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Experimental study on the one-dimensional nonlinear consolidation and seepage
of saturated clay considering stress history under ramp loading

ZHANG Le, DANG Fa-ning, GAO Jun, DING Jiu-long
State Key Laboratory of Eco-hydraulics in Northwest Arid Region, Xi’an University of Technology, Xi'an, Shaanxi 710048, China

Abstract: To study the permeability of saturated clays with different stress histories under ramp loading, the one-dimensional
consolidation and seepage tests are carried out using modified GDS triaxial apparatus, and the change of the permeability coefficient
of remolded silty clay in Luochuan, Shaanxi Province is studied. The results show that permeability coefficients of normally and
over-consolidated saturated clays decrease nonlinearly with the increase of the consolidation stress, and the void ratios of these two
soils are consistent with the trend of change of the permeability coefficients with the consolidation stress. The compressibility and
permeability of soil in the overconsolidated state are much smaller than that in the normally consolidated state. The permeability
coefficient and void ratio decrease with the increase of the osmotic pressure difference under a constant consolidation stress. Finally,
the measured values are compared with the permeability coefficients calculated by the modified Darcy permeability coefficient
formula, modified Kozeny-Carman formula, Stokes porosity permeability coefficient formula and degree of consolidation and
seepage formula in Ref. [12]. The results reveal that the permeability coefficients calculated using the modified Kozeny-Carman
formula are in good agreement with the measured values. Therefore, the modified Kozeny-Carman formula is recommended to
predict the permeability coefficient of Luochuan saturated clay.

Keywords: ramp loading; normally consolidated saturated clay; overconsolidated saturated clay; permeability coefficient; void ratio;

nonlinear consolidation and seepage

1 Introduction have revised the basic hypothesis of Terzaghi. Davis
et al.”! noticed that the compressibility and permeability
coefficient changed nonlinearly with the effective stress,

and thus obtained the analytical solution of the one-

With the continuous and rapid development of China’s
national economy, many sections of the expressway have
to be built on soft foundations (saturated clay). There are
more and more pavement disasters caused by settlement.
Therefore, being able to predict the subsequent load
induced settlement on the soft foundation accurately
becomes an important and urgent issue. As early as
1925, Terzaghi established the theory of unidirectional
consolidation theory of saturated soils and obtained
mathematical solutions for certain initial and boundary

dimensional nonlinear consolidation equation. Based
on Davis’s findings, Xie et al.l*! proposed an analytical
solution for one-dimensional nonlinear consolidation
of double-layered soils. Xia et al.l¥l and Hu et al.l’!
assumed that the compressibility and seepage of the
soil during the consolidation process were proportional
to the change and deduced an analytical solution to

conditions. This law is still widely used. In Terzaghi's
consolidation theory, it is first assumed that the con-
solidation coefficient Cy of the soil is constant, but in
fact, when calculating the consolidation coefficient C,,
the permeability coefficient &, void ratio e, and compression
coefficient ay will all vary with the change of stress.
Furthermore, Terzaghi also assumed that an external
load was applied to the soil instantaneously. However,
in practical engineering projects, the external load is
often linear or cyclic load, etc. [!!

Over the years, the one-dimensional consolidation
theory has also made great progress, and many scholars

Received: 16 August 2020 Revised: 29 September 2020

one-dimensional nonlinear consolidation of saturated
soft soil layered foundations. Li et al.l! assumed that
both the compressibility and permeability coefficients
changed and established a one-dimensional nonlinear
consolidation equation of clay during linear loading.
Shi et al.l”! studied the consolidation and deformation
laws of soft soil foundation under linear unloading by
using the method of Terzaghi's one-dimensional con-
solidation theory and effective stress principle. Lee et al.*!
proposed a more explicit analytical solution for the
one-dimensional consolidation of layered soils based
on findings from Schiffman et al.’!. They also pointed
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out that the influence of soil permeability coefficient
and volume compressibility coefficient on consolidation
was different, and the changes of the two could not be
reflected in the consolidation coefficient of soil. Sun
et al.l'% considered the consolidation coefficient as a
variable and improved the Baron's consolidation theory
on this basis. In addition, some scholars have also taken
into account the influence of stress history on the seepage
of one-dimensional consolidation of soil!' ") and proposed
a one-dimensional nonlinear consolidation equation
that considers the stress history. In order to study the
change law of permeability coefficient and compressibility
coefficient in the process of one-dimensional consolidation
and seepage, some scholars have conducted laboratory
experiments on soft clay. Zou et al.'®! conducted experi-
ments on the change law of soil permeability coefficient
under different head pressures and found that the permea-
bility coefficient of soft soil decreases with the decrease of
the void ratio. Qi'"” conducted a one-dimensional
consolidation and seepage test of over-consolidated
soil on Xiaoshan clay, and the results showed that the
compressibility and seepage of over-consolidated soil
change nonlinearly with the consolidation pressure
during the consolidation process.

