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Abstract

For soft soils, the creep settlement plays an important role in the full life-cycle performance of
infrastructures, which is a serious concern for engineers and researchers. Columns, e.g. deep
cement mixed (DCM) soil columns, are commonly adopted to treat soft grounds in order to
reduce the full-life settlement of the infrastructures. However, the creep behavior of soft
grounds treated by DCM soil columns is often neglected, inducing underestimated total
settlements or unexpected differential settlements. In this study, a new calculation method is
developed for the life-cycle settlement of column-improved soft grounds by considering the
creep of soft soils and load transfer between the columns and surrounding soils. A physical
model test with double-layer soils improved by DCM soil columns was designed and
performed to demonstrate the feasibility of the calculation method. It is found that the
settlements calculated by the proposed method show good agreement with the measured data
in the physical model. A parametric study was conducted, revealing that the calculated
settlement of the double-layer soil improved by DCM columns can be largely influenced by
the stress concentration ratio, the permeability of the DCM columns, and the area replacement

ratio. Finally, the proposed method was applied to calculate the settlement in a real project.

Keywords: Consolidation settlement, calculation method, creep, DCM soil columns, physical

model test
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1. Introduction

The problem of excessive settlements occurs commonly in soft soils because of their large
compressibility, high plasticity, and significant creep settlement. The time-dependent behavior
of soft soils, such as the creep, has attracted the attention of many scholars (Adachi, 1982;
Bjerrum, 1967; Garlanger, 1972; Mesri et al., 1981; Zaman, et al., 1991, Yin, 2015). In order
to improve the performance of soft grounds, columns such as stone columns and deep cement
mixed (DCM) soil columns, can be used to prevent excessive settlements (Baumann and Bauer,
1974; Shabu et al., 2000; Han and Ye, 2001; Huang and Han, 2009; Chai et al., 2015). However,

creep settlements are usually neglected in the column-improved soft grounds.

Yin and Fang (2006, 2010), Fang and Yin (2007), Horpibulsuk et al. (2012), and Wu et al.
(2019) conducted a series of physical model tests to investigate the dissipation of excess pore
pressure, the failure mode of DCM soil columns, and stress transfer on marine clay improved
by DCM soil columns. Balaam and Booker (1981) presented an analytical solution based on
the elasticity theory for predicting settlements of soil reinforced by granular columns under a
rigid loading. Zhao et al. (2017) proposed a simplified axisymmetric model with a deformed
shape function to simulate the deformation and arching effect of column-supported
embankment systems. Han and Ye (2001) proposed a simplified method to calculate the
consolidation rate of foundations reinforced by stone columns. Later, smear and well resistance
effects were considered by Han and Ye (2002). Chai et al. (2010) proposed a method for
calculating consolidation settlements of soft soil improved by floating columns based on the
consolidation theory of double-layer soils. Zhou et al. (2017) developed analytical solutions to
the axisymmetric consolidation of a multi-layer soil system under surcharge combined with

vacuum preloading. Chen et al. (2008) and Zhou et al. (2021) proposed theoretical methods
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for studying settlements and load transfer mechanisms of column-supported embankments with
the consideration of penetration of column toe and column-soil interaction. The
abovementioned methods pertain to primary consolidation only and ignore the creep behavior
of the soft soil. Madhav et al. (2010) presented a simple method to calculate the creep or
“secondary” consolidation settlement of soft soils improved by granular piles. However, this
method only considers the creep settlement after the consolidation stage. In addition, this
method relies on a tedious iterative process to calculate settlement, which is not suitable for
practical projects. Sexton et al. (2017) and Wu et al. (2020) found that the creep behavior of
soft soil still affects the long-term settlements and load transfer even though the creep behavior
is reduced by the columns. However, there is a lack of calculation methods to predict the life-

cycle settlements of soft soils improved by columns considering the creep of the soft soils.

In this study, an easy-to-use method, developed from the new simplified method (Feng and
Yin, 2017; Feng et al., 2020a; Chen et al., 2021), is derived and developed to calculate the life-
cycle settlement of the soft soil improved by columns. In particular, the influences of the creep
behavior of the improved soft ground are analyzed. Afterward, the proposed method is verified
by a physical model including a double-layer soft soil with the floating DCM soil columns. In
addition, it is demonstrated that this method can be also applied to soft soils treated by
prefabricated vertical drains (PVDs) considering PVDs as special columns. Furthermore, this
calculation is utilized in the Pacific Highway Upgrade embankment project in Australia to

illustrate its feasibility.
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2. Derivation of a Simple Calculation Method for Life-Cycle Settlements of Soft

Grounds Improved by Columns

2.1 Review of the new simplified Hypothesis B method

In practical applications, simple methods are appreciated for engineers to make acceptable
predictions. For estimating consolidation settlements of soft soils exhibiting creep, there are
mainly two types of methods. One is based on Hypothesis A, in which no creep compression
occurs during the “primary” consolidation period. The other is based on Hypothesis B, in which
creep compression occurs in both “primary” and “secondary” consolidation. Hypothesis A
method is normally utilized to calculate the consolidation settlements for soft grounds by
geotechnical engineers due to its simplicity (Shepheard and Williamson, 2018). Although
Hypothesis A method is easy to utilize, there are some contradictions with the axioms of
continuum mechanics (Degago et al., 2013). Yin and Graham (1989, 1994, 1996) proposed an
elastic visco-plastic (EVP) constitutive model to describe the time-dependent behavior of soft
soils. By coupling the consolidation analysis and the EVP constitutive model, a rigorous
Hypothesis B method was presented for long-term settlement calculation of soft soils (Yin and
Zhu, 1999; Zhu and Yin, 2000; Zhu et al., 2001; Yin and Zhu, 2020). However, it involves a

set of nonlinear partial differential equations which need to be solved by numerical methods.

