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Abstract

Project Code : RSA5580007

Project Title : Development of Analysis Method for Establishing the Design

Guidelines of Geotechnical Works with Cement-Treated Soils

Investigator : Dr. Pornkasem Jongpradist, KMUTT

Email Address : pornkasem.jon@kmutt.ac.th

Project Period 3 years (16 July 2012 to 15 July 2015)

This research report presents the development and implementation of the numerical
analysis to investigate the behaviors of various deep cement mixing (DCM) pile-
stabilized earth structures. The finite element analyses of 3 different case studies were
performed to 1) investigate the failure behavior 2) evaluate the influencing factors on
the performance 3) evaluate the potential of inserting a stiff core to improve the
performance of DCM stabilized earth structures as drainage canal slope adjacent to
road embankment and retaining walls. The analysis method was verified with the filed
measurement data of selected case studies before using in the preliminary
investigation. With the understanding in complex behaviors and key influencing factors,
series of parametric study are performed to evaluate or get 1) alternative for remedial
measures against the failure 2) understanding on key factors for future design 3)
possible innovation for future implementation. The detailed analyses and their results
are presented and discussed. It is found that the advanced numerical analysis based on
reasonable and rational method is proven to be effective means for investigating the
behaviors of various DCM stabilized earth structures. With the reliable analysis method,
parametric study could provide useful information to understand the complex behaviors
of various DCM stabilized earth structures as well as the key influencing factors of
which the instrumentation cannot provide. This provides the possibility to improve the

design concept and introduce the new innovation in the future construction.

Keywords : Numerical analysis, cement-column, earth structure, design concept
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Executive Summary

This research report presents the development and implementation of the
numerical analysis to investigate the behaviors of various deep cement mixing (DCM)
column stabilized earth structures. These include a drainage canal along road
embankment whose slope was improved by DCM, deep excavation using DCM wall and
stiffened deep cement (SDCM) aiming to improve the bearing performance of road
embankment. The numerical analyses of 3 different case studies were performed to 1)
investigate the failure behavior 2) evaluate the influencing factors on the performance 3)
evaluate the potential of inserting a stiff core to improve the performance of DCM
stabilized earth structures as road embankment slope and retaining walls. The modeling
concept and consideration are rationally discussed in detail. Advanced soil models are
adopted as well as suitable parameter determination and calibration.

The analysis method was verified with the filed measurement data of selected
case studies before using in the preliminary investigation. The comparisons show that
the numerical analysis based on reasonable and rational method is proven to be
effective and sufficient to capture the complicated behavior and response of DCM and
soil under various conditions. It is then confident to extend the analysis to investigate
the behavior which cannot be observed by the available instrumentation. The possible
influencing factors and their degree of influence are also evaluated using the developed
analysis method.

With the understanding in complex behaviors and key influencing factors, series
of parametric study are performed to evaluate or get 1) alternative for remedial
measures against the failure and future improvement on design consideration 2)
understanding on key factors for future design 3) possible innovation for future
implementation. The detailed analyses and their results are presented and discussed.

Based on the results obtained in parametric analysis, it is confirmed that the
reasonable numerical analysis is confirmed to be effective means for investigating the
behaviors of various DCM stabilized earth structures. In addition, with the reliable
analysis method, parametric study could provide useful information to understand the
complex behaviors of various DCM stabilized earth structures as well as the key
influencing factors. This provides the possibility to improve the design concept and

introduce the new innovation in the future construction.
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Introduction

According to the soil condition of the Central Plain of Thailand, several ground improvement
methods are essentially required to improve the strength and deformation characteristics of soft
ground (such as, Cement Stabilization, Prefabricated Vertical Drains (PVD), Lightweight
Geomaterials) before construction of any infrastructures, such as, highway, airport, drainage
channel. Considering the versatility of cement stabilization, the method has gained wider acceptance
especially in the Southeast Asia (Broms, 1984; Bergado et al., 1999; Uddin and Buensuceso, 2002;
Petchgate et al., 2007). It has been used for both shallow and deep soil stabilizations. The use of
cement stabilization has been extended to greater depths in which the cement columns act as a soil
reinforcement--Deep mixing (since Broms, 1984). Deep mixing in Thailand started around 25 years
ago. Nowadays, in Thailand, this method has been widely applied to several types of construction
such as foundation of road embankment, dike, small to medium size dam and taxiway for an airport,
retaining structure for deep excavation of drainage channel and water reservoir and remediation of
the failure of foundation (Petchgate et al., 2007). Several researches have been also conducted to
understand the mechanical both in the view points of material (e.g., Jongpradist et al., 2010 and
2011) and structure (Petchgate et al., 2003a 2003b and 2004).

The failure or loss of serviceability of some infrastructures will lead to national
economical impact, for some types such as dam can have catastrophic consequences. The
utilizations of cement-treated soils for infrastructure constructions have been increasingly employed
to diverse applications during these 2 decades as this technique emerges as a more economical
and effective alternative to traditional ones. However, many failure cases during construction have
been also increasingly reported (Youwai et al., 2009; Haque and Bryant, 2010). The failure patterns
commonly found are both stability failure and one due to excessive deformation as shown in Fig. 1.
Furthermore, there are also some reports on serviceability problems after a few years of completion
due to excessive deformation, particularly, highways. These indicate that techniques in construction

have been progressing remarkably while the design progress cannot follow.

a) Stability failure b) Failure due to excessive deformation

Fig. 1 Photographs of embankment failures during construction



It is well known that to accomplish a good design, there are two main issues to be
considered; the safety and the serviceability. The safety is defined to prevent the failure of
structures, whereas, the serviceability for most major types of structure means to not allow
excessive or differential deformations. With the recent urban development, another important aspect
to be considered during design is the effect of any construction on adjacent structures. To fulffill
these, an analysis method which is capable of reflecting all dominant behaviors for estimating the
deformation and potential failure consequence is necessary. However, the current practice in the
design of cement-stabilized ground is still mainly the safety evaluation based on results of
unconfined compression tests. A number of calculation and analysis guidelines for safety
assessment for many types of construction have been developed in the current design guidelines
but very few of them consider the induced deformation. This is due to the lack of a reasonable and
reliable analysis method for properly estimating the deformation. To achieve this, it requires better
understanding of the mechanical behaviors and a reasonable material model of the improved soil.

Although a large amount of researches have been done as described in the next section,
there are no comprehensive design and construction guidelines yet. These are because there is no
link among each field of studies. The researches in laboratory have focused on understanding the
behaviors as continuum media, whereas, the behaviors in full-scaled tests have been considered as
structural members, such as, piles and retaining walls. The current design and guidelines are
therefore based on the existing calculation methods of structural types considered. These provoke
the integrated study to link the understandings from laboratory experiments to actual field conditions.

The objective of this study, thus, is to develop an analysis method which can reasonably
assess both the failure and deformation of cement-treated soils aiming to establish a design

guideline and recommendation for earth structure using cement-treated soil.

Problems to be considered

Case studies

Three case studies i.e., drainage canal slope stabilized with deep cement mixing columns,
compound deep cement mixing wall and field pile load test on stiffened deep cement mixing piles
were chosen in this study to investigate; 1) failure phenomena 2) influencing parameters and 3)
potential to new innovation for solving the problem, respectively. The details of each case study are
described in this section.

Drainage canal slope stabilized with deep cement mixing columns

The field case study is the Suvarnabhumi drainage canal project belonging to the Royal Irrigation
Department of Thailand, which is located in Samutprakan province, Thailand. The main purpose of
this project is to drain floodwater from the eastern region of Bangkok and the vicinity of
Suvarnabhumi International Airport. The project consisted of the excavation of a new canal, the
building of pumping stations and the installation of a telemetry system. The drainage canal is 48.0 m
at the bottom, 3.0 m deep and 10.5 km long. Two-lane roadways of 11.0 m wide and 2.4 m high

were constructed on both sides of the canal for transportation.



Figure 2 shows the soil profile and soil properties at the field case history site. The soil profile
consisted of three layers as follows: 15 m of soft normally consolidated clay, 3.5 m of medium stiff
clay and 2.5 m of stiff clay. The natural water content was near the liquid limit, high water content
was noted in the depth range of 2 to 10 m (>100%), and lower water content was noted in the
deeper layer. The undrained shear strength, which was measured using the field vane shear test,

tended to increase with depth. DCM columns were applied to improve the soft clay layer.
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Fig. 2 Soil and DCM column properties

A trial test section of the drainage canal was constructed prior to commencement of the project. The
configuration of the DCM columns is shown in Figure 3. The DCM columns under the roadway

(called the bearing DCM columns) were 0.6 m in diameter and were installed in a rectangular

pattern at 1.50 m X 1.75 m spacing. Seven tangential DCM columns (called the DCM column rows)
were installed in a row pattern at the canal slope with a spacing of 1.50 m. The required
compressive strength of the DCM columns was 0.6 MPa. To reach the required compressive
strength, 220 kg/m3 of cement was used.

The DCM column rows located at the canal slope are designed to resist lateral force by their flexural
resistance. Due to the low flexural resistance of a single DCM column, DCM column rows were
used. To confirm the design’s assumptions, quality control of the construction of the DCM column
rows was required to obtain perfectly tangential columns. Figure 4a shows that the contacts of
tangential DCM columns were relatively good. A pullout test was also conducted, extracting a whole
column to visually inspect the homogeneity of the mixed materials and the uniformity of the column’s
size. The DCM column pulled out is presented in Figure 4b. The DCM column was cut into several
sections and split apart to investigate its homogeneity and size. The size and homogeneity of the

DCM column were satisfactory in this project. Moreover, the unconfined compression tests were



conducted to compare with the required strength. The unconfined compressive tests were completed
on DCM column specimens collected with a sampler at various depths. The collected specimens
were cured for 30 days before testing. The unconfined-compressive-strength value (q,) of the DCM
columns, which was obtained from the field specimens, ranged from 0.89 to 2.7 MPa, with an
average value of 1.5 MPa, which exceeds the required strength (0.6 MPa). Therefore, low quality
and non-uniformity of the DCM columns might not be the cause of failure for this canal project. The
elastic modulus at 50% of the unconfined compressive strength (Esy) ranged from 150 MPa to 880

MPa with an average value of 380 MPa, which indicates the empirical relation of E5, = 250q,,.
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Fig. 3 Configuration of drainage canal stabilized with DCM columns: (a) plan view (b) section view

The construction plan was divided into four stages: first, the DCM columns were installed; second,
the 1.2-m-high berm was constructed using silty sand fill material; third, the canal was excavated to
a depth of 3.0 m; and finally, the roadway was built to a height of 2.4 m. Three inclinometers were
installed after the excavation of 1.5 m to monitor lateral movements during excavation of the

remaining 1.5 m.



Fig. 4 Integrity of the DCM columns regarding:

(a) contacts of a tangential DCM column row

(b) homogeneity of the materials and uniformity of a DCM column

Figure 5 shows lateral movement profiles with depth after the end of excavation at a depth of 3.00 m
obtained from inclinometers at three locations, I-1, 1-2 and 1-3. The field data revealed that the
maximum lateral movement immediately after the end of excavation was 10 mm. As the roadway
reached to its finial elevation of 2.40 m at 14 days, the maximum lateral movement increased to 40

mm at inclinometer I-1.
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Fig. 6 Failure of field trial test

The lateral movement at all locations increased continuously with time until eventual failure at 25
days, as shown in Figure 6. The failure extended throughout the berm area while the base of the
canal heaved. The DCM column rows also tilted toward the canal. Based on field observations, the
potential slip surfaces showed that the translation of soil mass dominated down to 7.5 m deep. The
lateral movement obtained from the inclinometer |-1 clearly indicates that development of a shear
zone occurs at the depth of 5.0 m to 9.0 m. The increasing lateral movement with time is caused by
the process of undrained creep under constant deviator stresses.

Figure 7 plots the maximum lateral movements with elapsed time after the end of excavation. The
lateral movement behavior of the soft clay located near the excavation base obtained from
inclinometer I-1 (Fig. 7a) is similar to that of the undrained creep behavior proposed by Arulanandan
et al. (1971) and Redman and Poulos (1989). The rate of lateral movement in the secondary stage
is constant prior to the tertiary stages and reaching failure conditions according to surface rupture

observed in the field.
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Compound deep cement mixing wall

The case history was of a reservoir construction project belonging to the Electricity Generating
Authority of Thailand (EGAT) at Wang Noi Power Plant, Thailand. The general soil profile of this
project obtained from fives boreholes BH-1, BH-3, BH-4, BH-5 and BH-6 is shown in Figure 8. The
uppermost layer is a soft clay subsoil layer underlain by a stiff clay layer. The thicknesses of the soft
clay layers varied from 2 to 5.5 m in an excavated area for the construction of a reservoir. The
maximum thickness of the soft clay layer found from BH-1 was 8 m. The undrained shear strengths
obtained from the unconfined compressive strengths of the soft clay and stiff clay were 17 and 90

kPa, respectively

BH-1 BH-3 BH-4 BH-5 BH-6
0.00 m
Excavated area Soft clay
in soft clay layer = 3
200m ( y layer) 7 =15 KkN/m
i 2 W= 53% L MM
/ (% c,= 17 kPa ol
-4.00 m /| Excavated area | ™ — - > il
/ (in stiff clay layer) i
550 m| 7/
/| STA0+000 il iicy
" Stiff clay
-8.00m 7 = 19 KN/m?
Wh = 29%
10.00m c,~ 90 kPa

Fig. 8 Soil profile of construction project

The constructed CDCM wall was approximately 830-m long, 5.5-m high and 10-m wide. The CDCM
wall layout is shown in figure 9. A precast concrete wall was first driven to a depth of -8.0 m, and
subsequently, a tangential DCM column wall was constructed behind the precast concrete wall using
a deep jet grouting method with a jet pressure of 20 MPa. The water cement-ratio of the slurry and
the cement content were 1.0 and 225 kg/m3 of soil, respectively. Then, the DCM columns under the
embankment roadway were installed in a triangular pattern. All the DCM columns had a diameter of
0.5 m and a depth of -6.00 m in the embankment side. A stabilized mat with a thickness of 0.5 m
consisting of soil cement slurry was constructed over the length of the wall. Moreover, a 2-m-long
DCM column wall was also constructed near to the precast concrete panels at the bottom of the
reservoir at the depth of -8.00 m. The modified excavation was divided into two steps. For the first
step, the excavation was performed to a level of -3.50 m. Next, excavation with a slope of 1:7.5 from
an elevation of -3.50 m in front of retaining wall to the same bottom level (elevation -5.50 m) was
performed to create a counter weight berm as a permanent support. A 70-mm-diameter inclinometer
casing was grouted in predrilled holes to monitor horizontal wall movements. The inclinometer was

installed in the subsoil layer at a depth of -8 m.
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Field pile load test on stiffened deep cement mixing piles

Circular DCM piles and SDCM piles 0.6 m in diameter (¢) and 7 m long (L) with reinforced concrete
cores constructed in soft Bangkok clay from the previous work (Jamsawang 2008) were chosen as
the reference case in this study. The full-scale axial load tests on these composite piles were

performed at the Asian Institute of Technology (AIT), in the central plains of Thailand. The site



conditions consist of 2.0 m thick weathered crust on top of a 6.0 m thick soft clay layer. A medium to
stiff clay layer was found at a depth of 8.0 m, and the water table was found at 1.5 m below the

ground surface. The physical properties and soil profile at the test site are shown in figure 10.
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Fig. 11 Details of SDCM pile

The piles were constructed by wet jet mixing with a cement content of 150 kg/m3 of soil. Two cross
sections, 0.18x0.18 and 0.22x0.22 m, of square reinforced concrete piles with lengths of 4.0 m and

6.0 m were used as stiffened cores. The installation and details of the SDCM piles are demonstrated

in figure 11.
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Numerical Analysis

Finite Element mesh and boundary condition

Drainage canal slope stabilized with deep cement mixing columns

A finite element simulation was performed to assist in understanding the failure mechanism of the
canal slope by undrained creep using PLAXIS 2D version 2011. The 2D finite element model
consisted of the DCM columns, the embankment and foundation soils. The basic soil elements of a
2D finite element mesh are represented by 15-node triangular elements to model soil layers and
other volume clusters. The 15-node triangle provides a fourth order interpolation for displacements

and the numerical integration involves twelve Gauss points (stress points).
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Fig. 12 2D-FE mesh used for analysis at various construction stages (a) Initial state (b) 1.5-m

excavation (c) 3.0-m excavation (d) 2.4-m roadway construction
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Figure 12 illustrates the 2D finite element mesh consisting of more than 2,138 soil elements and

17,396 nodes, which corresponds to the drainage canal configuration in Figure 3. The 2D mesh was

100-m long and 20-m deep. For the boundary condition, horizontal displacement was prevented, and

vertical displacement was free to occur at the side boundaries. Both horizontal and vertical

displacements were prevented from occurring at the bottom boundary. The following construction

stages were followed in the finite element- calculation:

Stage 0: generation of the initial stresses in Ko — condition (Fig. 12a)

Stage 1: excavation of -1.50 m (Fig. 12b)

Stage 2: excavation of -3.0 m (Fig. 12c) and starting measurement of lateral movement at the
locations of I-1, I-2 and |-3

Stage 3: construction of 2.4-m-high roadway (Fig. 12d)

Compound deep cement mixing wall

A finite element simulation was performed to assist in understanding the CDCM column wall
behavior using the PLAXIS 3D Foundation software version 2.2, which allows for a realistic
simulation of construction sequences. The 3D finite element model consisted of the DCM columns,
embankment, stabilized mat, foundation soils and precast concrete wall. The basic soil elements of a
3D finite element mesh represented by 15-node wedge elements, were used to model the DCM
columns, embankment, stabilized mat, and foundation soils. These elements are composed of 6-
node triangular faces in the x—z planes, as generated by the 2D mesh generation, and 8-node

quadrilateral faces in the y-direction.

Compacted soil

Fig. 13 Typical finite-element mesh used in this study.
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The precast concrete wall was modeled using 8-node quadrilateral plate elements with six degrees

of freedom per node. Three translational degrees of freedom (u,, u, and u,) and three rotational

degrees of freedom (¢X, ¢y and ¢Z) are utilized. Along the degenerated soil elements, the walls are
composed of 6-node triangle plate elements, compatible with the triangular side of the degenerate
soil elements.

To simulate the soil interaction between the precast wall and the foundation soils, interface elements
were assigned around the periphery of the precast wall. The interface elements are different than
the 8-node quadrilateral in that the elements have a pair of nodes with zero thickness instead of
single node. The advantages of the pair of nodes are to allow for slipping and gapping when
differential displacements occur. There were no interface elements between the periphery, the DCM
columns and the surrounding foundation soils because the shear strength at the interface between
the DCM column and the surrounding clay was higher than that of the surrounding soft clay
foundation.

Figure 13 illustrates the 3D finite element mesh consisting of more than 12,240 elements, that was
used in the back-analysis, which corresponds to the CDCM column wall configuration in figure 9.
The 3D mesh was 1.5-m wide, 45-m long and 20-m deep. For the boundary condition, horizontal
displacements were prevented, and vertical displacements were free to occur at the side boundaries.
Both horizontal and vertical displacements were prevented from occurring at the bottom boundary.
The following construction stages are followed in the finite element- calculation:

Stage 0: generation of the initial stresses (Ko - condition)

Stage 1: installation of the precast concrete wall

Stage 2: installation of the DCM columns

Stage 3: installation of the stabilized mat

Stage 4: installation of the stabilized mat

Stage 5: installation of the embankment

Stage 6: excavation

Field pile load test on stiffened deep cement mixing piles

The continuum finite element PLAXIS 2D program was used to analyze the DCM and SDCM under
axial loading in this study. Undrained analyses under two-dimensional axis-symmetric condition were
performed to numerically investigate the load-settlement behavior of the SDCM piles during axial
loading. Fifteen node hybrid elements were used to model the soil, the core, and the DCM pile. The
boundary conditions adopted for the analyses were displacement restraints with roller supports
applied on all vertical sides and pin supports applied to the base of the mesh; these conditions were
used for all cases throughout the analysis. Figure 15 shows the geometry of the problem and the
finite element mesh used in this study.

The initial distribution of vertical effective stress and horizontal effective stress is controlled by the

given soil unit weight and the coefficient of earth pressure at rest, K, for all strata and the
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hydrostatic pore water pressure conditions in equilibrium with a water table at 1.5 m below the
ground surface.

The value of interface friction (R, between the DCM pile and core was chosen to be 0.4
(Voottripruex et al., 2011) while the value of 1.0 (Brinkgreve 2008) is defined for that between the
surrounding soil and the DCM pile. In order to match the stiffness of the square reinforced concrete
core of the SDCM used in field tests to the circular core used in the simulation (axis symmetric
analysis), transformed sections with the same stiffness (EA) were considered. After establishing the
initial stress state, each analysis was then performed by gradually increasing the axial load on the
top of the wish-in-place DCM or SDCM pile to simulate the quick load test, following ASTM D-1143.
The load steps applied at the pile top were the same as those of the test in (Jamsawang 2008). The
vertical load was increased in intervals of 10 kN until failure. These tests were used to find the
settlement at the top and load distribution along the depth of the DCM or SDCM pile after applying
the axial load, the ultimate capacity and the corresponding failure mode. In this study, the ultimate
pile capacity of both DCM and SDCM piles was determined from the load-settlement curve using the

Mazurkiewicz method (Mazurkiewicz 1972).
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Fig. 14 Typical 2D finite-element mesh used in this study.
Currently, the materials that have been most often used as core structures are reinforced concrete
and steel. The stiffness of those cores is very large compared to that of DCM piles (approximately
100-1000 times stiffer). In addition to these two materials, various types of construction materials are
available that may be inferior in terms of stiffness, but are cheaper. Therefore, evaluating the
possibility of using less stiff materials as the core is worthwhile. For example, in Thailand,

Eucalyptus wood has been widely used in the construction industry because it is cheap, easy to buy,
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and can be produced in substantial quantities. The properties of the core in preliminary

investigations are therefore focused on Eucalyptus wood.

Constitutive model and model parameters

Drainage canal slope stabilized with deep cement mixing columns

The DCM columns and the roadway were modeled as the MC model (Abusharar et al., 2009; Mun
et al., 2012; Voottipruex et al., 2011a; 2011b). In this study, the elastic modulus of column-walls E,;
was correlated to the unconfined compressive strength using the following equation): E, ., = 500c,,4-

Parameters used in MC model are presented in Table 1.

Table 1 Parameters used in MC model

DCM column Roadway
Unit weight 7 (kN/m’) 15 20
Elastic modulus E (MPa) 380 7.5
Poisson's ratiov 0.49 0.33
Cohesion C (kPa) 750 10
Friction angle ¢ (degree) 0 30
Material behavior Undrained Drained

The soft soil creep (SSC) model was used to model the undrained-creep behavior of the soft clay.
The SSC model is described by Vermeer and Neher (1999) and Neher et al. (2001).The SSC model
has five main parameters. The modified compression index and modified swelling index define
loading and unloading volumetric behavior, respectively. The modified creep index defines the time
dependent creep behavior. The cohesion and friction angle  define strength of a material. A
calibration of the laboratory test results and the SSC model was performed to verify accuracy of the
model. Conventional oedometer tests were performed on a soft clay specimen taken from the project
site at depths of -4.0. The suitable parameters of the soft clay used for the FEA for this study are
presented in Table 2.

Table 2 Parameters used in SSC model

Soft clay
Unit weight  (kN/m) 15
Modified compression index A 0.22
Modified swelling index K 0.015
Modified creep ,u* 0.018
Poisson's ratio v 0.15
Cohesion C (kPa) 1
Friction angle ¢ (degree) 27
Over consolidation ratio (OCR) 1.5
Material behavior Undrained
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The hardening soil (HSM) model is an advanced model for simulating the behavior of different types
of both soft soils and stiff soils (Surarak et al., 2012; Jamsawang et al., 2014). The HS model
utilizes four basic deformation parameters: the secant stiffness in standard drained triaxial tests
(Esoref), the tangential stiffness for primary oedometer loading (Eoedmf), the unloading and reloading

stiffness (EurnEf )

, the power of the stress-level dependency of the stiffness (m) and shear strength
parameters according to the MCM ( ¢ and (I)). The HS model was applied to model the behavior of
the medium stiff clay and stiff clay in this study using the Bangkok subsoil parameters from

Rukdeechuai et al. (2009). Parameters used in HS model are presented in Table 3.

Table 3 Parameters used in HS model

Medium stiff clay Stiff clay
Unit weight  (kN/m) 15 20
Secant stiffness Esrgf (MPa) 20 100
Tangential stiffness E(:g; (MPa) 20 100
Unloading and reloading stiffness EJff (MPa) 60 180
Power of the stress-level dependency of the stiffness m 1 1
Poisson's ratio v 0.2 0.2
Cohesion C (kPa) 1 18
Friction angle ¢ (degree) 27 27
Over consolidation ratio (OCR) 6 10
Material behavior Undrained Undrained

Compound deep cement mixing wall

The DCM columns, the stabilized mat and the embankment were modeled as linearly elastic to
perfectly plastic materials with the Mohr-Coulomb model (MCM).

Table 4 Model parameters

Material Model y Esr(e)f E(::; m % c’ ¢’ o,
(kN/m’) (kPa)  (kPa) (kPa)  (degree)  (kPa)

Embankment  MCM 20 20,000 - - 025 10 30 -
Stabilized mat  MCM 15 100,000 - - 025 900 0 144

Soft clay HSM 15 1,000 1,000 0.8 0.20 2 22 -

Stiff clay HSM 18 9,000 9,000 04 0.0 30 26 -
DCM column  MCM 14 40,000 - - 033 400 0 64

Precast wall ~ LEM 24 26X10° - - 0.15 - - -

The tensile strength of the DCM columns, considered using the tension cutoff in the model, was
16% of qu(DCM). The precast concrete wall was modeled as structural elements using a linear

elastic model (LEM). The parameters are illustrated in Table 4.
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Field pile load test on stiffened deep cement mixing piles

A linear elastic material model was used for the core. The DCM socket and sand layers were
assumed to behave as elastic—perfectly plastic materials as described by the Mohr-Coulomb (MC)
model. The clay layers were modeled as so-called hardening soils (HSs), meaning they were
assumed to be elasto-plastics with stress dependent stiffness and shear dilatancy properties
(Schanz et al.,, 2000). The soil properties used in the analyses were mainly determined from
calibration on triaxial testing data of soil samples at AIT (Detkhong and Jongpradist, 2014). The
materials parameters for Eucalyptus wood were obtained from numerical calibration of the uni-axial
test results from (Kanseangkaew 2008). Table 5 summarizes the material parameters used in the
numerical analyses; this set of parameters was used throughout all analyses in this study. The
accuracy of simulations for pile load tests on both DCM and SDCM piles by the selected models
with the calibrated material parameters has been validated with measured data of reference cases in

the next section.

Table 5 Material models and parameters used in this study

ES.E, E Eso E K 7 ¢t 9y
soilpe M b dew) drw e " G kP () () OF

Weather crust ~~ MCM(D) - 5,000 - - 025 - 06 17 8 2 0 -
Soft clay HSM(U) 5,000 - 5000 15000 020 1 07 15 6 2 0 20
Medium clay HSM(U) 20,000 - 20,000 60,00 020 1 06 15 100 22 0 11
Stiff clay HSM(U) 50,000 - 50,000 150,000 020 1 05 18 2 26 0 10
DCM pile

- 0, = 690 kPa - 65,000 - - 033 - - 15 330 30 - -
- gu:4zo kpa  MCMU) 42,000 - - 033 - - 15 200 30 - -

- 0.=210kPa - 21,000 - - 033 - - 15 100 30 - -
Precast concrete  MCM(D) - 2.8x107 - - 0.15 - - 24 8000 40 - -
Eucalyptus wood MCM(D) — _ 40x10° - - 025 - - 95 6500 30 - -

MCM= Mohr-Coulomb model, HSM= Hardening Soil model. Material behavior; D=drained, U= undrained. p,s for
HSM = 100 kPa. R=0.9

Analysis results
Verification with case study and Preliminary Investigation

Drainage canal slope stabilized with deep cement mixing columns

A shear strength reduction or phi-c reduction method, an option available in Plaxis 2D Version 2011,

was used to compute the factor of safety of the slope. In the phi-c reduction approach, the strength

parameters tan¢ and ¢ of the soil are reduced until failure of the structure occurs. The total

multiplier z Msf is used to define the value of the soil strength parameters at a given stage in the
analysis:

ZMSf — tan¢|nput — Cinput (1)

tan ¢, C

where the strength parameters tan ¢mput and Cinput refer to the properties entered in the material sets

educed reduced

and the strength parameters tan g, ., and C refer to the reduced values used in the

reduced
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analysis.z Msf is set as 1.0 at the start of calculation to set all material strengths to their

unreduced values. The incremental MSf is used to specify the increment of the strength of the first
calculation step. It must always be checked whether the final step has resulted in a fully developed
failure mechanism. If that is the case, the factor of safety is given by:
available strength
FS = Vvalue of Z Msf at failure = - g (2)
strength at failure

Figures 15a, b and ¢ show comparisons between the measured lateral movement profiles and the

observed lateral movement profiles with time for the very soft clays at the three locations of I-1, 2

and I3 at the end of excavation, respectively.
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Fig. 15 Comparison between FEM results and field measurement data: (a) I-1 (b) I-2 (c) I-3

Due to the variations in the modified creep index in the field reported by Fatahi et al. (2013), the
calibration of the field observation results and the SSC model was performed using 3D-FEM models
to obtain a reasonable modified creep index to simulate the undrained creep behavior of the
excavated slope in very soft clay. The value of for the very soft clay was varied to match the
measured lateral movement profile to the calculated lateral movements and the elapsed time, in
which the failure of the canal occurred (after 25 days). The higher values of cause larger lateral
movement and faster slope failure due to the undrained creep effect. The back-calculated value for
was 0.016, which yields the best fit with the lateral movement profiles and caused the soil body
collapse after 25 days, and falls within the range of the value for soft organic clays proposed by
Mesri and Godlewski (1977). Figure 16a shows the deformed mesh of the modeled canal with the
back-calculated of 0.016 and the elapsed time of 25 days. The berm area settled to the very soft
clay layer. The very soft clay at the base of the canal heaved and the DCM column rows tilted and
moved toward the excavated canal, which was similar to the conditions shown in Fig. 6. The plastic
points in Plaxis 3D Version 2013 shows the stress points that are in a plastic state (failure point);
they are displayed in a plot of the undeformed geometry. The plastic point indicates that the stresses
lie on the surface of the failure envelope. Figure 17b shows the distribution of the failure points in

the 3D mesh, which is similar to the shape of the failure zone observed in the field (Fig. 6).
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Fig. 16 (a) deformed mesh (b) distribution of plastic points of drainage canal under soil body collapse

at 25 days

Figure 17 shows the potential slip surfaces for the case history. The calculation results show that the
initial factor of safety for the excavated slope with the 1.2-m-high roadway was 1.710. The values of
the factors of safety exceeded the minimum required value of 1.30 during construction when
undrained creep behavior was not considered. After the end of excavation, undrained creep was

applied with a constant rate of creep strain until failure of the canal slope.
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FS=1.710

Fig. 17 Slip surfaces from drainage canal stability analysis at immediately after excavation

Figure 18 shows the factor of safety versus time at the end of construction. The factor of safety
decreases with an increase in time, as expected. The factor of safety decreases from the initial
value of 1.710 to 1.30 at eight days, which indicates that the factor of safety is less than the
minimum required value after eight days, which demonstrates high potential for instability. The factor
of safety decreases until the value of 1.045 is attained after 24 days; after 25 days, the FEA shows
the soil body collapse that corresponds to the failure pattern shown in Fig 6. The average rate of
decrease of the factor of safety in this study was defined as the difference in the factor of safety
divided the elapsed time. Thus, the average rate of the factor of safety decreases for the case

history from the end of excavation (0 day) to 24 days was = 0.0277/day.
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Fig. 18 Factor of safety over time for the case history

The behavior of the case history can be considered to be approximately undrained during the
excavation period due to the very low permeability of the soft clay. The excess pore pressure
increments are dependent on the path. The increase in the compression stress and the increase in
the tension stress in the theoretical stress transfer in the undrained triaxial tests (Borges and Guerra,

2014) are considered to be positive and negative, respectively. The increase in the theoretical stress
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in an undrained triaxial test with a compression stress path. In an extension stress path (as in an
excavation zone), the direction of the pore pressure increments is opposite to the direction of the
compression stress path. In an extension stress path, the increment of pore pressure Auis negative
(negative excess pore pressure). Because the total mean stress declines but the volume of soil does

not change (undrained behavior), negative excess pore pressure is generated.
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Fig. 19 Excess pore pressure at several stages: (a) initial state; (b) 1.2-m-high roadway

construction; (c) after the end of excavation; (d) 2 days; (e) 12 days; (f) 25 days after end of

excavation (canal failure)

Fig. 19b shows the results for excess pore pressure prior to excavation for the case history. Excess
pore pressure is defined as the difference between the pore pressure at a particular instant and its
initial hydrostatic value (Fig. 19a). Positive values of excess pore pressure are generated in the soft

clay under the roadway due to the effect of embankment loading. Fig. 19c shows that negative
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values are generated after the end of excavation on the excavation side. The highest negative value
of excess pore pressure occurs below the excavation base due to the highest reduction of total
mean stress in that zone. The undrained creep process begins after the end of excavation. Figures
19d and 19e show the decrease in the negative pore water pressure at the end of excavation for
two days and 12 days, respectively, due to the effect of deviator creep. The value of the excess
pore water pressure along the canal slope at failure approached positive values, as shown in Fig.
19f. Undrained creep causes an increase in additional positive excess pore water pressure with time
for constant deviator stress.