Table 1 Physical properties of intact 0 loess

Although there have been a lot of theoretical studies
on one-dimensional nonlinear consolidation seepage,
most of them assume that the consolidation coefficient
is constant or that the permeability coefficient has nothing
to do with the hydraulic gradient, and there are few
systematic laboratory tests to study the one-dimensional
consolidation and seepage theory of saturated clay under
different initial consolidation states. In view of this,
this paper uses the GDS triaxial apparatus to carry out
a series of one-dimensional consolidation permeability
tests on the Luochuan loess (silty clay) in Shaanxi under
linear loading conditions, considering the stress history.
The nonlinear seepage laws of silty clay under different
consolidation stresses and multiple sets of water heads
were studied. On this basis, the applicability of the
permeability coefficient prediction formula proposed
in literature [12] considering the influence of the initial
consolidation state is verified.

2 Test plan and method

2.1 Sample preparation

The test soil is Q3 loess from Luochuan, Shaanxi,
with a depth of 7-8 m. The physical properties of the
intact loess are provided in Table 1.

Particle size distribution /%

Specific gravity Water content Dry density Liquid limit Plastic limit
Gs wi% pul( g+ cm) w /% we 1% >0.075 mm 0.075-0.005mm  <0.005 mm
2.70 13.3 1.34 284 19.2 4 73 23

The soil samples used in this paper are all saturated
remolded soil samples. The preparation process is as
follows:

(1) After crushing the air-dried soil, pass it through
a 2 mm sieve, and measure its air-dried water content
after it is fully mixed. Then the soil is prepared to a
water content that can be used in the sample preparation
process, and the water content of the sample in this
paper is 11.6%. Put the prepared soil in a plastic bag
and seal it for 24 hours.

(2) Measure the water content of the prepared soil
sample and calculate the mass of the soil required for
sample preparation. The sample diameter is 3.91 cm and
the height is 8 cm. This article adopts the compaction
method for sample preparation. When preparing the
sample, the sample is evenly divided into 5 layers. In
order to make better contact between the sample layers,
the contact surface is roughened before each compaction.
Press the sample 5 times continuously to reach the
target dry density. According to the e-lgp curve, the
preconsolidation pressure o of Luochuan silty clay is

https://rocksoilmech.researchcommons.org/journal/vol42/iss4/5
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115 kPa, and it is considered that the soil is in a normal
consolidation state at this time. As a result, the reshaped
soil sample is consolidated under a pressure of 115 kPa.
After the consolidation is stable, the sample is considered
to be in a normally consolidated state.
2.2 Test apparatus

The test instrument is a GDS triaxial instrument
made in the UK, as shown in Fig. 1. The GDS triaxial
instrument can not only perform traditional consolidation
tests, but also conduct seepage tests under the condition
of keeping the consolidation stress constant, and directly
determine the permeability coefficient when consolidation
is completed under each level of load. Thereby, the defects
of the existing test instruments in the consolidation and
seepage test are solved. In order to carry out consolidation
and seepage tests on saturated remolded soil samples,
the GDS triaxial apparatus was modified. By redesigning
and processing a set of saturated soil base and dual-
channel sample cap, the connection between the back-
pressure controller and the base of the sample and the
sample cap is achieved. This ensures that the upper and
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lower ends of the sample are saturated and consolidated.
Water drained is merged into the back pressure controller,
which can accurately measure the volumetric change
of the test sample.