Based on the concept of equivalent time (Bjerrum, 1967; Yin and Graham, 1994), Yin and
Feng (2017) proposed a new simplified method to calculate the consolidation settlement of soft
soils with creep. In this method, the complicated nonlinear partial differential equations
coupling 1D elastic visco-plastic (EVP) constitutive model and consolidation were simplified

as:

S = Uan + Screep (1)

total
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S aS

creep, f + (1_ a) Ssecondary (2)

creep —

where U_S, is the settlement during “primary” consolidation, U, is the average degree of

consolidation, S is the creep settlement under the final effective stress ignoring the

creep, f

excess pore pressure coupling, S is the secondary consolidation settlement, & is a

secondary

parameter to describe the coupling of consolidation and creep, it is suggested to take « =0.8.

The average degree of consolidation, U, , can be calculated by Terzaghi 1D consolidation

theory for one single soil layer. Later, this method was improved to be capable of calculating
the settlements of double-layer soils and the soils with vertical drains by revising the average
degree of consolidation (Feng and Yin, 2017, 2018). For the reclamations and embankments
on soft soils, ramp loading is more reasonable than constant loading. Therefore, Feng et al.
(2020a) updated the new simplified method to calculate the settlements of multi-layer soils

with creep under multi-stage ramp loading. Besides, S, , (delayed creep settlement with

respect to the final effective stress under the given loading due to the excess pore pressure

coupling) is used to replace the “secondary” settlement term in Eq. (2), as presented in Eq. (3):

Screep = aScreep,f + (1_ a)screep,d (3)

where S is only taken into account when U, =98% is reached in the field, a is a

creep,d

parameter combining the final creep settlement and delayed creep settlement. And o =U, is

used instead of 0.8.

When no vertical drains are involved, the consolidation of the soft soil is treated as 1D
consolidation. The average degree of consolidation follows the approximate formulas of

Terzaghi’s solution for 1D condition, expressed as:
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U - ( j forU, <0.6 (4)

7 -8t )

where T, is the time factor, c, is the coefficient of consolidation. When vertical drains are

involved, radial consolidation must be considered (Barron, 1947; Hansbo, 1979; Long and

Covo, 1994; Lu et al., 2019). The average degree of consolidation is calculated as:
U, =1-(1-U,)(1-U,) (6)

For the cases of soils under ramp loading, Zhu and Yin (2004) method can be adopted to
determine the average degree of consolidation.

However, the simplified method reviewed above is only suitable for soft soils without column
reinforcement. In the case of soft soils improved by columns, the stress distribution is
influenced by the columns due to which the simplified method above is no longer capable of
calculating the settlements. With regard to the wide existence of column-improved soft ground,
it is necessary to develop a simple calculation method for the soft soil layers improved by

columns in practice.

2.2 The simple calculation method for life-cycle settlement of soft ground improved by columns

To develop a simple method for calculating the life-cycle settlements of soft soils improved by

DCM soil columns, four assumptions are introduced:

(2). The deformations of the columns and the surrounding soils are under equal strain

condition.
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(2). The lateral deformations of the columns and the surrounding soils are ignored.
(3). The columns are considered as elastic materials.

(4). The creep coefficient of the soil is a constant.

Normally, columns are arranged in a square pattern or triangular pattern. In this study, the
square pattern is taken as an example to analyze a unit cell. For the square pattern,
r,=d,/2=1.13s /2. For the triangular pattern, r,=d,/2=1.05s,/2, where s_ is the center-to-
center spacing of the columns. Owing to the load transfer between the columns and surrounding
soils, there is an unloading process of total vertical stress on the surrounding soils (Madhav et

al., 2010; Wu et al., 2020).

Figure 1 shows the schematic diagram of the unit cell for column-improved soft ground with
the typical loading distributions between the column and soils. According to force equilibrium
in the vertical direction, the relationship between the vertical stresses on the column and the

surrounding soil is expressed as:
oA +0,A = pA (")
where A, is the area of the column, and A, is the area of the surrounding soil, A=A +A,.

Considering o, =n.o,, Eq. (7) can be rewritten as:

P

"TEAA ©

where N is the stress concentration ratio which is related to the stiffness difference between

the soil and column as well as area replacement ratio, which can refer to Han and Ye (2002),
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A=(rlr, )2 is the area replacement ratio of the column-improved soft soil. r, is the radius of

zone influenced by the columns, r; is the radius of the columns.

If there is no excess pore water pressure, the stress-strain state of the surrounding soil would
go along the path of Point 0 to Point a to Point b in Figure 2. However, the unloading process
induces a rebounded deformation of surrounding soils, which violates the equal strain
assumption. Given that the loading on the column increases monotonically before the column
yields, there should be no rebounding on the column. In fact, at the beginning of the
consolidation, most of the loading is taken by the pore water in surrounding soils, which
induces that the effective stress is assumed to follow the red dash line in Figure 2. Point 1 is

corresponding to the state where the consolidation of the soft ground is completed. o is the

effective vertical stress acting on the top of the surrounding soils.

The soft soil layer is divided into several sublayers (1, 2, 3, ..., m, ...). The vertical stress acting

on the sublayer m is o/

vom + O =00, O 1S the initial effective stress at the mid-depth of

m?

the sublayer m. The final strain of the sublayer m without creep is calculated as:

&0 =2 log (0_1} for 0.C. ©)
\ Gvo,m
Ei :&|0g (MJ+&|OQ(%J for N.C. (10)
’ v O_vo,m A val,m

where C, and C_ are the swelling index and the compression index of the soil, which can be

obtained from oedometer tests with t, =1 day. v is the specific volume. &/, is the pre-

vpl,m
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consolidation pressure, as shown in Figure 3. O.C. stands for over-consolidated soils. N.C
denotes normally consolidated soils. The effect of area replacement ratio is considered by Eq

(8). If there is no column, A =0, o. = p, then Egs. (9) and (10) become those used in the

simplified Hypothesis B method proposed by Feng et al. (2020a).

