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Non-linear mechanism and performance of clay-sand column system 

Mécanisme et comportement non-linéaire dans le système d'argile-colonne de sable

T.MatSUi, K.Oda & Y.Nabeshima -  Graduate School of Engineering, Osaka University, Osaka, Japan

ABSTRACT: A series o f model consolidation tests and their numerical simulations were carried out, in order to elucidate the mecha
nism and performance of clay-sand column system. The availability o f the numerical simulations was quantitatively confirmed through 
the comparison between analytical and experimental results. Both mechanical behaviors of sands and clays in clay-sand column 
system were elucidated, based on the numerical simulations. Also, the mechanical interaction between sands and clays was discussed. 
Finally, another series o f numerical simulations was carried out, in which both replacem ent area ratio and applied pressure were 
chosen as variable parameters. Their effects on stress sharing ratio and settlement reduction factor were discussed, from the viewpoint 
of mechanical non-linearity o f sands and clays.

RÉSUMÉ: Une série des essais-modèles de consolidation et leurs simulations numériques ont été exécutées, afin d ’elucider le mécanisme 
et comportement du système d ’argile-colonne de sable. L’applicabilié de la simulations numérique a été confirmée quantitativement 
par rapport entre les résultats analytiques et expérimentais. Les comportem ents mécaniques des sables et argiles dans le système 
d’argile-colonne de sable ont été élucidés tiré des simulations numériques. Aussi, l’interaction mécanique entre des sables et argiles a 
été discutée. Finalement, une autre série des simulations numériques ont été exécutée, dans que la proportion d ’aire remplacée et la 
pression appliquée ont été choisies comme paramètres variables. Leurs effets sur la proportion des contraintes partagées et le facteur 
de réduction de tassement ont été discutés du point de vue de la caractéristique non-linéaire mécanique des sables et argiles.

1 INTRODUCTION

In such sand pile method as sand drain (SD) method and sand 
compaction pile (SCP) method, a clay-sand colum n system is 
formed by installing sand piles into the ground. This system is 
very effective for reducing the settlement, improving the bearing 
capacity and shortening the consolidation time. Therefore, the 
sand pile method is one of the most popular techniques for im
proving soft clay grounds. Generally speaking, sand piles in SD 
method are mainly used as drainage paths, while those in SCP 
method have both roles as drainage paths and clay-sand column 
interaction.

As for the replacement area ratio, SD of about 5% and SCP of 20 
to 30% or about 70% have been used so far. Therefore, clay-sand 
column system is formed both in SD and SCP, although their re
placement area ratios are different. However, mechanism and per
formance of clay-sand column systems through SD to SCP have never 
been discussed systematically so far. Also, SCP method that has clay- 
sand column interaction effect has been developed based on empiri
cal procedure. Therefore, mechanism and performance of clay-sand 
column systems are not enough elucidated yet.

In this paper, the authors try to systematically elucidate non
linear mechanism and performance of clay-sand column systems 
from the viewpoint of mechanical interaction between sand piles 
and clays. Also, characteristics o f stress sharing and settlement 
reduction in clay-sand column system are discussed.

2 MODEL TESTS OF CLAY-SAND COLUMN SYSTEM

Figure 1 shows schem atic illustrations of model consolidation 
tests on clay-sand column system (Oda and Matsui, 1999). In the 
model tests, a model ground formed in a cylindrical container 
(D280mmxH625mm) has a single sand pile located at the center 
of the ground. The Yodo R iver sands (G s=2.64, emix=0.87, 
emi„=0-58) are used for the sand pile, which has high permeability 
enough to work as drainage paths. Also, the clays used in model 
tests have high plasticity (Gs=2.62, wI=82.6%, wp=28.6%) and 
high compressibility (C c= 0 .87). The model ground is prepared

through the following procedures. Firstly, the clays are mixed in 
the water content o f twice the liquid limit, and are reconstituted 
under a consolidation pressure o f 9.8 kPa in the container. After 
reconstitution, a hole for sand pile is carefully excavated at the 
center of clays. Then, sands are installed in the hole. Finally, the 
model ground is reconsolidated under the consolidation pressure 
o f 9.8 kPa again. After completing the model ground, the void 
ratio o f sand pile is about 0.52 and its relative density is 52%. 
Also, the void ratio o f clays is 2.72.

A surcharge load, which is generated by a pneumatic cylinder, 
is applied to the model ground through a rigid loading plate, which 
has a large num ber of small holes so that the drainage can be 
done from the top boundary of clays, as well as the radial bound
ary adjacent to sand pile. Also, the model ground has a sand mat 
for drainage at the bottom. Consequently, drainage from the clays 
can be carried out not only through the sand pile but also through 
both the top and bottom of clays. The consolidation behavior of
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Figure 1. Schematic illustrations o f model consolidation tests.
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model ground, therefore, must be symmetric to the mid-depth of 
model ground.