Fig.1 GDS triaxial apparatus

2.3 Test plan and method

In order to study the one-dimensional consolidation
and seepage law of saturated clay considering the initial
consolidation state, one-dimensional consolidation seepage
tests were conducted. In order to increase the degree
of saturation of the sample, before loading the sample,
the sample was vacuum-saturated first, and then the
GDS was used for back pressure saturation. When the
back pressure was exerted to saturate sample, the back
pressure and confining pressure were applied on the
sample simultaneously, and the back pressure always
was kept to be 2—5 kPa lower than the confining pressure
(in this test, the back pressure was set to be 5 kPa lower
than the confining pressure). The purpose of this is to
prevent the sample from swelling. When the ratio of
the increase in pore water pressure to the increase in
confining pressure was greater than 0.98, the sample
was regarded as to be saturated. After the sample was
saturated, the GDS advanced loading module was
utilized to perform consolidation tests on the normal
consolidated soil at 140, 165, 190, and 215 kPa, and
perform consolidation tests on the overconsolidated
soil at 25, 50, 75 and 100 kPa. Figure 2 is a schematic
diagram of multi-stage ramp loading. In the figure,
tj1—t4 represent the time required to reach each level of
load. In this paper, #i= tp= f3=tjs =30 min, and t—#
represent the total duration of each level of consolidation
stress. This article sets #;=t,=t3=t4=24 h. After the com-
pletion of each group of consolidation tests, keeping
the consolidation stress constant, a seepage test was
conducted under multi-level heads, and the seepage
time of each level was 1 h. Each sample under the
initial consolidation state was subjected to 3 sets of

Published by Rock and Soil Mechanics, 2021

parallel tests, and a total of 9 sets of tests were carried
out. The specific test plan is shown in Table 2 using
normal consolidated soil as an example.

25 pmmmmmmmmmmmmmm oo

L e e —

165 F—=—=-—- e i et

140 |- NP A AU S S N

Consolidation pressure /kPa

(== = = = >

L4l [ t3 tia Time
4 2] 3 ty

Fig.2 Schematic diagram of multi-stage ramp loading

Table 2 One-dimensional consolidation and seepage joint
test program

Confining  Back Base

Procedure  Test type pressure pressure pressure Remarks
/kPa /kPa /kPa

o Consolidation

1 Consolidation 140 0 stress 140 kPa
Osmotic pressure
2 Seepage 140 20 0 difference 20 kPa
Osmotic pressure
3 Seepage 140 40 0 difference 40 kPa
Osmotic pressure
4 Seepage 140 60 0 difference 60 kPa

o Consolidation

5 Consolidation 165 0 - stress 165 kPa
Osmotic pressure
6 Seepage 165 20 0 difference 20 kPa
Osmotic pressure
7 Seepage 165 40 0 difference 40 kPa
Osmotic pressure
8 Seepage 165 60 0 difference 60 kPa
Osmotic pressure
9 Seepage 165 80 0 difference 80 kPa

Consolidation

10 Consolidation 190 0 - stress 190 kPa
Osmotic pressure
11 Seepage 190 20 0 difference 20 kPa
Osmotic pressure
12 Seepage 190 40 0 difference 40 kPa
Osmotic pressure
13 Seepage 190 60 0 difference 60 kPa
Osmotic pressure
14 Seepage 190 30 0 difference 80 kPa
Consolidation
15 Consolidation 215 0 - stress 215 kPa
Osmotic pressure
16 Seepage 215 20 0 difference 20 kPa
Osmotic pressure
17 Seepage 215 40 0 difference 40 kPa
Osmotic pressure
18 Seepage 215 60 0 difference 60 kPa
Osmotic pressure
19 Seepage 215 80 0 difference 80 kPa
Osmotic pressure
20 Seepage 215 100 0 difference
100 kPa

In the consolidation phase, the consolidation stress
of 140 kPa was taken as an example to test. Open the
upper and lower back pressure valves that communicate



Rock and Soil Mechanics, Vol. 42 [2021], Iss. 4, Art. 5

ZHANG Le et al./ Rock and Soil Mechanics, 2021, 42(4):1078—1087 1081

with the back pressure, and close the lower valve that
communicates with the outside world. The confining
pressure was set to 140 kPa and the back pressure was
set to 0 kPa, respectively, and the consolidation test
was carried out for 24 hours. When the pore pressure
dissipated completely, the axial deformation was basically
unchanged, and the volumetric deformation remained
stable, the consolidation was considered complete.