The total final consolidation settlement of the soft soil is the sum of that of each sublayer:
Sf =i8f,mHm (ll)
m=1

where H  is the thickness of the sublayer m.

Considering the function of the columns on controlling creep behavior of the surrounding soil,

creep strains are calculated by the following equations:

~(1-A)'E bt n | o 1
cree m - or O.C.
i Nt rat,, (12)
Ecreep, f,m — (1 A,) ae |Og[t :_te} for N.C. (13)
(1 Ar) b+ e for O.C (14)
Eoreepdm — : or O.C.
" v At EOP, field
t, +t
creep dm — (1 A) ae Iog( = ] for N.C. (15)
tEOF’ field

where C_, is the creep coefficient of the soft soil, which can be obtained from oedometer tests

corresponding t, =1 day. It should be noted that the interaction between the columns and

10
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surrounding soils due to the interfacial friction could change the stress state of the soils and
hence reduce the creep settlement. However, introducing this interaction would complicate the

settlement calculation procedure. Here, a reduction factor f related to stress decrement of the
surrounding soils and their stress state is adopted to simply evaluate the influence of the
interaction between the columns and the soils. ﬂ:Z.Zsin(goC) was proposed by Feng et al.
(2020b) for soft grounds improved by stone columns or sand compaction piles (¢, is the
friction angle of stone or sand materials). In this study, g =1 is used for DCM soil columns.

At, . and t,, are the calculated equivalent time and can be determined from the following

equations:

Etm~épm — I +A I _Ci;
AL, =1, xlO[( U[u] -, (16)
O,
vp,m
t.. =t—t, +At,  forO.C. (17)
t,=t—t, forN.C. (18)

where t.., .4 IS the time when U, =98% in the field.

Then, the creep settlement can be obtained by substituting Egs. (19) and (20) into Eq. (3).

n n
Screep,f = zscreep,f,m Zzgcreep,f,mHm (19)
m=1 m=1
n n
Screep,d = Z Screep,d,m = Z gcreep,d m H m (20)
m=1 m=1

With regard to the calculation of the degree of consolidation of column-improved ground, the
smear effect is considered in the average degree of consolidation by using Han and Ye (2001)

method:

11
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U (t)=1—eF" (21)

c t
where T, = —

d_mz is the modified time factor, which considers both effects of the drainage and

stress reduction, ¢, is the modified coefficient of consolidation, F is the parameter,

expressed as:

N - Sk -AL kU 4 22)
+ﬁi@i}£ﬁ(ﬂf
k,1-AU 4) 7°k\d,
o l1a DA 23
Crm CI’ [1+1—A] ( )

where g% r

S
rC

is the radius of smear zone, d, is the diameter of zone influenced by the

columns, d_ is the diameter of the columns, K, is the radial coefficient of permeability of

the surrounding soil, K, is the radial coefficient of permeability of the soil in smear zone, k.

is the coefficient of permeability of the columns, and c, is the radial coefficient of
consolidation. The average degree of consolidation is calculated by Eqg. (6). A spectral method

proposed by Walker and Indraratna (2009) and Walker et al. (2009) can be used to solve the

consolidation problem and estimate the average degree of consolidation of a multi-layer soil.

Figure 3 presents a schematic diagram of stress-strain paths in a double-layer soft soil under
two-staged loading. The PVD can be regarded as a special column with only geometrical and

hydraulic functions but no mechanical assistance to the soft soil. The proposed simple method

12
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can be directly used to calculate the settlements of PVD-improved soft soils by using n, =1

in Eq. (22). Figure 4 presents the calculation flow chart of the simple method.

The average vertical stress o, acting on the bottom of the columns can be estimated by:

o.,A =0 A+2rzlt (24)

where L is the length of the column. 7 is the average interfacial friction between the column

and the surrounding soil. The average vertical stress o, on the surrounding soil at the same

level as the bottom of the columns can be calculated by:

O-c,bA: + O-s,b'AS = pA (25)

The average interfacial friction can be estimated by:

_ o, +0,
T=u, KO( *’j (26)

K, is the at-rest earth pressure coefficient, u, is the interfacial friction coefficient. Therefore,

Eq. (24) can be rewritten as:

+
GS O-S,b ] (27)

Gs,bA: = O-SA: + 2rc7z.L:uf KO (

The average vertical stresses o, and o, can be solved from Egs. (25) and (27).

13
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3. Experiment Setup

3.1 Test Materials

The soft soil used in this study is Hong Kong marine deposits (HKMD), which were excavated
from a coastal area near Lantau Island. The basic properties of the reconstituted HKMD are
listed in Table 1. Details on the HKMD can be referred to Yin and Feng (2017). The DCM soil
columns were made by mixing the HKMD with the initial water content of 100% and ordinary
Portland cement at a cement/soil ratio (dry mass of cement to dry mass of soil) of 20%. The

basic properties of the DCM soil columns are listed in Table 2.

A new type of PVD (New Colbonddrain CX1000) was used in this study. Different from the
conventional PVDs with separate fleece (or sleeve) and core, the new PVD, which is based on
an innovative extrusion and shaping technique, integrates fleece and core. Identical to the
conventional PVDs, the new PVDs are 100 mm in width and 4 mm in thickness. The PVDs
were cut into 30 mm in width and then inserted when the soil was in the slurry state so that the

smear zone can be ignored in the loading stages.

