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Abstract. Stiffened Deep Mixed (SDM) column is a new ground improvement
technique which can be used to significantly increase bearing capacity and reduce
settlement of soft soil. In the region consisting of deep thick saturated soft soil,
SDM columns have been successfully used to support highways and railway
embankments, tanks, and buildings. However, there still has been no feasible
method in design of SDM column-reinforced subsoil so far. This paper proposed
a method to calculate settlement of SDM columns-supported embankment over
soft soil. The total settlement of SDM column-reinforced soft soil is a sum of the
compression of the soil within length of stiffened core piles, the compression of
the soil from core pile tip to SDM column base and the compression of the soil
below SDM column base. Punching effect was considered in developing the
method to consider the punching deformation of core pile upward and down-
ward. A full scale test was introduced to verify the feasibility of the proposed
method and it yielded a good prediction with the field data.
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1 Introduction

Deep saturated soft soil in the east coastal area of China poses many challenges to
geotechnical engineers, such as low bearing capacity, excessive settlement, and slope
instability. Recently, a new technology called Stiffened Deep Mixed (SDM) column
was proposed (Ling et al. 2001). SDM column is formed by inserting a precast concrete
core pile into the center of DM column immediately after construction of DM column.
Core pile is installed to increase strength of column and reduce ground settlement.
Meanwhile, DM column is used to increase skin friction along the core pile shaft.
Moreover, bearing capacity provided by the SDM column was similar to the
cast-in-place pile with the same diameter and length while the SDM column can save
cost nearly by 30% (Qian et al. 2013).

Various studies have been conducted to investigate the behavior of SDM
column-reinforced soft soil (Tanchaisawat et al. 2009; Zhao et al. 2010; Ye et al. 2016).
However, there was still no feasible design method to calculate the settlement of
ground reinforced by SDM columns. This paper developed an analytical method to
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calculate the settlement of SDM column-supported embankment over soft clay.
Punching effect of concrete core pile was considered in the analysis. Finally, the
proposed method was applied to predict the settlement of a case history.

2 Calculation Model

Figure 1 shows the typical cross section of SDM column-reinforced soil. Based on the
geometry characteristic in cross section, the profile could be divided into three regions:
Region I (the soil within the length of concrete core pile), Region II (the soil between
the core pile base and the DM column base), and Region III (the soil below the DM
column base). Thus, the total settlement of SDM column-reinforced subsoil is a sum of
the compressions of the three regions,

Stotal = St + St + St (1)

in which, Sy is the total settlement, Sy is the compression of Region I, Sy is the
compression of Region II, and Sy is the compression of Region III.
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Fig. 1. Cross section of subsoil with SDM column

The main assumptions made in the analysis are summarized as: (a) concrete core
pile, DM column and subsoil behave as isotropic linear-elastic materials, and radial
deformation is ignored; (b) DM column and soil below the core pile base deform under
an equal strain condition; (c) skin friction is distributed linearly along the core pile shaft.

3 Derivation of the Theoretical Method

3.1 Compression of Soil in Region I

Considering the punching effect of the core pile (see Fig. 1), Sy can be expressed as,

Sp= (Sup + Sdown + Ocore (2)



24 G.-B. Ye et al.

in which, 0y, is the upward punching deformation of the core pile, dgown is the
downward punching deformation of the core pile, and d.qre is the compression of the
core pile. Since the surrounding soil settles more than the core pile, negative frictional
force occurs on the core pile shaft. Taking the equal settlement plane as a datum plane,
Eq. (2) can be rewritten as,

Sl = Ssu +Ssd = (5up + 51) + (5down + 52) (3)

in which S, and ¢, are the compressions of the surrounding soil and the core pile
above the equal settlement plane, and Sy and J, are those below the equal settlement
plane. Ye et al. (2016) illustrated that the distribution of the skin friction along the core
pile was curved as shown in Fig. 2(a). For simplicity, the skin friction along the core
pile is assumed to have a linear distribution as illustrated in Fig. 2(b).
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Fig. 2. Simplification of concrete core pile skin friction

The Bjerrum method (1969) is used to calculate the maximum negative friction,
19 = ko tan @, 4)

in which k = tan?(45° 4+ ¢/2), ¢ is the frictional angle of DM column, ¢; is the
frictional angle of the interface between core pile and DM column, and o is the vertical
stress on the top of surrounding soil. Thus, the concrete core skin friction can be
expressed as, 7(z) = to(1 — z/ly), in which [y is the depth of the equal settlement plane,
positive value of 7(z) means negative friction, vice versa.