In the seepage stage, take the first stage (consolidation
stress of 140 kPa) as an example. Close the lower back
pressure valve that communicates with the back pressure,
open the lower interface that communicates with the
outside world and the back pressure upper valve that
communicates with the back pressure, and thus form a
seepage path from top to bottom using the head difference
caused by the difference between the back pressure and
base pressure. Under the condition that the consolidation
stress is kept constant at 140 kPa, the osmotic pressure
difference is set to 20, 40, and 60 kPa for infiltration,
respectively. The selection of osmotic pressure difference
refers to [19]. Figure 3 shows how the confining pressure,
back pressure and bottom pressure of the consolidation
and seepage test are applied.

_I\/—> Load sensor
Confining % Upper back
8 pressure g pressure %
Cover
1] [
11 1] 1
- Internal pressure chamber
Bolted Yy
connection } » Sample cap
N
S~

Porous stone

Direction of
water flow

N

Bolted connection
Pedestal

'

ower bjc!

‘H/ Pressure

L
—®—> Outflow
C Base pressure

Pore pressure sensor

External pressure
chamber

Fig.3 Schematic diagram of pressure application for
consolidation and seepage tests

3 Analysis and verification of test results

3.1 Normally consolidated soil
3.1.1 Relationship between £, e and o

Since underconsolidated soils are essentially normally
consolidated soils (NC soils), this paper only uses normally
consolidated and overconsolidated clays (OC clays) to
explore the influence of stress history on the seepage
of saturated clays.

https://rocksoilmech.researchcommons.org/journal/vol42/iss4/5
DOI: 10.16285/j.rsm.2020.6227

Under the condition of keeping the consolidation
stress o constant, the permeability coefficient £ of
normally consolidated clay at each level of osmotic
pressure difference is measured, as listed in Table 3.

Table 3 Measured values of permeability coefficient of
normally consolidated clay under various
consolidation pressures

Consolidation Osmotic pressure Pel'mf;a]?llltty Average l;;r{neftiblhty
tress /kPa difference /kPa coethicien cocetlicien
i /(105em+s) /10 cm-s™)

20 0.96

140 40 0.83 0.86
60 0.78
20 0.85
40 0.74

165 0.74
60 0.70
80 0.66
20 0.64
40 0.56

195 0.56
60 0.54
80 0.51
20 0.57
40 0.50

215 60 0.48 0.49
80 0.46
100 0.45

According to Table 3, the relationships of permeability
coefficient £ and void ratio e with the change of
consolidation stress are plotted in Fig. 4 and Fig. 5,
respectively. As seen from Fig. 4, the permeability
coefficient £ shows a nonlinear descending trend with
the increase of consolidation stress o. Before the
consolidation stress reaches 165 kPa, the permeability
coefficient decreases faster, and then the permeability
coefficient decreases slowly and gradually stabilizes.
According to Fig. 5, it can be observed that the void
ratio e decreases with the increase of the consolidation
stress. When the consolidation stress is relatively small,
the reduction rate in the void ratio is larger, and with
the increase of the consolidation stress, the reduction
rate gradually decreases and tends to be gentle. By
linearly fitting the e-lg o curve, the compressibility
index of the sample C.=0.88 can be obtained. Due to
space limitations, the e-lg o fitting curve will not be
shown in detail here.

Comparing Fig. 4 and Fig. 5, it is found that the
trends of variation in permeability coefficient & and
void ratio e with the consolidation stress o are basically
the same, because the permeability coefficient is mainly
affected by the void ratio.
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25
o.=115 kPa
20

s

1.0

k /(107 ¢cm *

0.0 1 1 1 1 J
0 50 100 150 200 250

o /kPa

Fig.4 Curve of permeability coefficient changing with
consolidation stress for normally consolidated clay

1.02 ¢
[

1.00

o.=115kPa
0.98

0.96

Void ratio e

0.94

0.92

0.90 1 1 1 1 ]
0 50 100 150 200 250

Consolidation stress o/kPa

Fig.5 Curve of void ratio changing with consolidation
stress for normally consolidated clay