The mean effective stress decreases with time, which implies that the soft clay is subjected to the
compression stress path and causes changes in its strength, as shown in Fig. 20. Figure 20
illustrates the stress path of point A in Fig 19b. The stress path began at the initial state of the soil
(Fig. 19a) followed by the end of the excavation state (Fig. 20c). The undrained creep continued
from stages 2 to 5. The stress path reached the Mohr-Coulomb failure line. The excess pore water
pressure  developed during the undrained creep, which reduces the strength of soft clay. This
process causes the factor of safety, to decrease with an increase in time. Thus, the results from the

FEA confirm that the canal in the case history failed due to the undrained creep process.
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Figure 20 Stress path of very soft clay at point A under the canal slope

Compound deep cement mixing wall

Figure 21 presents a measured lateral movement profile of the CDCM column wall after completion
of excavation. The maximum lateral movement was found to be 43 mm at a depth of 1 m below the
surface. Due to the variations in the elastic modulus values of the DCM columns, the calibration of
the field observation results and the MCM was performed using 3D-FEM models, to obtain the

reasonable elastic modulus for simulation of the behavior of the DCM columns. For the calibration of

22



the model, the parameters for the embankment, stabilized mat, precast wall and DCM columns are
illustrated in Table 6. The moduli of the DCM columns (Epcy) were varied so that the measured
lateral movement profile could be matched by the simulated lateral movements. The back-calculated
value for Epcy was 40 MPa, which gives the best fit of the lateral movement profile, and within the
range of Epqy, value obtained from the field core sample. The lateral movement profile calculated by
3D-FEM using an Ep), of 40 MPa is the so-called “case history” used as a “base problem” for the

analysis of the results of the case history and the parametric study in the following Sections.
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Fig. 21 Measured versus predicted wall lateral movements

Table 6 Rank of degree of influence on maximum lateral movement

Rank Factors Degree of influence
(%) Class
1 Thickness of soft clay layer 154 Extreme
2 Size of DCM column 153 Extreme
3 Elastic modulus of DCM column 127 Very high
4 Thickness of precast wall 120 Very high
5 Berm size 114 Very high
6 Embedded length of DCM column 37 Medium

The lateral movement profiles for columns A to H and the precast wall obtained from FEM
predictions are shown in Fig. 22a. The shape and magnitude of the lateral movements for columns
F, G and H are similar to those for the precast wall. They tend to move further toward the
excavation. This implies that they move laterally together. The magnitude of the lateral movements
gradually decreases with increasing distance from the precast wall. An inverse lateral movement
profile was observed in columns A, B and C. The lateral movement from the depths of 2.5 to 5 m
exhibits an inverse lateral movement profile due to effect of the embankment load. However, the

lateral movement from the depths of 2.5 to 0 m exhibits a normal lateral movement profile (toward
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the excavation) due to effect of horizontal relief of stresses. It can be approximated that the inverse
profile can be started at half of the embankment width. The effect of the no embankment on the
magnitude and the lateral movement profile was investigated by the FEM predictions. A comparison

of lateral movement profiles is shown in Fig.22b.
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Fig.22 Lateral movement profile for all columns

Generally, the main function of a stabilized mat is to transfer stresses from the

embankment over the soft clay layer to individual columns to reduce the different settlements. In the
case of excavation work, the stabilized mat acts as a rigid platform that ties individual columns
together acting as a column group that effectively resists lateral forces and movements and also
acting as a relieving platform for surface loads. In the case history, a 0.5-m-thick stabilized mat
was constructed for this proposes. The effect of the no stabilized mat was simulated by omitting the
stabilized mat from the top of the DCM columns. As shown in Fig. 23, the CDCM wall simulation
without the stabilized mat resulted in much larger lateral movements. The maximum lateral
movement was 93 mm higher than and approximately twice the maximum lateral movement in the
case of the DCM wall simulation with stabilized mat.
Columns F, G and H tend to move further toward the excavation together with the precast wall when
the stabilized mat is removed and replaced with backfill soil, which implies that the first three rows of
the DCM columns help the precast wall in resisting lateral soil movements. In contrast, the last three
rows of DCM columns A, B and C do not assist because they move backward excavation due to
non-existence of stabilized mat to tie them together. Without the stabilized mat, the column
deformation is a separating deformation, which results in more deflection of the wall as shown in Fig.
23.
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Fig.23 Lateral movement profile and settlement behind the wall

The surface settlement versus distance from the precast wall is shown in Fig. 23. The settlement
profiles of the CDCM walls with and without the stabilized mat are similar, but the magnitudes are
different. The maximum surface settlements are 37 and 56 mm for the CDCM walls with and without
the stabilized mat, respectively. The difference of 19 mm is due to the effect of the stabilized mat,
which reveals that the differential lateral movement = 93-47= 46 mm causing a differential lateral
movement = 19 mm. Thus, stabilized mats have greater influence on lateral movement than on
settlement. The ratio is 56 mm /93 mm = 0.6 less than that for the case history (with stabilized
mat).

The effect of the precast concrete wall was investigated using the FEM to compare the lateral
behavior of the DCM wall and to the CDCM wall. As shown in Fig. 24, the DCM wall simulation
resulted in a much larger lateral movement than for the CDCM wall. The lateral movement profile
shows the wall propped near the surface. Inward movement takes place at a deeper depth because
the stabilized mat, which has a higher stiffness than does the DCM column, restrains the column
head. The maximum lateral movement is 107 mm at a depth of 2 m from the surface. The no
precast wall increased the lateral movement by as much as 2.2 times. Thus, the precast wall is

effective in reducing the lateral movements.
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Fig. 24 Effect of stabilized mat on deformation of DCM column

The surface settlement versus distance from the precast wall is shown in Fig.22. The settlement
profiles of the CDCM wall and the DCM wall are similar but the magnitudes are different. The
maximum surface settlements are 52 and 37 mm for the DCM walls and the CDCM walls,
respectively. Therefore, the differential settlement is 15 mm due to effect of the precast wall. This
implies that the differential lateral movement = 107-47= 60 mm causing a differential settlement = 15
mm. Thus, a precast wall has a greater influence on lateral movement than on settlement.

Factors that contribute to large settlements do not necessarily produce large horizontal
movements, but the reverse is always valid, i.e., factors that contribute to a large horizontal
movement will produce large settlement (Kempfert and Gebreselassie, 2006). Thus, the next Section

will study parameters affecting only the maximum lateral movements of the CDCM wall.

Field pile load test on stiffened deep cement mixing piles

The field data from the full-scale pile load tests on DCM and SDCMs were used to verify the
analysis method used in this study. Fig. 25 illustrates the axial compression load versus settlement
of both DCM and SDCMs from the field tests and their simulations from this study. Comparing the
results of the full-scale pile load tests to the simulations shows that the analysis method employed

can be used with high confidence.
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Fig. 25 Comparisons of load-settlement curves between test and simulation results of DCM and
SDCM piles.
The simulated load-settlement curves of the SDCM piles and the test results of the DCM pile under
axial loading for various core sizes with the same core volume (V_,/Vpen) Of 1.29, 2.57, 3.68, and
5.14% are presented in Figs. 26a, 26b, 26¢ and 26d, respectively. For a core volume of 1.29%, the
settlements and ultimate bearing capacities for the ordinary DCM pile and SDCM piles show an
insignificant difference. The differences in settlement and ultimate load between the DCM pile and
SDCM piles tend to increase as the core volume is increased, as shown in Figs. 26b, 26¢c and 26d.
The results indicate that by inserting a core with sufficient V,/Vpcu, both the load carrying and
settlement behaviors can be significantly improved. Up to the V,/Vpcm Of 5.14% in this study, the
effectiveness of the core strongly depends on the ratio of V_,/Vpcm For the same V_,../Voous
increasing the length of the core can reduce the settlement at the pile top and increase the ultimate
bearing capacity, suggesting that a slender shape core is preferable. However, Fig. 26d also shows
no significant increase in ultimate capacity (after approaching approximately 325 kN) after the core
length exceeds 4 m, even though improvements in settlement can still be seen, suggesting an
optimum value of core length. Further investigation on high strength DCM to ensure that the soil
failure mode will govern gives an ultimate pile capacity of approximately 324 kN, which is very close
to that of the maximum value of SDCM. The failure mode of SDCM may change from pile failure to
soil failure when the length of the core approaches 4.0 m, implying that the optimum core length is

related to the strength of the DCM socket.
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Fig. 26 Comparisons of simulated load-settlement curves for various core ratios: a) V..o/Vpocu
=1.29%; b) Voore! Vocm =2.57%; €) Veore! Voem =3.86% and d) Vo.o/ Voo =5.14%.

To investigate the possibility of using alternative materials for the core, Eucalyptus wood and
reinforced concrete cores with the same dimensions and shape were analyzed in the pile load test
on the SDCM simulation using the FEM. Fig. 27 shows the load-settlement curves of the SDCM
piles with two different core materials for various core sizes. From the figure, the load-settlement
curves of the wood and concrete SDCM piles with 1 and 2 m long cores are almost identical. With
increasing core length, the wood SDCM piles show larger settlements under the same applied load
due to the shortening of the core caused by lower stiffness. However, similar ultimate bearing
capacities between wood and concrete SDCM piles can be obtained. Therefore, if the settlement
criterion is not as strict, the core may be made of any construction material that is less stiff and
cheaper than the concrete.

The load received by the core is transferred to the enclosed DCM socket before being transferred to
the surrounding ground. The strength of the DCM socket (g, pcu) is thus significant for the settlement
and ultimate bearing capacity of the SDCM piles. In the analyses, a concrete core with a diameter of
0.18 m and fixed strength is considered while the length of the core (1, 3 and 6 m) and q,pcy are
varied. The q,pcy Of 210 and 420 kPa are used to investigate the performance of stiff core in lower
strength DCM socket and the possibility of using lower strength DCM socket. The stiffness of the

DCM socket are consequently calculated by using the empirical relation E5,=100 q, pcu-
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Fig. 27 Simulated load-settlement curves of SDCM piles with different lengths and core stiffness.
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Fig. 28 Simulated load-settlement curves of SDCM piles with different strengths of socketed piles: a)

Boore X Legre = 0.18 X 1.00; b) P X Legre = 0.18 x 3.00 and €) Prore X Legre = 0.18 x 6.00.
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Fig.28 illustrates the load-settlement curves of the SDCM piles with different g, pcy and those of the
DCM piles with the same considered strengths for various core lengths. In Fig. 28a, the SDCM piles
with a 1 m long core show a slight increase in bearing capacity of the SDCM piles with g, pcy of 210
and 420 kPa from the DCM pile. The SDCM pile with g,pcy of 690 kPa shows an insignificant
improvement. The increase in bearing capacity becomes more pronounced with increasing core
length as depicted in Figs.28b and 28c. For the same core length, the difference in bearing capacity
between the unreinforced DCM and the SDCM becomes larger with decreasing g, pcy, Mmeaning that

the effectiveness of the core in the SDCM also depends on the g, pcw-
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Fig. 29 Load distributions along SDCM piles: a) various lengths of core pile and b) various
combinations of g, pcy and core length.

The axial stresses were detected along the length of the SDCM piles from the simulations, and the
axial loads carried by the SDCM piles are presented in Figs. 29 and 30. These axial loads include
both that carried by the core and the load transferred to the DCM socket. Generally, axial loads
decreased with depth as a result of interaction between the soil and the SDCM piles. Fig. 29a
presents the simulated results of the parametric study on SDCM piles with ¢ = 0.18 m core by
varying the core lengths among 1, 2, 3, 4, 5 and 6.0 m. Comparing the results shows that the longer
the core is, the more able the SDCM core is to transfer the applied load to a deeper level. As a
result, the load shared by the surrounding soil would be smaller. The settlement of the SDCM pile
with a longer core is then smaller than that of an SDCM pile with a shorter core for the same
applied load. The SDCM pile with a longer core can also carry a larger load than the SDCM pile with
a shorter core. In Fig. 29b shows the effect of the strength of the DCM socket, clearly demonstrating
the effect of the strength of the DCM socket on load transfer along the pile depth. However, the
effect from the length of the core is superior.

In Fig. 30, we extended the analyses for investigation under a controlled volume of core. The results
of SDCM piles with various core lengths and diameters with constant core volumes of 2.57 and
5.14% are illustrated in Figs. 30a and 30b, respectively. The load distribution along the pile depth of
an ordinary DCM is also plotted in the figures. In Fig. 29a, for all three applied loads considered,
only a small effect from the stiffened core can be seen for all three core sizes. In contrast, the effect

of the stiffened core and its size on load distribution behavior can be captured even under a small
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applied load (50 kN) as depicted in Fig. 30b. This indicates that the behavior of an SDCM pile may
not be significantly improved with an insufficient reinforced core volume. Thus, not only the length of

the core but also a suitable core diameter must be considered for the SDCM piles.
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Fig. 30 Load distribution along SDCM piles with various core lengths: a) V_,.o/Vpcm = 2.57% and b)

Veore/ Voem = 5.14%.

From the load distribution behavior observed, the failure behavior of SDCM piles can be suggested.
With the strong pile head that is reinforced with the core, the failure of the pile part is thus
unnecessarily at the pile head. The failure may occur at the level of the core tip where the strength
of the pile suddenly changes (from composite SDCM to only DCM socket). If the core is significantly
strong, three types of failure modes are possible, soil failure, pile failure of the at the top part of
DCM socket and pile failure at the core tip level, depending on the relative strength of the DCM

socket and the surrounding soil and length of the core.

Numerical Investigation- Parametric Analysis

Drainage canal slope stabilized with deep cement mixing columns

Drainage canal
0.1m |

Stabilized berm

Fig. 31 The stabilized berm used for a new ftrial section of drainage

The results of the analysis in the previous section revealed that the cause of the canal slope failure

was undrained creep failure caused by a delay in construction. To control the slope’s instability,
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various stabilizing methods were introduced for a new trial section of the canal. Increasing the
number of DCM column rows along the canal slope to increase the improvement area was not
feasible due to the budget limitations for this project. Thus, the construction of a stabilized berm at
the toe of the canal and the objective of maintain the water at a level of +2.00 m were suggested to
limit the creep stress induced by the excavation. Figure 30 shows the stabilized berm with a height
of 1 m, a width of 6.1 m and the same side slope as the excavated canal; the berm was applied in

the new trial section of this project.
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Fig. 32 Comparison of (a) factors of safety (b) lateral movement profiles between canal with and
without remedy
Figure 32a shows a comparison of the factor of safety for the two sections of the canal (with and

without remedial measures). The results show that the factor of safety increased from 1.735 (failure
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case history without a stabilized berm) to 1.887 (new trial section with a stabilized berm). The factor
of safety decreased with time due to the effect of undrained-creep until a factor of safety of 1.38 was
attained after eight days. Based on the case history, a factor of safety of 1.28 was attained for the
unstabilized berm. The berm is useful for increasing the stability to the required value. However,
water was released to a level of +2.00 m to counter the lateral movement from creep stress and to
prevent instability. The water level of+2.00 m increased the factor of safety from 1.38 to 1.53. The
factor of safety was 1.40 after 25 days. Thus, the time period is sufficient to safely complete the
roadway construction. The decrease in the average rate of the safety factor was calculated as
0.00765/day, which is significantly less than the rate in the case history (0.0277 /day).

Verification of the adopted solution method was performed by installation of an inclinometer at
location 1-1, which is the same location in the field case study. A comparison of the lateral
movement profiles with and without a berm and the corresponding water level is shown in Fig. 32b.
The lateral movement was substantially less than the lateral movement in the case history. In
addition, the rate of lateral movement was significantly reduced from 2 mm/day to 0.4 mm /day.
Thus, this solution was applied to the entire drainage canal project for both remedial sections and
the remaining 10-km-long un-constructed parts. The canal has been in service at the proposed level

of water of +3.00 m for 5 years without any excessive lateral movement by visual observation.

Compound deep cement mixing wall

Upon completion of the case history, a study on the parameters affecting the lateral movement
analysis was performed. This section covers a sensitivity study used to analyze the degree of
influence of different parameters on the maximum lateral movement of the CDCM wall after
construction. The parameters analyzed are (1) the elastic modulus of the DCM column; (2)
embedded length of the DCM column; (3) size of the DCM column; (4) thickness of the precast wall
(5) thickness of the soft clay layer; and (6) effect of the berm size. As mentioned previously, one
parameter was varied from the case history during each analysis to determine the influence of that

specific factor.

Effect of elastic modulus of DCM columns (Epcy)

Five values of Eycy were considered: 20, 40, 100, 190, 250 and 550 MPa, which covers the
variation ranges of test results. The values of 20, 190, and 550 MPa correspond to minimum, mean,
and maximum moduli found in the test results of this study.

The effect of Epgy on the maximum lateral movements is presented in Fig. 33. The figure
shows that the column modulus had a substantial effect on the maximum lateral movements. As
expected, the results show that the overall tendency is the reduction in lateral movements with
increasing stiffness of the column. However, this reduction is only significant when Epc), varies from
20 to 100 MPa, but it remains approximately constant for higher values. This means that the
influence of Epqy is only significant when the material of the column has a low stiffness. The values

of the maximum lateral movement calculated using minimum, mean and maximum Epg, were 67, 24
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and 15 mm, respectively. It can be observed that use of the mean value of Eyy in designing the
CDCM wall underestimates the true value because the lateral movement is approximately two times
higher than that from the case history (47 mm). The use of the minimum Epg,, is more conservative.
If all DCM columns have high degrees of homogeneity with very-high- quality control (the maximum
Epcum can be obtained), the maximum lateral movement can be minimized by as much as 15 mm

using DCM columns in this project.
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Fig. 33 Effect of elastic modulus of DCM columns

Alternatively, concrete columns can be used in this project instead of DCM columns to
minimize the lateral movement. Therefore, Epy, was replaced by the elastic modulus of the concrete
columns, E_ e, iN @nalysis. The value of E_ ... Used in this study was 27,000 MPa, which is a
typical value for a concrete column used in pile foundations. This can be considered as a lower
bound of the maximum lateral movement for the influence of the column modulus. The lateral

movement value of 6 mm can be minimized using concrete columns instead of DCM columns.
Effect of improvement area ratio considering the size of DCM column (Dpcy)

To evaluate composites of the treated elements and the surrounding untreated soil, the improvement

area ratio (a,) is used as follows (Topolnicki 2004):

a = Aocm _ 7/ 4D )X Ny _ het area of soil mixing @)
P A A respective total area

In this study, the respective total area is the base area of the embankment, DDCM is the size of the

DCM column or the diameter of the column, and N is the number of DCM columns under the

column
base of embankment. To limit the lateral movement of the CDCM wall, the sizes of DCM column, by
increasing the diameter of the columns, are introduced in this paper. To evaluate the influence of
this parameter, three values of Dy, were considered, 0.5, 0.75, and 1 m, corresponding to the

improvement area ratios of 0.13, 0.29 and 0.52, respectively. The values of a, were calculated by
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varying the column diameters, and keeping the column spacing constant. The results show (Fig. 34)

that larger diameter columns leads to less lateral movement.

50
) 47 mm(case history)
Dpey=0.5m

»
o

22 mm(Dpeyy = 0.75 m)

13 mm (Dpey =1 m)

Maximum lateral movement (mm)

6 mm

(Full block)

0 01 02 03 04 05 06 07 08 09 1
Improvement area ratio (a,)

Fig.34 Effect of improvement area ratio considering size of DCM
Full blocks are used to create large, highly stable volume of stabilized soil, which act as
gravity structures corresponding to improvement area ratio of 1. Ideally, the extreme case of this
parameter is a full soil improvement zone. The full soil improvement zone was constructed by
replacing the entire soft clay layer under the embankment with the DCM, creating a large block of
DCM under the embankment. This can be considered as a lower bound of the maximum lateral
movement for the influence of column size. As shown in Fig. 34, a lateral movement value of 6 mm

could be minimized using a full soil improvement zone.

Effect of thickness of precast wall (T recast)
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Fig.35 Effect of thickness of precast wall (T ecast)

The precast wall is a structural member and has a much higher stiffness than the DCM column.

Thus, the precast wall can be used to reduce lateral movements due to the high stiffness of the
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concrete material. In this study, the modulus of elasticity of the precast wall was set to be constant;
therefore, T,..c.st represents its stiffness. To study the effect of T ... in this paper, various Tpecas
were examined. The varied thicknesses were 0.1, 0.2 0.3, 0.4, 0.6 and 0.8 m. Fig.35 shows that for
increasing T,.c.st, the lateral displacements decrease as expected. The thickness significantly
reduces the lateral movements as T .ot decreases from 0.2 to 0.1 m. The influence of T,oc.s is NOt
obvious when T, exceeds 0.4 m. Moreover, the reduction in lateral movements is virtually
constant for a precast wall thicker than 0.6 m. Thus, the use of a precast wall can decrease the

maximum lateral movement by as much as 24 mm.
Effect of berm size

The effect of the berm size was analyzed in this study. The varied berm sizes were 0 (no berm), 4,
10, 18, 25 and 35%. Fig. 36 shows that for increasing berm size, the lateral displacements
decrease, as expected. The berm size significantly reduces the lateral movements as it varies from
0 to 10 %. The influence of the berm size is not obvious when a berm size of 18%. is used
Moreover, the reduction in the lateral movements is approximately constant for a berm size larger
than 25%. It would appear from Fig. 36 that an approximately 35% berm size may help to reduce
the lateral movement by approximately 72%. In other words, the use of a berm can reduce the

maximum lateral movement by as much as 16 mm.
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Fig.36 Effect of berm size
Effect of thickness of soft clay layer (T, c,ay)

Figure 37 shows that for increasing Ty c.y the lateral displacements increase, as
expected. The thicker soft clay layer produces larger active lateral forces acting on the precast wall,
causing larger lateral movements. This is similar to an excavation in soft clay. Nevertheless, the

thinner soft clay layer produces smaller active lateral forces, which is similar to an excavation in stiff
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clay. The thickness of the soft clay layer significantly increases the lateral movements as the Ty ¢iay
increases from 7 to 8 m. The maximum lateral movements range from 20 to 150 mm when Ty gy
varies between 3 and 8 m, respectively. The maximum lateral movement for the case history

corresponding to Ty gy OF 5 M is 47 mm.
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Fig.37 Effect of thickness of soft clay layer

Large lateral movements of the CDCM wall were found in some sections without monitoring
data but no failures were observed. A subsurface investigation on the causes of the large movement
was conducted to verify that the design had been correct. One borehole had been drilled to
investigate soil data at the section where large deformation occurred. The results showed that the
soft clay layer was thicker than at other sections. A thickness of 8 m was found to cause large
lateral movement leading to loss of serviceability of the CDCM wall. An under-prediction was found
in the design. The difference in magnitude of maximum lateral movement was 150-47 =103 mm.

Therefore, variations in the soil profile are a major problem.

Field pile load test on stiffened deep cement mixing piles

In this section, the simulated results from the sensitivity study of SDCM piles under axial loading by
varying the strength of the DCM socket, the strength of the core, core length and core size are
presented and discussed in terms of ultimate bearing capacity. The 0.6 m diameter and 7.0 m long
DCM socket pile was applied to all analyses in this section. The Mazurkiewicz method was used to
determine the ultimate bearing capacity of the pile from simulated load-settlement curves.

Fig. 38 shows the relationship between the core length ratio (L../Lpcy) @and the ultimate failure load
(Q,) of various analysis cases. The three main data sets in the figure represent three different
strengths of the DCM socket pile (q,pcum)- Each data set includes results from cases with various
diameters and stiffened core lengths. For the data set with q,pcy Of 690 kPa, the relationship is

approximately linearly increasing with increasing stiffened core length from 250 kN at the beginning
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(Leore =0) to the maximum value of 325 kN at L., /Lpcy Of 0.45. When the stiffened core length
exceeds 3.15 m, Q, remains unchanged, indicating that the optimum stiffened core length for SDCM
piles for g,pcy of 690 kPa is 3.15 m. The beginning 250 kN refers to the calculated Q, of the
ordinary DCM pile under pile failure mode with a DCM strength of 690 kPa. The Q, of 325 kN is
very close to the calculated Q, of the ordinary DCM pile, which is determined under soil failure mode
based on alpha method. At the stiffened core length of 3.15 m (L.,/Lpcy=0.45), the failure mode of
the SDCM pile may change from pile failure to soil failure. By further investigating the failure
behavior of SDCM piles with the optimum L_,/Lpcy from the simulation, the MCPs were found to not
propagate into the DCM socket but to the soil at the tip of the DCM pile up to failure, changing the
failure mode to soil failure. With increasing core length, soil failure governs the behavior of the

SDCM, explaining the constant Q, with increasing L., beyond the optimum value.
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Fig. 38 L../Locy Versus ultimate failure load (Q,).
For the SDCM piles with q,pcy of 420 and 210 kPa, the Q, also linearly increases with increasing
core length to certain values, and the slopes of these two relationships are almost the same and
very close to that of the previous case. Beyond these values (L./Lpcy =0.76 for 420 kPa and 0.90
for 210 kPa), the values of Q, remain constant even as the core lengths further increase. However,
the final values of Q, for these two cases are lower than the previous case, and the optimum core
lengths are longer at 5.32 m for q,pcy Of 420 kPa and 6.51 m for 210 kPa. The results reveal that
the strength of the DCM socket has a significant effect on the optimum stiffened core length and
ultimate bearing capacity of SDCM piles. A lower strength DCM socket requires a longer core to
reach its optimum state. With an insufficiently strong DCM socket because the DCM socket cannot
resist the load transferred from the stiffened core, the failure happens in the DCM socket at the top
part of the pile. In this case, the failure is always governed by pile failure mode; therefore, the Q, is

always less than that at the soil failure condition.
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Fig. 39 Lo/ Prore Versus ultimate failure load (Q,).

Fig. 39 illustrates the relation between the Q, with Lmrel¢Core using the same data sets as Fig. 38. In
the same fashion, Q, linearly increases with increasing L,/@s before remaining constant at a
certain Lo/ Prore. The optimum diameter for stiffened core SDCM piles considered in this study can
be obtained from this relationship if the optimum length has been given from Fig. 38, e.g., the
optimum diameter of stiffened core for DCM-C1 with q,pcy =690 kPa is 0.21 m. The optimum
diameter of the stiffened core increases with decreasing strength of the DCM socket.

The appropriate dimensions of the stiffened core in SDCM piles may be preliminarily determined
from Figs. 38 and 39. However, both figures are for specific soil conditions and a specific DCM
socket size.

Based on the results obtained, increasing in the core length causes the load to transfer to a deeper
level. Consequently, the failure position in the SDCM piles may change from the top of the DCM pile
to the core tip level. However, the soil surrounding the SDCM pile also develops the failure with
increasing load, particularly at the tip of the SDCM pile. Therefore, the strength of the DCM socket
has a strong influence on the failure mode. If the DCM socket is very strong, it can resist higher
loads. By transferring the large loads to a deep enough level by increasing the core length, the soll
surrounding the SDCM pile can completely develop the failure. This condition does not require a
very long core. The failure is then governed by the soil failure in the same manner as the soil failure
condition of the DCM pile. The Q, then equals the soil failure condition of the DCM pile. Increasing
the core length beyond this level shows no further improvement.

For a less strong DCM socket, with the load transferred to a deeper level by the core, the failure
happens in the DCM socket at the core tip level. With increasing core length, the composite material

can handle larger loads, so the Q, increases with increasing core length. However, the load is
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mainly concentrated at the top of the SDCM pile. To a certain core length (depending on the q,pcy)
with higher load concentration at the top, the DCM socket at the top part of the pile can no longer
resist the load. The failure starts at this part and the SDCM pile can then receive no greater a load.
The failure mode then remains the pile failure, though not at the core tip. Even if the core is longer,
the DCM socket at the top part of the pile cannot resist a load larger than a certain level. Therefore,

the Q, remains constant with increasing core length.
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Fig. 40 Schematic diagram showing the relationship between L, ./Lpcy @and Q, of SDCM and the

associated failure modes.

By connecting the optimum points of L_,../Lpcy from various data sets in Fig. 38, a locus of optimum
core length can be obtained. Theoretically, this locus can be extended with a horizontal line (from
point S to C) that distinguishes the zones between pile and soil failure as seen in Fig. 40. Moreover,
by assuming a line starting with the y-intercept of Q, (point I) computed from the q,pcm = 9usoil
having the same slope as the others to the x-coordinate of L.,./Lpcy =1, the point J can be defined,
where g, s.; is defined as the unconfined compressive strength of the native soil. Noted that, a linear
relationship cannot be clearly obtained by the data set with low q,pcy (210 kPa) from the results in
Figs. 38 and 39. This means that the diameter of the core plays more significant role in SDCM piles
with low q,pcu- Then it is represented by the gray area in the figure. The completed locus can then
be extended to point J. Inside the locus of optimum core length (points B and F), the failure is
dominated by DCM pile failure at the core tip level and increasing the core length can increase the
Q,, while the failure behavior of SDCM piles for the zone outside the locus (points G and H) is
governed by the failure of the top part of the DCM socket. Increasing core length thus has an
insignificant influence on the Q, of an SDCM pile. This locus can also be used to suggest the
optimum length of the core for SDCM piles with different strengths of DCM sockets. The hatch area
inside the locus suggests that, in engineering practice, the q,pcy at soil failure consideration can be

decreased to a certain value while maintaining the maximum Q, by inserting a stiffened core.
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Conclusions
The numerical analyses of case studies were performed based on the developed analysis method in
this study to 1) investigate the failure behavior 2) evaluate the influencing factors on the
performance 3) evaluate the potential of inserting a stiff core to improve the performance of DCM
stabilized earth structures. Based on the mentioned preliminary investigation, 1) remedial alternative
and future improvement on design consideration 2) understanding on key factors for future design 3)
possible innovation for future implementation can be discussed and concluded. The conclusions that
can be drawn from this study are as follows;
1. The numerical analysis based on reasonable and rational method is proved to be effective
means for investigating the behaviors of various DCM stabilized earth structures.
2. With the reliable analysis method, parametric study could provide useful information to
understand the complex behaviors of various DCM stabilized earth structures as well as the
key influencing factors. This provides the possibility to improve the design concept in the

future works.
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Abstract A compound deep cement mixing retaining
wall system is a combination of deep cement mixing
(DCM) columns and precast reinforced concrete walls.
This type of retaining wall was used in a deep excavation
for a reservoir construction project in a soft clay area in
Thailand. During construction, an inclinometer casing was
installed to monitor the lateral movement profiles of this
retaining wall system until construction had been com-
pleted. Studies on the parameters that affect the lateral
movements of retaining walls of this type are limited
because of the complex geometry involved. In this paper, a
three-dimensional numerical model is first calibrated using
an instrumented case history. Then, an analysis of the
results for this case history is presented to characterize the
wall behavior in terms of the ground settlement induced by
wall deflection during excavation and in terms of lateral
wall movement. Finally, a parametric study is performed.
The results provide information on the influence exerted on
the lateral wall movement by the following factors: the
elastic modulus of the DCM columns, the embedded length
of the DCM columns, the size of the DCM columns, the
thickness of the precast wall, the thickness of the soft clay
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layer and the berm size. The influences of these factors are
compared and rated in terms of their degree of importance.

Keywords Deep mixing - Excavation - Parametric study -
Simulation - Soil stabilization

1 Introduction

Over the past 20 years, deep cement mixing (DCM) col-
umns have been introduced to support deep excavations in
soft clay in Scandinavia, Japan, Germany, the USA and
Asia [2, 6, 21, 26-28, 34, 39, 40, 42, 43, 45, 49]. A DCM
wall is used to create a gravity-type wall by vertically
reinforcing the soil. Such a wall can function either as a
temporary support for an excavation or as a permanent
retaining wall. As opposed to conventional construction,
when such a support structure is used, it is not necessary to
halt excavation to place steel bracings or tie-back anchors
to support the wall as the excavation becomes deeper [4,
40]. A DCM column is formed by mixing a cement-based
slurry with the existing soft clay. The DCM column for-
mation process is typically performed via mechanical dry
mixing, wet mixing or grouting [33]. A typical installation
may consist of multiple columns, usually reinforced with
beams to resist bending moments [36]. An array of such
columns, 0.5-3 m in diameter and installed in the ground
to the appropriate depth, can be used to construct a com-
posite gravity wall, as shown in Fig. 1.

In the current design concept, a combination of two
popular forms of DCM columns is utilized. First, a row of
tangent or secant columns is formed along the intended line
of the proposed excavation. Then, additional vertical
reinforcing soil-cement columns are added in a pattern that
will ensure composite action of the mass encompassed by

@ Springer
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Fig. 1 Typical DCM wall a plan view, b section view

the DCM columns. In a typical installation, there are either
three or four rows of staggered, circular DCM columns
forming a gravity structure that typically has a width of
0.6-0.8 times the exposed wall height. The DCM columns
are capped by a thick layer of mixed cement and soil/spoil
from their construction. This cap is used to tie individual
elements together and also to act as a relieving platform for
surcharge loads resulting from construction traffic and
material and building surcharges.

Permanent walls have been constructed using this sys-
tem with the addition of a concrete facing to the DCM wall,
resulting in a structure that is called a “compound DCM
(CDCM) wall.” The concrete facing acts as a stronger
member resisting any lateral active force, whereas the
DCM columns behind the concrete facing stabilize the soft
clay. Mun and Briaud [22] have reported the construction
of a full-scale DCM wall in sand at Texas A&M Univer-
sity. The constructed DCM wall was approximately 40 m
long, 8 m high and 5.6 m wide, similar in configuration to
that shown in Fig. 1. The maximum lateral movement of
the wall was found to be 25 mm.

The influences of various parameters on the settlement
of an embankment built on soft soil reinforced with DCM
columns have been investigated via two-dimensional (2D)
numerical analysis by Abusharar et al. [1], Borges and
Marques [3], Huang and Han [13], Jiang et al. [16], Oli-
veira et al. [30] and Zhang et al. [51]. The most extensively
studied parameters included the length, spacing and stiff-
ness of the columns because these factors significantly
affect the amount of settlement. Mun et al. [23] studied the
behavior of DCM walls in sand via three-dimensional
numerical analyses. They concluded that the relieving
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platform, column size and embedment depth are the most
important design parameters. Borges and Guerra [4] con-
ducted 2D finite element (FE) analyses of cylindrical
excavations in clayey soils retained by jet grout walls. The
embedded length of the wall significantly affected the
consolidation settlement of the top surface of the supported
soil, whereas the horizontal movement of the wall was
significantly reduced with an increase in the elastic mod-
ulus of the wall. The research cited above was concerned
only with parameters affecting the settlement of embank-
ments built on soft soil and the parameters affecting the
lateral movement of DCM walls; by contrast, only limited
parametric studies on the lateral movement of CDCM walls
are available.

In this paper, the initial calibration of the FE model used
in this study is first discussed. An analysis of the results for
the analyzed case history is then presented to characterize
the performance of the CDCM wall. Finally, a parametric
study is conducted to evaluate the influence of various
factors on the lateral wall movement. These factors include
the elastic modulus of the DCM columns, the embedded
length of the DCM columns, the size of the DCM columns,
the thickness of the precast wall, the thickness of the soft
clay layer and the berm size. The influences of these factors
are evaluated and rated.

2 Wall description, instrumentation and soil
conditions

The case history considered here is that of a reservoir
construction project conducted by the Electricity Generat-
ing Authority of Thailand (EGAT) at Wang Noi Power
Plant, Thailand. The variations in the soil profile were
obtained from five boreholes (BH-1, BH-3, BH-4, BH-5
and BH-6), as shown in Fig. 2a. The uppermost layer
consisted of a soft clay subsoil layer underlain by a stiff
clay layer. The thicknesses of the soft clay layers varied
from 3 to 5.5 m in the area excavated for the construction
of the reservoir. The maximum thickness of the soft clay
layer determined from BH-1 was 8 m. Figure 2b presents
the soil properties obtained from borehole BH-5, which
include the unit weight, natural water content (w,), liquid
limit (LL), plastic limit (PL), compression index (C.),
swelling index (Cs), initial void ratio (e,) and undrained
shear strength (S,). The compression and swelling indices
were determined from oedometer tests. The undrained
shear strengths of the soft clay and stiff clay were obtained
from field vane shear tests and unconfined compression
tests, respectively. The groundwater table was located at a
depth of 1.50 m below the ground surface. Figure 2b
shows that the undrained shear strengths increased almost
linearly with depth. According to the Unified Soil
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Fig. 2 a Variation of soil profiles of construction project, b soil properties for borehole BH-5

Classification System (USCS), both the soft clay and the
stiff clay were classified as highly plastic clay (CH).