Table 1 shows test cases and conditions in the model tests. In 
each series, the applied loads and settlements of model ground are 
measured. Also, earth pressure and pore pressure gauges are set up at 
several positions in both sand pile and clay ground to measure verti
cal earth pressures and excess pore pressures, respectively. The posi
tions of pressure gauges are almost symmetric to the mid-depth of 
model ground, as shown in Fig. 1

3 NUMERICAL SIMULATION OF MODEL TESTS

In the numerical simulation, a soil/water coupled finite element 
method with return mapping technique (Matsui, et al, 1996) is ap
plied. The analytical cases correspond to the test cases.

Figure 2 shows the applied analytical model. The mechanical 
behavior of clays is represented by an elasto-viscoplastic model, 
which is proposed by M atsui and Abe (1985). This model can 
represent the time-dependent mechanical behavior o f anisotropi- 
cally consolidated clays. The mechanical behavior o f sands is 
represented by an elasto-plastic model by Drucker and Prager. 
The non-associated flow rule is applied to this model, so that it 
can express both positive and negative dilatancy effects. The ap
plicability of both constitutive models could be comfirmed through 
a series o f mechanical tests, such as triaxial tests and oedometer 
tests. The details o f numerical simulations can be referred to the 
previous paper (Oda and Matsui, 1999).

Table 1. Test cases and conditions.

Series Case a,, Dw, H Ap

As-N

As-N-A

H=380 mm

11.8 kPa

As-N-B 29.4 kPa

As-N-C 58.8 kPa
As-N-D 98.0 kPa
As-N-E 166.6 kPa

As-05
As-05-A a=5% 

Dw=62 mm 
H=379 mm

29.4 kPa
As-05-B 58.8 kPa
As-05-C 88.2 kPa

As-10
As-10-A a =10% 

Dw=88 mm 
H=377 mm

29.4 kPa
As-10-B 58.8 kPa
As-10-C 88.2 kPa

As-25
As-25-A a,=25%

D =140 mm 
H=394 mm

11.8 kPa
As-25-B 29.4 kPa
As-25-C 58.8 kPa
As-25-D 98.0 kPa

as: Replacement area ratio 
Dw: Diameter o f sand pile 
H: Height o f  model ground

Ap: Increment o f applied pressure from pre-consolidation pressure

4 VERIFICATION OF NUMERICAL SIMULATIONS

Figure 3 shows the variation of settlements o f model ground with 
increment o f applied pressures from pre-consolidation pressure, 
Ap. These curves are nonlinear. Also, the higher the replacement 
area ratio, the smaller the settlement o f model ground.

Figures 4 and 5 show the variations of incremental vertical 
pressures in sands and clays, Aosz and Aacz, with Ap, respec
tively. Both Aosz and A a ^  increase almost proportionally with 
Ap in each case. The lower the replacement area ratio, the higher 
both the Aosz and the Aoc/ .

The agreement between analytical and experimental results is 
excellent in Figs. 3 ,4  and 5. Also, the applicability of the consti
tutive models for sands and clays used in the simulations has been 
already confirmed. Consequently, the applied numerical simula
tion can precisely reproduce not only the settlement behavior of 
model ground but also the mechanical behavior of sands and clays 
within model ground.
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5 NONLINEAR MECHANISM AND PERFORMANCE OF 

CLAY-SAND COLUMN SYSTEM

5. 1 Another series of numerical simulations

The test condition, especially Ap, is not the same in each series of 
model tests, as shown in Table 1. Also, the variation of as in model 
tests is not enough to elucidate the mechanism and performance 
of clay-sand column systems through SD to SCP. Therefore, an
other series o f numerical simulations are carried out, in which 
both as and Ap are chosen as variable parameters. Table 2 shows 
their values in the numerical sim ulations, that is, 63 cases are 
analyzed.

5. 2 Mechanical behavior of sands

Figure 6  shows the effective stress paths of sands (element A in 
Fig. 2) in case where Ap is 58.8kPa. The mean effective stress p’ 
significantly increases during applying surcharge pressures in each 
case. Each stress path sharply turns just after the end of loading, 
and then the deviator stress, q, significantly increases until sands 
reach the failure state. A fter that, each stress path moves on the 
failure line with increasing both p’ and q until the end of consoli
dation.

Figure 7 shows the relationship between q and shear strain, y, 
of sands (element A in Fig. 2) in case where Ap is 58.8kPa. The 
sands behave elastically, followed by very small 7  until they reach 
the failure state. The lower the as, the greater the q at the failure 
state. The extremely increasing of q just after the end of loading 
must be caused by the stress concentration due to the difference

Table 2. Variable parameters and their values in numerical simulations.

as (%) Non,05,10,15,20,25,30,40,50 (9 patterns)

Ap (kPa) 19.6,29.4,39.2,58.8,78.4,88.2,117.6 (7 patterns)

250

O : Initial state 
□  : End o f  loading 

■  : Failure o f  sand pile 

•  : End o f  consolidation  
-----1-------------1-------------

0 50 100 150 200 

Mean effective stress p' (kPa) 
Figure 6 . Stress paths of sands (Ap=58.8kPa).

between stiffnesses of sands and clays. The increasing ratio of q 
to y remarkably decreases after sands reached the failure state. 
The lower the as, the lower the increasing ratio.