3.1.2 Relationship between k and e and osmotic pressure
difference

To examine the influence of osmotic pressure difference
(hydraulic gradient) on the seepage of NC clay, curves
of permeability coefficient & and void ratio e changing
with osmotic pressure difference are depicted according
to data in Table 2 and they are displayed in Figs. 6 and 7.
As seen from figures, under different osmotic pressure
differences with a certain consolidation stress, the per-
meability coefficient and void ratio both show a decreasing
trend with the increase of osmotic pressure difference.
Song et al.’ also studied the influence of hydraulic
gradient on the seepage of clay, and got the same
conclusion as this paper, that is, the void ratio and
permeability coefficient both decrease with the increase
of hydraulic gradient. This is because the increase in
osmotic pressure difference causes the hydraulic gradient
to gradually increase, resulting in a decreasing trend of
the void ratio of the sample. This is what Li*!! said,
under the action of osmotic pressure difference, seepage
is formed inside the soil; the seepage force acts on the
particles in the soil framework cause the soil to compress,
which leads to a decrease in the coefficient of permeability

Published by Rock and Soil Mechanics, 2021

of the soil. In addition, the reduction range of both
decreases with the increase of consolidation stress.

22 ¢ —a— o=0kPa
o -#- o=140kPa
o=165kPa
18k o=190 kPa
L‘-\ | - 0=215kPa
= 14
o
T 12 F
=
= s
08 I' T .
0.6T .....
NS S bbb b SUShiiits SN
0.4 : ' " : :
20 40 60 80 100 120

Osmotic pressure difference /kPa

Fig.6 Curves of permeability coefficient £ changing with
osmotic pressure difference for NC clay

1.02
100 —=— o=0kPa
-e- o=140kPa
0.98 | o=165kPa
2 o0=190 kPa
£ 096k -#- og=215kPa
5
3
> 094 |
092
p-----ee- @------ee- L]
090? """"" h dlellelelelel ¢t i delalulelelellels hd 1l
20 40 60 80 100 120

Osmotic pressure difference /kPa

Fig.7 Curves of void ratio ¢ changing with osmotic
pressure difference for NC clay

3.1.3 Relationship between k and e

From the test results in Table 3, the values of perme-
ability coefficient k are plotted against the void ratio e
for different consolidation stresses, as shown in Fig. 8.

30

25

. S‘l)

k /(1073 cm
=

0.5 R

0.0 . . . . . )
090 092 094 09 098 1.00 1.02

e

Fig.8 Curve of permeability coefficient k£ changing with
void ratio e for NC clay

Figure 8 shows that the void ratio e has a great
influence on the permeability coefficient k. The perme-
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ability coefficient & decreases correspondingly from 30
0.856x107° cm/s to 0.493x107° cm/s as the void ratio e
of the sample decreases from 1.015 to 0.903. After 23
investigating the reason, the author believes that the T 50
soil sample is compressed during the consolidation stage, =
and the soil becomes denser, which leads to a decrease ”: 15
in the void ratio e of the soil. Therefore, the corresponding ;Z
permeability coefficient is also decreasing. The permeability 1.0
coefficient £ changes nonlinearly with the change of
the void ratio e. ® 0 10 20 30 40 30 60 70 50 90 100 110

3.2 Overconsolidated soil
3.2.1 Relationship between £, e and &

Under the condition of keeping the consolidation
stress o constant, the measurements of permeability
coefficient k£ of overconsolidated clay at each level of
osmotic pressure difference are listed in Table 4.

Table 4 Measured values of permeability coefficient of

overconsolidated clay under various consolidation pressures
Permeability ~ Average permeability

Consolidation Osmotic pressure

. coefficient coefficient
pressure /kPa  difference /kPa /1075 em » 1) /(10°5 em » 1)

5 1.72

2 1.51

> 10 1.29 >

10 1.22

50 20 1.06 1.14
10 1.18

75 20 103 1.10
20 0.91

100 0.85
40 0.80

According to data in Table 4, the relationships of £,
e and o with consolidation stress are depicted in Figs.
9 and 10.

It can be seen from Fig. 9 that the permeability
coefficient k£ of the overconsolidated saturated clay
decreases with the increase of the consolidation stress
o and shows an obvious non-linear trend. When
o <50 kPa, the permeability coefficient decreases
faster, and then gradually slows down. The range of
the corresponding permeability coefficient £ under the
action of consolidation stress ranges from 1.51x107 to
0.85x107° cm/s. Comparing Fig. 4 and Fig. 9, it can be
seen that the permeability coefficient £ of normally
consolidated and overconsolidated saturated clays
varies similar as subjected to the consolidation stress.