The constructed CDCM wall was approximately 830 m
long, 5.5 m high and 10 m wide. The CDCM wall layout is
depicted in Fig. 3. A precast concrete wall was first driven
to a depth of —8.0 m, and subsequently, a tangential DCM
column wall was constructed behind the precast concrete
wall using deep jet grouting with a jet pressure of 20 MPa.
The water—cement ratio of the slurry was 1.0, and the
cement content was 225 kg/m3 of soil. Then, the DCM
columns beneath the embankment roadway were installed
in a triangular pattern. All of the DCM columns had a
diameter of 0.5 m and a depth of —6.00 m on the
embankment side. A stabilized mat with a thickness of
0.5 m consisting of soil-cement slurry was constructed
spanning the length of the wall. Moreover, a 2-m-long
DCM column wall was also constructed near the precast
concrete panels at the bottom of the reservoir at a depth of
—8.00 m. The modified excavation was performed in two
steps. The first step consisted of excavation to a level of
—3.50 m. Next, excavation with a slope of 1:7.5 from an
elevation of —3.50 m in front of the retaining wall to the

same bottom level (elevation —5.50 m) was performed to
create a counterweight berm as a permanent support. A
70-mm-diameter inclinometer casing was grouted into
predrilled holes to monitor horizontal wall movements. The
inclinometer was installed in the subsoil layer at a depth of
—8.5 m.

3 DCM column properties

Core samples were randomly extracted from the DCM
columns at various depths throughout the construction area
and subjected to unconfined compression tests in the lab-
oratory to determine the unconfined compressive strength
qumcmy and the secant modulus of elasticity corresponding
to 50 % of the unconfined compressive strength Epcy. The
unconfined compressive tests were performed on samples
of 50 mm in diameter and 100 mm in height. The values of
the unconfined compressive strength were found to range
from 0.6 to 5 MPa, with an average value of 1.6 MPa,
whereas the modulus of elasticity was found to range from
20 to 550 MPa, with an average value of 190 MPa,
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Fig. 3 CDCM wall layout a plan view, b section view

indicating an empirical relationship of Epcy = 102-
qumcmy, as shown in Fig. 4. The ratio Epcm/qu.mcmy of
102 is consistent with the test results obtained by Lorenzo
and Bergado [20] and Neramikornburi et al. [24, 25].

4 Numerical analysis of the field case study

4.1 Finite element mesh and boundary conditions

A finite element simulation was performed to assist in
understanding the behavior of the CDCM column wall
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Fig. 4 Secant modulus versus unconfined compressive strength from
cored DCM samples

@ Springer

using the Plaxis 3D Foundation software version 2.2 [32],
which enables realistic simulations of construction
sequences. The 3D FE model consisted of the DCM col-
umns, embankment, stabilized mat, foundation soils and
precast concrete wall. The basic soil elements of a 3D FE
mesh represented by 15-node wedge elements, as shown in
Fig. 5a, were used to model the DCM columns, embank-
ment, stabilized mat and foundation soils. These elements
were composed of 6-node triangular faces in the xz planes,
as formed through 2D mesh generation, and 8-node
quadrilateral faces in the y direction. The precast concrete
wall was modeled using 8-node quadrilateral plate ele-
ments with six degrees of freedom per node (Fig. 5b).
Three translational degrees of freedom (u,, u, and u,) and
three rotational degrees of freedom (¢,, ¢, and ¢,) were
utilized. Along the degenerate soil elements, the walls were
composed of 6-node triangular plate elements, compatible
with the triangular sides of the degenerate soil elements.
To simulate the soil interaction between the precast wall
and the foundation soils, interface elements were assigned
around the periphery of the precast wall. These interface
elements differed from the 8-node quadrilateral elements in
that they contained pairs of nodes with zero thickness
instead of single node, as illustrated in Fig. S5c. The
advantage of these pairs of nodes was that they permitted
slipping and gapping upon the occurrence of differential
displacements. The properties of the interface elements
were related to the soil model parameters of the sur-
rounding soil, including the friction angle (¢) and
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Fig. 5 Distribution of nodes and stress in each element a 15-node wedge element, b 8-node plate element, ¢ 16-node interface element [32]

cohesion (c4j). The strength reduction factor R;,., was the
main interface parameter. The interface properties were
calculated from the soil properties indicated in the asso-
ciated data set as follows:

_ tan ¢inter ( 1)
Csoil tan ¢soi1

Cinter
Rinter =

where @ier and cjper are the friction angle and cohesion,
respectively, of the interface. For the analysis presented in
this paper, Rjner values of 1.0 and 0.5 were used to model
the interface behavior of precast concrete walls driven into
soft clay and stiff clay [44], respectively. There were no
interface elements between the periphery, the DCM col-
umns and the surrounding foundation soils because the
shear strength at the interface between a DCM column and
the surrounding clay was higher than that of the sur-
rounding soft clay foundation [46, 47].

The CDCM wall shown in Fig. 3a is truly three-di-
mensional, as each DCM column is not continuous in the
out-of-plane direction. However, by considering planes of
symmetry (symmetric boundaries), it is possible to analyze
only a three-dimensional slice. Figure 6 illustrates the 3D
FE mesh, consisting of more than 12,240 elements, that
was used in the back-analysis, which corresponds to the
CDCM column wall configuration depicted in Fig. 3. At
the bottom of the FE mesh, the displacements in the x,
y and z directions were set to zero. The vertical model
boundaries parallel to the yz plane were fixed in the x di-
rection and free in the y and z directions. In addition,
symmetric conditions required that the vertical model
boundaries parallel to the xz plane were fixed in the y
direction and free in the x and z directions. To avoid
boundary effects, the length and depth of the model were
chosen to be 45 and 20 m, respectively, and its width was
1.5 m because of symmetry considerations. The simulated

width of the excavation was chosen to be 25 m, whereas
the unexcavated side was chosen to be 20 m from the side
boundary of the model. The circular columns were mod-
eled as octagonal cylindrical elements with the same cross-
sectional area as circular columns with a diameter of 0.5 m.
The following construction stages were considered in the
FE calculations:

Stage 0:  generation of the initial stresses (K, condition)
Stage 1: installation of the precast concrete wall

Stage 2: installation of the DCM columns

Stage 3: installation of the stabilized mat

Stage 4:  construction of the embankment

Stage 5: excavation

4.2 Constitutive model and model parameters

The DCM columns, stabilized mat and embankment were
modeled as linearly elastic to perfectly plastic materials
using the Mohr—Coulomb model (MCM) [1, 10, 12, 23, 46,
47]. The tensile strength (o) of the DCM columns and the
stabilized mat, calculated based on the tension cutoff used
in the model, was 16 % of qympcwmy [14]. The precast con-
crete wall was modeled as structural elements using a
linear elastic model (LEM) [7].

The hardening soil model (HSM) is an advanced model
for simulating the behaviors of various types of both soft
and stiff soils [15, 37, 38, 41]. The yield surface of a
hardening plasticity model can expand, whereas that of the
MCM is fixed. Shear hardening is used to model irre-
versible strains due to primary deviator loading. Com-
pression hardening is used to model irreversible plastic
strains due to primary compression in oedometer loading
and isotropic loading. When subjected to primary deviator
loading, soil exhibits a decreasing stiffness, and
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Fig. 6 Typical finite element mesh used in this study

simultaneously, irreversible plastic strains develop. In the
special case of a drained triaxial test, the observed relation
between the axial strain and the deviator stress can be well
approximated by a hyperbola. The HSM, however, super-
sedes the hyperbolic model by far by means of using the
theory of plasticity rather than the theory of elasticity to
include soil dilatancy and introduce a yield cap [5]. The
HSM utilizes five basic deformation parameters: the ref-
erence secant stiffness in standard drained triaxial tests
(EXY), the reference tangential stiffness for primary
oedometer loading (E™Y), the reference unloading and
reloading stiffness (E™H, the unloading/reloading Poisson’s
ratio (v,,) and the power of the stress-level dependency of
the stiffness (m). The shear strength parameters according
to the MCM include the effective cohesion (¢’) and the
dilatancy angle (). The values of the parameters consid-
ered in this study are all effective values. The HSM was
used to model the behavior of both the soft and stiff clays.

4.3 Soil parameter calibration for soft and stiff clay
layers

A calibration of the laboratory test results and the HSM
was performed to determine the best parameters for sim-
ulating the behaviors of the soft and stiff clays. Conven-
tional oedometer tests were performed on soft clay and stiff
clay specimens acquired from the project site at depths of
—2.5 and —7.5 m, respectively. The test results are pre-
sented in the form of e — log ¢/, curves, as shown in Fig. 7.
These tests included loading and unloading, from which the
loading stiffness, the unloading stiffness and the power of
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the stress-level dependency of the stiffness could be
determined. Therefore, all stiffness parameters could be
obtained by calibrating the HSM using the e —loga,
curves from the laboratory tests.
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This section reports the results of modeling the
oedometer tests in the Plaxis 2D finite element software
package using an axis-symmetric geometry  of
10 x 30 mm, as shown in Fig. 8. The simplified geometry
in the oedometer model represented one quarter of the soil
specimen. The deformations along the boundaries (lines
AC, CD and BD) were kept free to allow smooth move-
ment along the axes of symmetry, whereas the deforma-
tions perpendicular to the boundaries were fixed. The
boundary AB was free to move. The applied normal
effective stress was simulated as a distributed load system
o,. A 15-node triangular element was selected for this
analysis. The cluster, representing a quarter of the soil
specimen in the oedometer test, was divided into soil ele-
ments during the mesh generation process. The global
coarseness was set to medium; thus, the number of ele-
ments generated was approximately 290. The input shear
strength parameters ¢/, ¢’ and y for the soft and stiff clays
were obtained from previous research on the shear strength
parameters of Bangkok clay conducted by Voottipruex
et al. [46, 47].

E=f Et and E'' are independent input parameters in
the HSM. The stiffness parameter ES; is practically equal
to Effefd, as confirmed by the results of tests of soft Bangkok
clay reported by Surarak et al. [41] and applied in many
previous studies [15, 18, 23, 50]. A value of v, = 0.2 is
most commonly used in this model [17, 37, 52]. Thus, only
three stiffness parameters, Ercr, E* and m, were treated as
independent inputs. The stiffness parameters Ercy and Eior
were calculated from the compression index (C,.), swelling
index (C,) and initial void ratio (eg), which were deter-
mined from the e —loga/, curves for the soft and stiff
clays, as shown in Fig. 7. The relationship between these
two parameters is given by

2.3(1 + eg)p™

f
Ef;d = C. (2)
Eref 2.3(1+ 60)<1 + Vur)(l — 2Vur)pref (3)
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Fig. 8 Simplified geometries of oedometer test in finite element
models

where p™ is the reference confining pressure, with a value
of 100 kPa. Therefore, only one parameter, m, was cali-
brated. This parameter was adjusted to obtain suitable val-
ues to yield the best fit results for the e — log ¢/, curve. The
results presented in Fig. 7 reveal good agreement for the
e —log a], curves for both the soft clay and the stiff clay.
Therefore, suitable parameters for the soft and stiff clays
used in the 3D FE calculations for this study were obtained,
as presented in Table 1. Note that the EZ=! values used in
this study were 1 and 9 MPa for the soft and stiff clays,
respectively. These two values are consistent with those
derived directly from the results of isotropically consoli-
dated-drained triaxial compression tests performed on
Bangkok clay by Surarak et al. [41], which were 0.8 and
9.5 MPa for soft and stiff clays, respectively.

4.4 Model calibration using field observations

Figure 9 presents a lateral movement profile of the CDCM
column wall measured after the completion of the excava-
tion. The maximum lateral movement was found to be
43 mm at a depth of 1 m below the surface. Because of the
variations in the elastic modulus values of the DCM col-
umns, which are shown in Fig. 4, the calibration of the field
observation results and the MCM was performed using 3D
FE models, as shown in Fig. 6, to obtain reasonable values
of the elastic modulus to simulate the behavior of the DCM
columns. The parameters for the embankment, stabilized
mat, precast wall and DCM columns that were considered
for the calibration of the model are illustrated in Table 2.
The moduli of the DCM columns (Epcy) were varied such
that the simulated lateral movements reproduced the mea-
sured lateral movement profile. The back-calculated value
for Epcy was 40 MPa, which yielded the best fit to the
lateral movement profile and also lies within the range of
Epcwm values obtained from the field core samples, as shown
in Fig. 4. Because the inclinometer casing was installed in
the subsoil layer at a depth of 8.5 m, the tip of the incli-
nometer may have been subject to a certain amount of
movement. Therefore, it was necessary to adjust for this
lateral movement using the simulated data. The simulated
lateral movement data show that there was a lateral move-
ment of 2.1 mm at a depth of 8.5 m (the location of the tip
of the inclinometer casing). Thus, the measured lateral
movement profile of the CDCM column wall was adjusted
by including a lateral movement magnitude of 2.1 mm. The
measured data (after adjustment) are also shown in Fig. 9
for comparison. The lateral movement profile obtained
through 3D FE calculations using an Epcy of 40 MPa was
the so-called case history adopted as the “base problem” for
the analysis of the results for the case history and the
parametric study presented in the following sections.
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Table 1 Parameters used in HSM

Soft clay  Stiff clay
Unit weight, y (kN/m?) 15 18
Secant stiffness, Egeof (kPa) 1000 9000
Tangential stiffness, E'< (kPa) 1000 9000
Unloading and reloading stiffness, E<f 6500 120,000
(kPa)
Power of the stress-level dependency of the 0.8 0.4
stiffness, m
Poisson’s ratio for unloading-reloading, v,, 0.2 0.2
Effective cohesion, ¢’ (kPa) 2 30
Effective friction angle, ¢’ (°) 22 26
Angle of dilatancy, ¥ (°) 0 0
Over consolidation ratio, OCR 1.5 8
Material behavior Undrained Undrained
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Fig. 9 Measured versus simulated lateral wall movements

5 Analysis results of the case history

Ground movements in and around excavations are caused
by changes in the stress field in the surrounding material,
primarily due to the horizontal and vertical relief of
stresses. Horizontal stress relief leads to horizontal wall
movement and settlement of the ground around an exca-
vation, whereas vertical stress relief at the base of an
excavation can give rise to both heaving of the soil beneath
the base and lateral wall movement. The ability to predict
the ground settlement behind the wall is very important
because it is directly related to the safety of nearby struc-
tures. Ground settlement is induced by wall deflection
during excavation. During excavation, the relief of hori-
zontal stresses results in inward movement of both the
ground and the wall. This horizontal wall movement results
in the settlement of the ground behind the wall. Ground
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Table 2 Parameters used in MCM and LEM

Embankment Stabilized DCM Precast
mat column wall
Model MCM MCM MCM LEM
Unit weight, y 20 15 15 24
(kN/m*)
Elastic 20,000 100,000 40,000 2.6 x 107
modulus,
E (kPa)
Poisson’s 0.33 0.25 0.33 0.15
ratio, v
Cohesion, 10 900 400 -
c (kPa)
Friction angle, 30 0 0 -
¢ ()
Tensile - 144 64 -
strength, o,
(kPa)
Material Drained Undrained Undrained -
behavior

movements can be categorized as horizontal movement of
the wall, settlement behind the wall and heaving of the
bottom of the excavation [18]. However, only horizontal
movement and settlement are considered in this section.

5.1 Effect of the embankment

The lateral movement profiles for columns A-H (Fig. 3)
and the precast wall obtained from the FE predictions are
shown in Fig. 10a. The shape and magnitude of the lateral
movements for columns F, G and H are similar to those for
the precast wall. They tend to move further toward the
excavation. This implies that they move laterally together.
The magnitude of the lateral movements gradually
decreases with increasing distance from the precast wall.
An inverse lateral movement profile is observed for col-
umns A, B and C. The lateral movement at depths of
2.5-5 m exhibits an inverse lateral movement profile
because of the effect of the embankment load. However,
the lateral movement at depths of 2.5-0 m exhibits a nor-
mal lateral movement profile (toward the excavation)
because of the effect of the horizontal relief of stresses. The
onset of the inverse profile can be estimated to lie at half of
the embankment width. The effect of the absence of an
embankment on the magnitude and profile of the lateral
movement was investigated based on the FE predictions.
The absence of an embankment was simulated by deacti-
vating the embankment geometry. A comparison of the
resulting lateral movement profiles is presented in
Fig. 10b.

The maximum lateral movement of the wall can be
related to the depth of excavation. According to Clough
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and O’Rourke [8], on average, the maximum horizontal
deflection of walls in stiff clays, residual soils and sands is
approximately 0.2 % of the depth of excavation, but there
are cases in which it becomes 0.5 % or greater. The ratios
were found to be 47 mm/5.5 m = 0.85 % and 18 mm/
55m =03 % for CDCM walls with and without an
embankment, respectively. The ratio of 0.85 % is similar to
those for diaphragm walls and soil-cement walls reported
by Clough and O’Rourke [8] and Hsieh et al. [11].

The magnitude of the surface settlement versus the
distance from the precast wall is shown in Fig. 11. The
settlement magnitudes at the back of the precast wall were
obtained from the FE predictions for columns A-H and for
the precast wall, as shown in Fig. 11. The settlement
magnitudes of the CDCM wall represented in the case
history gradually decrease with increasing distance from
the precast wall [7]. The minimum and maximum settle-
ments were found to be 2 and 38 mm for columns H and B,
respectively. Greater settlement was calculated at the back
of the wall because of the embankment loading. Thus, the
maximum differential settlement was 36 mm. Numerical
simulations without the effects of embankment loading
resulted in the same amount of settlement at column H
because of the effect of the precast wall. Elsewhere, much
smaller and more uniform settlement magnitudes were
found. The maximum settlement and maximum differential
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Fig. 10 Lateral movement profile for all columns

settlement were only 9 and 5 mm, respectively. Therefore,
the maximum differential settlement due to the embank-
ment loading was 36 mm — 9 mm = 27 mm.

According to Clough and O’Rourke (1990) [8], on
average, the maximum settlement of walls in stiff clays,
residual soils and sands is approximately 0.2 % of the
depth of excavation, but there are cases in which it
becomes 0.5 % or greater. The ratios in this project were
found to be 38 mm/55m=0.69% and 9 mm/
55 m = 0.16 % for CDCM walls with and without an
embankment, respectively. By contrast, Duncan and Ben-
tler [9] demonstrated that there is a wide variation in the
ratio between the maximum vertical settlement Jy(m,x) and
the maximum lateral movement Op(max)- The ratio dy(max)
Onmax) varies between 0.25 and 4.0. This wide variation is
an indication of the importance of construction procedures
and construction details. Thus, the values of the ratio
Oy(maxy/Onmaxy are 38 mm/47 mm = 0.80 and 9 mm/
20 mm = 0.5 for CDCM walls with and without
embankments, respectively.

5.2 Effect of the stabilized mat

Generally, the primary function of a stabilized mat is to
transfer stresses from the embankment over the soft clay
layer to individual columns to reduce the differences in
settlement. In the case of excavation work, the stabilized
mat acts as a rigid platform that ties individual columns
together, causing them to act as a unit to effectively
resist lateral forces and movements, and also acts as a
relieving platform for surface loads. In the case study
considered here, a 0.5-m-thick stabilized mat was con-
structed for this purpose. The effect of the absence of a
stabilized mat was simulated by omitting the stabilized
mat from the top of the DCM columns. As shown in
Fig. 11, the CDCM wall simulation without the stabilized
mat yielded much larger lateral movements. The maxi-
mum lateral movement was found to be 93 mm greater
than and approximately twice the maximum lateral
movement observed in the case of the DCM wall sim-
ulation with the stabilized mat.

Columns F, G and H tend to move farther toward the
excavation, together with the precast wall, when the sta-
bilized mat is removed and replaced with backfill soil,
which implies that the first three rows of DCM columns
help the precast wall to resist lateral soil movements. By
contrast, the last three rows of DCM columns, A, B and C,
do not assist in this manner because they move backward,
away from the excavation, because of the absence of a
stabilized mat to tie them together. Without the stabilized
mat, the columns undergo a separating deformation, which
results in greater deflection of the wall, as shown in
Fig. 12.
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Fig. 11 Lateral movement profile and settlement behind the wall

The surface settlement versus the distance from the
precast wall is shown in Fig. 11. The settlement profiles of
the CDCM walls with and without the stabilized mat are
similar, but the magnitudes are different. The maximum
surface settlements are 37 and 56 mm for the CDCM walls
with and without the stabilized mat, respectively. The
difference of 19 mm between these values can be attributed
to the effect of the stabilized mat and reveals that a dif-
ferential lateral movement of 93 mm — 47 mm = 46 mm
causes a differential surface settlement of 19 mm. Thus,
stabilized mats have a stronger influence on lateral move-
ment than on settlement. The Jymax)/Onmax ratio is
56 mm/93 mm = 0.6, less than that for the case with the
stabilized mat.

5.3 Effect of the precast wall

The effect of the precast concrete wall was investigated
using the FE model to compare the lateral behavior of
the CDCM wall with that of the corresponding DCM
wall. As shown in Fig. 11, the DCM wall simulation
yielded a much larger lateral movement than that for the
CDCM wall. The lateral movement profile indicates that
the wall is propped up near the surface. Inward move-
ment occurs at a deeper depth because the stabilized
mat, which has a higher stiffness than that of a DCM
column, restrains the column head. The maximum lateral
movement is 107 mm at a depth of 2 m from the sur-
face. The absence of a precast wall results in an increase
in the lateral movement by as much as a factor of 2.2.
Thus, the precast wall is effective in reducing lateral
movements.
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The surface settlement versus the distance from the
precast wall is shown in Fig. 11. The settlement profiles of
the CDCM wall and the DCM wall are similar, but the
magnitudes are different. The maximum surface settle-
ments are 52 and 37 mm for the DCM and CDCM walls,
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Displacement magnification scale =20

Fig. 12 Effect of stabilized mat on deformation of DCM column
a with stabilized mat, b without stabilized mat
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respectively. Therefore, the differential settlement due to
effect of the precast wall is 15 mm. This implies that a
differential lateral movement of 107 mm — 47 mm =
60 mm causes a differential settlement of 15 mm. Thus,
the precast wall exerts a stronger influence on lateral
movement than on settlement.

5.4 Effect of the front DCM column wall

In the case study considered here, the DCM column wall in
front of the precast wall was installed to increase passive
resistance, resulting in a limit on lateral movement. The
influence of the front column wall was investigated by
removing it from the model. The results show (Fig. 13) that
the absence of the front column wall has very little influ-
ence on the lateral movement. This implies that the CDCM
wall without the front column wall already exhibits suffi-
cient passive resistance to limit the lateral movement.
Thus, the front column wall is useless in this wall system.

Factors that contribute to large settlements do not nec-
essarily produce large horizontal movements, but the
reverse is always true, i.e., factors that contribute to large
horizontal movements will produce large settlements [18].
Thus, the next section will address parameters that affect
only the maximum lateral movements of the CDCM wall.

6 Parametric analyses

Upon completion of the case history, a study of the
parameters affecting the lateral movement analysis was
performed. This section presents a sensitivity study per-
formed to analyze the degrees of influence of various
parameters on the maximum lateral movements of the
CDCM wall after construction. The parameters analyzed
are (1) the elastic modulus of the DCM columns, (2) the
embedded length of the DCM columns, (3) the size of the
DCM columns, (4) the thickness of the precast wall, (5) the
thickness of the soft clay layer and (6) the berm size. As
mentioned previously, one parameter was varied with
respect to the case history in each analysis to determine the
influence of that specific factor.

6.1 Effect of the elastic modulus of the DCM
columns (EDCM)

To evaluate the influence of the non-uniformity of the
mixing between the soil and cement, five values of Epcym
were considered: 20, 40, 100, 190, 250 and 550 MPa,
covering the full variation range of the test results, as shown
in Fig. 3. The values of 20, 190 and 550 MPa correspond to
the minimum, mean and maximum moduli observed from
the results of the tests performed in this study.

Lateral movement (mm)

0 10 20 30 40 50 60
0 llllIlllllllllll!!!]!l!léllll

Case history
No front DCM wall

b °
8@

Fig. 13 Effect of front DCM wall

The effect of Epcy on the maximum lateral movement
is illustrated in Fig. 14. The figure shows that the column
modulus has a substantial effect on the maximum lateral
movement. As expected, the overall tendency is toward a
reduction in lateral movement with increasing column
stiffness. However, this reduction is only significant as
Epcm varies from 20 to 100 MPa; it remains approximately
constant for higher values. This means that the influence of
Epcwm is only significant when the stiffness of the column
material is low. The values of the maximum lateral
movement calculated using the minimum, mean and
maximum Epcy values are 67, 24 and 15 mm, respec-
tively. It can be observed that using the mean value of
Epcwm in the design of the CDCM wall would result in an
underestimation of the true value because the lateral
movement associated with this value is approximately two
times lower than that from the case history (47 mm). The
use of the minimum Epcy would be more conservative. If
all DCM columns were to have high degrees of homo-
geneity with very high quality control (i.e., the maximum
Epcym could be achieved), then the maximum lateral
movement due to the DCM columns in this project could
be reduced by as much as 15 mm.

Alternatively, concrete columns could be used in such a
project instead of DCM columns to minimize the lateral
movement. To investigate this possibility, Epcy was
replaced with the elastic modulus of concrete columns,
Econcretes 10 the analysis. The value of E.qpcrere Used in this
study was 27,000 MPa, which is a typical value for the
concrete columns used in pile foundations. The result can
be regarded as a lower bound on the maximum lateral
movement related to the column modulus. As shown in
Fig. 14, a minimal lateral movement of 6 mm could be
achieved by using concrete columns instead of DCM
columns.
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Fig. 14 Effect of elastic modulus of DCM columns

6.2 Effect of the embedded length of the DCM
columns (L(E-DCM))

In this study, the embedded length is defined as the length
of the DCM column that is embedded in the stiff clay layer.
The aim of increasing the depth of embedment is to
achieve fixity of the DCM column. The lateral movement
can be minimized when the fixity condition is reached [19].
The values considered for Lg.pemy were 0, 1, 2 and 3 m.
An embedded length of 0 m represents no embedment in
the stiff clay, with the tips of the DCM columns located
slightly above the stiff clay layer. Figure 15 shows that the
lateral movement slightly decreases as L pcm) increases.
However, the rate of decrease is approximately constant
when L pemy is greater than 1 m. This implies that it is
unnecessary to ensure a high embedded length in the stiff
clay layer; however, the tips of the DCM columns should
be placed on top of the stiff clay layer to prevent the soft
clay from moving under the tips of the DCM columns.

6.3 Effect of the improvement area ratio
considering the size of the DCM columns
(Dpem)

To evaluate composites of the treated elements and the
surrounding untreated soil, the improvement area ratio (ap)
was used, which is defined as follows [45]:
o Apcm _ /4(Dpey) X Neotumn

b = =

__net area of soil mixing

(4)

respective total area

In this study, the respective total area is the base area of
the embankment, Dpcyy is the size or diameter of the DCM
columns, and N gyumn 1S the number of DCM columns
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underneath the base of the embankment. This study
considered the potential of increasing the size of the
DCM columns, defined in terms of an increase in their
diameter, to limit the lateral movement of the CDCM wall.
Increasing the column size results in a larger soil
improvement zone. Thus, the global stiffness of the soil
behind the precast wall increases, resulting in reduced
lateral movement. To evaluate the influence of this
parameter, three values of Dpcy were considered,
namely 0.5, 0.75 and 1 m, corresponding to improvement
area ratios of 0.13, 0.29 and 0.52, respectively. The values
of a, were calculated by varying the column diameters
while holding the column spacing constant. The results
show (Fig. 16) that columns of larger diameter result in
less lateral movement.

Full blocks are used to create large, highly stable vol-
umes of stabilized soil, which act as gravity structures
corresponding to an improvement area ratio of 1. In the
extreme, ideal case, the chosen value of this parameter
would result in a full soil improvement zone. Such a full
soil improvement zone was constructed by replacing the
entire soft clay layer below the embankment with the DCM
material, creating a large DCM block underneath the
embankment. The result can be regarded as a lower bound
on the maximum lateral movement due to column size. As
shown in Fig. 16, a minimal lateral movement value of
6 mm could be achieved by creating a full soil improve-
ment zone.

6.4 Effect of the thickness of the precast wall
(T precast)

The precast wall is a structural member and has a much
higher stiffness than that of the DCM columns. Thus, the
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47 mm ( case history)

44 mm 44 mm

Embankment

0.00 Stabilized mat

w
o

Soft clay

N
o

IIIlIIIIIllIIlIIIlIIlIlI

-5.00

0 T l T I T I T I T | T l T
0 0.5 1 1.5 2 2.5 3 3.5
Embedded length of DCM column, LE(DCM) (m)

Maximum lateral movement (mm)
—
o

Fig. 15 Effect of embedded length of DCM column
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precast wall can be used to reduce lateral movements
because of the high stiffness of the concrete material. In
this study, the modulus of elasticity of the precast wall was
set constant; therefore, Trecas directly represented the wall
stiffness. To study the effect of Tprecasi, Various Tprecas
values were examined. The considered thicknesses were
0.1, 0.2,0.3, 0.4, 0.6 and 0.8 m. Figure 17 shows that with
increasing Tprecast; the lateral displacements decrease, as
expected. The effect of the thickness on the lateral move-
ment is significant as Tprecase decreases from 0.2 to 0.1 m.
However, the influence of Tjecas is N0t obvious for Tprecast
values exceeding 0.4 m. Moreover, the reduction in lateral
movement is virtually constant for a precast wall thickness
of greater than 0.6 m. Thus, the use of a precast wall can
decrease the maximum lateral movement by as much as
24 mm.

6.5 Effect of the berm size

Peck [31] has suggested that the berm size should be as
large as possible to limit wall and soil movements. Potts
et al. [35] performed a parametric study on the berm size
and confirmed that a greater berm volume results in smaller
lateral movements of the retained ground surface behind
the wall. A reduction in lateral movement of up to 65 %
can be achieved with a berm volume equal to 30 % of the
total excavation volume. In this study, the berm size was
defined as the berm volume/total excavation vol-
ume x 100 %. The berm size calculated from the case
history (Fig. 3) was only 4 % of the total excavation vol-
ume, reducing lateral movement by only 19 % compared
with the case in which a berm was not used. This implies
that the berm size in the case study was insufficient for
limiting lateral movement. The effect of the berm size was
analyzed in this study by considering various berm sizes of
0 (no berm), 4, 10, 18, 25 and 35 %.

50

(@ :47 mm(case history)
Dpgp=05m

40

30

Maximum lateral movement (mm)

v b e P v b by

(Full block)
(O e e e T S E e e e e |

0 0.2 0.4 0.6 0.8 1
Improvement area ratio (ap)

Fig. 16 Effect of improvement area ratio considering size of DCM

Figure 18 shows that with an increasing berm size, the
lateral displacements decrease, as expected. The effect of
the berm size on the lateral movement is significant as it
varies from O to 10 %. However, the influence of the berm
size is not obvious when a berm size greater than 18 % is
used. Moreover, the reduction in the lateral movement
remains approximately constant for a berm size larger than
25 %. It appears from Fig. 18 that a berm size of approx-
imately 35 % may help to reduce the lateral movement by
approximately 72 %. In other words, the use of a berm can
reduce the maximum lateral movement by as much as
16 mm.

6.6 Effect of the thickness of the soft clay layer
(Tsoft clay)

Variations in the soil profile are a major concern in
geotechnical engineering. Subsurface investigations must
be performed over the entire construction area to obtain
sufficient soil data. An insufficient number of boreholes
can lead to underestimation in the design process. Fig-
ure 2a shows that the thickness of the soft clay layer at the
considered construction site varied from 3 to 8 m. To
investigate this variation in the soft clay layer to evaluate
the influence of this parameter, six values of Tsof clay Were
considered: 3, 4, 5, 6, 7 and 8 m.

Figure 19 shows that with increasing Tof c1ay» the lateral
displacements increase, as expected. A thicker soft clay
layer produces larger active lateral forces acting on the
precast wall, causing larger lateral movements. This is
similar to the case for an excavation in soft clay. By con-
trast, a thinner soft clay layer produces smaller active lat-
eral forces, yielding conditions similar to those of an
excavation in stiff clay. The thickness of the soft clay layer
exerts a significant effect on the lateral movement as
Tooft clay increases from 7 to 8 m. The maximum lateral
movements range from 20 to 150 mm when Tog c1ay Varies
between 3 and 8 m, respectively. The maximum lateral

/@47 mm(case history)

404 T \36mm
30 mm
25 mm 24 mm

Maximum lateral movement (mm)
L

1 1 1 1 1 1
01 02 03 04 05 06 07 08
Thickness of precast wall, Tprecast (M)

Fig. 17 Effect of thickness of precast wall
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movement for the case history, corresponding to a Tso clay
value of 5 m, was 47 mm.

Large lateral movements of the CDCM wall were
observed in certain sections without monitoring data, but
no failures were observed. A subsurface investigation of
the causes of these large movements was conducted to
verify the suitability of the design. One borehole was
drilled to investigate the soil data in a section where large
deformations occurred. The results showed that the soft
clay layer was thicker in that section than in other sections.
A thickness of 8 m was found to cause large lateral
movements, leading to a loss of serviceability of the
CDCM wall. Thus, the design was found to suffer from
underprediction. The difference in magnitude of the max-
imum lateral movement was 150 mm — 47 mm =
103 mm. Therefore, variations in the soil profile can pose a
major problem.

7 Discussions

The influences of the various factors on the lateral move-
ments that are presented above are summarized and rated
below. The degree of influence of each factor on the
maximum lateral movement is defined as the ratio of the
variation in the maximum lateral movement to the mean of
the maximum lateral movement [13]. For example, the
maximum lateral movements for Epcy values of 20, 40,
100, 190, 250 and 550 MPa were 67, 47, 30, 24, 20 and
15 mm, respectively.

The variation in the maximum lateral movement within
the investigated Epcy  range  was  therefore
|67 — 151 = 52 mm, and the mean of the maximum lateral
movement was (67 4+ 15)/2 = 41 mm. Consequently, the
degree of influence of Epcy on the maximum lateral
movement was calculated to be 52/41 x 100 % = 127 %.
The degrees of influence calculated in this manner for all
factors are listed in Table 3. The degree of influence on the

20 mm
17 mm 16 mm

Maximum lateral movement (mm)

11l

0 T T T T | T T T T l T T T T ] T T T T
10 20 30 40
Berm size (%)

o

Fig. 18 Effect of berm size
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Fig. 19 Effect of thickness of soft clay layer

lateral movement was divided into five levels: extreme,
very high, high, moderate and low. Because there is no
standard on which to define these levels, the common
concept of significance in geotechnical engineering was
adopted [13]. Thus, degrees of influence of less than 30 %,
between 30 and 60 %, between 60 and 100 %, between 100
and 130 % and greater than 130 % were considered to be
low, moderate, high, very high and extreme, respectively.
Table 3 also shows the ranking of all factors based on their
degrees of influence (%). It can be observed that only the
embedded length of the DCM columns has a moderate
influence, whereas the berm size, the thickness of the
precast wall, the elastic modulus of the DCM columns, the
size of the DCM columns and the thickness of the soft clay
layer have very high to extreme influences on the lateral
movement of the CDCM wall; therefore, they can be
regarded as the five most important design parameters.