3.2 Model preparation and transducers

The experiment was conducted in a physical box with two stainless steel walls and two
transparent acrylic plates (900mmx 300mmx 870mm), which was introduced in Yin and Fang
(2010) and Qin et al. (2020). Two frames were used to apply the horizontal restriction to the
acrylic plates. A double-layer soft soil was then prepared. 12 PVDs and 12 DCM soil columns
in a square pattern with a spacing of 150 mm were used separately to improve the soft soil at

different stages, as shown in Figure 5, respectively. A porous aluminum plate was placed on

14
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the soft soil for two linear variable differential transformers (LVDTSs) to measure the total
settlements. Similar to Wu et al. (2019) and Ho et al. (2020), the DCM soil columns were
prepared following the way of casting concrete specimens to ensure the quality of the columns.
After curing of 28 days, the 12 DCM soil columns were installed into the upper layer of the
soft soil. The gaps between columns and surrounding soil were filled by cement-soil HKMD

slurry.

The layout of transducers in the physical model is shown in Figure 5. Two pore pressure
transducers (PPT1 and PPT2) were installed at the bottom of the lower soil layer and two pore
pressure transducers (PPT3 and PPT4) were placed at the interface of the upper layer and lower
layer to monitor the dissipation of excess porewater pressure. Two earth pressure cells (EPC1
and EPC2) were installed on the top of two DCM soil columns, two earth pressure cells (EPC3
and EPC4) were installed at the bottom of the columns, and another two earth pressure cells
(EPC5 and EPC6) were placed on the top of the upper layer, which were in the middle between
columns. Two LVDTs (LVDTL1 and LVDT2) were placed at the right and left edges of the

plate on the top of the soft soil layer.

3.3 Load procedures in the test

First of all, a soft soil layer with 474 mm was prepared under a loading of 15 kPa. After the
settlement of the soft soil layer was stable, the double-layer soft soil was then prepared on the
previous soil layer by pouring a layer of HKMD slurry. Pre-consolidation pressure of 5 kPa
was applied on the top of the upper layer of the soil after installing PVDs. The lower layer of
the soft soil was 324 mm and the upper layer was 382 mm after the pre-consolidation. A loading

of 12 kPa was applied to the double-layered soft soil (Stage I) for 53 days followed by an

15
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unloading process (Stage Il). In Stage I, the upper layer was normally consolidated while the
lower layer was over-consolidated with pre-consolidation loading of 15 kPa. In Stage Il, the
loading was unloaded from 12 kPa to 4 kPa, and the loading of 4 kPa was maintained on the
soft soil for 30 days. The measured settlement of the double-layer soft soil going through a
loading and unloading process is plotted in Figure 6. In Stage 11, the PVDs in the upper layer
were replaced by DCM soil columns. Due to the load transfer between DCM soil columns and
the surrounding soil in the upper layer, the surrounding soil in the upper layer turned over-
consolidated. The upper layer of the soft soil was trimmed to 300 mm in order to have the same
height as the length of the columns. The lower layer was 310 mm before applying a double-
staged loading (from 11 kPa to 20 kPa). During the test, the vertical stresses on the top of DCM
soil columns, the vertical stresses on the top of the surrounding soil, and the vertical stresses

beneath the DCM soil columns were measured.

4. Experiment Results

Figure 7 shows the variation of average vertical stresses on the columns and the surrounding
soils measured by EPCs. The value of the vertical stress on the top of the DCM soil columns
is the average value of the measured data from EPC1 and EPC2, while that on the top of the
soft soil is the average value of the measured data from EPC5 and EPC6. When a loading of
11 kPa was applied, the vertical stress on the DCM soil columns (27.83 kPa) is higher than the
applied loading. Although there was no significant unloading process on the soft soil, the
vertical stress on the soft soil (8.46 kPa) is lower than the applied loading, which demonstrates

that the applied loading concentrates on the DCM soil columns with the n value of 3.29.

16
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The vertical stresses acting on the top of the lower soft soil where beneath the DCM soil
columns were measured by EPC3 and EPC4, and the average value of the measured stresses
was 12.47 kPa, which was larger than the applied loading 11 kPa. According to the area
replacement ratio, the stress on the top of the lower soft soil where between the columns was
10.90 kPa, which was almost identical to the applied loading. It seems that the stress
distribution on the top of the lower layer was nearly uniform in this study. It should be noted
that the penetration of the columns (less than 10 mm in this study) was not considered in the
proposed method for settlement calculation but can be estimated using the simple equations
proposed by Pongsivasathit et al. (2013) and Liu (2022) with correction. Theoretical equations
proposed by Chen et al. (2008) and Zhou et al. (2021) can be also used to consider both
penetration of columns and column-soil interaction. However, the equations need to be solved

using numerical approaches, which are not easy for practical use by engineers.

There is a noticeable unloading process on the top layer of the soft soil when the applied loading
is increased to 20 kPa. As the consolidation occurs, the unloading process is slowed down, and
the average vertical stress on the soft soil is approaching a stable value of 8.57 kPa. While that
of the DCM soil columns mainly increases with time and then approaches 81.42 kPa so that
the stress concentration ratio is 9.50. Meanwhile, the average vertical stresses on the bottom of
the columns measured by EPC3 and EPC4 are nearly stable at 20 kPa, which is the applied
loading. This uniform stress distribution is used in the following section for the settlement

calculation.

Figure 8 shows that the excess pore pressure in the upper layer dissipates faster than the one in

the lower layer. It is because of the shorter drainage path in the upper layer and the effect of

17
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the DCM soil columns on improving the coefficient of consolidation. The calculated excess
pore pressures are based on the calculated average degree of consolidation and the loading on
the soft soil. Based on the pore pressure and vertical stress, the average degree of consolidation

U, in the upper layer and the stress concentration ratio n, on the top of the upper layer are

a

plotted versus time in Figure 9. It can be seen that the curve of U, has a similar trend to that

of n

s '

5. Verification of the Simple Calculation Method

The proposed simple method is verified by the physical model test in Stage 111. The details of

the consideration of multi-layer soils under multi-staged loading can refer to Feng et al. (2020a).

