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Abstract

The site formation for the construction of a new airport in a mountainous region is typically performed by cutting and
filling a hill section. The fill materials are subjected to seasonal changes and large variations in water content. The water
content change renders the fill material to be characterized as unsaturated or saturated. This study aims to investigate the
influence of matric suction on the time-dependent compression behavior of one local soil as a fill material for the
construction of a new runway of an airport in Chongqing city, a mountainous region in China. A series of unsaturated
drained triaxial tests were conducted on this coarse-grained soil to obtain the relationship between the effective stress
parameter, y, and the matric suction. Subsequently, multistaged compression tests were performed on this soil using a
newly designed suction-controlled oedometer apparatus. The influence of suction on the time-dependent compression
behavior of the fill material is emphasized. The results indicate that the matric suction can increase the compression
stiffness, and that the unloading-reloading index varies nonlinearly with suction. A linear relationship between the time-
dependent compression coefficient and normalized effective vertical loading is established. The linear relationship is
subsequently used to predict the time-dependent compression coefficient to describe the time-dependent behavior of the fill
under unsaturated conditions. Further, a nonlinear function based on the work of Yin (Géotechnique 49(5):699-707, 1999)
is adopted to describe the development of time-dependent compression. The results indicate that the prediction obtained
from the two newly proposed methods are promising, and can predict the nonlinear time-dependent compression behavior
of this coarse-grained soil.
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1 Introduction The majority of territorial areas in Mainland China (ap-

proximately 70%) are mountainous regions. The airport

In recent years, the Chinese aviation industry has pro-
gressed rapidly to cater to the demands of the fast move-
ment of people and goods. These demands require the
construction of new airports, particularly in hilly terrains.
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development in the mountainous areas of Mainland China
is of considerable strategic importance to the social and
economic establishments of the country. The construction
of an airfield in such terrain with highly variable elevation
involves large volumes of earth fills that form the high
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embankments. The maximum height of these embankments
can reach 100 m at some locations [62]. The large self-
weight of fill materials can cause excessive settlement of
the embankment in both the construction and post-con-
struction periods. For the environmental and financial
concerns, a balance between filling and cutting is often
preferred. Therefore, in many cases, local soils that might
exhibit poor engineering properties are often utilized as fill
materials, as it is a viable option. The fill materials typi-
cally contain large granular particles, and the water in the
pores can easily drain out, thereby resulting in a partially
saturated state of the soil. Owing to the seasonal variations
(such as precipitation and temperature), the soil water
content and settlement behavior of the embankments are
affected significantly.

The horizontal and vertical movements of a rockfill dam
are affected significantly by the first-time reservoir filling
and heavy rainfall [37, 38]. The investigation for examin-
ing the effect of matric suction on reconstituted soils
revealed that the preconsolidation stress (oyp) increases
with matric suction. Mountassir et al. [45] examined the
influence of compaction conditions, such as dry density and
initial water content, on the collapsible behavior of a flood
defense embankment soil. The results indicated that
regardless of the level of dry density, the specimens were
insensitive to the change in water content if the specimen is
compacted at the optimum or wet of optimum soil moisture
content. In contrast, the collapsible behavior of silty sand
[50] or lumpy soils [53, 57, 58] on wetting is prudent even
if the compaction of the specimen is achieved at the opti-
mum water content. Furthermore, the findings demonstrate
that the matric suction has a significant influence on the
compressibility, stiffness and shear strength parameters of
soil.

The compression of soils under a certain loading is
typically highly nonlinear with time. However, at the
microscopic level, the mechanisms of the time-dependent
compression of cohesive soils and cohesionless soils are
different. For cohesive soils, the primary influencing fac-
tors are the absorbed water system, viscosity, and physic-
ochemical properties of the clay—water system [33, 67].
However, for cohesionless soils, inter-particle slip, rota-
tion, crushing, or even fracturing and splitting lead to the
time-dependent compression [14, 15, 16, 24, 37]. Mesri
and Vardhanabhuti [43] stated that close packing of parti-
cles is a locking process, while slip and fracturing are
unlocking processes. These two processes alternate to
become more dominant or achieve a balance between each
other during the entire compression period.