8 Conclusions

A case history of a CDCM wall used in a deep exca-
vation for a reservoir construction project in soft Bang-
kok clay was reported. The lateral movement of this wall
during construction was observed. The laboratory test
results and the HSM were calibrated to obtain the most
suitable parameters for simulating the behavior of the
soft and stiff clays at the site. The field observation
results and the MCM were calibrated to determine the
elastic modulus of the DCM columns. Then, an analysis
of the results of the case history was conducted using the
Plaxis 3D Foundation version 2.2 software to gain an
understanding of the wall behavior. Finally, a study of
the parameters affecting the lateral movement was per-
formed to analyze the degrees of influence of the dif-
ferent parameters on the maximum lateral movement of
the CDCM wall. The following conclusions can be
drawn from the analysis results:
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Table 3 Rank of degree of influence on maximum lateral movement

Rank  Factors Degree of influence
(%) Class

1 Thickness of soft clay layer 154 Extreme

2 Size of DCM column 153 Extreme

3 Elastic modulus of DCM column 127 Very high
4 Thickness of precast wall 120 Very high
5 Berm size 114 Very high
6 Embedded length of DCM column 37 Medium

1. The embankment has a significant effect on the lateral

movement and on the settlement behind the wall.
Removal of the embankment effectively reduces both
the maximum and differential settlements behind the
wall by as much as 62 %. This results in uniform
settlement behind the wall. The use of lightweight
backfill is an alternative method of reducing the
magnitude of the lateral movement [48].

The 0.5-m-thick stabilized mat has a considerable
effect on the lateral movement because it acts as a rigid
platform, tying individual columns together and caus-
ing them to act as a unit. Without the stabilized mat,
the columns exhibit a separating deformation, which
results in greater lateral movement of the wall. The
lateral movement increases by approximately 98 % for
a wall constructed without a stabilized mat. It is
therefore very important to include a stabilized mat to
reduce lateral wall movement.

A precast wall with a higher stiffness than that of the
DCM columns can act as a structural member,
resisting the lateral forces induced by excavation. This
rigid composite wall can markedly reduce the lateral
movement and the settlement behind the wall. The
lateral movement is increased by 128 % for a wall
constructed without a precast wall. Therefore, the
installation of a precast wall can significantly limit the
lateral movement of the wall.

The front DCM columns appear to be ineffective in
reducing the lateral movement of the wall because of
the already sufficient embedment of the CDCM wall
system in the stiff clay layer. The increase in the
strength and stiffness against lateral soil movement of
the soil in front of the precast wall has only a slight
effect on wall movement.

The thickness of the soft clay layer, the elastic
modulus of the DCM columns, the size of the DCM
columns, the thickness of the precast wall and the berm
size are the five most important design parameters
affecting the lateral movements of the CDCM wall.
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The behavior up to failure of stiffened deep cement mixing (SDCM) piles under axial compression is dis-
cussed on the basis of finite element simulation and laboratory small-scale model tests. The numerical
investigation by means of axial pile load test simulation was carried out using the calibrated parameters
and soil profile and properties from previous field tests. The results reveal that the effectiveness of a rein-
forced core for increasing the ultimate load of the SDCM piles and the associated failure mode mainly
depend on the core dimension, core volume ratio and the strength of the deep cement mixing (DCM)
socket, whereas the core stiffness has a significant effect only for the case of a relatively long core.
These results imply that the core material could potentially be a cheaper, less stiff construction material.
For a constant volume of reinforced core, the SDCM piles with a more slender core provide higher ulti-
mate loads and less settlement, particularly at high core-volume ratios. Reduced-scale models were
tested under normal gravity to verify the numerical findings. Good agreement was found between the
simulation and test results on the influence of the core shape and material on the load-carrying behavior
and failure modes of SDCM piles. A series of numerical analyses were extended to establish a guideline for
recommending an appropriate size of the core in SDCM piles and to discuss the failure modes with
respect to the length of the core. From the developed charts and given strength of DCM socket, the suit-
able core length and cross sectional dimension can be systematically chosen with known expected failure
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1. Introduction

When an earth structure is constructed in a soft ground area,
suitable measures are required to enhance the stability and control
the settlements of the soft soil. Many methods have been devel-
oped to treat soft clay ground; among these, soil improvement
by deep cement mixing (DCM) piles has been widely used. This
method of stabilization began in Sweden and Japan in the late
1970s. Over the last two decades, the DCM technique has been suc-
cessfully used for diverse applications including foundations of
small buildings, bridges and small dams, retaining structures and
mitigation of excessive soil movement [1]. Among various current
applications, the DCM piles have been used most often for founda-
tions of road embankments to increase the stability of the native
ground and to reduce settlement [2,3].
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Under axial loading conditions, the stress along the pile length
decreases with depth due to the load transfer to the surrounding
soil, so that the maximum compressive stress occurs at the top
of the pile (the pile head). The pile failure is therefore governed
by the strength of this part. In 2003, Petchgate et al. [4] performed
a series of full-scale pile load tests on DCM piles of various actual
strengths. The test results revealed that half of the tested DCM
piles failed by pile failure. The mode of failure depends on the rel-
ative strength of the DCM and the native soil. In order to avoid pile
failure, one possible solution is to increase the strength of the DCM
pile by increasing the cement content. However, this method is
uneconomical because only the top part of DCM piles is subjected
to high compressive stress. Moreover, at higher cement contents,
the strength of cement-treated clay does not linearly increase with
the cement content, and the efficiency becomes inferior with
increasing cement content [5,6]. Some innovative solutions have
been proposed to solve this problem including T-shaped and stiff-
ened DCM. The “T-shaped, TDM,” which is larger in diameter at the
top than the lower part, was introduced in China to support
embankment loading conditions. Full-scale test results indicated
that TDM piles can reduce settlement of embankments as well as
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construction costs [7]. The stiffened deep cement mixing (SDCM)
pile was also introduced [8] in China; SDCM piles insert a small
concrete pile or any reinforcement into the DCM pile immediately
after finishing the DCM pile construction (see Fig. 1a). The tests
indicated that SDCM piles can resist higher loads compared to
the ordinary DCM piles of the same size and length. SDCM piles
are a composite structure of an inserted stiffer core and a deep
cement mixed pile or socket, combining the advantages of both
components. In the SDCM pile, the DCM socket forms the sur-
rounding outer layer to support the core. The two parts of the com-
posite pile work together by supporting and transferring the
vertical load effectively to the DCM pile and to the surrounding
soil. The dimensions of the two units should be such that both
work together effectively and use the full strength of the surround-
ing clay soil. This novel method for improving the strength of DCM
piles has been given different names by different researchers, such
as concrete cored DCM piles, composite DMM columns and stiff-
ened deep cement mixed (SDCM) columns. Some researchers and
actual construction projects have used the SDCM piles. The cores
can be circular or square concrete piles [9] or steel H-piles [10]
with various sizes and lengths. No guideline has yet been devel-
oped to recommend the appropriate shape of the core. Increasing
the ratio between the length of the core and the DCM pile
(Leore/Lpcm) or the size of the core has a significant impact on the
axial ultimate bearing capacity of SDCM piles [9,11]. By full-scale
pile load tests, it was found that Leore/Lpcm Of 0.85 can significantly
improve the axial bearing capacity 15 times compared to the ordi-
nary DCM pile [9]. However, increasing either the length or size of
the core would increase the construction costs due to the need for
additional core material that is usually more expensive than the
DCM itself. Moreover, by introducing the core, the required
strength of the DCM socket may be able to be reduced, resulting
in a lower cement content in the DCM. Based on cost considera-
tions, the suitable shape and size of the core must be then consid-
ered on the basis of controlled core volume with respect to the
strength of the DCM socket, which in turn is relevant to the failure
mode of the SDCM.

In this paper, the effect of length and size of the stiffened core
under controlled volume and its stiffness on pile bearing capacity
are first numerically investigated. Some physical model tests on
scaled down SDCM piles under axial loading conditions are con-
ducted to verify the findings from the preliminary numerical anal-
yses. A parametric study on selected influencing factors, i.e., length
and size of the stiffened core and the relative stiffness between the
DCM socket and the core, is conducted to suggest the appropriate
dimensions of the core for various DCM cases. The failure mecha-
nisms observed from both physical model tests and numerical
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investigations with respect to the SDCM pile bearing capacity are
also discussed.

2. Reference case and numerical modeling
2.1. Reference case

Circular DCM piles and SDCM piles 0.6 m in diameter (¢) and
7 m long (L) with reinforced concrete cores constructed in soft
Bangkok clay from the previous work [12]| were chosen as the ref-
erence case in this study. The full-scale axial load tests on these
composite piles were performed at the Asian Institute of
Technology (AIT), in the central plains of Thailand. The site condi-
tions consist of 2.0 m thick weathered crust on top of a 6.0 m thick
soft clay layer. A medium to stiff clay layer was found at a depth of
8.0 m, and the water table was found at 1.5 m below the ground
surface. The physical properties and soil profile at the test site
are shown in Fig. 2. The piles were constructed by wet jet mixing
with a cement content of 150 kg/m> of soil. Two cross sections,
0.18 x 0.18 and 0.22 x 0.22 m, of square reinforced concrete piles
with lengths of 4.0 m and 6.0 m were used as stiffened cores. The
installation and details of the SDCM piles are demonstrated in
Fig. 1b.

Currently, the materials that have been most often used as core
structures are reinforced concrete and steel. The stiffness of those
cores is very large compared to that of DCM piles (approximately
100-1000 times stiffer). In addition to these two materials, various
types of construction materials are available that may be inferior in
terms of stiffness, but are cheaper. Therefore, evaluating the possi-
bility of using less stiff materials as the core is worthwhile. For
example, in Thailand, Eucalyptus wood has been widely used in
the construction industry because it is cheap, easy to buy, and
can be produced in substantial quantities. The properties of the
core in preliminary investigations are therefore focused on
Eucalyptus wood.

2.2. Numerical modeling

2.2.1. Analysis and boundary conditions

Undrained analyses under two-dimensional axis-symmetric
condition were performed to numerically investigate the
load-settlement behavior of the SDCM piles during axial loading.
Fifteen node hybrid elements were used to model the soil, the core,
and the DCM pile. The boundary conditions adopted for the analy-
ses were displacement restraints with roller supports applied on
all vertical sides and pin supports applied to the base of the mesh;
these conditions were used for all cases throughout the analysis.

Ground surface

1.00 [¢+—0.18—
Concrete ‘l’ Concrete fc'= 35 MPa
core pile | & : 8- @ 4mm stands
e & b= fy=1750 MPa
DCM pile — l é" = _L @3 mm stirups spacing varied
_ ; e 7
<~ DCM Pile Soft clay Beore
layer I<—O.22—>|
I Concrete fc'= 35 MPa
Soft ground Medium or . 8- g4mm stands
stiff clay layer LN] fy=1750 MPa
L 2 3 mm stirups spacing varied
(a) (b)

Fig. 1. Schematic of SDCM: (a) general concept of SDCM pile and (b) details of SDCM pile with concrete core (Voottipruex et al. [11]) used as the reference case in this study.
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Fig. 3. Geometry, finite element mesh and boundary conditions of the considered
problem.

Fig. 3 shows the geometry of the problem and the finite element
mesh used in this study.

2.2.2. Initial conditions

The initial distribution of vertical effective stress and horizontal
effective stress is controlled by the given soil unit weight and the
coefficient of earth pressure at rest, Kj, for all strata and the hydro-
static pore water pressure conditions in equilibrium with a water
table at 1.5 m below the ground surface.

2.2.3. Constitutive model and model parameters

The core, DCM socket and sand layers were assumed to behave
as elastic-perfectly plastic materials as described by the Mohr-
Coulomb (MC) model. The clay layers were modeled as so-called
hardening soils (HSs), meaning they were assumed to be
elasto-plastics with stress dependent stiffness and shear dilatancy
properties [13]. The soil properties used in the analyses were
mainly determined from calibration on triaxial testing data of soil
samples at AIT [14]. The materials parameters for Eucalyptus wood
were obtained from numerical calibration of the uni-axial test
results from [15]. Table 1 summarizes the material parameters
used in the numerical analyses; this set of parameters was used
throughout all analyses in this study. The accuracy of simulations
for pile load tests on both DCM and SDCM piles by the selected
models with the calibrated material parameters has been validated
with measured data of reference cases [9], as shown in Fig. 4.

2.3. Numerical modeling procedure

The continuum finite element PLAXIS 2D program was used to
analyze the DCM and SDCM under axial loading in this study.
Constitutive models of materials and their parameters for each soil
layer are listed in Table 1. The value of interface friction (Rjnter)
between the DCM pile and core was chosen to be 0.4 [11] while
the value of 1.0 [16] is defined for that between the surrounding
soil and the DCM pile. In order to match the stiffness of the square
reinforced concrete core of the SDCM used in field tests to the cir-
cular core used in the simulation (axis symmetric analysis), trans-
formed sections with the same stiffness (EA) were considered.
After establishing the initial stress state, each analysis was then
performed by gradually increasing the axial load on the top of
the wish-in-place DCM or SDCM pile to simulate the quick load
test, following ASTM D-1143. The load steps applied at the pile
top were the same as those of the test in [12]. The vertical load
was increased in intervals of 10 kN until failure. These tests were
used to find the settlement at the top and load distribution along
the depth of the DCM or SDCM pile after applying the axial load,
the ultimate capacity and the corresponding failure mode. In this
study, the ultimate pile capacity of both DCM and SDCM piles
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Table 1

Material models and parameters used in this study.
Soil type Model EY, E, (kpa)  E'(kPa) EY (kPa)  E (kPa)  Dur m K" yp(kN/m®) ¢ (kPa) ¢ (°) Y/ (°) OCR
Weather crust MCM(D) - 5000 - - 0.25 - 0.6 17 8 22 0 -
Soft clay HSM(U) 5000 - 5000 15,000 0.20 1 0.7 15 6 22 0 2.0
Medium clay HSM(U) 20,000 - 20,000 6000 0.20 1 0.6 15 10 22 0 1.1
Stiff clay HSM(U) 50,000 - 50,000 150,000 0.20 1 0.5 18 22 26 0 1.0
DCM pile
- qu =690 kPa MCM(U) - 65,000 - - 0.33 - - 15 330 30 - -
- qu =420 kPa - 42,000 - - 0.33 - - 15 200 30 - -
- qu=210KkPa - 21,000 - - 0.33 - - 15 100 30 - -
Precast concrete MCM(D) - 2.8 x 107 - - 0.15 - - 24 8000 40 - -
Eucalyptus wood ~ MCM(D) - 40 x10° - - 025 - - 9.5 6500 30 - -

MCM = Mohr-Coulomb model, HSM = Hardening Soil model. Material behavior; D = drained, U = undrained, pf for HSM = 100 kPa, R¢= 0.9.
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Fig. 4. Comparisons of load-settlement curves between test and simulation results
of DCM and SDCM piles.

was determined from the load-settlement curve using the
Mazurkiewicz method [17].

3. Preliminary investigation
3.1. Verification with field measurement

The field data from the full-scale pile load tests on DCM and
SDCMs [12] were used to verify the analysis method used in this
study. Fig. 4 illustrates the axial compression load versus settle-
ment of both DCM and SDCMs from the field tests and their simu-
lations from this study. Comparing the results of the full-scale pile
load tests to the simulations shows that the analysis method
employed can be used with high confidence.

3.2. Effect of shape and size of core under controlled volume on load-
settlement curve

The simulated load-settlement curves of the SDCM piles and
the test results of the DCM pile under axial loading for various core
sizes with the same core volume (Viore/Vbcm) of 1.29%, 2.57%,
3.68%, and 5.14% are presented in Fig. 5a-d, respectively. For a core
volume of 1.29%, the settlements and ultimate bearing capacities
for the ordinary DCM pile and SDCM piles show an insignificant
difference. The differences in settlement and ultimate load
between the DCM pile and SDCM piles tend to increase as the core
volume is increased, as shown in Fig. 5b—d. The results indicate
that by inserting a core with sufficient Vcoe/Vpenm, both the load
carrying and settlement behaviors can be significantly improved.
Up to the Vioe/Vpem Of 5.14% in this study, the effectiveness of

the core strongly depends on the ratio of V ore/Vpcum. For the same
Veore/Vpom, increasing the length of the core can reduce the settle-
ment at the pile top and increase the ultimate bearing capacity,
suggesting that a slender shape core is preferable. However,
Fig. 5d also shows no significant increase in ultimate capacity
(after approaching approximately 325 kN) after the core length
exceeds 4 m, even though improvements in settlement can still
be seen, suggesting an optimum value of core length. Further
investigation on high strength DCM to ensure that the soil failure
mode will govern gives an ultimate pile capacity of approximately
324 kN, which is very close to that of the maximum value of SDCM.
The failure mode of SDCM may change from pile failure to soil fail-
ure when the length of the core approaches 4.0 m, implying that
the optimum core length is related to the strength of the DCM
socket.

3.3. Effect of core stiffness on the load-settlement curve

To investigate the possibility of using alternative materials for
the core, Eucalyptus wood and reinforced concrete cores with the
same dimensions and shape were analyzed in the pile load test
on the SDCM simulation using the FEM. The material properties
of Eucalyptus wood considered in this study are listed in Table 1.
Fig. 6 shows the load-settlement curves of the SDCM piles with
two different core materials for various core sizes. From the figure,
the load-settlement curves of the wood and concrete SDCM piles
with 1 and 2 m long cores are almost identical. With increasing
core length, the wood SDCM piles show larger settlements under
the same applied load due to the shortening of the core caused
by lower stiffness. However, similar ultimate bearing capacities
between wood and concrete SDCM piles can be obtained.
Therefore, if the settlement criterion is not as strict, the core may
be made of any construction material that is less stiff and cheaper
than the concrete.

3.4. Effect of stiffness of DCM socket on the load-settlement curve

The load received by the core is transferred to the enclosed DCM
socket before being transferred to the surrounding ground. The
strength of the DCM socket (g, pcm) is thus significant for the set-
tlement and ultimate bearing capacity of the SDCM piles. In the
analyses, a concrete core with a diameter of 0.18 m and fixed
strength is considered while the length of the core (1, 3 and 6 m)
and q,pcm are varied. The g, pcv of 210 and 420 kPa are used to
investigate the performance of stiff core in lower strength DCM
socket and the possibility of using lower strength DCM socket.
The stiffness of the DCM socket are consequently calculated by
using the empirical relation Esp = 100 qupcwm [11]. Fig. 7 illustrates
the load-settlement curves of the SDCM piles with different g, pcm
and those of the DCM piles with the same considered strengths for
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Fig. 5. Comparisons of simulated load-settlement curves for various core ratios: (a) Veore/Vbem = 1.29%; (b) Veore/Voem = 2.57%; (C) Veore/Voem = 3.86% and (d) Veore/
Viem = 5.14%.
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Fig. 6. Simulated load-settlement curves of SDCM piles with different lengths and
core stiffness.

various core lengths. In Fig. 7a, the SDCM piles with a 1 m long core
show a slight increase in bearing capacity of the SDCM piles with
qupcm Of 210 and 420 kPa from the DCM pile. The SDCM pile with
qupcm Of 690 kPa shows an insignificant improvement. The
increase in bearing capacity becomes more pronounced with
increasing core length as depicted in Fig. 7b and c. For the same
core length, the difference in bearing capacity between the unrein-
forced DCM and the SDCM becomes larger with decreasing g, pcw,
meaning that the effectiveness of the core in the SDCM also
depends on the gy pcy-

also carry a larger load than the SDCM pile with a shorter core.
In Fig. 8b shows the effect of the strength of the DCM socket,
clearly demonstrating the effect of the strength of the DCM socket
on load transfer along the pile depth. However, the effect from the
length of the core is superior.

In Fig. 9, we extended the analyses for investigation under a
controlled volume of core. The results of SDCM piles with various
core lengths and diameters with constant core volumes of 2.57%
and 5.14% are illustrated in Fig. 9a and b, respectively. The load dis-
tribution along the pile depth of an ordinary DCM is also plotted in
the figures. In Fig. 9a, for all three applied loads considered, only a
small effect from the stiffened core can be seen for all three core
sizes. In contrast, the effect of the stiffened core and its size on load
distribution behavior can be captured even under a small applied
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load (50 kN) as depicted in Fig. 9b. This indicates that the behavior
of an SDCM pile may not be significantly improved with an insuf-
ficient reinforced core volume. Thus, not only the length of the core
but also a suitable core diameter must be considered for the SDCM
piles.

From the load distribution behavior observed, the failure behav-
ior of SDCM piles can be suggested. With the strong pile head that
is reinforced with the core, the failure of the pile part is thus
unnecessarily at the pile head. The failure may occur at the level
of the core tip where the strength of the pile suddenly changes
(from composite SDCM to only DCM socket). If the core is signifi-
cantly strong, three types of failure modes are possible, soil failure,
pile failure at the top part of DCM socket and pile failure at the core
tip level, depending on the relative strength of the DCM socket and
the surrounding soil and length of the core.

4. Physical model test

A series of physical model tests on SDCM piles were performed
to verify the analysis results regarding the effectiveness of the
inserted core on SDCM pile behavior. Three scaled down SDCM
piles with the same core volume were tested under axial compres-
sion loads. The schematic installation of the model SDCM piles as
well as their core size and material properties are illustrated in
Fig. 10. The model SDCM piles C1 and C2 are both made from poly-
amide, but the core of C2 is shorter and wider. The model C3 has
the same core shape as C1 but the material of the core is poly vinyl
chloride (PVC), which is stiffer. The model SDCM piles were
installed in the consolidated remolded clay underlain with artifi-
cial medium clay. The soft clay layer was made from remolded
Bangkok soft clay with a water content of 90% that was consoli-
dated for 60 days. The artificial medium clay was made from a mix-
ture of clay slurry and a small amount (3% by weight of wet soil) of
Portland cement type I. After the consolidation process, the
clay-cement slurry was dropped into the drilled hole in the soft
clay layer to construct the 38 mm diameter and 500 mm long
SDCM piles. The mixing ratio of the DCM pile was designed to con-
trol the DCM pile to behave as a pile failure. In this study, the target
unconfined compressive strength of the DCM pile was 450 kPa,
which could be achieved from the mixing ratio of 200% water con-
tent and 0.5% cement content by weight of dry soil. During the
installation of the medium clay and DCM piles, on-site samplings
were collected and tested at a curing age of 28 days to verify the
stiffness ratios between these two mixed materials with respect
to the soft clay. The PVC and polyamide bar were chosen to be
the stiffened core, and all cores had the same volume of
11.78 cm®. The physical properties of the materials for the physical
model tests are shown in Table 2. To understand the load transfer
mechanism in the piles, ultrahigh-elongation strain gages were
glued on the core and the 10 mm in diameter and 22 mm long
polyurethane (PU) cylindrical bars of which were installed in the
positions underneath the core tip. The PU bars were connected
by small cables with the distance between the bar corresponding
to the bars’ expected positions. The cable was equipped with a
small steel guiding rod to facilitate its installation into the DCM
pile. With this guiding rod, the cable and the bars can be vertically
penetrated into the constructed DCM socket at the center position.
The pile load tests were conducted following ASTM D1143-81
(quick loading). An incremental axial compression load of 15 N
was applied at the pile top every 5 min until failure. Fig. 11 shows
the completion of the test setup with the loading system. The
experiments were terminated due to the excessive settlement of
the tested SDCM piles.

Fig. 12 shows the load-settlement curves obtained from the pile
load tests on the model SDCM piles C1, C2 and C3. Up to the axial
compression load of 450 N, the load-settlement curves of all three
cases are almost identical. Beyond this load level, the curve for C2
begins to show larger settlements than the other two curves at the
same load. At a load of approximately 580 N, the settlement rate
rapidly increases before continuing to settle with a constant load
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of approximately 600 N, indicting failure. The curves of C1 and C3
remain similar with increasing load, showing only a slight differ-
ence up to failure. C1 was found to be able to resist a higher load
than C2, confirming the results obtained from numerical investiga-
tion in the previous section: at the same core volume, a slender
core is superior for increasing the bearing capacity of SDCM piles.
The results of C1 and C3 show only a slight difference in bearing
capacity, verifying the numerical investigation that found the stiff-
ness of the core to have an insignificant influence on the bearing
capacity of the SDCM piles. Different stiff construction materials,
such as wood, can potentially be used as a core in SDCM piles
but would affect the settlement behavior.

The load transfers along the pile depth obtained from the strain
gages are shown in Fig. 13. Only the load distributions of piles C1
and C2 are shown in this figure due to a malfunction of the strain
gages embedded in model pile C3. The test results at the same
applied load show that an SDCM pile with a longer core can trans-
fer the load to a deeper level. These results agree with the numer-
ical results from the previous section.

After disassembling the loading equipment, the soil surround-
ing the piles was carefully excavated to remove the failed SDCM
piles, and the failure patterns of the SDCM piles was then observed,
as illustrated in Fig. 14. In the figure, all three SDCM piles indicate a
failure zone from the pile top to the depth at which the core tip
was located. Beneath this level, the DCM sockets remained success-
ful. The failure zone of C1 was deeper than that of C2 because the

core needed to transfer the load to the DCM socket at a deeper level
before transferring the load to the surrounding soil. In the case of
pile failure, the failure position is moved from the pile head for
DCM to the zone at the top part of the DCM socket, where the
equivalent strength of the pile abruptly changes due to the lack
of reinforcement. Under increasing load in the tests, the failure
zone thus would extend to the DCM socket of the upper part.
The results from physical model tests also provide a reasonable
explanation for why the longer core is beneficial for a fixed core
volume. Furthermore, this implies that the ultimate load has a
strong relationship with the failure mode and the position of the
failure, which in turn depends on the strength of the DCM socket
compared to that of the soil and the dimensions of the core. It is
then interesting to further investigate the relationship between
the failure mechanism and the optimum core length.

5. Failure mechanism of SDCM piles

Normally, the function of a pile is to transfer the carried load
from the pile top to the surrounding soil and/or the soil under
the pile tip. The load distribution along the pile decreases with
increasing depth due to skin friction between the pile and the sur-
rounding soil. Thus, the failure of DCM piles under pile failure
mode is often found at the top part of the pile. By inserting a stiff-
ened core, the load can be transferred to a deeper level and the
consequent failure mode from the physical model tests indicate
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that not only the pile head but also an extended length of the rein-
forced level showed the failure. The failure mechanism of SDCM
piles with different sizes, lengths, and core stiffness, including
the strength of the DCM socket pile, are numerically investigated
and discussed in this section.

The use of plastic soil models in this study allows us to trace the
evolution of yield and failure zones by mean of plastic points.
Fig. 15 shows the Mohr-Coulomb points (MCP) of ordinary
DCM-C1 piles from simulations at the failure load. A MCP in
PLAXIS implies that the current stress lie on the surface of the
Coulomb envelope [16]. The MCPs concentrate at the top part of
the pile, approximately 1.0 m from the pile top and exhibit the fail-
ure locations due to stress concentration at the pile top. A similar
failure pattern was also observed from the full-scale load test of
DCM-C1 [9].

When a 0.18 x 4.00 m stiffened concrete core was inserted into
DCM-C1 and the load was applied in the same manner, the MCPs
were observed at the soil surrounding the top part of the pile at
the beginning load and developed downward with increasing
applied load as shown in Fig. 16a-d. At a certain load level (150
N in this case), the MCPs develop in the DCM socket at the core
tip. With increasing axial load, both zones continue progressing
together with the occurrence of the new zone at the tip of the
DCM socket, as illustrated in Fig. 16c. After reaching the failure
load, the MCPs were found in the DCM socket surrounding the
stiffened core and the SDCM pile tip in the case of pile failure, as
illustrated in Fig. 16d. Fig. 17 shows the MCPs at the failure load
of SDCM piles with cores of the same diameter and strength but
different lengths. In Fig. 17a, the MCPs were found at the soil sur-
rounding the DCM socket and concentrated at the core tip. In addi-
tion, when the stiffened cores were longer, the MCPs were also
found at the soil beneath the DCM socket, as shown in Fig. 17b-
d. From the results on the failure mechanism of SDCM piles, the
core can be concluded to transfer the load from the top to deeper

Table 2

Physical properties of materials for physical model tests.
Soil type qu (kPa) Tensile strength (MPa) E, (MPa) LL (%) PL (%) PI (%) W (%) y (kN/m3)
Soft clay 10 - 2 80.71 48.67 32.04 71 15
Medium clay 100 - 11 - - - 150 14
DCM pile 450 - 114 - - - 115 14
Polyamide - 60 600 - - - - 115
PVC - 48 1750 - - - - 133

Air cylinder —

Universal joint
(Link ball)

(@)

Fig. 11. Axial compression test equipment: (a) loading frame and (b) testing setup.

Load cell

Linear bush

Pile cap of
tested pile



A. Wonglert, P. Jongpradist/ Computers and Geotechnics 69 (2015) 93-104 101

Axial compression load (N)

0 100 200 300 400 500 600 700 800
0.0 g T L T Y T T T ) T X
——C1
0.5 —A-C2
——C3
1.0 £ £ i
g 1 €8 g3 £
£ 154 = =8 3 4
o 'y 3 -
e n, 8 o8,
Q 3R 2y 5
£ 2.04 ws ws ouw .
2 c (&) c3
©
9N 254 =
3.0 e
35 T |} T T T T T

Fig. 12. Load-settlement curves of SDCM piles from physical model tests.

Axial compression force (N)
0 50 100 150 200 250 300 350 400 450 500

core tip level of C2 |

core tip level of C1

Applied Load (N)
c1 Cc2 i
—o0—15 —#—15
—A—240 —A— 2404
—0—450 —@—450 |

Depth (mm)

Fig. 13. Load distribution along SDCM piles with various core lengths from physical
model tests.

]
I
]
|
I
—p

$16x58.7 mm

#10x150 mm '
polyamide polyamide
core pile core pile

wuw 051

:<—K|e1eng01ddv
U0z ainje}
I

C1

levels. If the core is long enough, the failure mode of the SDCM pile
can change from pile failure to soil failure.

6. Parametric study and guidelines for appropriate core size

In this section, the simulated results from the sensitivity study
of SDCM piles under axial loading by varying the strength of the
DCM socket, the strength of the core, core length and core size
are presented and discussed in terms of ultimate bearing capacity.
The 0.6 m diameter and 7.0 m long DCM socket pile was applied to
all analyses in this section. The Mazurkiewicz method was used to
determine the ultimate bearing capacity of the pile from simulated
load-settlement curves.

Fig. 18 shows the relationship between the core length ratio
(Leore/Lpem) and the ultimate failure load (Q,) of various analysis
cases. The three main data sets in the figure represent three differ-
ent strengths of the DCM socket pile (qupcm)- Each data set
includes results from cases with various diameters and stiffened
core lengths. For the data set with g, pcv of 690 kPa, the relation-
ship is approximately linearly increasing with increasing stiffened
core length from 250 kN at the beginning (L. = 0) to the maxi-
mum value of 325 kN at Lcore/Lpcm Of 0.45. When the stiffened core
length exceeds 3.15 m, Q, remains unchanged, indicating that the
optimum stiffened core length for SDCM piles for qupcm of
690 kPa is 3.15 m. The beginning 250 kN refers to the calculated
Q, of the ordinary DCM pile under pile failure mode with a DCM
strength of 690 kPa, which is also equal to the actual test results
of DCM-C1 in Fig. 4. The Q, of 325 kN is very close to the calculated
Q, of the ordinary DCM pile, which is determined under soil failure
mode based on alpha method [18]. At the stiffened core length of
3.15 m (Leore/Lpcm = 0.45), the failure mode of the SDCM pile may
change from pile failure to soil failure. By further investigating
the failure behavior of SDCM piles with the optimum Lcore/Lpcm
from the simulation, the MCPs were found to not propagate into
the DCM socket but to the soil at the tip of the DCM pile up to fail-
ure, changing the failure mode to soil failure. With increasing core
length, soil failure governs the behavior of the SDCM, explaining
the constant Q, with increasing L. beyond the optimum value.

For the SDCM piles with q,pcy of 420 and 210 kPa, the Q, also
linearly increases with increasing core length to certain values, and
the slopes of these two relationships are almost the same and very
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Fig. 14. Photographs showing the failure patterns of SDCM piles after testing.
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close to that of the previous case. Beyond these values
(Leore/Lpem = 0.76 for 420 kPa and 0.90 for 210 kPa), the values of
Q, remain constant even as the core lengths further increase.
However, the final values of Q, for these two cases are lower than
the previous case, and the optimum core lengths are longer at
5.32 m for qupcm of 420 kPa and 6.51 m for 210 kPa. The results
reveal that the strength of the DCM socket has a significant effect
on the optimum stiffened core length and ultimate bearing capac-
ity of SDCM piles. A lower strength DCM socket requires a longer
core to reach its optimum state. With an insufficiently strong
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DCM socket because the DCM socket cannot resist the load trans-
ferred from the stiffened core, the failure happens in the DCM
socket at the top part of the pile. In this case, the failure is always
governed by pile failure mode; therefore, the Q, is always less than
that at the soil failure condition.

Fig. 19 illustrates the relation between the Q, with Lcore/Pcore
using the same data sets as Fig. 18. In the same fashion, Q, linearly
increases with increasing Leore/ dcore Defore remaining constant at a
certain Leore/Pcore- The optimum diameter for stiffened core SDCM
piles considered in this study can be obtained from this relation-
ship if the optimum length has been given from Fig. 18, e.g., the
optimum diameter of stiffened core for DCM-C1 with
qupcm = 690 kPa is 0.21 m. The optimum diameter of the stiffened
core increases with decreasing strength of the DCM socket.

The appropriate dimensions of the stiffened core in SDCM piles
may be preliminarily determined from Figs. 18 and 19. However,
both figures are for specific soil conditions and a specific DCM
socket size.

Based on the results obtained, increasing in the core length
causes the load to transfer to a deeper level. Consequently, the fail-
ure position in the SDCM piles may change from the top of the
DCM pile to the core tip level. However, the soil surrounding the
SDCM pile also develops the failure with increasing load, particu-
larly at the tip of the SDCM pile. Therefore, the strength of the
DCM socket has a strong influence on the failure mode. If the
DCM socket is very strong, it can resist higher loads. By transferring
the large loads to a deep enough level by increasing the core
length, the soil surrounding the SDCM pile can completely develop
the failure. This condition does not require a very long core. The
failure is then governed by the soil failure in the same manner as
the soil failure condition of the DCM pile. The Q, then equals the
soil failure condition of the DCM pile. Increasing the core length
beyond this level shows no further improvement.

