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Abstract. Deep cement mixing is an effective ground stabilization technique to
control the ground movement on sand areas, and most of the projects have the
problem of seepage. The cement slurry is in a fluid state before the initial setting
time, the seepage may affect the diffusion process of cement slurry during this
period. A hydro-mechanical approach is proposed to investigate the interaction
between the seepage and the strength of cement-stabilized sand. The diffusion of
the cement slurry under seepage is considered in this study and the diffusion
process is simulated by the finite element method. According to the cement
concentration at the end of the diffusion process, the strength of cement-stabilized
sand can be predicted by combining an empirical formula. Simulation results
examine that the existence of seepage and cracks can enhance the non-uniform
diffusion process of cement slurry, and the actual strength distribution of the deep
cement-mixed sand is far from the ideal state. This indicates that the influence of
seepage on the strength of cement-stabilized sand should be considered in the
design of projects.
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1. Introduction

Saturated sand often has a low strength value and is prone to liquefaction during an
earthquake. As a result, the safety and durability of the structures constructed on sandy
areas may be adversely influenced due to the characteristics of saturated sand. In
addition, seepage often exists in the areas of saturated sand. Especially, the
permeability of sand is generally larger than other types of soil (such as clay and silt)
[1,2], which further intensifies the seepage process. Deep soil mixing (DSM) is a
widely used ground improvement and seepage control technique, which can be used for
sandy areas as the pile foundation or cut-off wall [3]. However, the cement-sand
mixture is flowable before the initial setting time of cement. The seepage can carry
away the cement slurry and change the shape and strength distribution of a DSM pile.
However, few previous studies on grouting considered the condition of seepage. In
recent years, grouting under seepage has drawn more attention. Several theoretical and
numerical models have been proposed to calculate grout penetration by considering the
seepage speed [4,5]. Gurpersaud et al. [6] conducted an in-situ test of grouting under
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the condition of existing seepage. Liu et al. [7] conducted a series of physical
simulation experiments to investigate the effects of nanoparticles on the grouting
performance in dynamic water conditions. Most of these investigations were focused
on the grouting experimental research in fractured rock, few studies investigated the
case of DSM pile. To fill this gap, a case study of DSM pile is conducted in this study,
where the time-dependent characteristic of cement slurry and the variation of
permeability and strength with depth are also considered. The shape and the contours
of seepage velocity and strength of the DSM pile are presented. The simulation results
may provide the reference for the related projects.

2. Numerical Model

The case study that the concentration diffusion of deep soil mixing pile affected by
dynamic water before the initial setting time was conducted in this study. The size and
boundary conditions of the finite element model are shown in figure 1. The material of
the surrounding soil is sand, and thus, the material of the DSM pile is a cement-sand
mixture. The diameter and length of the DSM pile are 0.6 m and 20 m, respectively. On
the left side of the model exists a static water pressure py, it can be calculated by:

pw:pwgh (1)

where py, is the density of water; g is the gravitational acceleration; /4 is the depth. Two
surfaces parallel to the direction of water pressure are undrained boundaries. The right
side of the model is a drained boundary, and the p is constant 0.

Unddrain ed

‘Cement-sand mxture Water Pressure ‘j

20.0m

rained

30m /

Water Pressure
0.6 m

Sand

Undu-ain ed

30m
200 kPa

Figure 1. Schematic diagram of finite element model size and boundary conditions.

Two-phase Darcy’s law was used herein to describe the diffusion and flow state of
cement slurry under the condition of seepage. The water and slurry are both considered
Newtonian fluid and incompressible. The porous media (sand) is considered isotropic.
The continuity equation of two-phase Darcy’s law can be written as:
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where p. is the density of cement-sand mixture; v, Ve, and v.. are the seepage velocity
of cement slurry in x, y, z directions; vw, Vwy, and vy are the seepage velocity of water
in x, y, z directions; S; and S, are the volume fraction of cement-sand mixture and
water, respectively; » is the porosity of sand.

The porosity is related to the vertical soil pressure ps. The ps can be calculated by:

ps = Iosatgh (5)
where pgy 18 the saturated density of sand.
According to the compressibility characteristic of soil, #» can be expressed as:
o€ I'-C.lgp,
l+e 1+(F—Cclgps) ©)

where e is the void ratio; C, is the compression index of sand; I is the intercept of the
e- log p curve.
The seepage velocity v can be calculated by:

v=RPE (s p. +Swpw)[S° +S—ngi
Y7,
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where k is the permeability of sand; p is the density of fluid; u is the coefficient of
dynamic viscosity of fluid; i is the hydraulic gradient; u. and u are the coefficient of
dynamic viscosity of the cement-sand mixture.

According to the empirical formula proposed by Samarasinghe et al. [8], The
permeability £ also can be calculated by:
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where C and m are fitting parameters.
Combining with Egs. (5), (6), and (8), the variation of £ with 4 can be calculated.
In addition, considering the time-dependent characteristic of ., it can be expressed as:
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where u.o is the initial coefficient of dynamic viscosity of slurry; B is the fitting
parameter.

The strength of cement-stabilized sand is affected by the cement mark, cement
content, and water-cement ratio of the mixture. The non-linear relationship between S.
and these parameters is not considered herein for simplicity. Thus, a linear relationship
between the strength and S; is built for as follows:

By = (Gex —4.) S 4, (10)

where ¢, is the strength of cement-stabilized sand, gmax is the strength of cement-
stabilized sand when S; = 1; gs is the strength of sand. The ¢; in various depths also can
be calculated based on the Mohr-Coulomb criterion. According to the test data of
[9,10], the material parameters are summarized in table 1.