Oldecop and Alonso [48] reported that the post-con-
struction settlement of rockfill dams might continue to
accumulate even after 10-30 years of service. The test
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results indicate that the ratio between the time-dependent
compression coefficient and the compression index
remained approximately constant at a value 0.02, except
for the specimens in an very dry condition. Oldecop and
Alonso [48] defined the compression index as follows:

d(e)

A= d(lnoy)

(1)
where / is the compression index, d(¢) is the strain incre-
ment and o, is the total vertical stress applied on the
specimen. Further, the time-dependent compression coef-
ficient is expressed as follows:

. d(e)

A= d(In7) @)

where d(¢) is the strain increment, and ¢ is the time elapsed
since adding the load. It is noteworthy that the parameter
“2” and “A™ are different from the “A” in the Cam-Clay
model [11] and the creep coefficient “i/” in the one-di-
mensional elastic viscoplastic (EVP) model in one-dimen-
sional condition [65, 66]. Based on the investigations by
Mcdowell and Bolton [40] and Oldecop and Alonso [47], the
compression process is divided into two parts. The first part
is clastic yielding (CY), in which the compression index
increases linearly with the applied stress. The second part is
clastic hardening (CH), during which the compression index
maintains approximately constant. A model describing the
time-dependent strain under constant stress and matric
suction was proposed by Oldecop and Alonso [47]:

1/n
during CY : ¢ = A[(ﬁ) —1] + & (3)

o ([t
during CH: ¢ = ~In (t_) + & (4)
n r

where ¢ is the time elapsed since the application of the total
vertical load; ¢ is the strain at time #; * is the reference
time; n is a constant that represents the ratio of the creep
coefficient and compression index; & is the strain at ¢*. The
present study also aims to evaluate the prediction perfor-
mance of this model. It is noteworthy that in this study, the
change in specimen compression deformation is expressed
by the change in void ratio (Ae = e — ¢p). Therefore, the
compression index and the time-dependent compression
coefficient are denoted as C. and C,, respectively. More-
over, the relationship between A¢ (Ae = ¢ — &) and Ae can
be expressed as follows:

Ae

Ae = —
¢ 1+ ¢

(5)

where ey is the initial void ratio of the specimen.
The selection of stress state variables is crucial in
describing the soil behavior. However, no complete
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consensus on this issue for unsaturated soil has been
reached [29, 30, 51]. It is noteworthy that, in Eq. (1), the
compression index is calculated based on the total vertical
stress (o). Bishop [4], and Bishop and Blight [5] proposed
a classical expression of the effective stress for unsaturated
soils, expressed as follows:

o = (0 —uy) + y(uta — uy) (6)
where ¢, o, u,, and u,, are the effective stress, total stress,
pore air pressure, and pore water pressure, respectively, y is
an effective stress parameter related to the saturation
degree (S;) or matric suction (s) of soil. y can be defined
from thermodynamics [9] or from experimentally
[4, 5, 29]. The arguments against the single parameter of ¢
are primarily the following: (a) it cannot explain the col-
lapse phenomenon of soils upon wetting; (b) no unique
relationship between y and the degree of saturation or
matric suction can be established. Fredlund and Morgen-
stern [19] suggested that any two of the three stress
parameters 0 — u,, 0 — Uy, Uy — Uy Would be sufficient to
well capture the stress state of unsaturated soils. Khalili
et al. [30] argued that u, — uy, is a stress variable in the
pore scale, which is contrasted with the typical approach in
continuum mechanics, in which the stress variables are
averaged over the element behavior. Therefore, they con-
cluded that the mixing of scales can lead to complex
constitutive modeling with intractable stress—strain rela-
tionships. In this study, the single stress variable of effec-
tive stress is adopted.

Feeble attempts have been performed to study the
compression and time-dependent compression behavior of
soils in suction-controlled conditions. Most investigations
have focused primarily on soils with relatively single gra-
dation, such as sand, clay, and rockfill, under completely
saturated or dry conditions. The literature review also
suggests insufficiency in examining the settlement behav-
ior of a poorly graded soil consisting of a mixture of soils
and rocks. It is noteworthy that the structure of rock—soil
mixtures is analogous to that of lumpy composite soils
[55]. A unique homogenization law [54] and a constitutive
modeling [56, 57] were proposed for capturing the defor-
mation behavior of lumpy composite soil. This provides a
possible reference for analyzing the deformation of poorly
graded coarse-grained soil. However, these theoretical
modeling cannot consider the effect of water content or
matric suction change. Therefore, the investigation on the
coupling effect of the high-stress level, and matric suction
on the behavior of the fill material would be helpful to
understand the compression mechanism of coarse-grained
soils, and provide guidance for the engineering practice.