For a less strong DCM socket, with the load transferred to a dee-
per level by the core, the failure happens in the DCM socket at the
core tip level. With increasing core length, the composite material
can handle larger loads, so the Q, increases with increasing core
length. However, the load is mainly concentrated at the top of
the SDCM pile. To a certain core length (depending on the g, pcm)
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Fig. 16. Development of Mohr-Coulomb points of SDCM piles (qupcm — ¢core X Leore = 690 kPa — 0.18 x 4.00 m) from simulations with varying applied loads: (a) 50 kN; (b)

150 kN; (c) 250 kN and (d) 325 kN.
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with higher load concentration at the top, the DCM socket at the
top part of the pile can no longer resist the load. The failure starts
at this part and the SDCM pile can then receive no greater a load.
The failure mode then remains the pile failure, though not at the
core tip. Even if the core is longer, the DCM socket at the top part
of the pile cannot resist a load larger than a certain level. Therefore,
the Q, remains constant with increasing core length.

By connecting the optimum points of Leoe/Lpcy from various
data sets in Fig. 18, a locus of optimum core length can be obtained.
Theoretically, this locus can be extended with a horizontal line
(from point S to C) that distinguishes the zones between pile and
soil failure as seen in Fig. 20. Moreover, by assuming a line starting
with the y-intercept of Q, (point I) computed from the
qupcm = Qusoil Naving the same slope as the others to the x-coordi-
nate of Leore/Lpcm = 1, the point J can be defined, where qy s is
defined as the unconfined compressive strength of the native soil.
Noted that, a linear relationship cannot be clearly obtained by the
data set with low g, pcm (210 kPa) from the results in Figs. 18 and
19. This means that the diameter of the core plays more significant
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role in SDCM piles with low q,pcm. Then it is represented by the
gray area in the figure. The completed locus can then be extended
to point J. Inside the locus of optimum core length (points B and F),
the failure is dominated by DCM pile failure at the core tip level
and increasing the core length can increase the Q,, while the failure
behavior of SDCM piles for the zone outside the locus (points G and
H) is governed by the failure of the top part of the DCM socket.
Increasing core length thus has an insignificant influence on the
Q, of an SDCM pile. This locus can also be used to suggest the opti-
mum length of the core for SDCM piles with different strengths of
DCM sockets. The hatch area inside the locus suggests that, in engi-
neering practice, the q,pcv at soil failure consideration can be
decreased to a certain value while maintaining the maximum Q,
by inserting a stiffened core.

7. Conclusions

The extended sensitivity study from the full-scale loading tests
of stiffened deep cement mixing (SDCM) piles by numerical analy-
ses was performed in the study. The load-settlement characteris-
tics, ultimate bearing capacity and failure mechanism of SDCM
piles in a specific soil condition under axial loading were investi-
gated. Additionally, a series of scaled down model tests on SDCM
piles were also performed in a laboratory to verify the findings
from numerical analyses. Possible influence factors are considered
in the numerical analyses, taking into account the strength of the
DCM socket and the length, dimensions and stiffness of the core.
The conclusions that can be drawn from this research are summa-
rized below:

1) Increasing the core length significantly increases the ulti-
mate bearing capacity and decreases the settlement of
SDCM piles, while increasing the cross-sectional dimensions
of the core has a less significant impact. SDCM piles with
longer cores can transfer load from the pile head to a deeper
level than a shorter core can. When the volume is held con-
stant, the longer core is preferable.

2) Comparing load-settlement curves of SDCM piles with cores
of two different materials (Eucalyptus wood and concrete)
shows an insignificant difference in the ultimate bearing
capacity and a slight difference in the settlement of the pile
head. This implies that less stiff construction materials may
be effectively used as a core.

3) The optimum length and diameter of the core to obtain the
maximum possible performance of SDCM piles depend on
soil conditions and the strength of the DCM socket. The fail-
ure mode of the SDCM piles also depends on the strength of
the DCM socket with respect to the soil.

4) For a stiff core, the three possible failure modes for SDCM
piles under axial loading include soil failure, pile failure at
the core tip and pile failure in the DCM socket at the top part
of the pile. If the length of the core is less than the optimum
value, the failure mode is always the pile failure at the core
tip. If the core length exceeds the optimum value, the failure
mode is governed by the strength of the DCM socket. The soil
failure occurs for SDCM piles with strong DCM sockets, while
the failure of the DCM socket at the top part of the pile dom-
inates for SDCM piles with weak DCM sockets.

5) With the soil conditions considered, a locus of optimum core
length for the strength of the DCM socket was proposed in
this study to provide a guideline for preliminary design of

the core in SDCM piles. The developed Q, — (Lcore/Lpcm)
and Q, — (Lcore/¢core) charts can preliminarily provide a sys-
tematic selection of appropriate core length and cross sec-
tional dimension.

These conclusions are drawn on the basis of limited data for
specific considered cases, and a broader set of studies are needed
to enhance the findings from this study.
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Abstract This paper presents an analysis of the slope failure of a
Suvarnabhumi drainage canal during construction. The
Suvarnabhumi drainage canal project includes a large drainage
canal with a road on both sides. The width of the bottom of the
drainage canal is 48.0 m, the depth of the drainage canal is 3.0 m,
and the length of the drainage canal is 10.5 km. Because the project
was constructed on very soft Bangkok clay, deep cement mixing
(DCM) columns were employed to increase the stability of the
excavated canal. The failure of the drainage canal slope occurred
25 days after the end of excavation. The field monitoring data show
that lateral movement of the canal slope continuously increased
with time, which caused failure due to the instability of the canal
slope. The time-dependent deformation and undrained creep be-
havior of very soft clay was suspected to be the cause of the canal
failure. A laboratory investigation of undrained creep behavior
and a finite element analysis (FEA) using the soft soil creep
(SSC) model were performed to confirm the causes of the canal
failure. The results indicate that very soft clay specimens that are
subjected to deviator creep stress levels of 70 and 100 % of the
peak strength failed by creep rupture within 60 days and 8 min,
respectively. The factor of safety for the canal slope, which was
obtained from the FEA, shows significant reduction from the
initial value of 1.710 to 1.045 within 24 days after the end of
excavation due to the effect of undrained creep. This paper also
describes a solution method that is applied to a new section of the
canal. Field monitoring and an FEA of the new trial section were
performed to prove the effectiveness of the solution method.

Keywords Deep mixing - Failure - Finite element -
Slope stability - Undrained creep

Introduction

Landslides are one of the most significant geologic hazards (Wang
and Zhang 2014). Infrastructure projects, such as dams, drainage
canals, roads, slope excavations, and slope protections, are gener-
ally subjected to slope failure. The required geological conditions
at a construction site generally comprise shear strength and de-
formation behaviors, hydrogeological conditions, and geologic
formation. Bangkok clay deposit is considered to be a problematic
soft clay with a high deformation potential and a low shear
strength (Lorenzo and Bergado 2004; Horpibulsuk et al. 2007).
Slopes excavated in these soft clays exhibit viscous creep behav-
iors, in which deformation and movement proceed under a state of
constant stress. Significant creep stress ultimately causes failure
(Redman and Poulos 1984; Kuhn and Mitchell 1993). Undrained
creep behavior can be divided into volumetric creep and deviator
(or shear) creep according to the acting stress. Volumetric creep is
caused by constant volumetric stress, whereas deviator creep is
caused by constant deviator stress. Laboratory undrained creep
tests of soil samples are usually performed on cylindrical speci-
mens using an isotropically consolidated undrained (ICU) triaxial
compression apparatus in a laboratory. Typical undrained creep

Published online: 05 November 2015

curves for a constant deviator stress that expresses axial creep
strain (e,c) as a function of elapsed time (f) are shown in Fig. 1.
According to the shape of the ¢,.~t response curve, creep can be
divided into primary, secondary, and tertiary phases (Arulanandan
et al. 1971).

The primary phase can be defined as creep deformation during
which the strain rate continuously decreases with time. Deforma-
tion at a constant rate (material flow) is denoted as the secondary
phase. In the case of the tertiary or the accelerated phase, the strain
rate is continuously increasing, which causes creep rupture. Gen-
erally, volumetric creep consists of the primary phase of creep
deformation and tends to stabilize. As shown in Fig. 1, the shape
of the £,.~t response curve is primarily dependent on the relative
magnitude of the applied deviator stress compared with the un-
drained strength (obtained from the ICU test) of the material at
the same consolidation pressure. When the applied deviator stress
is small compared with the undrained strength, the creep strain
rate monotonically decreases with time. Curve A in Fig. 1 shows a
typical e,.~t response for this stress condition. For a relatively high
deviator stress, the creep strain rate increases with time, which
causes rupture of the sample. Curve C in Fig. 1 shows a typical
curve for this response. An intermediate value of the deviator
stress (compared with the undrained strength) may yield a re-
sponse, as indicated by curve B in Fig. 1 (Faruque 1986). Saturated
sensitive soft clay is most susceptible to this behavior.

During construction, the excavated slopes show deviator creep
behavior accompanied by little or no dissipation of pore pressure
at a constant shear stress due to the low permeability of soft clay.
This continuing undrained creep may frequently cause failure of
the slope, which implies that the undrained shear strength can be
significantly reduced with time, as investigated through undrained
triaxial creep tests by various researchers (Casagrande and Wilson
1951; Walker 1969; Holzer et al. 1973; Yin et al. 2002; Desai et al.
2011; Taechakumthorn and Rowe 2012). Therefore, analysis of the
undrained creep behavior is important for estimating the long-
term stability of a man-made slope. The continuous increase in
shear deformation with a constant deviator creep stress (Fig. 1)
induces an increase in excess pore water pressure (A4u) with time
because the specimen is sheared for the condition of zero volume
change (undrained). This creep process reflects the diminution of
effective stress and an increase in the stress ratio g/p’ (deviator
stress to mean effective stress) toward the Mohr-Coulomb failure
line (Wang and Yin 2014). An illustration of this process with the
effective stress paths is provided in Fig. 2a, b. Thus, undrained
creep behavior contradicts consolidation theory, which states that
excess pore water pressure decreases with time due to drainage,
which causes an increase in effective stress. An increase in creep
time causes larger excess pore pressure at failure due to creep
deformation (Campanella and Vaid 1974; Mitchell and Soga 2005;
Leoni et al. 2008). Based on these facts, deviator creep in un-
drained conditions is extremely important in the analysis of sta-
bility problems. Chang et al. (2015) observed and simulated the

Landslides |



| Original Paper

Primary

Secondary

Creep rupture

Tertiary I

decreasing strain
rate

Axial creep strain (&)
(@)

constant strain rate

Point of minimum
creep strain rate

increasing
strain rate

(©)

O~ Last point of
constant creep
strain rate

(B)

(A)

Time (f)

Fig. 1 Typical axial creep strain—time response curves for ICU triaxial compression test (Faruque 1986)

creep behavior of rock slope. The results of their study indicate
that topography influences slope creep behavior. Slopes with sig-
nificant inclination or height produce significant creep behavior.

A stabilizing pile and stone column can be employed to support
these unstable slopes (Rogers and Glendinning 1997; Anbarasu
et al. 2010; Kourkoulis et al. 2011; Vekli et al. 2012; Wang and Zhang
2014; Yu et al. 2015). The deep cement mixing (DCM) method is a
ground improvement technique that has also been introduced to
solve these problems. The DCM method has been employed in
Japan, the Nordic countries, Thailand, China, the USA, the UK,
Germany, and Poland among other countries. Cement additive in
either slurry or powder form is injected into the ground and mixed
with the in situ soil by mixing blades or jet grouting, which forms a
hard-stabilized soil column that is referred to as a DCM column
(Horpibulsuk et al. 2011, 2012; Shen et al. 2013a, b). The applica-
tions of DCM include foundation supports, slope protection, re-
tention systems, ground treatments, liquefaction mitigation,
hydraulic cutoff walls, and environmental remediation (DJM
(Deep Jet Mixing) Research Group 1984). DCM column rows have
been employed to increase the stability of slopes against horizontal
or sliding forces (Broms 1999). Larsson et al. (2012) suggested the
use of overlapping column rows for a better interaction with the
surrounding soft soil and investigated the effect of the overlapping
zone and the strength in this zone. However, failures have oc-
curred, as demonstrated in a case study of slope failure in a large
drainage canal project constructed in soft clay that is stabilized
with DCM columns.

This paper investigates the failure of a drainage canal that is
part of an excavation project in soft clay that is stabilized with
DCM columns. It describes both the stabilizing methods for a new
section of the canal and the subsequent evaluations that are
conducted to prove their effectiveness. The “Description of a
drainage canal project” section contains a general description of
the drainage canal project. The “Field investigation” section de-
scribes the field monitoring results after the end of excavation and
the failure investigations that are performed to assign the failure
causes. The “Laboratory investigation” section presents a labora-
tory investigation of the creep behaviors of soft clay specimens
that are collected from the field. The “Finite element analysis of
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the field case study” section contains a detailed finite element
analysis (FEA) of the drainage canal. The “Results of finite element
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Fig. 2 The effect of undrained creep on the strength of normally consolidated clay
in aICU and b K,CU triaxial compression test (Mitchell and Soga 2005; Campanella
and Vaid 1974)



analysis” section presents the results of the FEA of the drainage
canal. The “Remedial measures” section describes the stabilizing
method, the field monitoring results, and the FEA results to prove
the effectiveness of the stabilizing method. The main conclusions
are given in the “Conclusions” section.

Description of a drainage canal project

The field case study comprises the Suvarnabhumi drainage canal
project, which is under the jurisdiction of the Royal Irrigation
Department of Thailand, which is located in the Samut Prakan
Province of Thailand. The main purpose of this project is to
drain floodwater from the eastern region of Bangkok and the
vicinity of the Suvarnabhumi International Airport. The project
consisted of the excavation of a new canal, the construction of
pumping stations, and the installation of a telemetry system. The
width of the bottom of the drainage canal is 48.0 m, the depth of
the drainage canal is 3.0 m, and the length of the drainage canal
is 10.5 km. Two-lane roadways with a width of 11.0 m and a height
of 2.4 m were constructed on both sides of the canal for
transportation.

Figure 3 shows the soil profile and soil properties at the field
case history site. The soil profile consisted of three layers: 10 m of
very soft normally consolidated clay, 5 m of soft normally consol-
idated clay, and 3.5 m of medium stiff clay and 2.5 m of stiff clay.
The natural water (w,) content was near the liquid limit (LL), high
water content was noted in the depth range of 2 to 10 m (>100 %),
and lower water content was noted in the deeper layer. The
undrained shear strength, which was measured using the field
vane shear test, tended to increase with depth. DCM columns were
applied to improve the soft clay layer.

It is well known that soft Bangkok clay has low shear strength
and high w, (high initial void ratio, e,). The very soft clay is
formed by deposition of marine clay on the Chao Phraya delta of
Thailand. It is normally consolidated to lightly overconsolidated,
with the overconsolidation ratio (OCR) varying from 1.0 to 1.5
(Bergado et al. 1996; Shibuya et al. 2003; Horpibulsuk et al.
2007). The degree of sensitivity of clay is defined as the ratio of
the undrained shear strength in an undisturbed state to that in a
remolded state. Any clay with the sensitivity ratio equal to or
greater than 8 is classified as a quick clay based on classification
of sensitive clays by Rosenqvist (1953). The calculated sensitivity
ratios from the field vane shear test results ranged from 2.7 to 5.0.
Thus, very soft clay in this project is not a quick clay although its
natural water content was higher than LL. The strain-hardening
behavior of very soft clay was observed under ICU triaxial com-
pression test (Fig. 13a), which is a general behavior of normally
consolidated clay.

A trial test section of the drainage canal was constructed prior
to commencement of the project. The configuration of the DCM
columns is shown in Fig. 4. The diameters of the DCM columns
under the roadway (referred to as the bearing DCM columns) were
0.6 m; they were installed in a rectangular pattern with spacing of
1.50X1.75 m. Seven DCM columns (referred to as the DCM column
rows) were installed in a row pattern at the canal slope with a
spacing of 1.50 m. The additional DCM columns at the berm area
were installed with spacing of 1.50X1.60 m to increase the slope
stability. The required compressive strength of the DCM columns
was 0.6 MPa. To attain the required compressive strength, 220 kg/
m? of cement was employed.

The DCM column rows located at the canal slope are designed
to resist lateral force by their flexural resistance. Due to the low
flexural resistance of a single DCM column, DCM column rows
were employed. Unconfined compression tests were conducted to
compare the obtained strength with the required strength. The
unconfined compressive tests were completed on DCM column
specimens, which were collected with a sampler at various depths.
The collected specimens were cured for 30 days prior to testing.
The variations in the unconfined compressive strength value (q,)
and the elastic modulus at 50 % of the unconfined compressive
strength (E,) of the DCM columns with depth are shown in Fig. 3;
these values were obtained from the field specimens. The g,
ranged from 0.89 to 2.7 MPa, which exceeds the required strength
(0.6 MPa). Therefore, the low quality of the DCM columns may
not be the cause of failure of this canal project. The dashed lines of
the g, and E, profiles in Fig. 3 represent the average values in the
numerical analysis.

The construction plan was divided into four stages: first, the
DCM columns were installed; second, the 1.2-m-high berm was
constructed using silty sand fill material; third, the canal was
excavated to a depth of 3.0 m; and last, the roadway was con-
structed to a height of 2.4 m. Three inclinometers were installed
after the excavation of 1.5 m to monitor lateral movements during
excavation of the remaining 1.5 m.

Field investigation

Figure 5 displays the profiles of lateral movement with depth after
the end of excavation at a depth of 3.00 m, which were obtained
from inclinometers at three locations: I-1, I-2, and I-3. The field
data revealed that the maximum lateral movement immediately
after the end of excavation was 10 mm. As the roadway attained its
finial elevation of 2.40 m after 14 days, the maximum lateral
movement increased to 40 mm at inclinometer I-1. The lateral
movement at all locations continuously increased with time until
eventual failure at 25 days, as shown in Fig. 6. The failure extended
throughout the berm area, while the base of the canal heaved. The
DCM column rows also tilted toward the canal. Based on the field
observations, the first crack of the slope instability occurred at the
berm area above the additional DCM columns and the potential
slip surfaces revealed that the translation of soil mass dominated
to a depth of 7.5 m. The lateral movement obtained from incli-
nometer I-1 indicates that the development of a shear zone occurs
at the depth range of 5.0 to 9.0 m. The increasing lateral movement
with time is caused by the process of undrained creep at constant
deviator stress. Figure 7 displays the plot of the maximum lateral
movements with elapsed time at the end of excavation. The curve
of the lateral movement against time of the very soft clay located
near the excavation base, which was obtained from inclinometer
I-1 (Fig. 7a), is similar to e,.~t response curve C of the deviator
creep behavior, as shown in Fig. 1.

The rate of lateral movement in the secondary stage is constant
prior to the tertiary stages and failure conditions, according to the
surface rupture observed in the field. The level of deviator stress
induced by the slope excavation is sufficient for the development
of the shear mobilization of all three phases due to a lack of soil
stabilization by the DCM columns. The average increase in the rate
of lateral movement in this study was defined as the difference in
lateral movement divided by the elapsed time. Thus, the average
rate of lateral movement for the case history after the end of
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Fig. 3 Soil and DCM column properties

excavation (o day) to 25 days (canal failure) was (60-10)/(25-
0)=2 mm/day for I-1. Figure 7b shows that the rate of lateral
movement of the soft clay located in the berm area with DCM
column rows (I-2) was constant at 15 days after the end of exca-
vation and was considered to be the secondary phase. The tertiary
stage (accelerated phase) was not distinct, which indicates that the
creep behavior of this location is similar to curve B in Fig. 1, which
implies that the soft clay located at I-2 was subjected to a moderate
deviator creep level. However, the soft clay slope in this location
failed due to the inability of the DCM column rows to stabilize the
creep failure. Therefore, the deformation-time response in curve B
(Fig. 1) is responsible for the slope failure in the field condition.
However, the lateral movements from inclinometer I-3 show dis-
tinctly different creep behaviors compared with the data from
inclinometers I-1 and I-2. The soft clay under the roadways, which
improved with individual DCM columns (I-3), was also subjected
to primary creep for 18 days prior to the constant rate of lateral
movement in the secondary stage (Fig. 7c). The creep deformation
tended to stabilize after 18 days without a tertiary stage, which
corresponds to £,.~t response curve A in Fig. 1. No slope failure of
the drainage canal located in I-3 was observed because creep
deformation cannot develop to the rupture stage, which is consis-
tent with the creep behavior exhibited by curve A in Fig. 1.

Laboratory investigation

Test program

Based on the field observation of the case history, the failure
mechanism of the Suvarnabhumi drainage canal was undrained
creep failure because the excavated canal slope experienced no
surcharge for 25 days. Thus, the undrained creep behavior of soft
Bangkok clay required verification. After the canal slope failed,
laboratory investigations were performed. Soft clay specimens
were collected near the trial section at the depth range of 3.0-
4.0 m. The testing program consisted of consolidated undrained
triaxial compression tests, including ICU tests, ICU creep tests,
and K, consolidated undrained (K,CU) creep tests. The objectives
of the ICU tests determined the undrained shear strength and
shear strength parameters, whereas the ICU and K,CU creep tests
determined the undrained creep characteristics, respectively. The
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ICU tests were conducted according to ASTM (2012). The follow-
ing isotropically consolidated pressures (p,) were employed in
this study: 20, 50, 80, and 100 kPa. The effective stress paths (p'-
q) for the ICU tests are plotted in Fig. 8. The relationship between
the slope of the Mohr-Coulomb failure line (M) and the friction
angle (¢') can be expressed by the following equation:
Y
Mo 6sing )

"~ 3—sing’

Thus, the parameter M for the very soft clay in this study was
1.07, which corresponds to a friction angle (¢') of 27°. The ICU test
with a p, value of 50 kPa was selected to specify the peak deviator
stress for the calculation of the stress levels because this confining
pressure was similar to the effective overburden pressure at the
middle of the thickness of the soft clay. The peak deviator stress
(gpear) for the ICU test with a po' value of 50 kPa was 40 kPa.

The axial loads for the undrained creep tests were applied in
single increments with a p,, value of 50 kPa, and the axial defor-
mation versus time was recorded. Three different deviator creep
stress levels with the stress ratio (g/gpeax) of 50, 70, and 9o % (refer
to Table 1), which corresponds to a factor of safety of 2.0, 1.43, and
1.11, respectively, were applied to perform the ICU creep tests.
Natural soft clay is usually deposited in a K,-consolidated condi-
tion. Additional loads are usually added during construction,
which causes the creeping of soil. Thus, a series of undrained creep
tests on K,-consolidated clay samples were also performed with a
mean effective stress of p0'=50 kPa and a deviator stress of
qo=32.6 kPa with a duration of 2 days prior to shearing. Three
different deviator creep stress levels with g/qpea=85, 95,
and 100% (refer to Table 1) correspond to a factor of safety of
1.18, 1.05, and 1.00, respectively. The numerical values of the creep
stresses for all the tests in this study are tabulated in Table 1.

Undrained creep test results

Figures 9 and 10 show the similar trend in the development of axial
strain with time for various creep stress levels in the ICU and
K,CU tests. The specimen that was subjected to a creep stress level
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Fig. 4 Configuration of drainage canal stabilized with DCM columns: a plan view and b section view

of 50 % (Fig. 9a) shows a small increase in strain after initial
deformation. No failure was observed within the testing time due
to the low deviator stress level, which corresponds to the field
observation of soft clay at I-3. However, the specimens at creep
stress levels of 70 and 9o %, as shown in Fig. gb, ¢, respectively,
were progressively strained with time until eventual failure. The
tertiary stage began 60 and 25 days for the specimens at creep
stress levels of 70 and 9o %, respectively. Figure 10a-c shows that a
similar creep behavior of the specimens in the K,CU tests with the
tertiary stage was observed after 25 days, 3.5 days, and 6 min for
the specimens at creep stress levels of 85, 95, and 100 %, respec-
tively. The creep strains and time to rupture were higher and
faster, respectively, for the specimens with higher creep stress

levels. Therefore, the deviator stress level accelerates the time to
failure by creep rupture. The soft clay located at I-1 behaved in a
similar manner to these specimens. Thus, this laboratory test
confirmed that the soft clay located at I-1 was subjected to a high
deviator creep level, which produced a lower factor of safety than
the factor of safety obtained for other locations that improved with
DCM columns. Lateral movement-time curves I-1 and I-2 are
similar to the ,.~t response curves of K,CU tests compared with
the lateral movement-time curves of the ICU tests, which implies
that the field undrained creep behavior is consistent with the
K,CU creep behavior in the laboratory. This finding is consistent
with the undrained creep test results of Campanella and Vaid
(1974), who concluded that some differences in the deformation-

................. +2.4
2 -~
Lateral movement (mm) Lateral movement.(mrmi) ~Latéral movément (mm)
80 60 40 20 O 80 60.406720 O 40 20 O 0.00
| FETTTTTIT FRTTETTIT] FRTTTRTIT] FATTRTII I | O ............ 1 'y yleugrgray ? OMN ............... “‘ __ Ow....,,.,.,.w....', wwwwwww
------------- b il’éfiia: gEal
------- ¢ Aexim om L
B0 ? oL % ﬁﬁ P2
sexamon 4 QA\qx‘,“ [ e Ride
A BEE Hakr ¢
*oax no O+ iy g
= 0+ 6 —~ — . F 6 —~
Vi ft cl ‘ﬁ&i £ £ P £
ery soft clay *#asr = oAb
‘% 8 % End of excavation %_ 8 f‘?
[
0 (=) +— 0day Q P =)
w10 8@ 2'days 10
¢— 4 days
Soft clay 12 —®— 8days 12
14 —=— 10 days 14
x....]2days
Medium stiff clay % 16 e 14days 16
—=4— 18 days
-1 —&— 25days -3

Fig. 5 Lateral movement profiles

Landslides |



| Original Paper

Fig. 6 Failure of field trial test
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time curves between the ICU and K,CU tests may occur because
soft clay deposits in nature have been subjected to an anisotropic
stress history and deformation conditions conform to the K,
condition compared with isotropic compression.

Finite element analysis of the field case study

Finite element mesh and boundary condition

A finite element simulation was performed to explain the failure
mechanism of the canal slope by undrained creep using the
PLAXIS 3D software, version 2013. The 3D finite element model
consisted of the DCM columns, the embankment, and the foun-
dation soils. The soil volume is modeled by ten-node tetrahedral
volume elements. The ten-node tetrahedral volume elements are
created in the 3D mesh procedure. This type of element provides a
second-order interpolation of displacements.

Note that the large deformation is necessarily considered for
problems of dynamic evolution of slides in unstable slopes. How-
ever, this study focuses on the causes of the canal failure, not the
simulation on the progressive failure analysis in which the tradi-
tional finite element method (FEM) is limited. It is believed that
the deformations captured in this study (observed lateral move-
ment) during the construction are still in the normal strain range
in which the traditional FEM is applicable. To capture the evolu-
tion of slides in unstable slopes, sophisticated numerical methods,
taking into account the large deformation (such as total
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Table 1 List of undrained triaxial creep tests of very soft Bangkok clay

Initial condition of test specimen

Creep stress

Increment deviator creep stress form initial Deviator creep

level (%) condition, Ag (kPa) stress, g (kPa)

ICU creep Isotropically consolidated at 50 20 20
1 o= 50 kPa

ICU creep 70 28 28
2

ICU creep 90 36 36
3

K,CU K, consolidated at p; = 50 kPa, 85 14 34
greep q, = 32.6kPa

K,CU 95 5.4 38
creep
2

K,CU 100 74 40
creep
3

Lagrangian and the update Lagrangian finite element as compre-
hensively reviewed by Wang et al. 2015), are necessary.

The configuration of the drainage canal, which is shown in
Fig. 4a, is 3D because each DCM column is not continuous in the
out-of-plane direction. Thus, it can be modeled as a 3D slice by
planes of symmetry. Figure 11 illustrates the 3D finite element
mesh, which consists of 11,380 elements and 17,544 nodes, that
corresponds to the drainage canal configuration in Fig. 4a, b. At
the bottom of the finite element mesh, the displacements are set to
zero in three directions: x, ¥, and z. The vertical model boundaries
parallel to the yz plane are fixed in the x direction and are free in
the y and z directions. In addition, the symmetrical conditions
imply that vertical model boundaries parallel to the xz plane are
fixed in the y direction and are free in the x and z directions. The
length and the depth of the model were 8o and 30 m, respectively,
to prevent boundary effects, and the width of the model was 1.5 m
due to a symmetrical condition. The circular columns were
modeled as octagonal cylindrical sections with the same cross-
sectional area as circular columns with a diameter of 0.6 m. The
construction stages of the finite element calculation are as follows:

Stage o generation of the initial stresses in the K, condition

Stage 1 installation of DCM columns and construction of 1.2-m-
high berm

Stage 2 excavation of —1.50 m

Stage 3 excavation of —3.0 m and starting the measurement of
lateral movement at the locations of I-1, I-2, and I-3

Stage 4 construction of a 2.4-m-high roadway

Constitutive model and model parameters

The Mohr-Coulomb (MC) model is a simple elastic-perfectly plas-
tic model. The DCM columns and the roadway were modeled as
the MC model (Huang and Han 2009; Mun et al. 2012; Voottipruex
et al. 20113, b; Jamsawang et al. 2015). The tensile strength of the
DCM columns, which were considered using the tension cutoff in
the model, was 16 % of g, (Jansawang et al. 2010). The linear
elastic-perfectly plastic Mohr-Coulomb model requires five

parameters, which are generally familiar to the majority of geo-
technical engineers and can be obtained from basic tests on soil
samples. These parameters and their standard units are as follows:
Young’s modulus (E), Poisson’s ratio (v), cohesion (c), friction
angle (¢), and dilatancy angle (¢)). Undrained type C was
employed to simulate undrained behavior of the DCM column
using a total stress analysis with direct input of the undrained
shear strength, i.e., setting the friction angle to zero and the
cohesion to the undrained shear strength (¢=0; c=c,). In this
study, the undrained shear strength of the DCM column is half
the unconfined compressive strength of the DCM column (g,).
Stiffness is modeled using undrained Young’s modulus (E,) and
undrained Poisson’s ratio (1,). Undrained Poisson’s ratio of 0.495,
which is almost 0.5, is selected. The parameters of the MC model
are listed in Table 2.

The soft soil creep (SSC) model was applied to model the
undrained creep behavior of the very soft clay and the soft clay.
The SSC model is described by Vermeer and Neher (1999). It is an
elasto-viscoplastic model with strain increments or strain rates
divided into elastic and viscoplastic components. The SSC model
has five main parameters. The modified compression index (\*)
and the modified swelling index (x*) define the loading behavior
and unloading volumetric behavior, respectively. The modified
creep index (y*) defines the time-dependent creep behavior. The
cohesion (c¢) and the friction angle (¢) define the strength of a
material. A relationship among the internationally recognized
parameters for the 1D compression index (C.), the swelling index
(C), and the initial void ratio (e,) exists. These relationships are
\'=C./2.3(1+e,) and k' =2Cy/2.3(1+€,). In this study, a conventional
odometer test of a very soft clay specimen that was taken from the
project site at a depth of —4.0 was performed to obtain the
parameters C. and C,. The test results are presented in the form
of e-logo’, curves, as shown in Fig. 12. The values of C. and C; were
1.76 and 0.27, respectively. Thus, the corresponding values of \*
and k* were 0.18 and 0.06, respectively, using e,=3.25 in the
calculations. Therefore, the suitable parameters of the very soft
clay used for the FEA in this study are listed in Table 3. The
parameters of soft clay were obtained from previous studies in
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Fig. 9 Undrained creep behavior in ICU tests of very soft clay specimens at three
creep stress levels: a 50 %, b 70 %, and ¢ 90 % of peak strength

the vicinity of the canal project by Bergado et al. (2006) and Lin
et al. (2006).

The hardening soil (HS) model is an advanced model for
simulating the behavior of different types of soft soils and stiff
soils (Surarak et al. 2012; Sexton and McCabe 2013; Jamsawang
et al. 2015). The HS model utilizes four basic deformation param-
eters: the secant stiffness in standard drained triaxial tests (Esoref),
the tangential stiffness for primary odometer loading (Eoeq™), the
unloading and reloading stiffness (E,,"", and the power of the
stress level dependency of the stiffness (m) and shear strength
parameters according to the MCM (c and ¢). Esoref and E,.q™f
are set as the same value by defaults of the PLAXIS 3D software,
version 2013. The tangential stiffness and secant stiffness are set as
the same value by defaults of the PLAXIS 3D software, version
2013. The HS model was applied to model the behavior of the
medium stiff clay and the stiff clay in this study using the Bangkok

| Landslides

subsoil parameters from Rukdeechuai et al. (2009). The parame-
ters in the HS model are listed in Table 4.

Calibration of SSC model

The PLAXIS “soil test” facility has been employed to simulate the
undrained creep behavior of the very soft clay using SSC model.
First, the ICU test results for a confining stress of so kPa were
calibrated without the creep effect (no application of creep time)
using the soil parameters in Fig. 12. The calibrated results are
presented in Fig. 13a—c in terms of axial stress-axial strain, excess
pore water pressure-axial strain, and p-q stress path relationships.
The results of numerical simulation are in agreement with the test
data, which implies that the calibrated soil parameters are reason-
able. A parametric study of the influence of creep time on the ICU
test results is also performed.
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Fig. 10 Undrained creep behavior under ICU tests of very soft clay specimens at
three creep stress levels: a 50 % b 70 %, and ¢ 90 % of peak strength
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According to the results summarized by Mesri and Godlewski
(1977), the values of p*/\* vary between 0.02 and o.1 for different
types of soils. The value of 0.088, which corresponds to the mod-
ified creep index (y*) of 0.016, which is a back-analyzed value for
the field simulation in the “Results of finite element analysis”
section, was selected to perform a parametric study. The creep
time is simulated by applying prescribed displacements at differ-
ent velocities. A total of 10 % axial strain is applied after s, 15, 30,
and 60 days. Figure 13a shows the influence of creep time on the
stress-strain curves. The results show that both the stiffness and
the peak deviator stress (strength) decreased with an increase in
creep time. The reduced stiffness reflects that deformation

Table 2 Parameters of MC model

increases with time under a constant deviator stress. The shear
strength and the stiffness are highly dependent on the creep time;
the higher the creep time, the lower are the shear strength and the
stiffness. At a given deviator stress, the generated pore pressure
was larger for a slower creep time as a result of greater creep for a
slow creep time, as shown in Fig. 13b. Figure 13c shows the corre-
sponding p-q stress paths for Fig. 13a, b. For a slower creep time, a
larger reduction in the mean effective stress due to the develop-
ment of higher excess pore water pressure produces a smaller
ultimate deviator stress. All the simulated results are consistent
with the experimental data reported by Lefebvre and LeBouef
(1987), Arulanandan et al. (1971), Leoni et al. (2008), and Wang

DCM column Roadway

Unit weight, ~ (kN/m?) 15 20
Elastic modulus, E (MPa) 750 for depth 0 to 4 m 75
200 for depth 4 to 15 m
Poisson’s ratio, 0.495 0.33
Cohesion, ¢ (MPa) 1.25 for depth 0 to 4 m 0.01
0.5 for depth 4 to 15 m
Friction angle, ¢ (°) 0 30
Material behavior Undrained Drained
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Fig. 12 Determination of soil parameters from odometer test results for a very
soft clay

and Yin (2014). The SSC model appears suitable for modeling the
undrained creep behavior of very soft clay.