From Fig. 10, it is observed that the void ratio e of
overconsolidated saturated clay decreases with the increase
of consolidation pressure o . This represents that after
the soil is subjected to consolidation stress, the volume
of pores in the soil compressed gradually with the drainage
of the pore water.

https://rocksoilmech.researchcommons.org/journal/vol42/iss4/5
DOI: 10.16285/j.rsm.2020.6227

o /kPa

Fig.9 Curve of permeability coefficient changing with
consolidation stress for OC clay

0.92 1 1 1 1 1 1 1 1 1 1 J
0 10 20 30 40 50 60 70 80 90 100 110

o/kPa

Fig.10 Curve of void ratio changing with consolidation
stress for OC clay

3.2.2 Relationship between & and e and osmotic
pressure difference

Figures 11 and 12 show curves of permeability
coefficient £ and void ratio e of OC saturated clay changing
against osmotic pressure difference, respectively. It is
seen from Fig. 11 that as the osmotic pressure difference
increases, when the soil is not subjected to consolidation
pressure, the permeability coefficient & decreases faster.
As the consolidation stress increases, the magnitude of
decrease of permeability coefficient with an increase in
the osmotic pressure difference is significantly reduced.

30 —a— o=0kPa
-e- 0=25kPa
o=50 kPa
257 =75kPa
= - &=100 kPa
17}
= 20 F
(5]
P o
5 .
= 15} .
~= "
1.0
..
cve
0.5 1 1 1 1 1 1 1 1 J

0 5 10 15 20 25 30 35 40 45
Osmotic pressure difference /kPa
Fig. 11 Curves of permeability coefficient changing with
osmotic pressure difference for OC clay
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Lo2e . . decrease of the void ratio e, which is consistent with
Lol . o0k the trend of the permeability coefficient & of the NC clay
-e- o=25kPa changing with the void ratio e, and will not be repeated
008 L 7 kb here.
. "¢ o=100kPa 3.3 Influence of stress history
0.96 | 3.3.1 Relationships between £, e and o of NC and
OC clays
09T In order to investigate the influence of stress history
0.9 C S on the change of permeability coefficient k£ and void ratio
0 5 10 15 20 25 30 35 40 45 e with consolidation stress o in the process of one-

Osmotic pressure difference /kPa

Fig.12 Curves of void ratio changing with osmotic pressure
difference for OC clay

It can be seen from Fig.12 that the void ratio e decreases

slightly with the increase of the osmotic pressure difference.

Under the same osmotic pressure difference, a greater
consolidation stress leads to a smaller the void ratio.
The author believes that the osmotic pressure causes
the soil to compress, which in turn causes the soil void
ratio to decrease.

It can be seen from Figures 11 and 12 that the per-
meability coefficient k£ and void ratio e change with the
osmotic pressure difference in the same way. Both of
them decrease with the increase of osmotic pressure
difference. This further confirms the nonlinearity of
saturated clay in one-dimensional consolidation and
seepage.

3.2.3 Relationship between & and void ratio e

In order to analyze the relationship between the
permeability coefficient k& and the void ratio e of OC
clay in one-dimensional consolidation and seepage,
the e—k curve is drawn according to Table 4 as shown
in Fig. 13.

30
25 |
T.!I) 20 -
£
(5]
LT 15F =
=
1o}
0.5 , , , , ,

0.92 0.94 0.96 0.98 1.00 1.02

e

Fig.13 Curve of permeability coefficient £ changing with
void ratio e for OC clay

Figure 13 illustrates that the permeability coefficient
k changes nonlinearly with the change of the void ratio
e. The permeability coefficient k& decreases with the

Published by Rock and Soil Mechanics, 2021

dimensional consolidation and seepage of saturated
clay, this paper selects the same consolidation stress
increment to carry out one-dimensional consolidation-
seepage tests of normally-and over-consolidated clays.
According to Tables 3 and 4, the relationships of k—o
and e—o for NC and OC saturated clays are plotted as
shown in Figs. 14 and 15.