The vertical permeabilities used for the settlement calculation are determined based on the
results of an oedometer test by the void ratios of the soil layers with respect to different loadings.
The horizontal permeabilities are calculated by multiplying 2 to the vertical permeability

according to the historical data of the HKMD (Zhu et al., 2001).

5.1 Double-layer soft soil treated by DCM soil columns

Smear zone is considered in the case with DCM soil columns, the radius of the smear zone is
32 mm. The value of the permeability of the soil in the smear zone depends on soil types,
column types, and the installation methods of different columns. For HKMD treated by PVDs,
the ratio of the permeability of the soft soil in the smear zone to that in the uninfluenced zone

(ks/kr) ranges from 0.4 to 1 (Feng and Yin, 2018; Yin et al., 2022; Yu et al., 2007). However,
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the reduction in permeability of the soft soil in the smear zone due to the installation of DCM
soil columns is not exactly known. In this study, ks/kr = 0.8 was selected for HKMD treated by
DCM soil columns. But the influence of ks/kr on the calculated settlement is negligible. Based
on the measured data, the lower layer of the soft soil can be treated as an over-consolidated soft
soil subjected to a uniform loading, and its settlement can be calculated by the proposed simple
method by using A =0. While the settlement of the upper layer is calculated by the simple

2

method using A =(r,/r,)

Figure 3 demonstrates the stress-strain paths during Stage 111. When applying the first loading,
the effective vertical stress on the upper layer of the soft soil moves from Point 0 to Point 1,
followed by a creep from Point 1 to Point /. When applying the second loading, the effective
vertical stress on the upper layer of the soil soils moves from Point /’ to Point 2, followed by

a creep from Point 2 to Point 2.

It should be noted that the effective vertical stresses acting on the upper layer of the soft soil
need to be calculated by considering the load transfer between the DCM soil columns and the
surrounding soil. According to the measured data, the stress concentration ratios at Point 1 and
Point 2 are around 3.29 for the 11 kPa loading and 9.50 for the 20 kPa loading, respectively.
Therefore, the effective vertical stresses at Point 1 and Point 2 are calculated by Eq. (11) with

n, =3.29 and n, =9.50 .

Table 5 presents the results of stresses and strains as a reference. An example of calculation

details is attached in the Appendix. The measured settlement of the double-layer soft soil with
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DCM soil columns and calculated settlement from the simple method are compared in Figure

10.

5.2 Double-layer soft soil treated by PVDs (Stage | and I1)

In Stage | with the applied loading of 12 kPa, the upper layer of the soft soil was normally
consolidated, while the lower layer of the soft soil was over-consolidated with the pre-
consolidation pressure of 15 kPa. In Stage Il, both top and bottom layers were over-

consolidated when the 12 kPa was unloaded to 4 kPa.

Here, the PVD-improved soft soil is treated as a special case of the column-improved soft soil

without mechanical contribution (loading transfer), correspondingto n, =1 in Eq. (11). The

radius of columns is replaced by the equivalent radius of the PVDs. Long and Covo (1994)
method is adopted to calculate the equivalent radius of the PVDs. In addition, the PVDs were
installed into the soft soil when the soil was in a state of slurry, therefore, the smear effect is

not considered in the calculation. Well resistance is also ignored in Stage | and Stage I1.

Figure 6 shows the settlement result calculated by the proposed simple method and the
measured settlement in Stage | and Stage Il. It can be seen that the simple method under-
estimates the settlement at the beginning but gives a close result to the measured settlement
after 30 days. In Stage 11, the calculated settlement shows good agreement with the measured
data. The calculation procedure is also listed in Table 6 as a reference. An example of

calculation details is attached in the Appendix.
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5.3 Parametric analysis

(a) Stress concentration ratio

Figure 11 shows the calculated results from the simple method using different stress
concentration ratios. For the first loading, the calculated settlement decreases with increasing
the value of the stress concentration ratio. For the second loading, a similar relationship can be
found between the calculated settlement and the stress concentration ratio. For the same area
replacement ratio, the larger the stress concentration ratio, the higher stiffness of the DCM soil
columns relative to the surrounding soils, which means the stiffer columns can control the

settlements more effectively.

(b) Coefficient of permeability

The coefficient of permeability of the DCM soil columns is varied to investigate their influence
on settlement calculation. The settlement results with different values of the coefficient of
permeability are plotted in Figure 12. It is shown that the larger value of the coefficient of

permeability of the DCM soil column can accelerate the consolidation process.

(c) Area replacement ratio

In order to investigate the influence of area replacement ratio on settlement calculation,
different values of the diameter of the DCM soil columns are analyzed correspondingly. Figure
13 shows the calculated settlements from the simple method using different area replacement
ratios. As expected, the long-term settlement decreases with increasing the area replacement
ratio. At the beginning of the primary consolidation, the calculated settlement using a larger

value of area replacement ratio is larger than that using a smaller area replacement ratio. This
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can be explained by the effect of the DCM soil columns on accelerating the consolidation

process of the surrounding soils.

Following the strategy of studying the creep settlement of the stone column-treated soils by

Sexton et al. (2016 and 2017), a so-called creep settlement improvement factor, N, , is

defined as the ratio of £, ...c and f,...s t0 evaluate the function of the DCM soil columns in
reducing the creep effect of soft soil. “Untreated” refers to A =0, while “treated” is

corresponding to A >0. Figure 13 demonstrates the meaning of £, ...q @Nd 400 - 1t Should

be noted that the creep behavior of the lower layer soft soil also contributes to the overall creep

settlement in this study.