Table 1. Summary of material parameters.

Parameter Value  Unit | Parameter Value  Unit
Saturated density of sand, ps 1800 kg/m?| Cement content, A4, 10 %
Density of cement-sand mixture, p. 1600 kg/m®| Strength of cement-stabilized

_ 2100 kPa

sand when S; = 1, gmax

Density of water, p, 1000 kg/m®| Cohesive force, ¢ 0 kPa
Compression index of sand, C, 0.14 kPa! | Internal friction angle, ¢ 30 °
Intercept of the e- log p curve, I” 1.13 1 Fitting parameter, B 0.022 !
Coefficient of dynamic viscosity of 0.899  mPa'g Fitting parameter, C 0.16 m/s
water,
Initial coefficient gfdynamlc viscosity 7204  mPas Fitting parameter, m 7.5 1
of cement-sand mixture, zc
Minimum water-cement ratio, w/cpyin 1 1

3. Results and Discussion

Se and v at different times are analyzed in this study. Several cross-sections were
selected to visually describe the numerical results. The contours of S, and are the
seepage velocity v shown in figure 2. It can be found that the volume fraction of the
cement-sand mixture changes with time, and the slurry significantly diffuses along the
direction of seepage. In addition, the cross-sectional shape of the DSM pile also
becomes irregular, and the degree of irregularity increases with time and depth.
Although the £ is high near the surface, the effect of seepage is not obvious due to the
small hydraulic gradient. In addition, the seepage velocity increases with depth. It
means the effect of the variation of the hydraulic gradient with depth on seepage
velocity is greater than that of permeability in this case. In addition, the cement-sand
mixture can affect the direction and magnitude of seepage velocity. The seepage
velocity of slurry is lower than that of water due to the high coefficient of dynamic
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viscosity. Because of the obstruction of slurry, the seepage velocity of the left and right
sides of the slurry is lower than the surrounding area. Under the influence of seepage,
the cross-sectional shape of the DSM pile changes from a regular circle to an irregular
cone. It causes a larger seepage velocity of the upper and lower sides of the slurry.
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Figure 2. Contours of S, and v in different depths when (a) /=1 min; (b) =20 min; (c) =40 min; (d) =60

min.

According to the simulation results, seepage may cause the DSM pile to tilt, and
the inclined angle 8 of the DSM pile at different times is shown in figure 3. The trend
of the - curve is nonlinear, and the growth rate gradually decreases over time. It is
due to the time-dependent characteristic of u.. The inclined angle increases with time,
and the maximum value is 0.95° at 60 min. The corresponding deviation value of the
bottom of the pile ¢ can be calculated by:

Ltm}0x10096

an

where L and D are the length and the dimeter of the pile, respectively. The L and D are
20 m and 0.6 m herein. Thus, ¢ is 55% in this study. This far exceeds the allowable
deviation value of 1%. It indicates that the construction quality is not the only factor
that can cause pile tilt, strong seepage can also lead to this problem. In addition,
because the effect of seepage is not obvious near the surface, it is difficult to accurately
control the quality of the DSM pile in areas where seepage exists in actual projects.
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Figure 3. Inclined angle of DSM pile at different times.

Five cutting lines were set herein to show the influence of the seepage on the
strength of different locations. The strength gu can be calculated by the simulation
results of Sc and Eq. (10). The locations of these five cutting lines are shown in figure
4(a), and the strength changes with depth and time on cutting lines 1 to 5 are shown in
figures 4(b) to (f), respectively. The strength at 17 m on cutting line 1 decreases
obviously at 40 min, and the strength at 18 m is the same as the surrounding soil at 60
min. It indicates that the deviation of the bottom of the pile larger than 50% at 60 min
because of the seepage. The location of cutting lines 2 and 4 are symmetrical. The
distribution of strength along depth is similar at 1 min. However, under the condition of
seepage, the strength on cutting lines 2 gradually decreases, and finally the cement
slurry was completely carried away, the strength decreases to gs. Meanwhile, the
cement slurry was carried to the right side. The strength on cutting line 4 increases with
time, and finally to the value of gmax. The trend of strength on cutting lines 3 and 5 over
time is like that of cutting lines 2 and 4. The difference is that the slurry cannot reach
the location of cutting line 3, and the strength on cut 5 also cannot reach the gmax due to
the great distance from cutting line 1. Based on the simulation results, the effect of
seepage on the diffusion of cement slurry cannot be neglected in sand areas. The water-
cement ratio, cement content, and construction method should be optimized to reduce
the influence of seepage on construction quality.
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Figure 4. (a) Locations of five cutting lines and the strength change with depth and time on cutting line (b) 1;
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4. Conclusion

A finite element analysis was conducted to study the influence of seepage on DSM pile.
The simulation results indicate that the cement slurry will diffuse along the direction of
seepage. The degree of influence increases with the increase of depth, and the contours
of seepage velocity can prove it. The seepage velocity increases with depth, and with
the change of the shape of the pile’s cross-section. The seepage velocity at the upper
and lower sides of the DSM pile will increase and larger than the seepage velocity of
the surrounding soil. The seepage can cause the DSM pile to tilt due to the cement
slurry is carried away. S. of the left side of the DSM pile decreases over time, and
meanwhile, S of the right-side increases. The vertical deviation of the pile is much
greater than the permissible value due to the seepage. Especially, the strength of the
DSM pile is affected directly by the distribution of Sc. Thus, the seepage problem needs
to be emphasized in actual projects.
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