In this study, a poorly graded coarse-grained soil is
adopted as the testing material. A series of unsaturated
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Fig. 1 Particle size distribution curve of the tested fill

triaxial tests were conducted to determine the relationship
between the effective stress parameter and matric suction.
Subsequently, a new suction-controlled oedometer device
was designed, manufactured and employed to conduct
unsaturated oedometer tests to investigate the compression
behavior. The test results were subsequently used to
modify an existing model and validate a nonlinear func-
tion. Furthermore, the results obtained experimentally were
analyzed and discussed.

2 Materials, apparatus, and testing scheme

2.1 Soil

The soil utilized for testing in this study is a fill material,
that is adopted in the high-filled embankment of an airport.
The soil is dull red and is classified as poorly graded gravel
with sand [1]. It is noteworthy that for testing purposes, all
particles larger than 20 mm in diameter were removed by
sieving. Figure 1 shows the particle size distribution curve
of the tested fill material after scaling. The coefficient of
curvature is 0.138, and the coefficient of uniformity is
35.47. The scaled-down soil was first divided into eight
groups characterized by eight particle size ranges:
10-20 mm, 5-10 mm, 2-5 mm, 0.3-2 mm,
0.212-0.3 mm, 0.15-0.212 mm, 0.063-0.15 mm, and

< 0.063 mm. The photographs of the typical particles in
four different size ranges are shown in Fig. 2. The soil
possesses a specific gravity of 2.73 and has a maximum dry
density value of 2.12 Mg/m® at an optimum moisture
content of 5.7% [10]. Figure 3 shows the soil-water
characteristic curve (SWCC) obtained by the filter paper
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Fig. 2 The photos of typical soil particles of fill material in the size ranges of a 10-20 mm; b 0.3-2 mm; ¢ 0.212-0.3 mm; d 0.063-0.212 mm

method [2], and the fitting curve using the Fredlund and
Xing model [20, 49].

2.2 Test apparatuses

The axis translation technique is a popular and precise
method to control the matric suction [6, 69]; hence, it was
adopted for this study.

Figure 4 depicts the schematic diagram of the newly
designed oedometer apparatus. The apparatus utilized in
this study is an improved version of the Modified Direct
Shear Apparatus (MDSA) described by Borana et al. [7, 8].
Therefore, in the air chamber, two lateral loading pistons
were used for the direct shear test, as shown in figure. A
stainless-steel ring of height 140 mm and internal diameter
100 mm was positioned inside the air chamber. The inner
wall of this ring was polished carefully to reduce friction.
A bottom platen was enclosed with a High Air Entry Value
Ceramic Disk (HAEVCD). It also accommodates the water
chamber, that was located below the HAEVCD. During
testing, the top platen (99 mm in diameter) was placed on
top of the soil specimen. Air pressure was applied to the
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soil specimen through the air vent and the gap around the
top platen. The loading ram was positioned centrally over
the top platen. The high-density polyurethane (HDPE)
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Fig. 3 The soil-water characteristic curve (SWCC) of the tested fill
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Fig. 4 A schematic diagram of the newly designed suction-controlled oedometer apparatus

drainage cable was 4 mm in diameter, and connected to the
diffused air volume indicator and GDS pressure controller.
The auto volume change (AVC) device was connected to
the water chamber via the HDPE cable. Lever-amplified
dead weight was used to apply the target vertical load on
the specimen. All the components of the testing devices,
such as the pressure transducers and linear variable dif-
ferential transducers (LVDTs), were connected to the data
logger and computer.

Figure 5 shows the double-cell triaxial system used for
the unsaturated consolidated drained triaxial tests. The
details of this system were introduced systematically by
Chen et al. [13].

2.3 Test procedures of unsaturated oedometer
test

All the preliminary preparations, such as leakage inspec-
tion, saturation of ceramic disk, and calibration of different
components of the testing devices, were performed before
commencing the experimental testing by following the
guidelines presented by Borana et al. [6].