1.6
n

L4 F =115 kPa
~ 1 Overcongolidation stage
En . — Normally consolidation stage
5§ 10f
S i
<~ 08
=

0.6 |

\.
04 1 1 1 1 )
0 50 100 150 200 250

o /kPa

Fig.14 Curve of permeability coefficient of NC and OC
saturated clays changing with consolidation stress

0.935 r
[ ]
Overconsglidation stage { Normal consolidation stage
0.930 * -
\.
o:. =115 kPa
0.925 |
0.920
v
0915 |
0.910 |
0.905 |
0.900 . L 1 L !
0 50 100 150 200 250
o/kPa

Fig. 15 Curve of void ratio of NCand OC saturated clays
changing with consolidation stress

It can be seen from Figs. 14 and 15 that the over-
consolidation stage is before the preconsolidation stage
where preconsolidation pressure o, = 115 kPa, and the
normal consolidation stage is afterwards. The permeability
coefficient £ and void ratio e of NC saturated clay and
OC saturated clay decrease monotonously with the
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increase of consolidation stress. The permeability co-
efficients of normally NC and OC clays have a one-to-one
relationship with the void ratio, that is, the permeability
coefficient decreases as the void ratio decreases.
3.3.2 Relationship between & and void ratio e

Figure 16 shows the relationship between the per-
meability coefficient k£ and the void ratio e in the process
of one-dimensional consolidation and seepage of normally
consolidated and overconsolidated saturated clays.

Overconsolidation

1.6
[ ]
14 F
= 12¢F
i -—"
= Normal consolidation
5 10F
2 SR
= 08}
e
0.6 |
"
04 1 1 1 1 1 1 ]

0.900 0.905 0.910 0.915 0.920 0.925 0.930 0.935

e

Fig.16 Curve of permeability coefficients of NC and OC
saturated clays changing with void ratio

It is found that the & values of NC and OC saturated
clays in one-dimensional consolidation seepage decrease
nonlinearly with the decrease of values of e. The almost
straight line in the figure is because one-dimensional
consolidation and seepage tests were carried out on
NC and OC clays in this study. The void ratio of NC
saturated clay decreases from 1.014 to 0.904, with a
reduction of 10.85%. At the same time, the permeability
coefficient decreases from 0.856x107° cm/s to 0.493x
107 cm/s, with a reduction of 42.41%. The void ratio
of OC saturated clay decreases from 0.934 to 0.928,
with a reduction of 0.648%. Meanwhile, the permeability
coefficient decreases from 1.049x107> cm/s to 0.850x
107 cm/s, with a reduction of 43.33%. In summary,
the compressibility and seepage of the soil in the over-
consolidation stage are much smaller than those in the
normal consolidation stage. It can also be seen from
the figure that the stress history only affects the value
of the permeability coefficient but has no effect on the
relationship between the permeability coefficient and
the void ratio. The literature [22] also confirms that the
stress history has no effect on the relationship between
the permeability coefficient and the void ratio, which
is also shown in this research.

4 Model prediction

Usually in engineering practice, it is particularly
important to predict the permeability coefficient of

https://rocksoilmech.researchcommons.org/journal/vol42/iss4/5
DOI: 10.16285/j.rsm.2020.6227

saturated clay accurately and quickly. Section 3 points
out that the stress history has no effect on the relationship
between the permeability coefficient and the void ratio,
so this section only predicts the permeability coefficient
of normally consolidated saturated clay. This paper selects
the prediction formula for permeability coefficient con-
sidering the influence of the initial consolidation state,
Stokes pore flow permeability coefficient formula and
the degree of consolidation-seepage formula proposed
by literature [12] to predict the permeability coefficient
of Luochuan saturated clay in Shaanxi.

(1) When expressed by the permeability coefficient
prediction formula proposed in literature [12], we can
get

2
A
l+e [eO—CclgO-"; Gj
0
k=k, e20 = (D
0 l4e,—C1g20 2T
Oy
Ao )
l+e [eO_CClg(%ci(T]
0
k=k, e30 ey 2
0 l4e,—-C1g00TRT
Oy

where k&, and e, are the initial permeability coefficient
and initial void ratio of the soil, respectively.

Equations (1) and (2) are the permeability coefficient
prediction formulas of normally consolidated soil based
on the Darcy permeability coefficient formula and the
Kozeny-Caman permeability coefficient formula, res-
pectively.