Based on the equilibrium of the forces in a vertical direction, an equation can be
established as P = moo, + (1 — ma)as, in which P is the average loading on the
ground, m is the replacement ratio of SDM column, « is the area ratio of core pile, and
o, and o, are the vertical stresses on the top of core pile and surrounding soil. Setting
the stress concentration ratio n = ¢, /g5, one can obtain g, = P/((n — 1)am+ 1), and
op =nP/((n — 1)am+1). The equivalent compression modulus of the soil and the
DM column in Region I (E{") is considered as an area-weighted average value of DM
column and subsoil, i.e., Ef* =m(l — o)Epm + (1 —m)Eg, in which Epy is the
compression modulus of DM column, and Ej is the compression modulus of the soil in
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Region I. Figure 3 shows a slice of the unit cell with a thickness of dz. The differential
equation can be obtained based on the equilibrium of the forces in a vertical direction,

dog,/dz+it(z) =0 (5)

in which, g, is the vertical stress of surrounding soil at depth z; A is the area of
surrounding soil; ¢, is the perimeter of core pile; and 4 = ¢ /AS. Using the boundary
condition oy, = 05 at z = 0, o, can be solved as,

Oy = (/17:012)/(210) — 2107+ 05 (6)
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Fig. 3. Slice of unit cell in Region I
At depth z, the vertical stress in the core pile is,
: 2
Opz = Op +A;1 / 1(2)epdz = oy + p(t0z — 1027/ (210)) (7)
0

in which, A, is the area of core pile, y = ¢, /Ap. Thus, some terms on the right side of
Eq. 3) can be solved as, Sy = fé‘) (0w /Ex)dz, Sy = flf)‘ (0w /EY)dz,

01 = J3 (0p/Ep)dz, and &, = f[i‘ (0p2/Ep)dz.
The upward punching deformation of the core pile can be considered as,

dup = pe(0p — 05) (8)

where p. is the upward punching under an uniform force. It can be considered as
pe = L /E., where L is the thickness of cushion, E. is the compression modulus of
cushion, and E;, is the compression modulus of core pile.

The downward punching deformation of the core pile can be considered as,

Odown = ps(o'pll - Gsll) (9)

in which, oy, is the vertical stress at the bottom of core pile; oy, is the vertical stress at
the same depth of subsoil; and py is the downward punching under an uniform force.
Chen (2005) proposed a method to calculate psy,
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= (1= up)\/Ap [ Eo (10)
Ep = (1= 2u5/(1 = po)) Eyf (11)

in which g is the Poisson’s ratio of DM column, o is a parameter decided by the shape
of loading plane. Ej} is the compression modulus of the soil in Region II.
Thus, combining Eq. (8), Ss, d; and Eq. (3), it can be written as,

(a5lo — Atolg /3 —as) + (oplo + yrol(z)/S)/Ep (12)

Similarly, combining Eq. (9), Sy, 0, and Eq. (3), it can be written as,

1 A 270
(MO B—"0R 4 gy — oo+ 20 2)
6l 1 2 3 (13)
L yo5, V%0 V0 (y+ Arol}
= (2B + 2P 4oyl Io— 2282 +ps|o, — oy Droly — 20
Ep( 6l ! +5 B +0aplt — aplo — 3 0) +ps|0p — 05+ (7 + A)oly 2o
By substituting Eq. (4) into Eqgs. (12) and (13), it can be written as,
o, 0 0
—p_1_73 (14)
Oy 92 04
in which, n is the stress concentration ratio on the top of core npile,
I Jktang; 2 yktang; 2 _ L
01:?%+pc_/322q¢1_%lo,02_ 04_p*+(]p0)
1 JkBtan @, kI tan o, K2 tan o,
0 =— 1 i 1 i 1 — 1 0 i
=5 e y thoht =5
1 Pk tan @; kI3 tan; ki3 tan ¢; (y+ A)ki? tan ¢;
- (- i . B — po(—1+ (y + Akl tan ¢ — ~— 120
Ep( T 5 ) (=1 (7 + Ak tan 2o )

In Eq. (14), [y is the only unknown variation. By solving Eq. (14), [ and n can be
obtained, then ¢, and o can be solved. Thus, the compression of Region I can be
calculated as,