Before the compaction of the soil specimen, a thin film
of silicone gel was smeared evenly on the inner wall of the
ring. According to the particle distribution curve shown in
Fig. 1, the predetermined mass of each group size was
weighted and mixed together. Subsequently, the soil was
mixed with water to the optimum water content and
matured for at least 24 h, following which it was com-
pacted using a rotary hammer in five layers. Each soil layer
was compacted to achieve a 20-mm height and a target dry
density of 1.87 Mg/m’ (88% of MDD). After placing each
layer, the surface of the layers was scratched to ensure

proper bonding between the subsequent soil layers. After
the completion of the compaction process, the soil speci-
men was submerged in distilled water with sufficient water
on the top surface. The oedometer cell was placed in the air
chamber, and a constant vacuum pressure of 5 kPa was
applied through the air vent for at least 12 h. This process
facilitated the saturation process without disturbing the soil
fabric of the specimen. After achieving saturation, the soil
was subjected to equilibration for a target matric suction by
controlling the predetermined air pressure and water pres-
sure. The water pressure was maintained constant at 5 kPa
for all the tests. The equilibration was presumed to be
completed when the water content change was lower than
0.04%/day [26, 61]. This value is 0.587 ml/day in this
study. Vertical stresses were applied to the specimen using
a lever-amplified dead weight and by considering all the
necessary load corrections. The vertical loading was
applied to the specimen only after ensuring that the spec-
imen had achieved the equilibration of matric suction.
Step-wise increasing total vertical stresses were applied
on the specimen in a prescribed sequence as listed in
Table 1. It is noteworthy that the effective vertical stress
(0':,) is not presented in Table 1, and it can be calculated
using y and Eq. (6). The details of obtaining y will be
introduced in later sections. All the durations of loading are
at least 12 h, and at least 48 h for the loadings for inves-
tigating the time-dependent compression behavior. If the
unit weight of fill material is assumed as approximately
17 kN/m?, the simulated height is approximately 60-80 m.
Two unloading-reloading loops exist for every specimen.
The air pressure and water pressure in the chambers were
maintained constant during the test. To monitor the
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Fig. 5 A schematic diagram of the newly designed suction-controlled double-cell triaxial apparatus (after Chen et al. [13])

dissipation of excess pore water pressure owing to stress
change, the draining-out rate of water from the specimen
was monitored by calculating the readings of the AVC that
was connected to the water chamber. Typically, this re-
equilibration stage (primary consolidation) lasted for
2-3 h. This implies that, for the tested soil, the excess pore
water pressure does not build up obviously owing to the
stress increment.

2.4 Test procedures of drained triaxial test

The soil treatment for the triaxial specimen is the same as
that described in the last section. The triaxial specimens
were 100 mm in diameter and 200 mm in height. The
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Table 1 Test scheme for unsaturated consolidated drained triaxial
tests

Test no. o, (kPa) oy (kPa) s (kPa) o — g, (kPa)
1 0 0 0 150
2 0 0 0 300
3 0 0 0 450
4 85 5 80 150
5 165 5 160 150
6 45 5 40 450
7 85 5 80 450
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specimens were compacted in five layers with 40 mm
height for each layer. The dry density of each specimen
was maintained the same as that for the oedometer test.
Three saturated drained triaxial tests and four unsaturated
drained triaxial tests were conducted. The test scheme of
the drained triaxial test is listed in Table 2. The procedures
of the unsaturated triaxial test follow those of Liu et al.
[36]. First, the equalization of the matric suction was
achieved for the specimen. Next, the cell pressure of the
soil specimen was increased to a predetermined value,
while the pore air pressure and pore water pressure were
maintained constant. Finally, the specimen was sheared at a
constant shearing rate of 0.004 mm/min to ensure the
matric suction equilibrium throughout the soil specimen.
The same shearing rate was used for the saturated tests to
eliminate the effect of shearing rate on the strength.

3 Results and discussion

A series of suction-controlled triaxial and oedometer tests
were performed on the coarse-grained soil under different
stress states, to investigate the influence of matric suction
on the compressibility behavior and time-dependent com-
pression behavior of the soil. The selected test data, results,
and observation are presented in the subsequent sections.