The relationship of n,.., and area replacement ratio A, is plotted in Figure 14. The value of

N, INCreases with increasing the area replacement ratio. But this value tends to be stable

creep
when the area replacement ratio approaches 30%, which means that increasing the diameter of
the DCM soil columns would not further reduce the creep effect of the soil. Wu et al. (2020)
also pointed out that the influence of DCM soil columns on the creep of the surrounding soils
can be neglected if the area replacement ratio is larger than 30%. Nevertheless, the total
settlements can be further reduced by increasing the area replacement ratio. Based on the results

of N, , the authors recommend the range of the area replacement ratio for reference, which

is 10% ~ 25%. Below the range, the assistance of the DCM soil columns in reducing the creep
settlement is not significant. Choosing an area replacement ratio beyond the range would

neither provide a significant reduction in creep settlement nor be economical for practical use.
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Other factors, such as mechanical properties of the columns, stress states of the surrounding
soils, and external loading conditions, can also influence the creep settlements (Sexton et al.,

2017; Sivakumar et al., 2021; Wu et al., 2020).

6. Application in a real project

6.1 Basic information

The embankment was constructed on a soft soil subsoil improved by DCM columns. DCM
columns with a diameter of 0.8 m and a spacing of 1.3 m were installed in a square pattern
beneath the crest for controlling settlements. DCM walls with a spacing of 3 m formed by
columns were installed at the corner of the embankment for maintaining stability. The
geometries of the embankment with the underlaid subsoil and the layout of DCM columns are
shown in Figure 15. The top layer of the subsoil is firm clay (a depth of 0-0.5 m), underlaid by
the soft clay layer (a depth of 0.5-8.5 m) below which is a layer of silty sand with a thickness
of 5 m, a layer of firm clay with a thickness of 3.5 m, and a layer of stiff to hard clay with a
thickness of 8 m. The detailed subsoil profile can be found in Yapage et al. (2014). The
properties of materials are listed in Table 7. The relationship between the OCR of soft clay and

depth is shown as follows:

7 5 0.51
OCR (—] (0.5 m<z<45 m)
=i\ z

1.3 (45m<z<85m)

(28)
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where z is the depth from the bottom of the embankment. It should be noted that creep behavior
is taken into consideration in the soft clay layer. Creep coefficient is estimated by the equation

given by Yin et al. (2010):

C
Nu = %Cc _ Cs) (29)

where C, =2.3C,, . The value of 7., ranges from 2%~8.9%. In this study, 77, =5% is used.

A settlement plate was installed 9.8 m away from the center of the embankment to measure the

settlement of subsoil, as shown in Figure 15(b).

6.2 Settlement calculation

Although there are five soil layers below the embankment, the soft clay layer contributes the
most to the settlement on the top of the subsoil. The creep settlements of those layers beneath
the soft clay layer are ignored. The top firm clay can be considered as a part of the soft clay
layer but with OCR = 135 (Yapage et al., 2014). In addition, the bottom boundary of the soft
clay layer is perceived as impermeable, provided the permeabilities of the firm and stiff clay
are around 100 times smaller than the permeability of the soft clay layer. The settlement

calculation can be simplified as:

G\;k)Hk

S :Uasf +|:0[Screep,f +(1_a)screep,d :|+Uvz( p ’ E (30)
k

where the last term in Eq. (26) is the settlement beneath the soft clay layer, E,, o;,,and H,

are Young’s modulus, vertical effective stress, and thickness of sublayer k beneath the soft clay

layer.
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The embankment is converted to a ramp loading of 105.83 kPa with the construction time,
t. =40 days, as shown in Figure 15(c). When applying the proposed simple method, the top

firm clay is treated as sublayer 1, and the soft clay layer is divided into eight sublayers

(sublayers 2~ 9).

Following the calculation procedure, as shown in Figure 4, the total settlement S, (t) can be

calculated. To consider the ramp loading of the construction of the embankment, the term of

consolidation settlement, U_S,, in Eq. (1) needs to be corrected into S_,, according to the

corr

correction method for the degree of consolidation proposed by Terzaghi (1943). Yin and Zhu

(2020) presented a simple equation to calculate the corrected consolidation settlement:

Ua(%jsf% (t<t,)
Seorr = Pt (31)

Ua[t—%jsf (t>t,)

where t; is the construction time; p(t), U, (t), and s(t) are the embankment loading, the
average degree of consolidation, and the settlement at t, respectively; S, is the final

consolidation settlement which can be determined by Eq. (11).

It should be noted that the stress concentration ratio n, in Eq. (8) remains unknown. In order

to determine n,, it is necessary to take into account the soil arching developed in the

embankment to calculate the vertical stresses taken by DCM columns and the surrounding soil.
Adapted Terzaghi method proposed by Sloan et al. (2011) was used to consider the soil arching

effect and calculate n,.
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Figure 16 presents the calculated settlement of the subsoil. The settlement calculated by the
simple method shows good agreement with the measured data. A slight underestimation is
mainly due to the ignorance of the lateral deformation of the subsoil. Nevertheless, the

proposed simple method has illustrated its feasibility for settlement calculation.

7. Conclusions

In this paper, a simple method for calculating the settlement of soft soils exhibiting creep
improved by DCM soil columns has been presented. With newly proposed equations for
determining creep settlements, this method can consider the function of the columns in
controlling the creep of improved soft soil grounds. A physical model test was built to
investigate the settlements of double-layer soft soil improved by PVDs and DCM soil columns.
The proposed method was verified by measured data from the physical model tests and applied

to calculate the settlement of a real project. Findings and conclusions are drawn as follows:

(a) The calculated results of the simple method agree well with the experimental data of both

the double-layer soft soil improved by DCM soil columns and that improved by PVDs.

(b) Stress concentration ratio is an important factor to influence the settlement results of the
simple method. The calculated settlement decreases with increasing the stress

concentration ratio.