St = Squ+ Ssa = (ifol?/(&o) — ifol%/z-l-o"gll)/Equ (15)

3.2 Compression of Soil in Region II

Since the difference in the moduli of DM column and surrounding soil is not so great,
the compression of the soil in Region II is considered to settle under an equal strain
condition. The equivalent modulus of Region II is computed using an area-weighted
average value of the compression moduli of the DM column and the surrounding soft
soil. The additional stress in Region II is computed using Jones’s solution (1962),
which is a plane stress solution for the vertical stress caused by embankment load in
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two-layer or three-layer systems. The compression of the soil in Region II (Sy) can be
expressed as,

Su = [(01+ 62)] / (2EY") (16)

in which, o is the vertical stress on the bottom of Region I, g is the vertical stress on
the bottom of Region II, 1, is the thickness of Region 11, and Ejj' is the compression
modulus of soil in Region II, i.e., E;! = mEpm + (1 — m)E.

3.3 Compression of Soil in Region III

The compression of the soil in Region III is computed using Boussinesq’s solution:
SIII = n0213/Eleﬁ (17)

in which 7 is the coefficient of average superimposed stress, Eyj is the compression
modulus of soil in Region III, /3 is the thickness of Region III.

Based on the above derivations, the solution to calculate the compressions of the
three regions were developed and the total settlement of the soil with SDM column can
be obtained.

4 Application of the Proposed Method

A test embankment was constructed at the northern part of the Asian Institute of
Technology (AIT) Campus, Thailand (Vootttipruex et al. 2011). Figure 4 shows the
configuration of the test embankment. The height of the embankment was 6 m con-
sisting of a 1 m thick sand cushion on the pile head. SDM columns were installed in a
square pattern at a spacing of 2.0 m with a diameter of 0.6 m and a length of 7 m. The
concrete core pile had a square cross section of 0.22 m x 0.22 m and a length of 6 m.
Table 1 tabulates the main properties of the soil layers and the SDM columns used in
the field test.

According to the Asaoka method (1978), the final settlement can be predicted based
on the field data. Table 2 presents the comparison of the settlement calculated using the
proposed method with that using the Asaoka method and a good agreement was
obtained with each other. The settlements calculated by the technical specification for
strength composite piles in China (JGJ/T 327-2014 2014) are also listed in Table 2. It
can be seen that this code significantly underestimates the settlement of SDM
column-reinforced soil, especially in Region I. It might be due to the reason that this
code did not consider the punching effect of core pile. The above analysis is demon-
strated that the proposed method is feasible for the -calculation of SDM
column-supported embankment over soft soil.
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Fig. 4. Test embankment (unit: m): (a) Plan view; (b) Cross section

Table 1. Table captions should be placed above the tables.

Materials d (m) | E (MPa) |y (kN/m3 )l u @ (°) | c (kPa)
Embankment fill 30 16 0.30 | 20 10
Sand cushion 1 30 17 0.30 | 25 0
Weathered crust 1 2.5 17 0.40 | 23 10
Soft clay 6 2.5 15 0.42 23 2
Medium stiff clay | 2 5 18 0.38 |25 10
Stiff clay 15 9 19 033126 |30
DM pile 7 45 15 0.30 | 30

Concrete core pile| 6 28000 |24 0.25

Note: d = depth; E = compression modulus; y = unit weight;
U = poisson’s ratio; ¢ = friction angle; ¢ = cohesion.

Table 2. Comparison of predictions (mm)

Region I | Region II | Region III | Settlement
Proposed method |42.4 13.1 118.2 173.7
Asaoka method | N/A N/A N/A 161.3
(JGJ/T 327-2014) | 0.04 13.9 92.9 106.8

5 Conclusions

An analytical method was proposed to calculate the settlement of SDM
column-supported embankment over soft clay. The total settlement of the SDM
column-reinforced subsoil is a sum of the compression of three regions: Region I (the
soil within the length of concrete core pile), Region II (the soil between core pile base
and DM column base), and Region III (the soil below DM column base). The punching
effect of core pile upward to the sand cushion and downward to the DM column is
considered. The solutions for calculating the compressions of the soils in the three
regions were developed. Finally the proposed method was used to predict the settlement
of a case history. The feasibility of the proposed method was verified by a comparison
between the analytical results and the field measurements.
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