3.1 Effective stress parameter, g

The effective stress parameter, ¥, is O for very dry soils and
1 for saturated soils. Equation (6) well relates the total
stress, pore air pressure and pore water pressure to the
single stress variable (i.e., effective stress,a/). In this study,
the determination of the y value follows the work of Khalili
and Khabbaz [29], and Khalili et al. [30], whose studies
have been validated extensively by the test data of other
researchers, regardless of whether predicting the shear
strength or volumetric strain of unsaturated soils
[18, 23, 60, 61]. They proposed to determine the effective
stress parameter y as follows:
T—1To
(tty — 1y) tan ¢

1= (7)
where 1 is the shear strength of the specimen in the sat-
urated triaxial compression test, 7 is the shear strength of
the specimen under the same net mean stress (¢ — u,) in
the unsaturated triaxial compression test, and (;5/ is the
effective internal friction angle, which is assumed to be
constant for saturated and unsaturated specimens. Khalili
and Khabbaz [29], and Khalili et al. [30] suggested a
relationship between y and the normalized matric suction,
as expressed:

Table 2 Test scheme for unsaturated oedometer tests

ay (kPa) (arrows mean loading sequence)

b4

Ta Ow

Test
no.

(kPa)  (kPa)

(kPa)

25 - 50 —» 100 - 200* — 400 — 200 — 100 —» 50 — 100 —» 200 — 400 — 800* — 1000* — 800 — 400 — 200 — 400 — 800 — 1000

0.593 25 - 50 —» 100 - 200 — 400* — 200 —» 100 - 50 — 100 —» 200 — 400 — 600 — 800* — 1000* — 800 — 600 — 400 — 800 — 1000
0.532 25 - 50 —» 100 — 200* — 400 — 200 — 100 — 50 — 100 — 200 — 400 — 800* — 1200* — 800 — 400 — 200 — 400 — 800 — 1200
0477 25 - 50 —» 100 — 200 — 400* — 200 — 100 — 50 — 100 — 200 — 400 — 800* — 1400* — 800 — 400 — 200 — 400 — 800 — 1400

50
100
200

55
105
205

10

11

*Means this loading is kept for at least 48 h to investigate the time-dependent compression behavior
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where s is the matric suction, s, is the air entry value of the
soil on the drying path, and »n is a fitting parameter. The
matric suctions of all the tests in this study were equili-
brated on the drying path such that only s,. (estimated as
1.8 kPa based the SWCC in Fig. 3) is determined as the
reference for normalization. The effective internal friction

angle, qﬁ/, is determined as 36.77° using the test data from
the saturated triaxial tests. Figure 6 presents the relation-
ship between the y values of the saturated and unsaturated
triaxial tests and the corresponding normalized matric
suction ratio. The fitting parameter, n, is determined as
— 0.157. Therefore, the y value for each matric suction on
the drying path can be determined. Table 2 lists the y value
calculated by the calibrated Eq. (8) for each oedometer
test. It is noteworthy that the stress paths of the unsaturated
tests in this study are all on the drying path such that the
calibrated Eq. (8) is suitable for all the tests.

3.2 Compressibility behavior

Owing to the time-dependent compressibility characteristic
of soil, the change in void ratio (Ae) discussed in this
section refers to the total Ae that occurred 12 h after the
change in vertical stress.

The variations in the void ratio of the specimen under a
200 kPa matric suction versus time (logarithmic scale) are
presented in Fig. 7. The vertical loadings in this figure are
expressed in terms of the total vertical loading (ay). As
expected, the void ratio decreases at a greater rate with an
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Fig. 7 Plots of void ratio versus elapsed time (logarithmic scale)
under 200 kPa matric suction when a ¢, is lower than 400 kPa and
b o, is equal to and higher than 400 kPa

increase in the loading. For a loading smaller than 400 kPa
(see Fig. 7a), the change in the void ratio is nearly linear
with time. However, for a loading equal to or higher than
400 kPa (see Fig. 7b), the void ratio decreases nonlinearly
with time. This difference is possibly explained by the
compression mechanism in the particle perspective. Under
a low load, the particle contact between two soil grains
remains intact owing to particle friction, and transfers the
load effectively; hence, not much variation occurred in the
void ratio. At high-stress conditions, the frictional resis-
tance between soil particles may not be sufficient to keep
the soil particles intact; hence, the sliding or even breakage
of soil grains could occur, thus leading to the rearrange-
ment of the soil fabric and considerable reduction in the
void ratio. As shown in Fig. 7b, under the total vertical
loadings of 800 kPa and 1400 kPa, the primary consoli-
dations are ended as reversed “S” turning points at
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when: a g, is unloaded from 400 to 50 kPa, b o, is reloaded from 50 to 400 kPa, ¢ o, is unloaded from 1400 to 200 kPa, and d o, is reloaded