Calculation of the factor of safety

A shear strength reduction or ¢—c reduction method, which is an
available option in the PLAXIS 3D software, version 2013, was used
to compute the factor of safety of the slope. In the ¢—c reduction
approach, the strength parameters tan ¢ and ¢ of the soil are
reduced until failure of the structure. The total multiplier (3 Msf)
defines the value of the soil strength parameters at a given stage in
the analysis

ZMsf:

tan¢input _ Cinput

tanqsreduced Creduced

(2)

where the strength parameters tang;npue and cinpue refer to the
properties entered in the material sets and the strength parameters
tan@reduced aNd Creducea refer to the reduced values in the analysis.
Y Msf is set to 1.0 at the beginning of the calculation to set all
material strengths to their unreduced values. The incremental Msf
is employed to specify the increment of the strength of the first
calculation step. The final step should yield a completely

Table 3 Parameters of SSC model

developed failure mechanism. In this case, the factor of safety is
as follows:

input strength
reduced strength at failure

FS = Value of ZMsf at failure =

Results of finite element analysis

Verification of soil parameters

To verify that the parameters obtained from the laboratory test
are suitable for simulating the field conditions, lateral move-
ment profiles for the locations I-1, I-2, and I-3 immediately
after the excavation stage were constructed with simulated
data. At this stage, no creep time was applied. Thus, no creep
effects from the SSC model were included in the simulated
data. The results imply that the initial parameters of very soft
clay obtained from the odometer test in Fig. 12 were
overestimated due to the large strain effect that is frequently
observed in conventional soil testing (Atkinson and Sallfors
1991). Unloading-reloading parameters are more sensitive to
lateral deformation compared with loading parameters. Thus,
only the reloading-unloading stiffness parameter x* was re-
duced from the initial input value of 0.06 to match the mea-
sured lateral movement profile to the simulated lateral
movements. The back-calculated value for x* was 0.015, which
yields the best fit of the lateral movement profile as shown in
Fig. 14a-c (o day after excavation), and fall within the range of
K*IX* for very soft Bangkok clay reported by Bergado et al.
(2006).

Back-analyzed modified creep index

Figure 14a—c shows the comparisons between the measured lateral
movement profiles and the observed lateral movement profiles
with time for the very soft clays at the three locations of I-1, I-2,
and I-3 at the end of excavation, respectively. Due to the variations
in the modified creep index p* in the field reported by Fatahi et al.
(2013), the calibration of the field observation results and the SSC
model was performed using 3D FEM models to obtain a

Very soft clay Soft clay

Unit weight, ~ (kN/m®) 13.6 15.4
Modified compression index, A\* 0.22 0.10
Modified swelling index, ~* 0.015 0.02
Modified creep, p* 0.016 0.002
Poisson’s ratio, v 0.15 0.15
Cohesion, ¢ (kPa) 1 2

Friction angle, ¢ (°) 27 27
Overconsolidation ratio (OCR) 1.2 1.5
Material behavior Undrained Undrained
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Table 4 Parameters of HS model

Medium stiff clay Stiff clay

Unit weight, ~ (kN/m®) 16.5 19

Secant stiffness, Eso (MPa) 20 60
Tangential stiffness, Eoeq™ (MPa) 20 60
Unloading and reloading stiffness, E,,™" (MPa) 60 180
Power of the stress level dependency of the stiffness, m 1 1
Poisson’s ratio, v/ 0.2 0.2
Cohesion, ¢ (kPa) 10 18
Friction angle, ¢ (°) 27 27

Over consolidation ratio (OCR) 6 10
Material behavior Undrained Undrained

reasonable modified creep index to simulate the undrained creep
behavior of the excavated slope in very soft clay. The value of p*
for the very soft clay was varied to match the measured lateral
movement profile to the calculated lateral movements and the
elapsed time, in which the failure of the canal occurred (after
25 days). The higher values of y* cause larger lateral movement
and faster slope failure due to the undrained creep effect. The
back-calculated value for y* was 0.016, which yielded the best fit
with the lateral movement profiles and caused the soil body
collapse after 25 days, and fall within the range of the y*/\* value
for soft organic clays proposed by Mesri and Godlewski (1977).
Figure 15a shows the deformed mesh of the modeled canal with the
back-calculated p* value of 0.016 and the elapsed time of 25 days.
The berm area settled to the very soft clay layer. The very soft clay
at the base of the canal heaved, and the DCM column rows tilted
and moved toward the excavated canal, which was similar to the
conditions shown in Fig. 6. The plastic points in the PLAXIS 3D
software, version 2013, show the stress points that are in a plastic
state (failure point); they are displayed in a plot of the undeformed
geometry. The plastic point indicates that the stresses lie on the
surface of the failure envelope. Figure 15b shows the distribution of
the failure points in the 3D mesh, which is similar to the shape of
the failure zone observed in the field (Fig. 6).

Stability analysis of the case history

Figure 16 shows the potential slip surfaces for the case history. The
calculation results show that the initial factor of safety for the
excavated slope with the 1.2-m-high roadway was 1.710. The values
of the factors of safety exceeded the minimum required value of
1.30 during construction when undrained creep behavior was not
considered. After the end of excavation, undrained creep was
applied with a constant rate of creep strain until failure of the
canal slope. Figure 17 shows the factor of safety versus time at the
end of construction. The factor of safety decreases with an increase
in time, as expected. The factor of safety decreases from the initial
value of 1.710 to 1.30 at 8 days, which indicates that the factor of
safety is less than the minimum required value after 8 days, which

demonstrates high potential for instability. The factor of safety
decreases until the value of 1.045 is attained after 24 days; after
25 days, the FEA shows the soil body collapse that corresponds to
the failure pattern shown in Fig. 7. The average rate of decrease of
the factor of safety in this study was defined as the difference in
the factor of safety divided the elapsed time. Thus, the average rate
of the factor of safety decreases for the case history from the end of
excavation (o day) to 24 days was (1.710-1.045)/(24-0)=0.0277/day.

The behavior of the case history can be considered to be
approximately undrained during the excavation period due to
the very low permeability of the soft clay. The excess pore pressure
increments are dependent on the path. The increase in the com-
pression stress and the increase in the tension stress in the theo-
retical stress transfer in the undrained triaxial tests (Borges and
Guerra 2014) are considered to be positive and negative, respec-
tively. There was an increase in the theoretical stress in an un-
drained triaxial test with a compression stress path. In an
extension stress path (as in an excavation zone), the direction of
the pore pressure increments is opposite to the direction of the
compression stress path. In an extension stress path, the incre-
ment of pore pressure Au is negative (negative excess pore pres-
sure). Because the total mean stress declines but the volume of soil
does not change (undrained behavior), negative excess pore pres-
sure is generated.

Figure 18(b) shows the results for excess pore pressure prior to
excavation for the case history. Excess pore pressure is defined as
the difference between the pore pressure at a particular instant and
its initial hydrostatic value (Fig. 18(a)). Positive values of excess
pore pressure are generated in the soft clay under the roadway due
to the effect of embankment loading. Figure 18(c) shows that
negative values are generated after the end of excavation on the
excavation side. The highest negative value of excess pore pressure
occurs below the excavation base due to the highest reduction of
total mean stress in that zone. The undrained creep process begins
after the end of excavation. Figure 18(d, e) shows the decrease in
the negative pore water pressure at the end of excavation for 2 and
12 days, respectively, due to the effect of deviator creep. The value
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+ 25 days (Observation) 12
of the excess pore water pressure along the canal slope at failure -+ = 0day (Simulation)
approached positive values, as shown in Fig. 18(f). Undrained — 12 days (Simulation) 14
creep causes an increase in additional positive excess pore water =~ | ==--- 25 days (Simulation) 16

pressure with time for constant deviator stress.
The mean effective stress decreases with time, which implies Fig. 14 Comparison between FEM results and field measurement data: a I-1, b I-2,

that the soft clay is subjected to the compression stress path and ;4 (|3

causes changes in its strength, as shown in Fig. 19. Figure 19

illustrates the stress path of point A in Fig. 18(b). The stress the end of the excavation state (Fig. 18(c)). The undrained creep

path began at the initial state of the soil (Fig. 18(a)) followed by  continued from stages 2 to 5. The stress path reached the Mohr-
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Heaved soil

Settled berm area

Fig. 15 a Deformed mesh and b distribution of plastic points of drainage canal in soil body collapse at 25 days

Coulomb failure line. The excess pore water pressure (Au)
developed during the undrained creep, which reduces the
strength of soft clay similar to the behavior in Fig. 2b. This
process causes the factor of safety, as shown in Fig. 16, to
decrease with an increase in time. Thus, the results from the
FEA confirm that the canal in the case history failed due to the
undrained creep process.

Remedial measures

The results of the analysis in the previous section revealed that the
cause of the canal slope failure was undrained creep failure caused
by a delay in construction. To control the slope’s instability,
various stabilizing methods were introduced for a new trial section
of the canal. Increasing the number of DCM column rows along
the canal slope to increase the improvement area was not feasible

due to the budget limitations for this project. Thus, the construc-
tion of a stabilized berm at the toe of the canal and the objective to
maintain the water at a level of +2.00 m were suggested to limit the
creep stress induced by the excavation. Figure 20 shows the stabi-
lized berm with a height of 1 m, a width of 6.1 m, and the same side
slope as the excavated canal; the berm was applied in the new trial
section of this project. Figure 21a shows the comparison of the
factor of safety for the two sections of the canal (with and without
remedial measures). The results show that the factor of safety
increased from 1.735 (failure case history without a stabilized
berm) to 1.887 (new trial section with a stabilized berm). The factor
of safety decreased with time due to the effect of undrained creep
until a factor of safety of 1.38 was attained after 8 days. Based on
the case history, a factor of safety of 1.28 was attained for the
unstabilized berm. The berm is useful for increasing the stability

Potential slip surface

FS=1.710

Fig. 16 Slip surface from drainage canal stability analysis immediately after excavation
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Fig. 17 Factor of safety over time for the case history

to the required value. However, water was released to a level of
+2.00 m to counter the lateral movement from creep stress and to
prevent instability. The water level of +2.00 m increased the factor
of safety from 1.38 to 1.53. The factor of safety was 1.40 after 25 days.
Thus, the time period is sufficient to safely complete the roadway
construction. The decrease in the average rate of the safety factor

0,0.75,0

was calculated as 0.00765/day, which is significantly less than the
rate in the case history (0.0277/day).

Verification of the adopted solution method was performed by
installation of an inclinometer at location I-1, which is the same
location in the field case study as shown in Fig. 4. A comparison of
the lateral movement profiles with and without a berm and the
corresponding water level is shown in Fig. 21b. The lateral move-
ment was substantially less than the lateral movement in the case
history. In addition, the rate of lateral movement was significantly
reduced from 2 to 0.4 mm/day. Thus, this solution was applied to
the entire drainage canal project. The canal has been in service at
the proposed water level of +3.00 m for 5 years without any
excessive lateral movement by visual observation.

Conclusions

An excavated slope in a soft clay deposit exhibits a viscous creep
or undrained creep behavior, in which deformation proceeds at a
constant deviator stress. Slope stabilization with DCM columns
may be insufficient for preventing failure due to instability. This
paper examines the failure of a large drainage canal that is
constructed in very soft Bangkok clay. The lateral movements
obtained from the field observations continuously increased with
time and failed due to the effect of undrained creep. A laboratory
investigation including ICU and K,CU tests of the undrained
creep behavior of soft clay was conducted to assess the creep

Excess pore water
pressure Au (kPa)
(80,0.75,0

*A(X,y,2)(30,0.75,-2.6)

-50
(a)

-40

—+10

(d) 420

—+30

—— +40

+50

+60

+70

Fig. 18 Excess pore pressure in several stages: a initial state, b 1.2-m-high roadway construction, ¢ at the end of excavation, d 2 days, e 12 days, and f 25 days after the

end of excavation (canal failure)
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Fig. 19 Stress path of very soft clay at point A under the canal slope

behavior for various constant deviator stresses. A finite element
analysis by the PLAXIS 3D software, version 2013, using the SSC
model, was performed to confirm the causes of the canal failure.
A solution method was introduced to stabilize a new trial section.
A comparison of the section with and without remedy was also
performed. Based on the results, the following conclusions are
formed:

1. The very soft clay located at the excavation base (I-1) exhibits
undrained creep behavior beginning with the primary, second-
ary, and tertiary phases, which caused failure of the canal slope
with an average rate of lateral movement of 2 mm/day. The
deviator stress in the field is sufficient for generating the shear
mobilization of entire phases due to the low strength of the soft
clay without soil stabilization by DCM columns. However, this
behavior was not observed for very soft clay in zones that were
stabilized with DCM columns (I-3) due to the higher strength
of the composite ground. Conversely, if soil stabilization is
insufficient, very soft clay in this zone will exhibit a creep
behavior beginning from the primary to secondary phase and
will eventually collapse without clear tertiary phases, such as
the very soft clay located at I-2.

2. No creep rupture failure was observed for soft clay specimens
at creep stress levels below 50 % of ultimate strength due to the
low deviator stress level. This behavior is similar to the field

Drainage canal

Stabilized berm- =

Fig. 20 The stabilized berm for a new trial section of drainage
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Fig. 21 Comparison of a factors of safety and b lateral movement profiles
between the canals with and without remedial measures

observations of the soft clays located in the stabilized zone by
the DCM columns (I-3). However, the specimens subjected to a
creep stress level range of 70 to 100 % collapsed due to
accelerated creep strain rate in the tertiary phases, which
caused creep rupture. This process is represented by the max-
imum lateral movement of soft clay over time without stabili-
zation (I-1). The undrained creep behavior observed from the
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K,CU test represents the field behavior for the creep deforma-
tion of very soft clay compared with the results of the ICU test
because very soft clay deposits in nature have been subjected
to the K, condition compared with isotropic compression.

3. Undrained creep reduces the shear strength of very soft clay
with time, which causes a decrease in the factor of safety of the
excavated slope from its initial value of 1.710 to 1.045 within
24 days after the end of excavation. The average rate of de-
crease of the factor of safety for the case history after the end of
excavation until canal failure was 0.0277/day. The shear
strength is reduced because positive excess pore water pressure
increases with time.

4. A stabilized berm with a height of 1 m was selected to stabilize a
new trial section of the canal to increase the factor of safety.
However, 8 days after the end of excavation, the factor of safety
tends to be less than the minimum required value of 1.30. Thus,
water at the level of +2.0 m was maintained in the canal to
counter the creep stress, which causes a higher factor of safety
and less lateral movement. The average rate of decrease of the
factor of safety was improved to 0.00765/day, which was less than
the rate of decrease for the case history without remedial mea-
sures. The average rate of lateral movement was also stabilized to
0.4 mm/day. Therefore, the recommended solution works prop-
erly to improve both slope stability and lateral movement. The
drainage canal has been in service at the proposed water level of
+3.00 m for 5 years after the solution was implemented, and no
appreciable lateral movement has been observed.
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Abstract

A series of physical and numerical model tests were conducted to investigate the behavior of
floating stiffened deep cement mixing (SDCM) columns up to failure under axial loading
based on the ultimate bearing capacity, settlement and failure mechanism. This research aims
to clarify the impact of the length of the stiffened core and the strength of the deep cement
mixing (DCM) socket on the behavior of this composite column. Full-scale load tests on a
floating DCM and an SDCM column having Eucalyptus wood as a core in the thick soft clay
layer area were also carried out. The results from the reduced-scale model tests reveal that the
strength of the DCM socket can be reduced to a certain value by inserting a sufficiently long
reinforced core to achieve the highest possible load-carrying capacity, indicating an optimum
length of the stiffened core for a specific DCM socket strength. The field pile load test results
confirm that core materials with a lower strength and stiffness, such as Eucalyptus wood,
could potentially be used as the reinforced core. The extended numerical analysis results
suggest that there are two possible modes of failure, i.e., soil failure and failure in the DCM
socket at the core tip, which also depend on the length of the stiffened core and the strength
of the DCM socket. The results from the numerical parametric study were used to establish a
preliminary design chart for suggesting the appropriate strength of the DCM socket and the
length of the core of the floating SDCM columns in a specific soil condition considering the
optimal (best) performance. The chart includes the effect of the column length, stiffened core

length and DCM socket strength.

Keyword; DCM /SDCM / Numerical Analysis / Physical Model Test/




1 Introduction

The deep mixing method has been widely used to improve the engineering properties of soft
ground by injecting cement powder or slurry to bond the soil particles and form a column.
Deep cement mixing (DCM) columns are widely used to support the vertical load and to
reduce the settlement of earth structures acting as foundations for road embankments. For the
majority of projects in the past and in current practice in many countries, designers often
specify the tip of a DCM column at the depth of the firm layer (often medium clay) as the
fixed column type to ensure that the settlement will be minimal. However, in areas where the
soft clay layer is particularly thick, such as the southern part of Bangkok, fixed column-type
DCM columns (hereafter called end bearing DCM columns) can lead to high construction
costs. To reduce construction costs, the DCM columns with a certain length (not to the depth
of the firm layer) or floating DCM columns have been applied in engineering practice (e.g.,
Teeracharti 1998). This consideration is also based on the fact that the soil stiffness increases
with depth, and thus, the efficiency of the columns decreases. This floating DCM column
type has also been implemented in many countries that have thick soft deposit clay layers,
such as Japan (e.g., Kitazume and Terashi 2013; FNHO 2003; Tsutsumi 2008), Sweden (e.g.,

Holm 1999; Alén et al. 2005) and Vietnam (e.g., Do and Nguyen 2013).

Because the strength of soil-cement is controlled by the water-cement ratio (Miura et al.
2001), a large amount of cement is required to construct DCM columns in soft ground areas
in which the water content is high, particularly if the wet process with the jet grouting method
is used. In current practice, the cement content is often increased as a strategy to achieve the
target strength of DCM columns. However, a number of previous studies (e.g., Uddin et al.
1997; Jongpradist et at. 2011) have found that when increasing the cement content up to a
certain amount, the strength of cement-admixed clay does not increase linearly with the

cement content. In other words, the cost efficiency in increasing the cement content to

increase the strength is rather low. One possible alternative is to partially replace the cement
with lower-cost binders, such as fly ash (e.g., Horpibulsuk et al. 2009; Jongpradist et al.

2010).

The vertical load distribution along a column will decrease with depth. Thus, the highest
compressive stress occurs at the top part of the column, and thus, high strength is only
required at the top of the column. Considering this fact, in 2004, Dong et al. (2004)
introduced the stiffened deep cement mixing (SDCM) column in China. They inserted a small
reinforced concrete pile in the center of an ordinary DCM column after finishing the DCM
column construction. The results of field load tests on the ordinary DCM and SDCM columns
revealed that the stiffened core could improve both the load-carrying capacity and settlement
of the DCM columns under axial compression loading. Full-scale load tests of SDCM
columns in the northern part of Bangkok with various core sizes and lengths performed by
Jamsawang (2008) and the subsequent numerical investigation by Voottipruex et al. (2011)
indicated that the ratio of the length of the core and DCM and the core size has a significant
influence on the load-carrying capacity and settlement of the DCM columns. However,
increasing either the length or size of the reinforced core would increase the construction cost
due to the additional core material, which is often more expensive than the DCM itself. By
considering the impact of the core on load-carrying capacity based on the controlled core
volume, Wonglert and Jongpradist (2015) found that for a constant reinforced core volume,
SDCM columns with a more slender core provide a higher ultimate load and less settlement.
These researchers also found that the effectiveness of a reinforced core in increasing the
ultimate load of the SDCM columns and the associated failure mode mainly depend on the
core dimensions, core volume ratio and strength of the DCM socket. There are three possible
failure modes for SDCM columns under axial loading: soil failure, column failure at the core

tip and column failure in the DCM socket at the top of the column. However, the SDCM




columns considered in all previous studies (Dong et at. 2004; Jamsawang 2008; Raongjant
2013; Wang et at. 2014; Wonglert and Jongpradist 2015) are the end bearing piles (fixed
column type), as schematically shown in Fig. 1, whereas no study on the floating SDCM
columns has been conducted to date. Moreover, most previous studies considered only a
high-strength and stiff core, such as concrete and steel. Only the study by Wonglert and
Jongpradist (2015) investigated the possibility of using a less stiff material as a core. No full-
scale tests have been performed to confirm that a less stiff material, such as Eucalyptus wood,

can be used as a stiffened core for SDCM columns.

In this study, a series of physical model tests on scaled-down floating SDCM columns under
axial loading conditions was performed to investigate the influence of the core length and
DCM socket strength on the load-carrying capacity of SDCM columns. Full-scale loading
tests on floating DCM and SDCM columns having a Eucalyptus wood core were conducted
to confirm the effectiveness of using wood as a stiffened core for SDCM columns. The full-
scale test was also used as a reference case to extend the investigation by a numerical
parametric study. A preliminary design chart of an SDCM column including the influence of

the DCM socket strength, stiffened core length and DCM column length is also proposed.

2 Physical model tests on scaled-down floating SDCM columns

A series of scaled-down model tests under axial loading was performed to study the influence
of the reinforced core length and DCM socket strength on load-carrying capacity, settlement
and failure behaviors of SDCM columns. The main test program consisted of six experiments
(settings A and B, see Table 1) by varying two influencing factors, the length of the
reinforced core (Lcore) and the unconfined compressive strength of the DCM socket (qu,pcm)-
Leore @and gupcm Vvalues of 150, 350, and 500 mm and 35 and 135 kPa, respectively, were

considered, as shown in Table 1. In addition to these six tests, additional tests were also

conducted to better understand the mechanism behind the obtained results (settings C and D

for DCM and SDCM columns, respectively, see Table 1).
2.1 Materials and preparation
Soft clay layer

The soft clay layer in the model tests was made from remolded Bangkok soft clay taken from
the Mahai Sawan Intersection located in southwestern part of Bangkok. The layer was
remolded at a water content of 120% before being poured in a cuboid container and
consolidated under 60 N/m? of surcharge load till end of consolidation. To ensure that the
strength and stiffness of the prepared soft clay layer satisfied the target values, samplings of
the remolded soft clay were taken at various depths and locations in the model soil for
comparison with the target water content of 75% for each test. The physical properties of the

soft clay layer after preparation are listed in Table 2.
Deep cement mixing columns

After completion of consolidation process of the soft clay layer, prepared clay-cement slurry
was poured into drilled holes in the soft clay layer to construct the 38 mm diameter and 500
mm long DCM columns. The DCM socket strengths were designed to obtain the column
failure mode by two different mixing ratios. Cement contents of 63 kg/m® and 190 kg/m® of
wet soil were used in the mixing process to obtain the gypcm Of 35 kPa and 135 kPa,
respectively. During the installation of the DCM columns, samples of the clay-cement
mixtures were collected and tested at a curing age of 30 days to reconfirm the target

strengths.

Reinforced core




In case of SDCM columns, Polyaramid or Nylon cores with 10 mm in diameter was installed
in the center of the DCM columns immediately after the DCM column installation. The
elastic modulus of 600 MPa was obtained from unconfined compression test. The cores were
attached with 1-4 strain gauges at different levels to measure the strain distribution along the

column depth during performing the column load test as shown in Fig. 2.

Strain sensor

In order to observe the load transfer mechanism between the columns and the
surrounding clay, two strain gages were installed on the poly urethane (PU) cylindrical bar as
a strain sensor. The dimensions of PU bars are 10 mm in diameter and 25 mm long as
illustrated in Fig. 3a. The elastic modulus of the PU is 20 MPa obtained from unconfined
compression test. Figure 3b shows the strain sensors after preparation and before
waterproofing with the silicone. The strain gages were formulated as half bridge circuit to
measure the strain in the DCM column during the test. The strain sensors were installed
vertically into the center of DCM column immediately after finishing the DCM column
construction. They were installed in SDCM columns the cores of which are shorter than the
columns (A1, A2, B1, and B2). As previously mentioned, the strain gauges were glued on the
core (poly aramid bar) as shown in Fig. 3c. The positions of installation of the sensors are

shown in Fig. 2.

2.2 Testing Equipment

Soil container

Figure 4b shows a soil container used to model the soil layer in the small-scale model test in
this study. The container is 1,800 mm long, 800 mm high, and 400 mm wide (the out-of-
plane direction). The geo-textile was overlaid over the uniform-size clean sand at the bottom

of the container as the drainage area in the consolidation step of soil layer preparation. The

soil container can be moved in the longitudinal direction with the rollers for multiple loading

tests in each soil preparation.

2.3 Testing procedure

Figure 5 shows the configuration of the physical model test and the test set up of the
six main SDCM columns (Settings A and B). An axial compression load test following
ASTM D1143-81 (quick loading) was conducted 30 days after the columns were installed.
An incremental axial compression load of 15 N was applied at the column top every 5 min
until failure. The axial applied load and vertical deformation data of the DCM or SDCM
columns were measured by a load cell and displacement transducers and logged
automatically. During the test, water was sprayed on the soil surface to prevent cracking due

to the surface of the soft clay layer drying.

2.4 Results and discussion

The load-vertical displacement relation curves of the floating SDCM columns in the
main settings are illustrated in Fig. 6. Three SDCM columns, A1, A2, and A3, have the same
quocm Of 35 kPa with different core lengths of 0.15, 0.35, and 0.50 m, respectively. The
results clearly indicate that increasing the core length leads to increases in the ultimate
bearing capacity (Q,) and reductions in the vertical deformation of the columns. A similar
behavior was observed for the SDCM columns with a qupcm of 135 kPa (B1 and B2).
However, insignificant improvements in both Q, and vertical deformation of SDCM column
were observed when the core length was increased from 0.35 (column B2) to 0.50 m for
column B3. This implies that when the qu,pcm increases to 135 kPa, the reinforced core need
not be longer than 0.35 m. However, for the cases with a g,pcm of 35 kPa, increasing the
length of the core up to the entire length of the column can enhance the performances of the

column. The effect of qypcm On the load-vertical displacement relation of SDCM columns




can also be seen in this figure. A comparison between the two curves with the same Lo and
different gypcm values (such as columns A2 and B2) reveals that SDCM columns with a

higher gu,pcm (B2) are able to resist a larger applied load.

A previous study on field load tests of DCM columns (Petchgate el al. 2003a) and its
back calculation indicated that the Q, of a column can be determined based on the
consideration of two modes of failure, the column and soil failure modes. The possible
maximum Q, of the column in each soil condition is then governed by the soil failure mode,
which mainly depends on the strength of the native soil surrounding the column. Therefore,
the Q, with the soil failure mode is appropriate as a normalized parameter to compare the
load-vertical displacement curves of the testing results with different strengths of native soil.
Figure 7 illustrates the normalized load, Q, (normalized Q,)-settlement curves of DCM and
SDCM columns with different strengths of native soil and the DCM socket for the various
test settings in Table 1. All DCM and SDCM columns have the same dimensions (38 mm in
diameter and 500 mm in length). In addition to the symbol of the test (such as Al), the
numbers in parentheses indicate the core length ratio (Lcore/Locm) and the column-to-soil
strength ratio (quocm/dusoir)- The relation curves show that if the column-soil strength ratio
(Quoem /au, son) is larger than 27.5 (C2 (DCM), C3 (DCM), D1 (SDCM), and D2 (SDCM)),
the columns should fail under the soil failure mode. For this case (qupcm is sufficiently high),
inserting the core should not improve the behaviors of the column, as illustrated by the load-
settlement curve of columns C3 and D1, because the ordinary DCM column is sufficiently
strong and already failed with the soil failure mode. This conclusion is confirmed from the
result for column D2. However, the core can assist in reducing the shortening of the column
due to the higher stiffness compared to an ordinary DCM column, resulting in reduced
settlement. In contrast, for SDCM columns A1, A2, and A3 and B1, B2, and B3, which have

column-soil strength ratios of 4.38 and 16.88, respectively, increasing the core length results

in an increase in Q, and a decrease in the vertical deformation of the columns. DCM column
C1, the column-soil strength ratio of which (5.5) is larger than that of SDCM column Al
(4.38) with a Leore/Lpem value of 0.3, has inferior performance (in terms of the Q, and
settlement of the column) than column Al. This result implies that, at the lower strength of
the socket, insertion of stiffened core can improvement the performance of DCM column.
This suggests that to achieve the optimal design, the strength of the DCM socket should be
selected such that the DCM column (without a stiffened core) will fail under column failure.
Then, by inserting the core, the performance of the SDCM column will be improved up to the
ultimate limit state at which the column will fail under the soil failure mode depending on the
required capacity and cost considerations. Because the strength of the DCM socket can be
reduced, the additional cost due to the insertion of the reinforced core will be compensated

for by the reduction in the amount of cement.

The axial strains along the column length that were measured from embedded strain

sensors are used to calculate to axial internal force according Equation 1, as shown in Fig. 8.

F=¢(EA Eq. (1)

socket

where F = Internal force in the column
¢ = Axial strain measured from the strain sensor
A = Cross-sectional area of the DCM socket column
E = Elastic modulus of the DCM socket column

Figure 8a illustrates the load transfer along the column depth at applied forces of 15,
30 and 60 kN for columns A1, A2 and A3, respectively. A comparison of the results indicates
that the SDCM column with a longer core can transfer the applied load to a greater depth than

the SDCM column with a shorter core. The difference in load transfer along the column




between the shorter and longer columns can be clearly observed with increases in the applied
load. As a result, the load shared by the surrounding soil of the SDCM column with a longer
core would be smaller. Thus, for the same applied load, the vertical displacement of the
SDCM column with a longer core is smaller than that with a shorter core, as shown in Fig. 6.
For SDCM columns with different DCM socket strengths, only a slight difference in the load
distribution along the SDCM column for the same applied load and core length can be
observed, as shown in Fig. 8b for columns Al and B1. The effect of the core length is

dominant.

Figure 9 presents the relationship between the core length ratio (Lcore/Locm) and Qy of
all of the SDCM columns tested in this study. The values of Q, at a Leore/Loem OF zero for
both gupcm Vvalues are also included in the figure. The values were calculated from the
unconfined compressive strengths (qy) of the cured cement-soil mixtures sampled during the
column installation step. The relation curves clearly show that at a given Leoe/Lpem, the
SDCM column with a higher qupcwm can carry a higher applied load than that with a lower
quocwm. In the figure, Qy increases linearly with increases in Leoe/Locm Up to unity for the
SDCM columns with a gy pcm 0of 35 kPa. In contrast, the relation curves with a gy pcm of 135
kPa, exhibits as bi-linear relation. Q, increases with increases in Lcore/Lpcm until reaching a
certain value at a Leoe/Locm OF approximately 0.7, after which it remains constant. Further
investigation indicated that the obtained maximum Q, can be approximately calculated from
the Q, in the case of soil failure using gypcm and the dimensions of the DCM column by
o method (Petchgate, 1998) . The results confirm that to maintain Q,, the cement content in
the DCM socket can be decreased by inserting a sufficiently long core. This also implies that

the failure mode may change from column failure to soil failure.

In summary, the results obtained from the physical model test reveal that the strength

of the DCM socket and the length of the core significantly affect the ultimate bearing

capacity and settlement of the floating SDCM columns. The maximum load-carrying capacity
appears to be limited at the ultimate bearing capacity under the soil failure mode. To achieve
the maximum load-carrying capacity, the strength of the DCM socket can be reduced by
inserting a sufficiently long reinforced core. There appears to be an optimum length of the

stiffened core for a specific DCM socket strength, except when the socket is too weak.

3 Full-scale column load test

The full-scale test is the most reliable method to confirm the behaviors and performance of
any structure, especially in geotechnical engineering. In this study, full-scale column load
tests have been conducted to confirm the effectiveness of inserting a reinforced core on the
mechanical behaviors of a floating DCM column and to confirm that the reinforced core can
be made of wood. Furthermore, the test results were used as a reference case for the

numerical parametric study presented in the next section.

3.1 Test Location

The full-scale tests were performed in the area of the Chakri Naruebodindra Medical Institute
Hospital construction project in Samut Prakarn province. The soil profile at the site consists
of 1.0 m thick fill over a 3.0 m thick weathered crust layer. The soft clay and medium clay
layers were found at depths of 4 and 15 m, respectively. Below the depth of 20 m, there is
sand alternating with a stiff clay layer until the end of the boring. The ground water table was
found at a depth of 1.5 m from the top of the filled layer. The physical properties and soil

profile at the test site are shown in Fig. 10a.

3.2 Deep cement mixing column

The DCM and SDCM columns were constructed to perform the column load test, as shown in
Fig. 10b. The 0.5 m diameter and 10 m long columns were constructed by the high-pressure

grouting method using a jet pressure of 250 bars by a jet grouting machine. Cement slurry




with a water-cement ratio of 1.1 was injected into the soil by automatically controlling the
flow rate to maintain a cement powder weight of 250 kg/m® of wet soil. To construct the
SDCM column, eucalyptus wood with an average diameter of 0.15 m and length of 6.0 m
was vertically inserted into the center of the DCM column immediately after the completion
of the column installation process, as shown in Fig. 11a. Figure 11b illustrates the column
cut-off before capping the column head with concrete. Two observed DCM columns were
constructed adjacent to the test area to determine the strength of the column. The unconfined
compressive strengths of the four cored samples from the observed columns are shown in

Table 3. The average value of the unconfined compressive strength is 1,200 kPa.
3.3 Test procedure

The column load tests on the DCM and SDCM columns were performed following ASTM-
D1143 standard by the quick loading method. An incremental axial compression load of 10
kN was applied at the top of the column head through a concrete column cap with a 0.7 m
diameter every 10 min until failure. During the tests, the axial applied load and settlement
data of the DCM or SDCM columns were measured by a load cell and displacement

transducer, respectively, and recorded by an automatic data logger.
3.4 Test results

Figure 12 shows the load vertical displacement curves of the DCM and SDCM columns from
the field column load tests. The settlements for both columns increase linearly with
increasing applied load up to loads of approximately 150 and 200 kN for the DCM and
SDCM columns, respectively. Then, the settlement increases rapidly until failure. The SDCM
column can carry approximately 25% more load than the DCM column. At the same load, the
SDCM column settles less than the DCM column. The results show that the performance of

DCM column in terms of both the ultimate bearing capacity and settlement behavior can be

improved by inserting eucalyptus wood as a core. These improvements in the SDCM column
correspond well with the results from the physical model test in the previous section. The
eucalyptus can potentially be utilized as a stiffened core. This provides an alternative of using

less expensive and more sustainable material in the construction of SDCM columns.

4 Finite Element Analysis

An extended study by finite element analysis (FEA) under the two-dimensional axisymmetric
condition was conducted to further investigate the behavior of SDCM columns from physical
model and full-scale tests. The conditions of the full-scale tests from the previous section
were used as a reference case to perform the sensitivity analysis. A parametric study of the
SDCM columns under axial loading by varying the strength and length of the DCM socket
column and the length of the stiffened core was carried out. Before performing the numerical
parametric study, verification was conducted by comparing with the results from the full-
scale load tests. The finite element program PLAXIS 2D Version 8.2 (Brinkgreve 2008) was
used to analyze the DCM and SDCM columns during axial loading under the undrained

condition in this study.