(c) Based on the results of the parametric study, an area replacement ratio of 10%~25% is
recommended. Below the range, the assistance of the DCM soil columns in reducing the

creep settlement is not significant. Choosing an area replacement ratio beyond the range
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would neither provide a significant reduction in creep settlement nor be economical for

practical use.

(d) The settlement calculated by the proposed method agrees well with the measured data of a

real project reported by Yapage et al. (2011).

It should be noted that the proposed simple method has limitations in considering the
penetration depth of columns and the actual interaction between columns and surrounding soils.
If the penetration is significant and the column-soil interaction is the main concern, this method

must be used with care with somewhat modification, which requires further study.
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763  Appendix

764  Example 1

765  Sublayer m =3 in Stage IlI
766 p=11kPa, POP=12kPa, C,/v=0.2348, C,/v=0.0297, C_/v=0.0092 , t,=1day,

767  t=500day (U, =1), teop g =~ 90 day .

768 (1). o

\

0s =(16.5-9.8)x0.188=1.756 kPa ;

769  (2). Treated by DCM soil columns,

770 A =10.96%,

771 n, =3.92;

772 (3). Using Eq. (11):

773 o! =11/ (1-10.96%+3.29 x10.96%)=8.796 kPa ;

774 (4). o},, =1.756+8.796 =10.552 kPa < o

vp,3

=1.756+12=13.756 kPa > O.C,;
775  (5). Using Eq. (7):
776 g 3 =0.0297 xlog (10.552 /1.756) =0.023,

777  (6). Using Eq. (12):

778 Eureen 1 5 = (1~10.96%)’ x 0.0092x log (%] =0.00304,
779 Using Eq.16 At,, =368.48 day ;

780 (7). Using Eq. (14)

781 Eureepas = (1—10.96%) x0.0092x log (%) = 0.02409;
782 (8): €ueeps =Yabireep. 1.3 +(1=Uy) Eqreepas = 0.00304 ;

783 (9) cuns =€5+8

creep,3

+¢& =0.026 .

v0,f0,3
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784

785  Example 2

786  Sublayer m =2 in Stage |
787 p=12kPa, POP=4kPa, C,/v=0.2348, C,/v=0.0297, C,/v=0.0092 , t,=1day,
788 t=83day (U, =1), teop g = 20 day.

789 (1). oy, =(16.5—9.8)x0.143=1.460 kPa ;

790  (2). Treated by PVDs,

791 A =1.11%,

792 n =1;
793  (3). Using Eq. (11):
794 ol =12/ (1-1.11%+1x1.11%) =12 kPa ;

795  (4). o,,,=1.460+12=13.460 kPa> o

vp,2

=1.460+4 =5.460 kPa - N.C.;

796  (5). Using Eq. (8):

797 g, =0.0297xlog (5.460/1.460) +0.2348xlog (13.460 / 5.460) =0.109;
798  (6). Using Eq. (13):

799 Eesp. 1 2 = (1-1.11%) x0.0092x log (83/1) = 0.01746;

C

800 (7). Using Eq. (15):

801 Euesna. = (1-1.119)  x0.0092x log (83/ 20) = 0.00562 ;
802 (8) gcreep,Z :Uagcreep,f,z +(1_Ua)gcreep,d,2 = 001746 ’
803 (9). €ur12 = €12t Ecreepz T Evo r02 = 0.126.

804
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823 Figure 3. Schematic diagram of stress-strain paths in a double-layer soft soil under two-
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829

[ Sublayers (1,2, 3,...,m,...) ]

soils with
treatments

/ N (for PVDs treated soils, n, =1 )/

}

Calculate the effective stress acting on the
soft soil, Eq. (11)

¢im, EQ. (9)
Eereep, t.m » EQ- (12)
Eereepdm » EQ. (14)

gcreep,f,m , Eq (13)
Ecreepdm + EQ. (15)

S, or &, , Eq. (11)
Screep‘f or gcreep,f 1 Eq (lg)

scnﬁg‘d or ‘("chg.d s Eq (20)

/Ua(t) . Ea.(4), (5), (6), (21) /

Screep or Ecreep 1 Eq. (3)
S+ EQ- (1)

Figure 4. Calculation flow chart of the simple calculation method
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Table 1. Basic properties of the reconstituted Hong Kong marine deposits

PSD
LL PL Pl
G, Clay Silt  Sand and Gravel
(%) (%) (%) (%) (%) (%)
2.65 43.20 22.60 20.60 11.41 66.80 21.79

Note: G, is the specific gravity, LL is the liquid limit, PL is the plastic limit, PI is the plasticity
Index, PSD is the particle size distribution.

Table 2. Basic properties of DCM soil columns

D W c/s d, L K,
(kg/m®) (%) (%) (mm)  (mm) (m/day)
900 100 20 56 300 2.5E-4

Note: c¢/s is the cement/soil ratio.
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Table 3. Properties of the reconstituted HKMD used for calculation (Stage | and I1)

Layer 4 C./v C,/v C_lv ks kV POP
(KN/m?) (m/day)  (m/day) (kPa)

Upper 16.5 0.2348 0.0297 0.0092 1.12E-4 5.61E-5 4

Lower 16.5 0.2666 0.0326 0.0050 5.12E-5 2.56E-5 15

Note: POP is the pressure of pre-consolidation.