Consequently, the nonlinear mechanical behavior of sands must 
be governed by shear failure.

5. 3 Mechanical behavior of clays

Figure 8 shows both the total and effective stress paths o f clays 
(element B in Fig. 2) in case where Ap is 58.8kPa. In Fig.8 , t |ko 
denotes stress ratio at Ko state. The drainage of pore water from 
clays will not occur during applying surcharge pressures, so that 
an excess pore pressure equal to Ap is generated. Therefore, the 
mean total stress, p, significantly increases with little change of 
both p’ and q in each case. Then, p decreases with little change of 
both p ’ and q until sands reach the failure state. The higher the as, 
the smaller the p becomes. After that, the effective stress paths 
move on T|K0-line with increasing of both p ’ and q. W hile, the 
total stress paths move toward T|K0-line. Both paths meet on t |k0- 
line at the end of consolidation.

Figure 9 shows the relationship between volumetric strain, v, 
and p ’ of clays (element B in Fig. 2) in case where Ap is 58.8kPa. 
The v does not occur until sands reach the failure state in each 
case. All v-p’ curves are coincident with that in case of no im
provement.

Consequently, the mechanical behavior of clays must be gov
erned by characteristics o f nonlinear volumetric compressibility.

5. 4 Mechanical interaction between sands and clays

After the end of loading, the increasing of effective stresses due 
to the dissipation of excess pore pressures occurs not in clays but
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in sands because of the effect o f stress concentration. The sands 

reach the failure state because the shear stresses acting on sands 

significantly increase. The bearing mechanism o f sands is dete

riorated, so that the increasing of the effective stress occurs not 

only in sands but also in clays. Also, This transformation of stress 

sharing mechanism between sands and clays occurs at the early 

stage of consolidation with little settlement of the model ground. 

Therefore, the consolidation behavior o f clay-sand column sys
tem must be a result o f mechanical interaction between nonlinear 
shearing characteristics due to shear failure of sands and nonlin
ear volumetric compressibility o f clays.

6 CHARACTERISTICS OF STRESS SHARING AND 
SETTLEMENT REDUCTION

Figure 10 shows the relationship between stress sharing ratio, n, 
and as, in which n is defined in Eq. (1).

» .» A o U /A o U  ( 1)

where Ao^m and m are average values of incremental verti
cal pressures from their initials in sands and clays, respectively. 
Assuming that clay-sand column systems settle one-dimension- 
ally and that both sands and clays behave elastically, n implies to 
be the ratio o f stiffness o f sands to that o f clays. As shown in 
Figs. 7 and 9, the higher the as, the higher the apparent shearing 
modulus of sands, Gs, while the low er the apparent volumetic 
compression modulus, Kc. Therefore, n increases with increas
ing as . Also, the smaller the Ap, the higher the increasing ratio of 
n to as.

Figure 11 shows the relationship between settlem ent reduc
tion factor, p, and as, in which P is defined in Eq. (2).

P = St/S 0 (2)

where S, and S0 are settlements of clay-sand column system and 
ground without improvement, respectively. The P decreases with
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increasing as. Based on the above-m entioned assumptions, p is 
given in Eq. (3).

P = l / ( n a s + l - a s) (3)

The curves obtained by Eq. (3) are also shown in Fig. 11. In the 
practical desgin, the value of n has been usually assumed as 3 to 
5, regardless o f the value of as. The P calculated from Eq. (3) 
might be more over-estimated in case o f higher as. It is required 
to consider the variation of n with as, in order to resonably esti
mate the value of P through Eq. (3).

Figure 12 shows the relationship between P and n. A unique 
relationship exits between P and n. Consequently, n may be re
garded as one o f the most important parameters which can repre
sent mechanical interaction between nonlinear behaviors o f sands 
and clays.

7 CONCLUSIONS

In this paper, the nonlinear consolidation mechanism and perfor
m ance of clay-sand colum n system s were discussed, through 
model tests and numerical simulations. Also, characteristcs of 
both stress sharing and settlement reduction were elucidated. Main 
contusions are summarized as follows :

1. The mechanical behavior of sands in clay-sand column system 
is governed by shear failure, while that of clays by nonlinear volu
metric compressibility. The consolidation behavior of clay-sand 
column systems is governed by their interaction.
2. The stress sharing ratio between sands and clays increases with 
increasing the replacement area ratio, while the settlement reduc
tion factor decreases.
3. A unique relationship exits between settlement reduction fac
tor and stress shearing ratio.
4. The stress sharing ratio implies to be the ratio o f apparent stiff
ness o f sands to that of clays. The stress sharing ratio is regarded 
as one of the most important parameters which can represent me
chanical interaction between nonlinear behaviors o f sands and 
clays.
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