4.1 Analysis and initial conditions

A fifteen-node triangle element was used to model the DCM columns, stiffened core and soil.
Figure 13 shows the finite element mesh used for all cases in this study. All vertical sides
were supported by a roller, which restricted the displacement in the horizontal direction. A
pin support was applied to the base of the model. The in situ stress is generated by the given
unit weight of soil and the coefficient of earth pressure at rest, Ko, for all soil layers. The
hydrostatic pore water pressure is in equilibrium with the water table at 1.5 m below the

ground surface.




The load applied to the top of the wish-in-place DCM or SDCM columns in each
analysis was gradually increased following ASTM D-1143, as performed in the field test after
establishing the initial stress state. The column settlement at the column top and axial stress
along the column length of the DCM and SDCM columns were monitored for each applied
interval load until the end of the analysis. The method by Marzukovic (1972) was used to
determine the ultimate column capacity from the load-settlement curve of both the DCM and

SDCM columns

4.2 Material models and model parameters

The clay was modeled using the hardening soil model (HS) considering the elasto-plastics
with stress-dependent stiffness and shear dilatancy properties (Schanz et al. 1999). The model
parameters were obtained from calibrating the oedometer test results. The cement-mixed soil
is assumed to behave as an elastic—perfectly plastic material following the Mohr-Coulomb
(MC) model. A linear elastic (LE) material model was used to model the core and concrete
column cap. The values of the material parameters used in the numerical analysis are

summarized in Table 4.

4.3 Sensitivity analysis

To obtain a better understanding of the behavior of SDCM columns beyond what can be
obtained from the physical model and full-scale tests, a numerical sensitivity analysis was
used to analyze their behavior in this section. The factors that are believed to affect the
ultimate bearing capacity of the SDCM columns are varied in the numerical sensitivity
analysis. These factors include the length (Locm) and strength (quocwm) of the DCM socket
and the length of the stiffened core (Lcore). Eucalyptus wood is used as the core material in all
sensitivity analysis cases. The following ranges of factors are considered in the numerical

sensitivity: qupcm values of 125, 250, 500, 1,000, or 1,500 kPa; Lo values of 2,4,6,8,10, or

12 m; and Lpcwm values of 6,10, or 12 m. The relation Esp=150qypcwm Obtained from the
average testing results of the field specimens, which corresponds to previous studies
(Petchgate et al. 2003b; Lorenzo and Bergado 2006), was used to assume the elastic modulus
of the DCM column in the analyses, as shown in Table 4. To confirm the analysis conditions
and material parameters before performing the numerical sensitivity analysis, the analysis
method was validated. In Fig. 12, the relation curves between the load and settlement of both
the DCM and SDCM columns from the FEM simulation are also included. The comparison
with the field test results indicates that the analysis method employed can be used in further

investigations with confidence.

4.4 Influence of Lcore 0N Qy

In this section, the influence of the length of the reinforced core on the ultimate bearing
capacity of the SDCM column is presented. Figure 14 illustrates the plots of Leore versus Q, of
the SDCM columns with different values of Lpcm and qupcm. The values of the ultimate
capacity for the soil failure mode, Qy, s, for different column lengths are also included in the
figure as horizontal dotted lines. In Fig. 14a, for low values of qypcm (125 kPa), the Q, for all
columns (Lpcm of 6, 10, and 12 m) increase linearly with increasing of Leore UP t0 @ Leore/Lpem
of 1. The Q, values of all columns are still lower than their Q. When the gy pcm increases to
250 kPa, as illustrated in Fig. 14b, the SDCM columns with a Lpcm 0f 6 m reaches its Qs
(245 kN) with an Lo of approximately 4 m, whereas the other columns (lengths of 10 and 12
m) do not reach their Q, s (280 and 350 kN, respectively). The Q, of these columns (10 and
12 m) increase proportionally with increases in Leore. With a qupcm 0f 500 kPa, as illustrated
in Fig. 14c, the Q, of all SDCM columns reaches their Qs with different Lo values of 2, 8,
and 12 m for Lpcwm values of 6, 10, and 12 m, respectively. This indicates that increases in
Lcore leads to increases in Qq until Quf is reached. Once Qy s is reached, increasing Leore has

no impact on Q. This conclusion is also confirmed from the results shown in Figs. 14d and




14e for gypcm values of 1,000 and 1,500 kPa, respectively. Furthermore, the Lcoe Needed to
reach the Qusr decreases with increasing quocm. With sufficient gy pew, inserting the core has
no impact on the load-carrying capacity of the columns. This implies that qupcm can be
decreased by inserting the core instead. Moreover, with the same g, pcwm, the longer columns

(higher Lpcwm) require a longer core to reach Q.

4.5 Influence of qupcm 0N Qy

To further illustrate the influence of qupcm on Qy, the Q, of the SDCM columns vs.
the core length ratio (Lcore/Lpem) is plotted for various qupcwm Values using the same data set
as in Fig. 14. Each sub-figure illustrates the results for different values of Lpcm. In the same
manner as previously described, with a sufficient DCM socket strength, the Q, increases
linearly with increasing Lcoe/Locm before remaining constant after achieving Qs at the
optimum Leoe. For example, the optimum core lengths of the 6 m-long column are
approximately 2.1(Lcore/Locm=0.35) and 4.9 (Lcore/Lpcm=0.82) m for gy pem Values of 500 and
250 kPa, respectively, as shown in Fig. 15a. This can also be seen for the column lengths of
10 and 12 min Figs. 15b and 15c. This implies that the optimum Lcore depends on gypcm and
Lpcw. In contrast to the high-strength DCM socket, there is no optimum Leore for the SDCM
column with the low-strength DCM socket (qupcm=125 kPa). When qupewm is insufficient, for
example, qupcm = 125 kPa, inserting the stiffened core can improve Q, from Lcore/Locm=0 up
to 1.0. With this DCM socket strength, the Q, cannot reach Q. To maintain the highest
possible Q, of the SDCM, the minimum required gupcm Can be obtained at the optimum
Lcore/Loem OF 1. From the analysis data available in this work, the minimum qyupcm for the 6,
10, and 12 m-long DCM columns are in the ranges of 125-250, 250-500, and approximately
500 kPa, respectively. The minimum qupcm increases with increasing Lpcm. The minimum
qupocm should also depend on the strength of the untreated soil, column dimension (length,

diameter), and diameter of the reinforced core.

4.6 Failure modes of the SDCM columns

Because the core material is considerably stiffer than the DCM socket, it is difficult
for the SDCM column to fail under the core failure mode. Then, the failure mode of the
SDCM column can be either soil or column failure. Using the elasto-plastic soil model, the
failure zone can be traced according to the Mohr-Coulomb failure criteria. Figure 16 presents
the evolution of the failure zones through the Mohr-Coulomb plastic points (MCP) at 25%,
50%, 75% and 100% of Q. For the column failure mode (Figs. 16a and 16b), when the load
is first applied (0.25Q,), the MCPs develop in the DCM socket at the core tip. As the load
increases to 0.5Q,, the soil surrounding the top part of the column mobilizes a new failure
zone together with the progression of the failure zone at the core tip. The column eventually
fails when the failure zone at the core tip increases in size over the cross-section of the
column at 100% Q, (230 kN). These two SDCM columns have the same failure mechanism
even though they have different Leore and gupcm. When Leore increases from 2 to 6 m
(9u,pcm=1,000 kPa), as shown in Figs. 16b and 16c, the failure mode changes from column to
soil failure. There are only a few MCPs at the core tip at the beginning until the ultimate load
is reached. The MCPs in the surrounding soil gradually increase from the top to the tip of the
column with increases in the applied load until the ultimate load (280 kN). The results
indicate that Lcore/Loem and gupem have a significant impact on the failure mechanism of the

floating SDCM columns.

Unlike end-bearing SDCM columns, for which three failure modes are possible
(Wonglert and Jongpradist 2015), this study reveals that only two possible failure modes can

occur for floating SDCM columns, namely, column failure at the core tip and soil failure.

4.7 Development of the preliminary design chart for floating SDCM columns




The characteristic chart for the preliminary design of a floating DCM and SDCM
column can be obtained by plotting the value of Loe/Lpoem that can reach Qs together with
Quocm and Lpew, as illustrated in Fig. 17. The effects of Leore/Loem, Loem, and Qupcwm are
considered in this chart. The chart is developed to determine the Qs of a floating DCM and
SDCM column. The Lpcewm is obtained by selecting the required Q,. Once qupcwm is selected,
the Leore/Loem Needed to achieve the required Q, is earned. This chart can also be used to
design the floating DCM column by choosing Leore/Locm=0. This chart can be used to design
floating DCM and SDCM columns with lengths from 6 to 12 m with a diameter of 0.5 m, as
considered in the analysis. It is also proposed for the soil condition considered in this study
(reference case in this study). However, the concept of the development of this chart can be
applied to other areas and conditions. Moreover, the settlement criterion has not been
considered in the development of this chart. Nonetheless, the results from this study
suggested that for the same Q,, the settlement of the SDCM column is smaller than that of the

DCM column.

5. Conclusion

Series of physical model tests were performed on scaled-down floating SDCM columns
under axial loading to investigate the influence of the stiffened core length and DCM socket
strength on the column bearing capacity. Full-scale column load tests were also carried out to
confirm the effectiveness of the stiffened core on the behaviors of the floating columns and
the potential of using wood as a core. Finally, the numerical analyses were employed to
further investigate the parameters influencing the behaviors of floating SDCM columns. The
effect of stiffened core length, DCM socket strength, and DCM socket length were
considered in the analyses. The ultimate bearing capacity and column settlement were used to
indicate the column performance. The conclusions of this study can be summarized as

follows:

1) The results from small-scale tests under a normal gravity load and from the numerical
simulations are in good agreement; both suggest that the DCM socket strength and stiffened
core length significantly influence the ultimate bearing capacity and settlement behaviors of
the SDCM columns. Increasing the strength of the DCM socket and core length lead to
increases in the ultimate bearing capacity and reductions in the column settlement. The

SDCM column with a lower-strength DCM socket can perform better than the DCM column.

2) There is a minimum qypcm for each dimension of the SDCM column to achieve the
optimal (best) performance. At this DCM socket strength, insertion of a core along the
column length (Lcore/Locm=1) can cause the soil failure mode to occur. Beyond this minimum
Jupcm, the required length of the stiffened core decreases with increasing qupcm to achieve
the soil failure mode. In contrast, when the qupcwm is lower than the minimum qypcm,
increasing Lcore Up to the column length (Lcore/Locm=1) does not cause the soil failure mode to

occur. The minimum gy pcm increases with increases in the column length.

3) There are two possible failure modes for floating SDCM columns (unlike the end-bearing
SDCM columns, for which three failure modes are possible), soil failure and column failure

in the DCM socket at the core tip.

4) The field test results demonstrate the potential of eucalyptus wood for use as a stiffened
core. For the reference case in this study, the ultimate bearing capacity of the SDCM column
with a eucalyptus wood core is approximately 25% higher than that of the original DCM

column.

5) Under the soil conditions and column lengths considered, a chart is developed to guide the
preliminary design of DCM and SDCM columns to achieve the highest performance under
the soil failure mode. The design chart was developed based on the numerical data in this

study. It considers the influence of pile length, core length, and DCM socket strength. The




proposed chart was created for the specific area, and the settlement criterion is not

considered. However, the concept of the chart development can be applied to other areas.
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Table 4 Material parameters used in finite element analyses

Table 1 Testing program and detailed of SDCM and DCM piles in the physical model tests . R OCR
Material Model 5 kim®) ¢ (kPa) #'() v'() Eg kP Efy(Pa) EX (P v M T
Type  No  _ Gu(kP)  Guoow/  Leoe : QM) Filled HSS (U) 5 1T 27 0 10,000 10000 30000 03 1 | 1 | 3
Qu,soil (mm) Testing Calculation
soil DCM result  Pile failure  Soil failure Weathered crust HSS (U) 15 1 25 0 6,500 6500 25000 0.3 1 1 2
Main Setting Al 8 35 4.38 150 57 45 350 Soft clay HSS (U) 14 1 23 0 3,200 3200 20000 03 1 1 15
SDCM A2 8 35 4.38 350 97.7 45 350 Mediumclay ~ HSS (U) 15 1 26 0 9,000 9000 30000 03 1 1 1
A3 8 35 4.38 500 131 45 350 ;
B1 8 135  16.88 150 210 170 350 DCM pile
socM B2 8 1 loss 30 53 170 30 qu =125 kPa MC(U) 14 60 30 0 16,800 - - 03 - 04 -
B3 8 135 16.88 500 205 170 350 g, =250 kPa MC(U) 14 120 30 0 33,500 - - 0.3 - 0.4 -
Supplement c1 10 55 55 R 75 70 370 0. =500 kPa MC(U) 14 240 30 0 67,000 - - 03 - 04 -
Setting DCM gg ig gg 22755 - 322 g:g g;g . =1000 kPa*  MC(U) 14 480 30 0 134,000 - - 03 - |04 | -
o 10 2% o = = =0 =0 q,=1500kPa  MC(U) 14 700 30 0 20090(33 - - 03 - |04 -
SDCM D2 10 450 45 150 374 560 370 Wood LE(U) 15 - - - 15x10 - - 02 - 1 -
Concrete LE(U) 23 - - 2x10° - - 02 - 1 -

Remark: HSS = Hardening Soil Model, MC = Mohr-Coulomb Model, LE = Linear-Elastic Model,
pres for HSS =100 kPa, U = Undrained, * Parameter set of full scale test

Table 2 Physical properties of soft clay layer.

Properties Value
Liquid limit, LL (%) 103
Plastic limit, PL (%) 43
Plastic index, PI (%) 60
Natural water content, w, (%) 72
Undrained shear strength, s, (kPa) 8
Elastic modulus, E, (kPa) 300
Total unit weight (kN/m?) 14
Specific gravity 2.68

Table 3 Unconfined compression test results of the observed piles in the field tests

Pile No. Depth (m) q,(kPa)  Eso (kPa)

0.0-5.0 1410 215,000
6.0-10.0 1330 221,000
0.0-5.0 961 140,000
6.0-10.0 1136 170,000
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Figure 2 Schematic of SDCM piles considered in this study (floating type) compared to previous
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Figure 7 Load-Settlement relation curves of SDCM piles with different strengths of socket pile
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Figure 9 Internal axial load transfer along SDCM piles
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Figure 11 a) Soil profile and physical properties of soil at test location b) Schematic of DCM
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Efficiency of Using Eucalyptus Wood to
Reinforce Deep Cement Mixing Piles in Field:
Pile Load and Embankment Tests

Anucha Wonglertl Pornkasem Jongpradistz*
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and Worapot Petchgate4
Kasem Design & Consultant Co. Ltd., Ratburana, Bangkok 10140

in deep cement mixing (DCM) piles for Bangkok soft clay. Field pile load tests and full-scale embankment
tests as supported by a rigid load transfer platform were performed in the field. Settlement of piles and
surrounding soil, excess pore water pressure, and lateral movement of the surrounding soil at the toe of
the embankment were monitored to understand the load transfer mechanism between the DCM piles and
the surrounding soil. The results indicated that increasing the pile stiffness by inserting eucalyptus wood
in the DCM piles could increase the load transfer from the embankment to the piles. As a result, the lateral
movement, excess pore water pressure and settlement of the soil surrounding the piles decreased. Thus,

DCM piles with eucalyptus wood are capable of reducing the differential settlement between DCM piles

Abstract

This study aimed at investigating the efficiency of using eucalyptus wood as a reinforced member

and surrounding soil.

Keywords : SDCM / Load Transfer Platform / Eucalyptus Wood / Bearing Capacity
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High pressure jet
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ABSTRACT: The new kind of composite pile known as Stiffened Deep Cement Mixing (SDCM) pile, is in-
troduced for supporting load in soft clay layer. This composed of an inner stiffened core pile and external
DCM pile socket, where the high strength is used to resist the loading, and DCM pile socket acts to transfer
axial compression into surrounding soils by skin friction. This study numerically investigated the appropriate
size and stiffness of the core with regarding to those of the DCM pile. Series of two dimensional axis-
symmetry finite element analysis on SDCM under axial loading has been done so as to simulate the pile quick
load test. In the analysis, various core volumes, diameters, lengths and stiffness are studied. The study indi-
cated that the preferable shape of the core is that with longer or slender shape, not the large diameter if the
volume of the core is controlled. Moreover, the core can be a material with smaller stiffness rather than the
concrete. The optimum size of the core for a reference DCM pile is also suggested.

1 INTRODUCTION

According to the behavior and soil condition of
Bangkok, several methods of ground improvement
have been introduced to improve the strength and
deformation characteristics of soft ground. One of
the most common methods of improvement is ce-
ment stabilization. It has been used as chemical ad-
mixtures for both shallow and deep soil stabilization.
The method of deep stabilization was initiated in
Sweden and Japan in late 1970’s and known Deep
Mixing Method (DMM). The present application in-
cludes the use of Deep Cement Mixing (DCM) piles
or cement columns to increase the bearing capacity
and reduce the total and differential settlements be-
low lightly loaded structures. Considering the versa-
tility of cement stabilization, the method has gained
wider acceptance especially in Southeast Asia. Soil
mixing in Thailand started around 19 years ago.
Nowadays, in Thailand, this method has been widely
applied to several types of construction (Petchgate et
al. 2003) such as foundation of road embankment,
taxiway for an airport and retaining structure for
deep excavation. However, its advantageous applica-
tion requires better understanding of the mechanical
behaviors of the improved soil.

It is well known that the stress distribution along
the pile length becomes smaller with depth. This
means that only the top part (from the pile head) re-

quires high strength whereas the other part (deeper
part) may not need. Therefore, the concept of Stiff-
ened Deep Cement Mixing (SDCM) pile was intro-
duced (Dong et al. 2004). This concept is to insert
the small concrete pile or any reinforcement into the
DCM pile during construction. The tests indicated
that this SDCM pile can resist higher load compared
to the ordinary DCM pile having the same size and
length.

There have been some researches (Jamsawang,
2008; Jamsawang et al. 2010; Voottipruex et al.
2011) and actual construction projects utilizing the
SDCM piles. The cores can be hexagonal concrete
piles or steel H-piles with various sizes and lengths.
They indicated that increasing ratio between length
of stiffened core and DCM pile has significantly in-
creased the pile bearing capacity. However, previous
studies focused on only steel or concrete core. Other
construction materials such as wood have not been
considered yet. In addition, there is no any guideline
for recommending the appropriate size of the core
yet. This study thus attempts to preliminarily inves-
tigate the influencing factors on behavior of the
SDCM by numerical analysis. It aims to obtain the
guideline for appropriate dimension as well as prop-
erty of composite core compared to those of the
DCM.
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2 ANALYSIS DETAIL
2.1 Verification case

In order to confirm that a reasonable procedure is
used for parametric study by numerical investiga-
tion, a full scale test (Panmanajaroenphol, 2003) of
pile loading in a site located at Wang Noi district,
Phra Nakhon Si Ayutthaya province was selected for
a verification cases. The soil profile of this project
consists of topmost layer has thickness of 1.0 m of
back fill follow by 1.0 m and 7.0 m of weathered
crust and soft clay layer respectively. The medium
stiff clay layer begins at the depth 9.0 to 12.0 m un-
derlay with stiff clay layer until depth 16 m. The
ground water table was found at depth 1.5 m from
ground surface. The soil profile and soil properties
for this project are shown in Figure 1.
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Figure 1. Soil profile properties at the studied location.

2.2 Reference DCM Pile

The jet grouting method was employed to construct
the DCM pile. Pre-jet grout at pressure 200 bars
with water in downward direction was applied in the
first step until reaching the target depth in order to
destruct the soil structure. Then the DCM pile was
installed by jet grouting the cement-slurry at pres-
sure of 200 bars in upward direction. The cement-
slurry was mixed by 1:1 ratio of water and Portland
cement type 1. The spinning and upward rate of
grouting rod and flow rate of cement-slurry were
controlled by computer to keep cement of 225 kg/m’
of soil.

The DCM pile No.PL1 was chosen as a verifica-
tion pile. It is 0.5 m in diameter and 6 m long (be-
fore cutting 1 m at the top due to the uniformity).
Panmanajaroenphol (2003) concluded that, under in-
creasing axial load, the PL1 pile failed under pile
failure condition. The properties of the pile were ob-
tained from coring samples after completion of the

pile load test. The properties of DCM pile were
listed in Tables 2 and 3.

2.3 Parametric study

To investigate the effect of size and stiffness of the
stiffened core on the response of SDCM piles under
axial loading, the dimension and Young’s modulus,
E of the core are varied in the parametric study. The
dimension and properties of the DCM pile is fixed
throughout this study by adopting those of PL1 from
Panmanajaroenphol (2003). Since the addition of
stiffened core results to the additional cost, for sake
of comparison, the dimension of core is varied with
fixing volume. Whereas, the amount of adding core
is considered in term of the volume ratios between
the core and the DCM pile. Two values of Young’s
modulus are varied considering that of precast con-
crete and eucalyptus wood. The parameters in this
parametric study are listed in Table 1.

Table 1. Dimensions of core for parametric study.

Veore Vem Length of stiffened core (m)
(%) dia.core 0.15m  dia.g 0.20m  dia.oe 0.25m
2.5 1.67 0.94 0.60
5 3.33 1.88 1.20
10 3.75 2.40

3 ANALYSIS MODEL

3.1 Analysis mesh and Boundary conditions

In the two dimensional axis-symmetry analysis
model, the sides of the mesh including left side and
right side are restrained against lateral movements
but free to move vertically, so no movement perpen-
dicular to their side of meshes. The bottom of the
mesh will be fixed for both vertical and horizontal
movement. The surface had no restrained and free to
move. These conditions were used for all cases
throughout of the analysis. Figure 2 shows the finite
element mesh and its dimension.

Table 2. Coefficient of permeability of materials.

Permeability (m/sec)
Soil type

k, ky
Weather crust 1.0x107 1.0x107
Soft clay 1.5x107 1.5x10°¢
Medium clay 1.5x107 1.3x10°¢
Stiff clay 1.0x107 1.3x10°°
DCM pile 1.6x10°* 1.2x10°

Precast concrete -

Eucalyptus wood -
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Table 3. Soil model and material parameters.

| EY/E, B B4 EJ M ERII
Materials Model =~ ipa)  Pa)  kPa) kP " K ) aew ) ) OR
Top soil MC(D) - 3,000 - - 020 - 06 17 10 2 0 -
Soft clay HS(U) 3,000 ; 3,000 10,000 020 1 07 16 5 2 0 12
Mediumclay  HS(U) 5,000 ; 5000 20400 020 1 06 18 10 22 0 1l
Stiff clay HS(U) 10,500 ; 10,500 35,000 020 1 05 18 25 26 0 1.0
DCMpile  MC(U) 61,750 ] ] 033 1 - 15 140 30 - -
Concrete MC(D) ; 28x107 - ; 015 - - 24 8000 40 ;
Wood MC(U) : 5.0x10° - ; 025 - - 95 6500 30 - -

MC= Mohr-Coulomb model, HS= Hardening Soil model. Material behavior; D=drained, U= undrained. p.for HS=100 kPa, R=0.9
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Figure 2. Finite element mesh.

3.2 [Initial conditions

The initial distribution of vertical effective stress and
horizontal effective stress are controlled by the given
soil unit weight and the coefficient of earth pressure
at rest, Ko, for all strata and the hydrostatic pore wa-
ter pressure conditions in equilibrium with a water
table at 1 m below the ground surface. Close consol-
idation boundary is taken in account as the drained
analyses are considered.

3.3 Calculation and Simulation

The PLAXIS 2D was employed to consolidation
analysis. The consolidation is the main feature that
taken to consideration in analysis with close consol-
idation boundary around boundary area. Constitutive
models of materials and their parameters for each
soil layer are tabulated in Tables 2-3. The analysis
type of soil layer is undrained analysis. However,
soil cement-column is treated as drained analysis
and the stiffened cored is non-porous materials. The
value of interface friction (Rjyr) between DCM pile
and core pile is 0.4 (Voottipruex et al. 2011). Quick
load test is the method that used to apply in the pile

load test (ASTM D-1143) .The intervals of load in-
creasing is introduced and retained for 30 minutes
until pile failure occurs.

4 RESULT AND DISCUSSION

4.1 Simulation of Pile load tests on DCM pile

The numerical analysis results of single DCM pile
and SDCM piles under axial loading condition are
presented and discussed. This study investigates
both the failure load and settlement. The investiga-
tion starts with simulation of pile load tests on single
DCM pile No.PL1 for purpose of verification of the
analysis method. The result of the analysis is com-
pared with field measurements on actual DCM load
tests in previous research. After that the analysis is
extended for SDCM to evaluate the influencing fac-
tors on pile capacity and settlement. Series of para-
metric studies on various sizes and properties of core
has been done.

Axial compression load (kN)

20 &0

T T T T T T T T
0 a__"—“"“ﬁﬂ““
B

104 4 4
£ 204
£
=z -
UEJ -304 [ ]
o
8 40

- Tesl
504 —&— Simulation A 4
-60

Figure 3. Comparison between test data and simulation of

DCM pile No.PL1.

The load-settlement curve from axial compression
pile load test conducted on the DCM piles are shown
in Figure 3 and compared with the analysis result.
The DCM piles have a diameter of 0.5 m and length
of 5 m. The load was applied in stages as did in the
field test by 0, 16, 24.2, 36.5, 48.9, 61.1, 65.2, 69.4
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kN before increasing with 3.92 kN intervals until
pile failure. Similar load-settlement curves between
the test and analysis can be seen, particularly up to
the load of 60 kN. The failure loads (maximum load
or that at the settlement of DCM not exceed 1/10
pile diameter) from both the test and analysis are al-
so close.

4.2 Effect of core stiffness on behavior of SDCM
pile

The effect of stiffness of the stiffened core on load-
settlement was investigated by varying the stiffness
of the core in SDCM piles of which the DCM has a
diameter of 0.5 m and length of 5 m. The effects in
term of load-settlement curves are demonstrated in
Figures 4-6 for each core diameter. In each figure,
results of various cored lengths and stiffness are
compared. The results show that, with the same di-
mension of core and DCM, the simulated load-
displacement curves as well as the ultimate load of
the case with alternative stiffened core material (eu-
calyptus wood, E= 5x10° kPa) are almost the same
with those of the case with concrete core (E=
2.8x107 kPa). The ultimate failure loads (Q,) by var-
ying core-diameter, core-length, and core-stiffness
from simulation are tabulated in Tables 4-6.

This implies that other materials with smaller stiff-
ness may be possibly used as a core.

Table 4. O, of SDCM with core-diameter of 0.15 m.

Ultimate failure load (kN)

Core length
ore length (m) Concrete Eucalyptus wood
1.67 108.59 108.42
3.33 139.98 139.98

Table 5. O, of SDCM with core-diameter of 0.20 m.

Ultimate failure load (kN)

Core length (m)

Concrete Eucalyptus Wood
0.94 92.9 85.05
1.88 112.52 108.59
3.75 139.98 139.98

Table 6. O, of SDCM with core-diameter of 0.25 m.

Ultimate failure load (kN)

Core length (m) Concrete Eucalyptus wood
0.60 81.127 85.05
1.20 104.67 100.47
2.40 136.06 132.14
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Figure 4. Load-settlement curves of difference core stiffness,
core diameter 0.15 m.
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Figure 5. Load-settlement curves of difference core stiffness,
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Figure 7. Relation curve between Lo/Lpcy and ultimate fail-
ure load (Q,).

Figure 7 shows the relation between Lcore/Lpem
and ultimate failure load of SDCM pile. The relation
curve includes information from cases with various
diameters, lengths, and stiffness. The Q, linearly in-
creases with increasing of the Lc/Lpcys ratio before
keeping constant at 140 kN after the ratio of
Leore/Lpem reach 0.5. Tt is indicated that the optimum
core-length for the DCM pile No.PL1 is approxi-
mately 2.5 m in this case.

4.3 Effect of core-volume on load settlement curve

The simulation results in Figures 8-10 show that var-
iation of concrete core-volume has effects on the ul-
timate failure load for SDCM piles under axial com-
pression loading. The simulation was conducted on
core-volume (Veore/ Vpem) of 2.5, 5, and 10 % and the
variation of core-diameter taken into considerations
are 0.15, 0.20 and 0.5 m. Core-length is then intro-
duced from those predetermined overall core-
volume and diameter as shown in Table 1.
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Figure 8. Relation curve between applied load and settlement at
constant Vq../Vpem =2.5 % of concrete core.

From the Figures 8-10, it is seen that the ultimate
failure load (Q,) of SDCM pile can be dramatically

increased with increasing ratio of Lcore/dcore. It 18 also
noted that the settlement also significantly reduced.
However, only small difference can be seen for Q,
and settlement between cases having different
Lecore/dcore In Figure 10. This is probably because the
core-lengths (3.75, 3.40 m) exceed the optimum
length (2.5 m) as discussed in previous section.
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Figure 9. Relation curve between applied load and settlement at
constant Ve o./Vpem = 5 % concrete core.
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The optimum core-diameter for DCM pile No. PL1
can be obtained from the relation curve between ra-
tio of core-length and core-diameter (Lcore/dcore) as
demonstrated in Figure 11. The intersection of two
dash line indicates that the optimization core-
diameter for DCM pile No.PL1 is 0.20 m (Lcore/dcore
=12.5)

5 CONCLUSIONS

The numerical investigation on bearing capacity and
settlement of Stiffened Deep Cement Mixing
(SDCM) pile is done in this research. The ultimate
failure load of each case is determined from simulat-
ed load-settlement curves by using 2-dimensional
axisymmetric finite element analysis. The conclu-
sions that can be drawn from this research are sum-
marized as following;

— In case of volume controlling, increasing core-
length (Lcore) significantly increased the bearing ca-
pacity whereas the core-diameter, (d.or), has lesser
effects on the bearing capacity for the axial com-
pression loading. So, slender shape of core pile is
preferable for the same volume of the core.

— With two different moduli of core (referred to
those of eucalyptus wood and concrete), insignifi-
cant difference can be observed. This implies that
the less stiff material may be effectively used as a
core.

— The optimization length and diameter for indi-
vidual DCM pile No.PL1 are 2.5 m. and 0.2 m, re-
spectively.

However, these conclusions are drawn on the ba-
sis of limited data for specific considered cases, and

a broader set of studies are needed to enhance the
findings from this study.
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ABSTRACT: In 1996, first subway tunnel was constructed for Bangkok Mass Rapid Transit Authority
(MRTA) project. Most of 20 km tunnels were excavated with Earth Pressure Balance (EPB) shield through
Bangkok stiff clay layer. This paper presents the numerical analyses of the tunnel excavation using Finite el-
ement method in conjunction with three different levels of soil models; Hardening Soil with small strain
model, Hypoplastic model for clay (Masin, 2005), and Mohr-Coulomb model. The Finite Element Method
(FEM) analysis results are compared to the measured data on surface settlement of actual construction rec-
ords. The initial pore water pressure and the impact of constitutive soil model are discussed.

1 INTRODUCTION

The underground excavation becomes an attractive
method for urban development in dense population
areas. To minimize the surface impacts during con-
struction, tunneling is usually adopted for the con-
struction of infrastructures and accommodations for
future needs. One of the most popular tunneling
methods for tunnel construction in soft soil is shield
tunneling. The volume loss caused by shield tunnel-
ing will induce ground deformation that can affect to
the existing buildings. The main aspect of the tunnel
excavation is then the quantitative and accurate pre-
diction of the movements of soil and existing struc-
tures.

Many researchers proposed the empirical and
analytical methods for estimating the ground defor-
mations due to tunneling. However, these methods
cannot consider all key factors such as complex soil
stress-strain behavior, construction details and geo-
logical conditions (Wang et al. 2003). Those results
cannot give the satisfactory subsurface deformation
and stress distribution. Recently, numerical analysis
using finite element method (FEM) is popularly used
for simulating the behavior of geotechnical works
because it can include as many factors as possible.
There are many factors influencing on the soil
movements due to shield tunneling, including shield
face pressure, tail void grouting, initial horizontal
ground stress, soil layering, drawdown ground water
pressure, and gap over shield body. All factors can
be takeen into account in three dimensional finite el-
ement( 3D-FEM) model. However, the extension to
3D analyses is still limited due to the requirements

on numerical experts, reliable FEM program, long
computational time and high capacity computer
(Gioda and Swoboda, 1999). For preliminary design
or feasibility study phase, the two dimensional FEM
is widely used to predict the ground deformation and
stress distribution. In addition, the accurate results
depend on many factors. Among those, constitutive
soil model is an essential prerequisite for simulation
of the deformation.

In Bangkok city, Earth Pressure Balance (EPB)
shield tunneling have been used for the constructions
of high voltage underground cable tunnels, main wa-
ter supply tunnels, flood diversion tunnels and Mass
Rapid Transit (MRT) subway tunnels. In 1996, the
first subway tunnel was constructed for Bangkok
Mass Rapid Transit Authority (MRTA) project.
Most of 20 km tunnels were excavated with EPB
shield through Bangkok stiff clay layer. During the
MRT tunnel excavation, the observation and data
collection were extensively conducted (Suwansawat,
2002). Teparaksa (2005) simulated a MRT subway
tunnel bored by means of EPB shield tunneling in
Bangkok subsoil. The author presented the ground
movement behavior, which were simulated by two
dimensional FEM with the Mohr-Coulomb soil
model. With the back analysis technique by varying
the Young’s modulus (E), the simulated results can
be close to the measured data. Therefore, the values
of suitable E for tunneling simulation in Bangkok
soils are suggested. However, it is noticeable that the
settlement troughs are shallower and wider than
those observed in the field as the same as reported
by Hejazi et al. (2008). Moreover, the E values rec-
ommended from this study become different from
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those previously suggested by Bergado et al. (1994)
for embankment works.

In this paper, three constitutive soil models with
enhancing levels of complexity are adopted to simu-
late the shield tunneling by mean of two dimensional
numerical analysis. All of three models have been
calibrated on the basis of high quality laboratory ex-
periments on Bangkok clay (Hassan, 1976 ; Uchai-
pichat, 1998). The main objective of the numerical
investigations is to show the impact of selecting a
constitutive soil model for the prediction of soil dis-
placement.

2 CONSTITUTIVE MODEL

2.1 Mohr-Coulomb model

The commonly used constitutive model in current
practice namely Mohr-Coulomb model (MC) is the
first model considered in this study. It is a linear-
elastic perfectly plastic model, which requires five
parameters; £ (Young's modulus), v (Poisson's ra-
tio), ¢ (cohesion), ¢ (friction angle) and y (dilatan-
cy angle). Since it was a well-known model, the de-
tails will not be described herein.