(2) When expressed by the Stokes pore flow per-
meability coefficient formula, we can get

2
oo ke
8n7(1+e)

where R is the radius of the capillary tube (cm); 77 is the
dynamic viscosity coefficient of free water (g * s * cm 2);
7w, 18 the unit weight of free water; e is the void ratio
of the soil. Using the method proposed in literature [12],
in the process of soil compression, the basic physical

(3

parameters such as the dynamic viscosity coefficient of
water and the unit weight of free water are all constants,
and only the permeability coefficient and void ratio are
changing. Therefore, we can use the initial permeability
coefficient k, and the initial void ratio e, to represent
these constant physical parameters. Then formula (3)

becomes
R’ 1+

T sk (4)
n €

Substituting formula (4) into formula (3) gives the
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permeability coefficient of the soil:

k=, 1 (5)

e, lte

For a normally consolidated soil, assuming the
self-weight stress acting on the midpoint of the soil
layer is o, , the corresponding initial void ratio is ¢,
and the additional stress on this point is Ao, then the
actual stress is (o, + Ao ), and the corresponding void
ratio e is
o, +Ac

e=¢,—C,lg (6)

O
By substituting formula (6) into formula (5), the
permeability coefficient formula of normally consolidated
soil under one-dimensional consolidation and seepage
is obtained as

o, +Ac
I+e %-Cle o
k= k,— T @
“ 1te,-C lg2 "=
O

(3) When expressed using the degree of consolidation
and seepage formula, we have

k=Cy, 2 (8)
l+e

In the same way as the Stokes pore flow permeability
coefficient formula, the permeability coefficient formula
for one-dimensional consolidation and seepage of normally
consolidated soil can be obtained (see the following
formula), which will not be repeated here.
l+e,

o, +Ac 9

k =k,

I+e, - C,lg
o

According to the measured data and formulas (1),
(2), (7), and (9) of the one-dimensional consolidation
seepage test, the predicted value of the permeability
coefficient of the normally consolidated saturated clay
can be compared with the actual measured value as
shown in Fig. 17.

By observing Fig. 17, it is found that changes in
predicted values and measured values of the permeability
coefficients of the three samples with the consolidation
pressure are consistent. The measured values of per-
meability coefficient are in the order of 107—107°, while
the permeability coefficients calculated using the modified
Darcy permeability formula, Stokes pore flow permeability
formula, and degree of consolidation and seepage formula
are all in the order of 107°, which is quite different from
the measured value. The predicted value calculated using
the modified Kozeny-Carman permeability coefficient
formula proposed in literature [12] is closer to the actual
measured value. Therefore, it is more appropriate to use

Published by Rock and Soil Mechanics, 2021

the modified Kozeny-Carman permeability coefficient
formula to predict the permeability coefficient of saturated
clay in this paper.

-4#- Prediction formula (1)

-®- Prediction formula (2)
Prediction formula (7)
Prediction formula (9)
Measured values of sample 1

30 Measure values of sample 2
A Measured values of sample 3
25 F
T
2 20F
g .
v AN .“~.
S 15} .
= ..
< . ‘m
1.0 f \“.\\
"o
e
0.5 1 1 1 i J
0 50 100 150 200 250

o /kPa

Fig. 17 Curves of permeability coefficient of NC saturated
clay changing with consolidation stress

5 Conclusion

The improved GDS triaxial instrument was used to
conduct one-dimensional consolidation—seepage tests
on saturated clay samples under different stress histories.
Some conclusions are drawn as follows:

(1) The one-dimensional consolidation-seepage test
was used to determine the permeability coefficients of
normally consolidated and overconsolidated saturated
clays during the one-dimensional consolidation and seepage
process. The permeability coefficient and void ratio of
saturated clay under the two stress histories both decrease
with the increase of consolidation pressure.

(2) The compressibility and seepage of the soil in
the overconsolidated state are much smaller than those
in the normal consolidated state. The relationship between
the permeability coefficient and the void ratio has nothing
to do with the stress history. It shows that the permeability
coefficient of the same kind of soil is only related to
the void ratio.

(3) The modified Darcy permeability formula, the
modified Kozeny-Carman permeability coefficient formula,
the Stokes pore flow permeability coefficient formula
and the degree of consolidation and seepage formula
were used to calculate the permeability coefficient of
the saturated clay in Luochuan, Shaanxi. The results
show that the permeability coefficient calculated using
the modified Kozeny-Carman permeability coefficient
formula is in good agreement with the measurements.
Therefore, it is recommended to use the modified Kozeny-
Carman formula to predict the permeability coefficient
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of the Luochuan saturated clay in Shaanxi Province
during the one-dimensional consolidation seepage process.
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