from 200 to 1400 kPa

approximately 2000s (33 min or 0.56 h). This is typical for
most soils [63, 64]. The “S” turning points are not shown
clearly for other curves as the soil specimens were over-
consolidated. It is speculated that, after the previous equi-
libration of matric suction, the state of the tested soil is
similar to “extremely dry clays” and “clay dry of opti-
mum” [3] in which water tightly adheres to the soil par-
ticles, and air is the only fluid to flow from the tested soil.
The air phase is relatively insensitive to the loading applied
to the specimen because of its high compressibility [25].
The variation in void ratio versus the logarithm of time
on the two unloading-reloading loops is presented in
Fig. 8. It is also noteworthy, that, in this figure, the change
in void ratio is approximately independent of time if the
vertical loading is smaller than the preconsolidation stress,

regardless of the unloading or reloading conditions. This
proves the significance of the high stress used in the
compaction for controlling the settlement.

Figure 9 depicts the variation in curves for the void ratio
and effective vertical loading, o’v, under different matric
suctions. The effective preconsolidation stresses (a:,p) were
determined by the interception point of two fitting curves,
as shown in the figure. The compression index (C,.), and the
unloading-reloading index (C,;, C,,) represent the slopes
of their corresponding fitting curves using the following
equation:

d(e)

dliog(e))] ®)

C. or Cri(i:l,Z) = -

@ Springer



624

Acta Geotechnica (2020) 15:615-633

Effedll:tive
preco

nsolidation ;s't_r_e ss

Fig. 9 Plots of void ratio versus various effective vertical stresses under different matric suctions

The relationships between these parameters and matric
suction are shown in Fig. 10. It is noteworthy that the
matric suction improves the compression resistance of the
soil significantly. Sharma [51] explained that the underly-
ing reasons are (a) the additional normal force at the par-
ticle contacts applied by matric suction, and (b) the
meniscus water at particle contacts preventing the slippage
of particle and hence plastic deformation. As shown in
Fig. 10a, the effective preconsolidation stress increases
rapidly from 218.7 to 531.1 kPa when the matric suction
increases from O kPa to 100 kPa. Further, the effective
preconsolidation stress gains slightly by 60.9 kPa when the
matric suction increases from 100 to 200 kPa. Figure 10b
shows that C_ increases with matric suction at a higher
increasing rate at a low matric suction (0-100 kPa) and
tends to stabilize when s is larger than 100 kPa. These
show that any changes in the matric suction above 100 kPa
has minimal effect on the compressibility characteristics of
the soil. This trend between compression index and matric

@ Springer

suction confirms with those reported in many studies
[21, 22, 28, 46, 52]. However, other researchers have
indicated that the compression index had an insignificant
relationship with matric suction [17, 27, 44], or even
decreased with increasing matric suction [12, 50, 59]. This
disparity may be attributed primarily to the soil mineral-
ogy, particle size distribution, stress range under consid-
eration, and duration of applied loading. In terms of
practical application, the determination of compression
index should be customized for each specific case. In
Fig. 10c, C,; decreases significantly from the value of
0.0055-0.0019 (i.e., 65.5%) as the matric suction is
increased from O to 200 kPa. However, C,, is relatively
insensitive to the matric suction and increases marginally
with the increase in matric suction from O to 50 kPa, and
subsequently decreases by 27.39% when the matric suction
changes from 50 to 200 kPa. The increase in matric suction
is expected to increase the stiffness of soil such that less
void ratio change would occur if the effective vertical
stress changes by the same amount. Nonetheless, if the
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vertical loading is sufficiently large to cause a significant
change to the soil structure, the effect of matric suction on
the stiffness of soil becomes relatively small. It is reason-
able to assume that the change in matric suction has no
significant influence on the stiffness of the soil under a
high-level stress state.