2.2 Hardening Soil Model with Small Strain

The Hardening Soil Model with Small Strain (HSS)
constitutes a modification of the Hardening Soil
model which was derived from the hyperbolic model
of Duncan and Chang (1970). All basic features of
the Hardening Soil model were therefore included in
the HSS model (Benz, 2006). In addition to the
Hardening Soil model, the HSS model incorporates
a formulation of small-strain stiffness. Many re-
searchers had studied the behavior of soils using
high precision triaxial tests. They obtained a reversi-
ble behavior and high stiffness for strain less than
10~ and showed that the shear modulus was constant
under very small-strain (strain between 10 and 10°
°). This behavior was described in the HSS model
using an additional strain-history parameter and two
additional material parameters, i.e., Gyand y,,. The
details of the model formulation can be found in
Benz (2006)

2.3 Hypoplastic Model for Clays

The hypoplastic model for clays (HC) was proposed
by Masin (2005). The model was developed on the
basis of generalized hypoplasticity principles, which
are combined with traditional critical state soil me-
chanics. The model requires five constitutive param-
eters, which correspond to the parameters of Modi-
fied Cam-clay model. They are simply calibrated on
the basis of standard laboratory experiments. The
model enhanced the intergranular strain concept,
which allows reproducing the behavior at very small
strains. The main equation has the following form:

T=fL:D+f.f,N|D] (1)

3 BANGKOK SUBSOIL CONDITION AND
MODEL PARAMETERS

Bangkok is situated at the delta of the rivers in the
Chao Phraya Plain. These consist of a board deep
basin which deposits form alternate layers of gravel,
sand, and clay. The general subsoil condition con-
sists of made ground and weathered clay with a
thickness of 0.0-2.0 m over a 13-14 m thick soft clay
layer. The 12 m thick first stiff clay layer is encoun-
tered below the soft clay layer at the depth of 27.0
m. Beneath the first stiff clay layer is the 8.0 m
thick first dense sand layer and the 6.0 m thick se-
cond stiff clay layer at the depths of 35.0 m to 41.0
m respectively. The 19.0 m thick second dense sand
layer at the depth of 60.0 m is underneath the hard
clay layer. The piezometric pressure in Bangkok aq-
uifer is reduced in the first sand layers from the ef-
fect of excessive extraction of ground water in deep
aquifers during the past 60 years. The drawdown pi-
ezometric condition and general soil profile as
shown in Figure 1 The soil properties used in the
analyses are mainly determined from previous la-
boratory tests (Hassan, 1976; Uchaipichat, 1998).
Note that the various soil models are applied to the
only soft and stiff clay layers, whereas, other layers
are assumed to behave as MC model in order to
highlight the influence of soft and stiff clay models.
The model parameter calibration of soft and stiff
clay are shown in Figures 2-3 and Tables 2-4 tabu-
late the soil parameters of soft and stiff clays for
MC, HSS and HC model, respectively.

Made Ground
\ Soft Clay
9., Hydrostatic Line
e
Stiff Clay

< First dense Sand

20

30

Depth (m)

a0 F

Very stiff to hard clay

50 Second dense Sand
-

Drawdown Line
waown H Hard clay

60

T T T T
0 100 200 300 400 500 600
Pore pressure (kPa)

Figure 1. General Bangkok soil profile and Piezometric condi-
tion (after Teparaksa, 2005).
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Figure 2. Stress-strain curves of soft clay (comparison between
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Figure 3. Stress-strain curves of stiff clay (comparison between
model predictions and drained test data).

Table 1. Parameters of MC model for Bangkok subsoil (Likit-
lersuang et al. 2013).

Table 3. Parameters of HSS model for Bangkok soft and stiff
clay.

Parameter Soil type
[unit] Soft Clay Stiff Clay
E ¥ [kPa] 7000 25420
E!9 [kPa] 7000 25420
E’“ [kPa] 23280 83900
G [kPa] 8751 32000
Yo7 -] 1x10™ 0.002
m[-] 1 1
c [kPa] 1 1
¢ [ deg] 26 26

Table 4. Parameters of HC model for Bangkok soft and stiff
clay.

. Soil Type
Parameter [unit] Soft Clay Stff Clay
N'[-] 1.85 0.999
2] 0.17 0.055
K [-] 0.043 0.028
o, [deg] 26 26
r[-] 0.14 1.2
mg [-] 5.25 5.75
my [-] 5.25 5.75
R[-] 0.0001 0.0001
Br [-] 0.2 0.2
x[-] 6 6

Parameter Soil type
[unit] Made ground Sand
E.f [kPa] 8000 53000
v [-] 0.33 0.33
c [kPa] 1 1
¢ [deg] 25 27

Table 2. Parameters of MC model for Bangkok soft and stiff
clay.

Parameter Soil type
[unit] Soft Clay Stiff Clay
E.r [kPa] 7000 25420
v [-] 0.33 0.33
c [kPa] 1 1
¢ [deg] 26 26

4 NUMERICAL MODEL

A 2D plane strain model was performed with the fi-
nite element code, using Plaxis, in order to simulate
the EPB shield tunneling as shown in Figure 4. All
analyses were conducted by contraction method
(Vermeer and Brinkgreve, 1993) to simplified eval-
uating influences of constitutive model. The exten-
sion of the mesh is 50 m in both left and right sides
from tunnel centerline and vertically 50 m below the
ground surface. The movement of both left and right
sides of the model are fixed in horizontal direction.
The bottom part of the model is restrained in both
vertical and horizontal directions. The piezometric
drawdown condition is applied to all analyses. The
initial stress ratio (Ky) is used to generate the hori-
zontal stresses in each layer. The K, values equal to
0.75 for made ground and soft clay, 0.65 for stiff
clay, and 0.5 for sand. Three MRT tunnel sections
with different soil profiles and tunnel depths are se-
lected for analyses in this study (i.e., section 23-AR-
001, section 23-G3-007-019, section 26-AR-001),
the details of soil profile can be seen in Figure 5.
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Figure 5. Soil profiles of studied sections (after Surarak,

2010).

5 ANALYSIS RESULTS

The finite element analyses of MRT tunnel are per-
formed with 2D plane strain analysis. Three section
of MRT Blue Line Project (North contract) in differ-
ent soil profiles are selected.
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Figure 6. Surface settlement for different piezometric condi-
tion.

In the first step, the effect of drawdown piezomet-
ric condition is studied in term of surface settlement.
Figure 6 shows the computed surface settlement of
section 23-AR-001 using HC model with considera-
tion of hydrostatic or drawdown case. The maximum
surface settlement of drawdown case increases 2%
as compared to the case of hydrostatic pore pressure
distribution. The piezometric drawdown has no sig-
nificant in the area of tunnel face but the difference
starts to appear in the tail void grouting area (Phien-
wej et al. 2006). Therefore, this effect cannot be ex-
plained by 2D plane strain analysis.

To evaluate the effect of constitutive model on
settlement prediction, different soil models are used
to simulate the tunnel induced surface settlement.
Since the volume loss (VL) values (for numerical
analysis) cannot be exactly determined from the ac-
tual construction records. These values must be giv-
en by back calculation method for project-specific
case. The analyses in this study are thus carried out
in two categories.
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Figure 7. Surface settlement of section 23-AR-001.
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Figure 9. Surface settlement of section 26-AR-001.

The first one is to back-calculate to find the ap-
propriate VL values for each analysis case by cali-
brating with the maximum settlement value (at tun-
nel center line). With this category, besides the
obtained VL, the settlement profile will be dis-
cussed. The latter category is to fix a constant value
of VL for analyses with different soil models. In the-
se analyses, different maximum settlements and their
distribution can be discussed. In this study, the con-
stant VL is selected from that obtained by the anal-
yses in first category with HC model. The surface
settlement profiles predicted by finite element analy-
sis using different levels soil model are shown in
Figures 7-9 for sections 23-AR-001, 23-G3-007-019,
and 26-AR-001, respectively.

To obtain the maximum settlement value to be
matched with the measured data, the VL values of
analysis with MC model are largest for all cases in
this study (all three sections). While the VL values
of analysis with HC and HSS are significant smaller.
Note that the VL of analysis with HC is equal or
slightly larger than that of analysis with HSS as
summarized in Table 5. By observing the settlement
profiles, they show that the analysis results from all mod-
els give satisfactory tendencies in term of the settlement
profile shape. However, the results from analysis with
HC are narrower at near-centerline (0-8 m), whereas,
those of MC and HSS are wider.

With the results from second category (fixed VL),
the results from analysis with HC and HSS models
give good agreement to the observation data, while
those from analysis with MC model provide a shal-
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lower and wider profile than the observed one. The
HC and HSS models which include non-linearity
prefailure and high stiffness under very small strain
can produce deeper and narrower settlement profile
that correspond to the analysis results by Ad-
denbrooke et al. (1997).

The VL values obtained from this study are larger
than those reported by Sirivachiraporn and Phienwe;j
(2012). They show the VL of tunnel in range of 0.5-
2.0% and the maximum ground surface in the range
of 20-40 mm. However, the observed data of case
studies are in the range of 45-60 mm. The higher
values may caused by the use low face pressure as
compared the other section. The detail can be seen in
Surarak (2010).

Table 5. Volume loss from FEM analysis.

Volume loss from FEM (%)

Section
HC HSS MC
23-AR-001 3.32 3.10 3.83
23-G3-007-019 2.90 2.80 3.30
26-AR-001 2.90 2.90 3.6

6 CONCLUSIONS

The numerical analyses of tunnel excavation in
Bangkok clay are carried out in this paper. The sim-
ulations using 2D plane strain finite element analysis
with contraction method are performed. From the re-
sults obtained, the tunneling simulation with the pie-
zometric drawdown condition provides the slightly
larger settlements compared to those with hydrostat-
ic pore pressure condition. The analyses are extend-
ed to evaluate the influence of constitutive soil mod-
el for soft and stiff clay layers on settlement
behavior. They have shown that the predictions can
be improved by using the constitutive models which
include non-linearity prefailure and high stiffness
under very small strain. However, with 2D analysis
condition, many factors regarding the construction
sequence cannot be taken into account. Further study
on 3D analysis is necessary to enhance the finding
from this study.
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Numerical Study on Behavior of Soil Cement Columns

for Retaining Structure in Deep Excavation
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Abstract

Nowadays the application of Soil Cement Columns (SCC) as
retaining structure in deep excavation works becomes popular
because the construction process causes less noise and
environmental impact than other systems. However, this kind of
retaining structure has various forms of utilization. There has not
yet been a research to understand the behavior of SCC as
retaining structure in deep excavation. This study employs the

Finite Element Method to investigate the behaviors of SCC wall.

The analysis was done in plane strain condition. The Hardening
and Mohr-Coulomb soil models are selected. To assure that the
result is reliable, the analysis method was validated with the
road tunnel construction project by comparing between the
analysis result and field measured data. After validation, the
analysis is extended to series of parametric study on influence
of wall thickness, wall depth, and excavation depth. From the
analysis results, three failure modes namely bending, sliding,
and mixed mode can be identified, depending mainly on the
excavation depth and embedded length of walls. This study
also investigated the influence of timber reinforcement in the

thin SCC wall under expected bending failure mode.

Keywords: Soil Cement Column, Retaining structure, Behavior,
Reinforce
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Sheet Pile Diaphragm Wall SCC Wall
t R 0.7 cm t & 30-50 cm t & 250-370 cm
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Crust, st nd Stiff -
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Medium Very Stiff ScC
meter Soft Clay Clay Clay
Clay Clay
Material
HS HS HS HS HS MC
Model
4 unet 17 15 15 17 18 13
(kN/m’)
Y = 18 16 16 18 19 14
(kN/m’)
Ko 0.60 0.60 0.60 0.60 0.60 0.60
ref
E - - 90000
(kPa)*
Eref
50 25,000 6,500 11,000 17,500 196,000
(kPa)**
ref
oed 25,000 6,500 11,000 17,500 196,000
(kPa)**
Eref
ur 75,000 19,500 33,000 52,500 588,000
(kPa)**




Crust, st nd Stiff -
Para- Very 1 Soft 2 Soft
Medium Very Stiff ScC
meter Soft Clay Clay Clay
Clay Clay
Power,
e 1.0 1.0 1.0 1.0 0.5 -
m
ref
65 100 100 100 95 -
(kPa)*
C (kPa) 25 13 22 35 98 500
@ (deg) 0 0 0 0 0 0
Depth
25 7.5 2.0 3.0 10.0 13.0
(m.)

MR * 970 [3], ** 97 [4]
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Abstract

A new innovation of deep cement mixed (DCM)
known as T-shaped DCM (TDM) is recently utilized. The main
purpose is to increase the ultimate bearing capacity of the
DCM. Technique of the TDM column is to enlarge the diameter
of column cap at shallow depth, resulting in a column shape
like the letter “T” (Liu et al., 2007). However, there is no any
guideline for the appropriate diameter and length of column
cap to be used. There was a numerical study on effect of
enlarged column cap diameter and length on behavior of a
single TDM pile in China (Yao et al,, 2009). The numerical
results from their study indicated that, the longer and
expansion column cap provides higher ultimate load. However,
increasing the thickness or diameter of the cap leads to
additional volume of cement to be used. Consequently, the

construction cost becomes higher. This research thus performs

? medvamnssules) passimnssumans uninenaemeluladnsyaeuna suys 9.0

the numerical simulation of pile load tests on TDM piles with
various column cap dimensions by controlling the volume of
the piles. It aims to suggest the appropriate size of the

enlarged cap.

Keyword: T-shaped deep mixing column (TDM), bearing
capacity, numerical simulation
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Column Ultimate failure load (kN)
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Abstract

The excavation works for constructing undergrounds, especially in
Bangkok area, need the retaining wall. Recently, soil cement columnsare
introduced to use as a retaining structure. Several design and
considerations of soil cement wall currently exist, depending on the
experience of the designers. This is because there is little study about
behavior of soil cement wall. The best method for understanding the
behavior is full scale test but there are disadvantages, such as high cost,
difficult to repeat with constant parameter. Other alternatives are
numerical and physical modeling. Both approaches should be done and
compare each other for verification. However, physical model tests spend
much time for each test. This research implements the finite element
method to preliminarily study the load carrying behavior and lateral

movement of soil cement wall. The results will be the guideline for

further study by the physical model tests.

Keywords: Finite element, soil cement wall, behavior
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Abstract

This article presents the settlement behavior of road embankment
supported by soil cement columns with two types of load transferred
slabs through the full scale test. The road foundation carries the load
from 3 m high embankment fills. Two types of 50 cm thick slab, which
are the commonly used compacted sand and the more rigid-compacted
sand-cement, were constructed and compared. The performance in term
of settlement behavior is considered in this article. Soil cement columns
were installed in soft soil layer. The pile tips is placed in medium soil
with the total length of 16 m. Geotechnical instruments for monitoring
the settlement behavior during and after construction were installed in
both the original ground and pre-installed cement columns. The

monitored results from two types of embankment are compared and

reported.

Keywords: Soil cement column, Embankment test, Instruments,

Settlement

1. Introduction

One of the problematic soils in construction work in central plain of
Thailand is the soft clay layer which is about 10-15 m in thickness. Its
natural water content can reach 130 %. As a result, the shear strength of
the soft Bangkok clay is relatively lows, approximately 10-15 kPa in term
of vane shear strength. This leads to low bearing capacity and high
compressibility, which normally cause problems to the earth structures
in the this area. Thus,

constructed several ground improvement

techniques have been continuously developed in order to solve such

* Corresponding author

E-mail address: Thirawut-kr@hotmail.com

problems, these include Geotextile or Geogrid, Prefabricated Vertical
Drain (PVD), and Deep Mixing Method (DMM) by making soil cement
column. Among these, DMM application has been rapidly increased and
becomes one of the most popular techniques. Consequently this method
is used to aid for improving soft clay with low bearing. In oversea works,
many application of DMM were reported such as, ground improvement
of soft soil by jet grouting method in Singapore for increasing strength of
soil in deep excavation work [1] and jet grouting method for reducing
movement of diaphragm wall in Taiwan. In Thailand, there have been
several big projects using cement column for improving the ground such
as the Bangna-Bangpakong Highway, a 55 km long major arterial road
connecting the Bangkok metropolis to eastern seaboard of Thailand [2],
[3] and roads along the water floodway for Suvarnnabhumi Airport. The
interactions among piles, pile caps, foundation soils, and embankment
fills are complex. For the first 10-20 years of the projects, there have
been some problems about settlement occurred on the road. Under the
influence of fill weight, the embankment fills between piles have a
tendency to move downward due to the larger settlement soft foundation
soil between piles [4], [5]. The local differential settlement between the
deep mixing pile and its surrounding soil amounted to 8-20% of the
average total settlement of the improved ground [6]. The movement of
the embankment fills is restrained by shear resistance generated in the
fills. These shear resistance reduce the pressure on the foundation soil but
increase the pressure on the pile caps. This load transfer mechanism was
termed the soil arching effect [7]. It was observed that the soil arching
was related with the differential settlement between the pile cap and the
foundation soil. The proportions of loads carried by pile were in the
range from 65% to 80% and increased with the enlarging cap size or the

reducing pile spacing. [8] With the high cost of the soil-cement columns,
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it is difficult to reduce the spacing between columns to increase the
arching effect. Thus, the technique for solving this problem is necessary.
One solution is to improve the properties of first compacted soil layer on
the soil-cement columns so-called “Load Transferred Slab” by increasing
its stiffness and strength. However, there have been no any guidelines for
design of this layer. Then, in this study, a study on load transfer
mechanism and settlement behavior of pavement structure during

applying the embankment load is carried out to obtain the information.

2. Methodology

2.1  Study Area

The embankment full scale tests were conducted in the area of the
Chakri Naruebodindra Medical Institute Hospital construction project
(Fig. 1.), which has a deep layer of soft clay approximately 10-16 meters.
The DMM-—cement columns were constructed for embankment loading in
the area. Two types slab, which are the commonly used compacted sand
and the more rigid-compacted sand-cement were constructed to compare
their performance in term of settlement behavior. Field monitoring by
instrumentation was conducted during embankment filling to obtain the

settlement behavior. The construction sequences are shown in Fig. 2 and

Fig. 3.
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Fig.1. Location of Chakri Naruebodindra Medical Institute Hospital

2.2 The installation of soil cement columns and rigid platform

All cement columns in this study were constructed by jet grouting
technique with a high pressure of 200 bars for both pre-jet and grouting
processes. The soil cement columns were constructed with diameter of
0.50 m and length of 16.0 m from ground surface. Portland cement (Type
1) content of 250 kg/m3 of wet clay were used. This cement content was

suggested by [9]. They concluded that cement content of 250 kg/m3 with

water-cement ratio of 1.5:1 is most effectively used in the wet mixing

Study of data

Preparation of
Geotechnical
devices

method in the field.

‘ Jet grouting of SCC ‘

l

‘ Platform Installation ‘

l

‘ Geotechnical devices Installation ‘

l

‘ Embankment loading test ‘

Fig. 2. Flow chart of construction sequence
2.3 Measuring Instruments

Embankment instrumentation device are used to measure the actual
performance of slab on settlement behavior due to the embankment
construction.

In order to observe the settlement behavior of soil at different
positions, two types of instrumentation devices were installed in the
original ground before constructing the embankment. These include;

1. Deep Settlement Point (Fig. 4.).

2. Surface Settlement Plate (Fig. 5.).

Number of settlement plates installed in 4 positions and deep
settlement points in 2 positions.

Settlement plate is an instrument for monitoring the settlement at a
specific point and level. For the tested embankment in this study,
settlement plates are installed on the top of soil cement column and soil
between soil cement columns at the level of original ground surface. The
inspection is performed after construction was completed indicates a
change of the settlement at ground surface.

Deep settlement points were installed for monitoring the settlement
of ground beneath the soil surface. In this study, they were installed at the
depth of three meters from the ground surface, which are installed in two
positions between soil cement column for both of embankments with
rigid platform and sand platform. Details of installation are shown in Fig.

6.
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(d) (e) H

Fig. 3. Photographs of construction sequence

(a)  Installation of soil cements columns.

(b) Picked the cement slurry and hardens cement out of test area.
(¢c)  Open the pile top of soil cement column

(d)  Placement the instrumentations

(e)  Construct the rigid platform

) Infilling the soil for constructing the embankment

i

X i Fig. 5. Surface settlement plate
Fig. 4. Deep settlement points
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Fig. 6. Details of instrumentation

3. Results and Analysis

Settlement problem of embankment loading is important, which is
caused from too much differential settlement between soil cement
column and soil surrounding. Analysis of settlement behavior in this
article consists of data from surface settlement plate and deep settlement

points.

3.1 Settlement plate

At the end of construction of 3 m high earth embankment, the
settlement rate rapidly increased and decreased steadily after construction
was completed in a period of 2 weeks. The measured settlements (at 35
days after construction) on the unimproved soil of sand platform and
sand-cement platform were 0.109 and 0.051 meters respectively. The
settlements on the top of soil-cement column of sand platform and sand-
cement platform were 0.025 and 0.027 meters respectively. (As shown in

Fig. 7) It is seen from the results that, by improving the stiffness of the
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load transferred slab, the settlement of native ground can be much
reduced. It is also noted that the settlements of cement columns as road

foundation of both cases are almost the same.

days
000 T T T Iy T T T 1
5 10 15 20 25 30 3% 40
| A ON COLUMN WITH RIGID PLATFORM
0.024, A ’
1 n N ]
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»,
g 006" \
- “ON NATIVE SOIL WITH RIGID PLATFORM
c
(]
0.08 4
£
T I
8 010 o ON NATIVE SOIL WITH SAND PLATFORM
-,
0124 [—=—s1b3
= s2b3
-0 14 ] 51 b4 SURFACE SE1
"—s2b4

Fig. 7. Settlement at ground surface

3.2 Deep settlement point

The evolution of settlement of soils at 3 meters depth from ground
surface (at 35 days after construction) in case of sand platform and rigid
platform are illustrated in Fig. 8.The settlement rate of both cases
reduced against time, particularly, after 1 week. At 35 days after
embankment filling, the maximum values for both cases are 0.048 and
0.024 meters respectively. This implies that the embankment load that
was transferred to the native ground in case of rigid slab is lower than

that in case of sand slab.

0.00

-0.01 4}

-0.02 +

-0.03

settlement, m
-

-0.04 4 N

-0.05 4

(S r— f

-0.06 -

Fig. 8. Settlement at the depth of 3 meters from ground surface

To investigate the embankment performance in term of settlement
behavior, the differential settlements between the column and native soil
were calculated as shown in Fig. 9. It is seen from the figure that both the
value and rate of differential settlement of rigid slab case are smaller than

those of sand slab. The values at 35 days after construction for cases of

sand platform and sand-cement platform were 0.084 and 0.024 meters

respectively.

days
e

0.00 - T T T T T T T T T T T

‘ 5 10 15 20 25 30 35
0.01 4!
-0.02 -
- n — —n
-0.03 -
-0.04 -
-0.05 -
-0.06 -

-0.07 "

differential settlement, m

-0.08

-0.09

-0.10 -

Fig. 9. Differential settlement between unimproved soil and soil

cement column of rigid platform and sand platform

4. Conclusions

The analysis of the instrumentation results can be summarized based on

the settlement of the embankment and soil as follows.

The settlements of soils under filled embankment are measured
against time after construction. From the investigation, the followings
can be seen. The settlement rate is highest at the beginning after
embankment construction was completed and reduces with time. The
settlements of embankment supported cement-column between two
different types of load transferred slab (LTS) are almost the same.
While, the settlements in native soils at both the original ground surface
and deeper level (3 m in this study) in case of rigid LTS drastically
decrease. This results to the significant reduction of differential
settlement between the improved and non-improved zones. With the
improvement of stiffness of slab in this study, the differential settlement
can be reduced by 4 times. Moreover, the settlement rate drastically
reduced to almost zero at only approximately 1 week after construction
completion. These confirm the effectiveness of increasing the stiffness
of load transferred slab and, probably, the spacing between each two

columns can be reduced.
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Abstract

Finite Element Method is popularly used for analyzing
the complicated geotechnical problems. This paper
presents the impacts of wusing three different soil
constitutive models in simulation of two kinds of
geotechnical works (deep excavation and tunneling) in/on
Bangkok subsoil condition. The analysis results suggest that
the prediction from Hardening Soil with small strain stiffness
(HS-small) model and Hypoplastic for clay (HP) model
(Masin, 2005) give more satisfactory accuracy with the
observed.
Keywords: Finite Element , Constitutive Soil Model, Bangkok
Soft Clay
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Abstract

Nowadays, the air-foam treated lightweight geo-
materials have been applied to ground improvement in the
soft clay areas. Considering to the construction, large
amount of Portland cement has to be used in this
technique resulting in a high cost. Therefore, use of fly ash
may permit on decrease in the use of cement, which effects
to reduce construction cost and environmentally friendly.
Since the strength and deformation characteristics are
varied depending on the various mixture components, a
tool for mixing design of this mixture is essential. This study
attempts to develop a mixing design tool as empirical
equations for predicting the unconfined compressive
strength from the mixing components as well as the
calculation sheet for design of trail mix in laboratory.
Keywords: Ground improvement, Lightweight geo-material,

Portland cement, Fly ash

1. Introduction

The deposit soft clay (i.e. natural land in coastal, land of
broad basin, and low land regions), general exhibits very
low shear strength and very high compressibility. Due to
these undesired engineering characteristics, the ground
improvement technique is essential.

In recent vyears, lightweight geo-materials have been
developed and widely utilized in the infrastructure
rehabilitation, earth structures, and construction of new
facilities, in order to reduce both overburden stress acting
on an underground structure and lateral earth pressure
acting on retaining structure. Especially, air-cement treated
soil or air-foam treated lightweight geo-material (LGM) or
lightweight foam mixed soil (LFS) was appropriated to
ground improvement rather than another lightweight geo-
materials

However, a significant amount of Portland cement has
to be used in this technique resulting in higher cost for
construction compared to other techniques. To decrease
the cost of construction, mainly governed by the cost of
cement, it is necessary to find the lower cost materials for
replacing the cement. In previous studies, pozzolanic

materials can partially replace cement in concrete work.

Currently, Fly ash is a popular pozzolanic material in
Thailand. Excluding the utilization in concrete work, fly ash
has been being used in soil stabilization. This is
environmentally friendly and reducing the cost.

Due to various mixing components including soil, water,
cement, fly ash and air, the mechanical properties, such as
strength and deformation characteristics are then much
varied depending on the mixture components. It is
therefore necessary to have a tool for mixing design of this
mixture from the desired properties in the design process.
The mixing design can be divided into two parts. One is a
mixing design for cement content used per cubic meter of
constructed soil cement to achieve the desired strength.
Another is the design of trial mix in laboratory to get each

quantity of mixing components.

2. Mixing consideration

The mixing components of LFS include wet soil, water
to be added, cement and foam. The role of cement is to
increase the bonding between clay particles resulting to
increase of strength of the mixture. In contrast, increases of
water content and foam lead to increase of void in the
mixture which makes the distance between soil particles to
be larger. These result to decrease of strength of the
mixture. Therefore, the strength and other mechanical
properties of this mixture strongly depend on the mixing
components and ratios.

In the view of engineering practice, the appropriate
mixing ratio for a targeted strength can be achieved from
mixing design and confirmed by laboratory experiments (so-
called trial mix) by conducting the unconfined compression
tests on prepared samples. However, there are some
differences in considering the mixing components in the
actual in-situ construction and preparation in laboratory. In
actual in-situ construction, the mixing is referred to
construction of 1 m’ of LFS and then the cement content is
considered as amount of cement by weight in 1 m’ of LFS
as in the unit of kg/mB. The water content is considered in
mud state before adding the cement and foam, thus it is
the water content after remolding the in-situ soil. The foam

is prepared by diluting the foam agent with water and then
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using the pressure process to make it. The foam is mixed as
to control the target unit weight of the final mixture.

On the other hand, in the view of laboratory mixing
preparation, the soil is considered as dry state in order to
avoid the effect of various natural water contents of soil.
Then the only water content to be considered is that of the
remolded state. The cement thus is considered as the
amount of cement by weight relative to amount of dry soil.
Whereas, the foam is considered as the void content in the
mixture, and therefore, represented by the void ratio. The
empirical equations developed so far are then referred to
the mixing ratios in the view of laboratory preparation.

In this study, the fly ash is introduced as cement partial
replacement. To accommodate the laboratory mixing
preparation, the new mixing design tool as calculation

template is necessary.

The derivation of mixing components with fly ash is
then essential to construct the calculation template.
Moreover, the empirical equation for strength prediction
must also be modified by taking the fly as into account.
be beneficial of
stabilized LFS. The derivation of

mixing components with fly ash is presented in section 3

Both parts  will in mixing design

cementitious material

and section 4 describes the laboratory mixing and tests to
obtain the strength values of mixtures with various mixing
ratios. In section 5, the empirical equation to predict the
stabilized LFS is
developed based on the testing results. The fly ash content

strength  of cementitious material
is taken into account as the second binder, and therefore, it
is considered as amount by weight in 1 m’ of LFS as in the
unit of kg/m3 and percent by weight to dry soil in actual in-

situ construction and laboratory preparation, respectively.

Mixing formula with £ ash is replaced.

Tters | Symmbol | rnit | Calcolaticn Crample
1. Items obcaimed by 3 S04l JBCVEY
1.} Seil grain deasity P= (z'cm 2708
1) Water Conteat o (24) £5.5
1.} Density of the wed sodl Prar {5 /ran®) 1.460
I. Phyzical propartiss of the satsrial pred
1.} Cemnent demuty P {zcme 314
1.} Fly ash density pFa F— 261
3.} Dilution multilier of the foaming agent (oaultiplier) 10
4.) Foaming multiplier of the foeming material n {moultiplisr) 0
1. Items decided by the plaa
1.} Tarzet density Pt (/o) 120
1.} Agjusted mud Watsr CoRTEnT wr [=5) 300
3.} Quantity of cement used L= (k=) o0
4.} Quantity of fiy ash used A (k=) 10
4. Items decided by calculation
1.} Adiusted mud denity Proud (g/om?) 1.187
2.} Foamingz material mass {(—voheme)} £ (k) 447
1) Agjusted mud mass nimnd (k=) 1056
<.} D1y so0il mas: M= (k=) 274
£.) Wet soil mass Mt (x2) 508
6.} Wat zoil volume Vi (T 348
T ) Quantity of water addad T @) 537
£.} Quaxntity of foamizz azent Ea w) 0.45
.} Quantity of foam Ve (L) =
10.) Quantity of air va (L) ]

Figure 1. Calculation template of mixing design tool showing the proportion of each admixture.

3. Derivation of mixing components with fly ash

and development of calculation template

With the derivation of mixing calculation modified from

[1], the calculation template in Excel program can be easily

constructed as shown in Figure 1.

The mixing components for construction of 1 cubic
meter of LFS can be obtained and then the small amount
of LFS to be prepared in laboratory as trial mix can be

achieved as the ratio of these components.

Table 1 Summary of the program for unconfined compression (UC) test samples as mixing ratio of the LFS

Controlled unit Cement content, Fly ash replacement Remolded water content Foaming material Curing
weight (kN/m”) Aw (kg/mB) (% of Aw) (%) Agent : Water time(days)
10 100,150,200 10,20,30 300 1:19 28
12 100,150,200 10,20,30 300 1:19 28
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4. Laboratory tests on cementitious material
stabilized LFS

By using the calculation template illustrated in figure 1,
all mixing components in trial mix can be computed. Figures
2-4 show the sample preparation.

The unconfined compression test was conducted in
accordance with ASTM D2166-00(2002). Specimen was 50
mm in diameter and 100 mm in height. After curing, it was
extruded from the mold. The unit weight of the specimen
was obtained prior to testing. The rate of shearing was
maintained to 1.14% per minute (1.14 mm/min) and the

test program is summarized in Tablel.

L

Figure 3. Preparation of foam

Figure 4. Specimen after curing

5. Development of empirical equation for
strength
For air-cement treated soil, the most updated strength
prediction by an empirical equation is developed by
Jongpradist et al. [2]. The unconfined compressive strengths,

msUs:gudsINIsdFonssulusikisIz ASIN 18
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qu can be calculated from multiplication of exponential
function of a parameter so-called “effective void ratio, ey”
and atmospheric pressure with two constants, A and B as
following;

q, = APe™ ¢)
where A and B are dimensionless constants and Pa is
atmospheric pressure (kN/m). These two constants depend
on soil and cement types. The effective void ratio, ey
can be calculated as;

e, =C, xIn(e,/A,) ®)

where the C, is total water content in the mixture, Aw
is cement content and ey is the ratio of the after-curing
void ratio. They can be directly calculated from the
equation

— (1 + Wt)GstYw
ot 'Yt

where w; is the after curing water content of treated soil

-1 (3)

(%), Gy is the after curing specific gravity of the treated soil,
Y is the after curing unit weight of the treated soil (kN/m3),
and 7, is the unit weight of water (kN/m?).

However, one more mixing component which is the fly
ash is additionally introduced in this study. Therefore, the
equation has to be modified to take into account the fly
ash. Based on the aforementioned idea, the fly ash is
considered as cementitious material, in the other word, a
kind of binder. Thus, it can be regarded in the same manner
with cement. By the past researches [3], it is well known
that the role of fly ash is not exactly same as that of
cement, particularly the efficiency as cement replacement.

Based on the equivalent cementitious material content,
the influent of fly ash is considered as an equivalent
amount of cement, which can be described as

A, = A, +OF, @)

where @ denotes for efficiency factor of fly ash for
replacement or adding up which is the function of chemical
composition and grain size distribution of the fly ash and F,,
is fly ash content (%).

To calculate the value of @ for each proportion by
means of strength evaluation, a widely used Feret’s

equation (4), as shown in Eq.(5) was adopted.

c=K(— 1 _ (5)
Fre=KG§/iCrary ¥

The efficiency factors, @, of each mixing ratio were then
calculated by substituted the obtained unconfined
compressive strength and mixing component into Eq.(5).
Thus, empirical equations to relate the efficiency factor and
Aw/(W+Fw) is proposed in this study as Eq.(6) for the curing
time 28 days.
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Q 55 qay = 1.3356[Aw /( W+Fw)]-0.1544 (6)

By using the above described equations, the results of

strength prediction for various mixing ratio are presented

together with the actual results obtained from unconfined

compression tests on air-cement treated soil samples in
figureb.

T100
=3
E=
1)
c
e
17 * D=10,C=10&
4
E <& D=12,=100
w
g 10 A D=10,C=150 ~~
£
<] /A D=12,C=150 ¢
©
2 B D=10,C=200
g
S [J D=12,C=200
c
> TrendLine
1
0.00 2.00 4.00 6.00 8.00 10.00

effective void ratio, est
Figure 5. Unconfined compressive strength versus effective void

ratio, e

Required imformations

Ttems Symbol | Unit

1. Natural water content Wn (%) = 835
2. After curing specifig gravity Gst = 25
3. Remold water content Wt (%) = 300
4 Target density pt glem? = |08

5. Soil grain density ps glom? = |2708
8 Cement density pc glem? = |34
9. Fly ash density pFA glem® = |26l

Calculation table

68.5 90 10

1.187 41.26 639 163 353

0.25

5145 429 0.547 0.835 0.632 427 9.82

Figure 6. Mixing design template for strength prediction

6. Conclusion

This paper deals with designing a tool for mixing design
and empirical equations for predicting the strength from the
mixing components of air-cement treated soil. The
conclusion can be drawn as follows:
1. A tool for mixing design can be utilized in workplace
because it produced the desired density of specimen,
according to the proportion in the design table.
2. The parameter ey is developed as Cw x In(eot/Aw™), was
proven to be an effective parameter to obtain a unique
strength. The

parameter combined together the influences of void ratio,

relationship of unconfined compressive

cement content, fly ash content, total clay water content,
and curing time.
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