressed by

the equation:

qr= prtan 23.5° 3)

The effective stress paths end up at failure on a strength envelope with a
slope o' = 27° corresponding with Mohr Coulomb envelope ¢.' = 30.6°. The equation

relating strength and effective stress is therefore given by:

qr=p'rtan 27° 4)
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It can be seen that the total and effective strength parameters (0., ¢, o', Oc')
from CAU test is higher than CIU test, which corresponds with the investigation of
Chaiyadhuma (1974).

120
|| —0— Effective stress path
100 || —®— Total stress path
A=0.36 Z o
= (24
£,=3.51%

80 - .
= B Af= 0.44 o, =235
& 6o} £,=2.50%
= s | 640.6

> QW —T

40 k- A=0.38 , s

i £=251% e
20 B ///////
0 /|//I//|/ 1 L 1 L 1 I 1 L 1 I 1 L 1 L 1 L
0 20 40 60 80 100 120 140 160 180 200
p, p'(kPa)

Appendix Figure 6 Total and effective stress paths from CAU tests

3. Comparison of the results with previous research

Appendix Table 3 summarizes the effective friction angle (¢.') of soft
Bangkok clay under compression condition, conducted at different consolidation
stressed. The ¢.' was in range of 22.2° to 34.8°. While the ¢.' obtained from this
research was 26.4 and 30.6 for CIU and CAU tests, respectively. They lie within the
ranges reported in other studies. The variation in the ¢.' could be the result of personal

judgement.



Appendix Table 3 Comparisons of effective friction angle on Bangkok clay with

different consolidation stresses
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Reference Location Depth (m) Testtype &'
Wang (1969) NongNgooHao 8.83 CAU 34.8
' 5.5-6.0 27.1
Chaiyadhuma (1974) AIT campus CKoU
7.0-7.4 28.3
Chaudhry (1975) - 6.0 CIU 27.0
Balasubramaniam and 26.0
NongNgooHao 55-6.0 CIU
Chaudhry (1978)
Balasubramaniamet al. 24.0
NongNgooHao 55-6.0 CIU
(1978)
4.5 25.5
Rahman (1980) AIT campus 5.5 CKoU 23.6
6.5 232
CIU 22.2
Kim (1991) AIT campus 3.0-4.0
CKoU 23.0
CIU 26.4
This research Samutprakan 3.0-4.0
CAU 30.6

Undrained triaxial test under extension condition

1. Isotropically Consolidation Undrained Extension (CIUEy) tests under

unloading condition

The results from CIUE tests are summarized in Appendix Table 4. The

relationship between deviator stress (c,) and axial strain (g,) are shown in Appendix

Figure 7. The deviator stresses exhibit strain softening after they reached a peak point.

The strain at failure (&f) ranged from 11% to 18%.The undrained elastic modulus at

50% of maximum deviator stress (E, o) determined from the stress-strain curves in

Appendix Figure 7 for CIUEy I, CIUEy II and CIUEy III are 1006 kPa, 1820 kPa and



2653 kPa. The negative excess pore water pressures shown in Appendix Figure 8
indicate decrease with the strain. After reaching a peak value, the excess pore water
pressures increase with the strain. Skempon's (1954) pore pressure parameter at

failure (A¢r = 1-Au/Ac,) varied from 0.7 to 1.0.

Appendix Table 4 Results from CIUEy tests

226

Series o', y wi(%)  wi(%) (%) Ar(%) ¢ ¢
(kPa)  (kKN/m’)

CIUEI 50 1.48 107.89 82.153 12.12 091
CIUE I 80 1.45 114.53 79.480 17.54 098 184 16.2
CIUEIII 100 1.47 97.54 69.640 11.01 0.73

Axial strain, g, (%)

Deviator strss, o, (kPa)
w
(=)

—o— CIUEII
—4— CIUE I

Appendix Figure 7 Deviator stress and strain relationship from CIUE tests
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Appendix Figure 8 Excess pore water pressure and strain relationship from CIUE

tests

Appendix Figure 9 shows the total (p, q) and effective (p', q) stress path
based on the data in Appendix Figure 7 and 8. The total stress path follows a straight
line inclined at 45° downward to the left and ends up at failure on a strength envelop
with a slope a.= 18.4° corresponding with Mohr Coulomb enveloped.=19.5°. The
relationship between strength and total stress at failure can be expressed by the

equation:

qr=pr tan 18.4° (%)

The effective stress path is different from the CIU and CAU tests
(compression condition). It deviates from the total stress to the right due to negative
excess pore water pressure generated during the shear. The effective stress path ends
up at failure on a strength envelope with a slope 0. =16.2° corresponding with Mohr
Coulomb envelope ¢.= 16.96. The relationship between strength and effective stress

at failure can be expressed by the equation:
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qr =p'f tan 16.2° (6)

p', p (kPa)

A=091

A= 0.98

<
& s &= 1212% ¢ —17.54%
N
U —
-40 €.=11.01%
v 18.4°
| | —O— Effective stress path q; = pan
—e— Total stress path (a,=18.4°)
-60

Appendix Figure 9 Total and effective stress paths from CIUE tests

2. Comparison of compression and extension tests

The comparison of effective stress path from CIU and CIUE tests is shown
in Appendix Figure 10. The effective stress paths from the extension tests (CIUE) are
found to be quite different from the compression tests (CIU) due to developed excess
pore water pressure. The shapes of effective stress paths from the CIU test are found
to be elliptical in nature. While the effective stress paths from the CIUEy are not

smooth in curve, and are less rounded (Kim, 1991).
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Appendix Figure 10 Effective stress path from CIU and CIUE tests