3.3 Time-dependent compression

Figure 11 shows the comparison of the time-dependent
compression behavior with the different matric suctions
under a specific total vertical loading. The curves of the
time-dependent compression of the soils under different
total vertical loadings and matric suctions were found to be
divided into two types: (a) the relationship between time
(log scale) and the change in void ratio is linear, which is
termed as Type I; (b) the relationship between time (log
scale) and change in void ratio is nonlinear, which is
named as Type II. For the lower loading ranges (e.g.,
50 kPa and 200 kPa), the slopes of log (time) versus the
change in void ratio decreases with matric suction, and the
curves resemble Type I curves. For the applied interme-
diate loading ranges (400 kPa), the curve is Type II under
lower suctions (e.g., 50 kPa), whereas at higher suctions
(i.e., greater than 50 kPa), the curve is similar in trend to
that of Type I curves. Finally, for a larger vertical loading
(800 kPa), the slope of log (time) versus the change in void
ratio decreases with matric suction, and the curves
resemble those of Type II. It is noteworthy that the time-
dependent compression occurs when the vertical loading is
lower than the preconsolidation stress.

The value of the time-dependent coefficient, C;, can be
obtained using the experimental data by the following:

Ae
= " logti) 1o
where 7y correspond is the end of the transient period, and
is 100 min in this study; Ae is the change in void ratio from
time .

Figure 12 shows the linear relationship of C; against the
effective vertical stress under one specific matric suction.
Lai et al. [32] and McDowell [39] also observed the same
trend when they investigated the creep behavior of the
granular material and unsaturated landslide soils, respec-
tively. In comparison, the values of C; are approximately
constant or decrease with increased effective vertical stress
for soft clays [34, 41, 68]. Furthermore, the increase in
matric suction is found to decrease the time-dependent
compression. However, the values of C; under a 100 kPa
suction are close to those for a suction of 200 kPa, indi-
cating that if any further increase occurs in the suction
values above 200 kPa, a marginal decrease in C, may
occur. This observation is in agreement with that of
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agricultural soils [31]. The relationship between C. and C,
is plotted in Fig. 13. The ratio, C;/C., is typically adopted
to analyze their correlation [41, 42]. Based on the experi-
mental data, the best fitting value of C,/C, is 0.023, which
is close to the constant value (0.02) suggested by Oldecop
and Alonso [48]. Further, 0.023 is used in the time-de-
pendent model proposed by Oldecop and Alonso [48] to
analyze the experimental results.

Based on the compression behavior of coarse-grained
soil used in this study, a linear relationship (y-intercept
equal to zero) is proposed between the creep coefficient
and normalized effective vertical loading as follows:

@ Springer

Fig. 13 Relations of creep coefficient and compression index under
four suction values

C[ =a X O:V (11)
va

where a is the fitting parameter. The effect of matric suc-
tion could be considered by adopting different preconsol-

idation stresses, a/vp. Furthermore, as shown in Fig. 14, the

wp could capture the phe-

nomenon where the time-dependent compression coeffi-
cient increases linearly with stress level [35, 39], and
reflect the influence of matric suction. Equation (11) is
relatively easy to be used for establishing the time-depen-
dent compression behavior, and it is valid when the vertical

. . . ! !
normalization ratio of o, / o
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loading is smaller than the preconsolidation stress. Fig-
ure 15 shows the relationship of o, / a:,p and C,; based on

the experimental results under different matric suctions.
The value of R? is 0.9349, indicating the linear fitting is
suitable for the coarse-grained soil utilized in this study.
The proposed Eq. (11) is verified by comparing the
experimental data after 100 min using the values of C;
obtained from the fitting equation. Furthermore, the model
proposed by Oldecop and Alonso [48] was also used for
comparison by adopting the value of n = 1/0.023 (i.e.,
43.48). The comparison results are shown in Fig. 16. The
results from the proposed model match very well with the
experimental data as compared to the analytical model
proposed by Oldecop and Alonso [48], in which C,/C, was
oversimplified as a constant. However, it is noteworthy that
this linear relationship between the normalized ratio of

7, / a/vp and C; would only be valid within a certain stress

range.
Further, the limitation of the model by Oldecop and
Alonso [48] was that the settlement was infinite when the

time was infinite. To overcome this limitation, a nonlinear
function proposed by Yin [63] was adopted to describe the
time-dependent compression:

_ WoIn[(t+0)/1]
L+ (Yo/Ae) In[( + t0) /0]

where Aeg. is the time-dependent strain, lp;) is a constant
parameter, A¢; is the limit of vertical strain, ¢ is the time
from the end of primary consolidation, and f; is a constant
parameter, which is typically assumed as the time at the
end of the primary consolidation. When ¢ increases to
infinity, Ae. will approach A¢; such that the limitation of
the model by Oldecop and Alonso [48] can be avoided. If
the compression is presented by the change in void ratio,
subsequently Eq. (12) can be expressed as follows:

3 C2log[(t + t9) /t0]
1-— (C?/Ae;) log[(t + lo)/lo]

where Ae; is the void ratio change after the end of the
primary consolidation, Ae; is the creep limit of void ratio,
and C? = 1,010 -V -1n(10). It is noteworthy that C, can be
expressed as:

(12)

(o

Aet =

(13)

CO

— t
1= (C?/Aer) log(t + 10) /10]
This indicates that C, is no longer a constant but

decreases with time, ¢. In this study, # is chosen as 900 s.
Equation (13) can be written as follows:

G

(14)

log[(z + t0) /o] 1 1
———=——+4 —log|(t+ 1)/t 15
Aet C? Ae[ g[( 0)/ 0] ( )
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Fig. 15 Correlation of creep coefficient to normalized vertical
effective stress for all suctions
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Fig. 16 continued

Additionally, Yin [63] reported that this model is not
suitable for fitting the unloading-reloading data because

the creep on unloading or reloading is not significant.
Hence, Eq. (15) was used to fit the data of every creep tests
on the normal consolidation line (i.e., the effective vertical
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Fig. 17 a Plot of the change of void ratio versus the elapsed time (logarithmic scale) when the total vertical stress is 800 kPa and under three
levels of matric suction, and the fitting curves; b plot of the change of void ratio versus the elapsed time (logarithmic scale) when the matric

suction is 200 kPa and under three total vertical stresses, and the fitting curves
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Table 3 Values of C? and Ae; under various stress states

Matric suction, Vertical C? Ae;

s (kPa) loading,o, (kPa)

50 800 0.00536 — 0.0239
1000 0.00271 — 0.0076

100 800 0.00323 — 0.0126
1200 0.00530 — 0.0109

200 800 0.00286 — 0.0076
1400 0.00749 — 0.0170

loading is larger than the effective preconsolidation stress);
subsequently, the values of C, and Ae; were determined and
presented in Table 3. Figure 17a presents the data of creep
tests under the total vertical loading of 800 kPa and three
levels of matric suction. In Fig. 17b, under the same level
of suction, the compression increases with increasing ver-
tical loading. The fitting curves were plotted using each set
of C? and Ae; for each stress condition. All the fitting
curves were in good agreement with the test data, thus
indicating that the proposed model is promising for pre-
dicting the development of creep compression. Nonethe-
less, it would be interesting to establish a generalized
fitting model for predicting creep under all the stress states
by conducting further tests.

4 Conclusions

In this study, the relationship between the effective stress
parameter and matric suction was established using the
data from a series of unsaturated drained triaxial tests. The
influence of matric suction on consolidation and time-de-
pendent compression behavior of coarse-grained soil was
examined using a newly designed suction-controlled
oedometer apparatus that enabled the accurate measure-
ment of volumetric change of the specimens. Four suction-
controlled oedometer tests were conducted on the soil
specimens. The key findings from the laboratory tests
under various stress state variables are as follows:

a. The compressibility of the soil fabric and the variation
in void ratio with respect to time was directly
proportional to the vertical loadings. Particularly, at a
higher loading, the void ratio varied nonlinearly with
time probably due to particle breakage and particle
rearrangement.

b. The compression index and effective preconsolidation
stress increased significantly when the specimen was
changed from saturated to unsaturated. No obvious
relationship between the unloading-reloading index

and matric suction was observed if the specimen
rebounded from a high level of stress.

c. A linear relationship between normalized effective
vertical loading and time-dependent compression coef-
ficient was proposed based on the experimental data.
The time-dependent compression coefficients predicted
by the linear relationship were used to predict the time-
dependent compression behavior of the coarse-grained
soil under different matric suctions, and indicated a
better match as compared to the analytical model
proposed by Oldecop and Alonso [48].

d. The nonlinear function proposed by Yin [63] was

utilized to describe the experimental data. The nonlin-
ear function could well predict the development of
time-dependent compression of unsaturated coarse-
grained materials.
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