Table 4. Properties of the reconstituted HKMD used for calculation (Stage I11)

Layer y C./v C,/v C_lv ke & POP
(KN/m®) (m/day)  (m/day)  (kPa)

Upper 16.5 0.2348 0.0297 0.0092 3.64E-5 1.82E-5 12

Lower 16.5 0.2666 0.0326 0.0050 3.04E-5 1.52E-5 15

Note: POP is the pressure of pre-consolidation.
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Table 5. Calculation procedure of the double layered soft soil improved by DCM soil columns

Stage 111 11kPa

Mlddle O-\;O m G\;pl m 0\;1 m Atel m m,
m d(er?l;h (kPa) (kPa)  (kPa) Euprm Et1m Evim Svitim ~ Evotom St (day) (kPa‘l)
1 0.038 0.751 12.751 9.547 0.037 0.033 0.033 0.035 0.035 633.068
2* 0.113 1.254 13.254 10.050 0.030 0.027 0.027 0.029 0.029 477.306 2 93E-3
3 0.188 1.756 13.756 10.552 0.027 0.023 0.023 0.026 0.026  368.476 '
4 0.263 2.259 14.259 11.055 0.024 0.020 0.020 0.024 0.024 290.421
5 0.352 2.856 17856 13.856 0.026 0.022 0.022 0.025 0.025 262.491
6 0.455 3.549 18549 14.549 0.023 0.020 0.020 0.023 0.023 207.194 1.83E-3
7 0.558 4.241 19.241 15.241 0.021 0.018 0.018 0.021 0.021 166.689

Stage 11 20 kPa

Middle G\;l m O_\;pl m Gépz m G\;Z m Atez m m,
m d(er[;)l;h (kPa) (kPa) (kPa) (kPa) Eptm Eyp2,m Etam Evam Euu Svat2m ~Euitm Euat2 (day) (kPa‘l)
1 0.038 9.547 12.751 25.077 14.211 0.037 0.045 0.005 0.040 0.035 0.005 0.040 1.29E+12
2 0.113 10.050 13.254 26.597 14.713 0.030 0.039 0.005 0.034 0.029 0.005 0.034 5.04E+12 1.03E-3
3 0.188 10.552 13.756 28.155 15.216 0.027 0.036 0.005 0.031 0.026 0.005 0.031 1.92E+13
4 0.263 11.055 14259 29.749 15.718 0.024 0.033 0.005 0.029 0.024 0.005 0.029 7.08E+13
5 0.352 13.856 17856 38.029 22.856 0.026 0.029 0.007 0.032 0.025 0.007 0.032 1.82E+12
6 0.455 14.549 18.549 40.181 23.549 0.023 0.027 0.007 0.029 0.023 0.007 0.029 8.23E+12 7.59E-4
7 0.558 15.241 19.241 42368 24.241 0.021 0.025 0.007 0.028 0.021 0.007 0.028 3.47E+13

Notes: “ Example 1 in the Appendix.
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Table 6. Calculation procedure of the double layered soft soil improved by PVDs

Stage | Loading

Mlddle o-\;() m O-\;pl m O-\;1 m Atel m m,
’ ’ ’ & & & &, — & & '

" ke (kPa)  (kPa) me e R (day)  (kPa)
1 0.048 0.820 4820 12.820 0.023 0.123 0.123 0.140 0.140 0.00

2 0.143 1.460 5460 13.460 0.017 0.109 0.109 0.126 0.126 0.00 8.80E-3
3 0.239 2.100 6.100 14.100 0.014 0.099 0.099 0.117 0.117 0.00 '

4 0.334 2.739 6.739 14.739 0.012 0.091 0.091 0.109 0.109 0.00

5 0.436 3421 18.421 15421 0.024 0.021 0.021 0.023 0.023 48.74

6 0.544 4.145 19.145 16.145 0.022 0.019 0.019 0.021 0.021 4134  1.62E-3
7 0.652 4.868 19.868 16.868 0.020 0.018 0.018 0.019 0.019 35.51

Stage Il Unloading
Middle Ouim O-\;pl m O-\;p2 m Ovam Aty m,
’ ’ ' ' & & & &, & &, — &, & '

m d(er[r)];h (kPa) (kPa) (kPa) (kPa) vpl,m vp2,m f2,m v2,m vl,tl v2,t2,m vi,tl,m v2,t2 (day) kPa_l)
1 0.048 12.820 4820 32.637 4820 0.023 0.048 -0.013 0.127 0.140 -0.013 0.127 2.15E+60

2 0.143 13.460 5460 34.752 5460 0.017 0.041 -0.012 0.115 0.126 0.000 0.126  5.07E+57 L41E-3
3 0.239 14.100 6.100 36.897 6.100 0.014 0.037 -0.011 0.106 0.117 0.000 0.117 3.22E+55

4 0.334 14.739 6.739 39.070 6.739 0.012 0.084 -0.010 0.099 0.109 0.000 0.109 4.41E+53

5 0.436 15.421 18.421 40.023 7.421 0.024 0.011 -0.010 0.012 0.023 -0.009 0.014 2.07E+39

6 0.544 16.145 19.145 42250 8.145 0.022 0.010 -0.010 0.011 0.021 -0.008 0.013 296E+38 1.22E-3
7 0.652 16.868 19.868 44504 8868 0.020 0.008 -0.009 0.010 0.019 -0.007 0.012 5.71E+37

Notes: “ Example 2 in the Appendix.
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899 Table 7. Properties of materials (after Yapage et al., 2014)

Parameter Top firm Soft clay Silty Firm Stiff clay Fills DCM
clay sand clay
y (KN/m?) 18 14.5 18 16.5 16.5 19 18
€o 2 3 2.23 2 2
Ce 1.15 1.15
Cs 0.06 0.06
Coe 0.0236  0.0236
E (MPa) 15 9 17 15 27.1
¢ (kPa) 0.1 0.1 0.1 0.1 0.1 57.5
o' (°) 25 25 30 25 25 30 27
kv (m/day) 7.86x10° 5.18x10° 7.17x10? 5.18x10° 4.58x10° 5.18x10®
Depends
OCR 135 on E)jepth
900
901
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