Appendix Figure 11 compares effective friction angle between Bangkok
clay and other clays as isotropically consolidated. For Bangkok clay, the effective
friction angle of the compression (¢'.) and extension (¢'.) were 22.2° to 26.4° and
14.1° to 33.1°, respectively. It is noted that the ¢'. varies in a larger range as
comparing with thed'c.. Surarak 2010 stated that the possible reasons of this were
incorrect value of membrane correction and occurring of pre-failure (i.e. necking

failure) during the test.
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Appendix Figure 11 Comparison of effective friction angle between Bangkok

clayand other clays

Undrained triaxial creep test

One of the failure modes of Suvannaphumi Drainage Canal is creep failure
when the excavated canal was left dry without surcharge water for more than one
month. Then the creep behavior of Bangkok Clay is needed to be verified. The axial
loads for undrained creep tests were applied in single increment, and axial
deformation versus time was recorded. Three different creep stress levels, 50%, 70%
and 90% of the ultimate shear stress, were used for performing creep tests. The initial
conditions of specimens used to conduct the isotropically and anisotropically
consolidated undrained creep tests (CIUC and CAUC) are presented in Appendix
Table 5 and 6, respectively.
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Appendix Table 5 Initial condition for isotropically undrained creep tests

Creep stress level Y wi (%) c'3 Duration of test
(kN/m’) kPa (month)
50% 14.8 99.69
70% 14.9 94.08 50.00 1
85% 14.0 117.38

Appendix Table 6 Initial condition for anisotropically undrained creep tests

Deviator Y wi (%) Ko c'3 o' Duration of test
stress (kN/m?) kPa kPa (month)
40% 1.46 101.15
60% 1.46 98.26 0.6 50.00 83.33 1
80% 1.46 103.77

1. Selected ultimate deviator stress

The normal strength test is needed to perform in order to determine the
ultimate deviator stress for calculation of stress levels. Appendix Figure 12 and 13
show the relationships between deviator stress (c,) and axial strain (g,)for CIU and
CAU tests at the confining pressure (c'3) of 50 kPa. The ultimate deviator stress for
the CIU and CAU test were 40 kPa and 54 kPa. It should be noted that the residual
strength of 47 kPa is selected to calculate stress level for the anisotropic undrained

creep tests.
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Appendix Figure 12 Ultimate deviator stress and applied stress levels for CIUC tests
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2. Isotropically Consolidated Undrained Creep (CIUC) tests

The developments of axial strain with time at various creep stress levels for
CIUC tests are shown in Appendix Figure 14. The specimen subjected to creep stress
level of 50% show only a small increase in the strain after initial deformation, and no
failure was detected within the time of testing. On the other hand, the specimens
subjected to creep stress level of 70 and 90% progressively strained with time until
eventually failure. Appendix Figure 15 and 16 illustrates the regions of creep curve
for the creep stress level of 70% and 90%. Three regions are recognized for each
curve, namely, the primary region of decreasing creep rate, the secondary region of
essentially constant creep rate, and finally the tertiary region of accelerating creep rate

(Campanella and Vaid, 1974).

30

—O— Stress level 50%
—— Stress level 70%
—&— Stress level 90%
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Axial strain (%)
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(9] o
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Appendix Figure 14 Axial strain behaviour for CIUC tests
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Appendix Figure 15 Regions of creep curve under creep stress level of 70% for
CIUC test
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Appendix Figure 16 Regions of creep curve under creep stress level of 90% for
CIUC test
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Appendix Figure 17 shows the creep rate (axial strain rate) versus the time.
For the specimens which eventually failed, the creep rate initially decreased until a
minimum value was reached before its subsequent acceleration leading to failure. This
phenomenon is similar to the observation of Snead (1970) and Campanella and Vaid
(1974).The time to minimum creep rate is approximated to be 12 days and 35 days for
stress level of 70% and 90%, respectively. While the specimens which did not fail
(stress level of 50%) showed a continuous decreasing creep rate with time. It can be
seen from the figure that the onset of an acceleration creep rate indicates the

impending failure.
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Appendix Figure 17 Creep rate behavior for CIUC tests

3. Anisotropically Consolidated Undrained Creep (CAUC) tests

Appendix Figure 18 presents the development of axial strain with time for
anisotropically consolidated undrained creep test. The specimens progressively
strained with time until eventually failure for all stress levels. The creep failure curves
can be separated in three regions shown in Appendix Figure 19 to 21, namely, the

primary region of decreasing creep rate, the secondary region of essentially constant



creep rate, and finally the tertiary region of accelerating creep rate (Campanella and
Vaid, 1974).1t can be seen that the time to a tertiary region is faster than that of the

isotropically consolidated undrained creep test.

—O— Stress Level 50%
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Appendix Figure 18 Axial strain behaviour for CAUC tests
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Appendix Figure 19 Regions of creep curve under creep stress level of 40% for
CAUC test
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Appendix Figure 20 Regions of creep curve under creep stress level of 60% for
CAUC test
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Appendix Figure 21 Regions of creep curve under creep stress level of 80% for
CAUC test
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Appendix Figure 22 shows the creep rate (axial strain rate) versus time for the
CAUC tests. Under a given constant creep stress, the creep rate continuously
decreased with elapsed time to a minimum value and thereafter increased until failure
(Snead, 1970and Campanella and Vaid, 1974). The time to a minimum creep rate is
foundat 1.75 minute, 3 days and 18 days for stress level of 80%, 60% and 40%,
respectively. Similar to CIUC test, the onset of an accelerating creep rate indicates

impeding failure.
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Appendix Figure 22 Creep rate behavior for anisotropic undrained creep test
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