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The permanent strain is one of the most important dynamic properties of the granite residual soil. To systematically study the
dynamic deformation characteristics of granite residual soil (GRS) under the drying-wetting (D-W) cycles, a series of dynamic
triaxial tests is carried out to obtain the stress-strain relationship of GRS with various fine particle contents subjected to D-W
cycles. The experimental results show that the growth of permanent strain consists of two stages, namely, compaction stage
and compression stage. The main effect of D-W cycles is reflected in the compression stage. On the other hand, the influence
of fine particle contents on the permanent strain occurs mainly at the compaction stage, which can be classified as the
lubrication, densification, and asphyxiation, respectively. Subsequently, a new criterion to characterize the permanent strain of
GRS is deduced from the experimental results, which accounts for both strains and rates of strains. This criterion illustrates
that with the increase of D-W cycles number, the permanent strain evaluation pattern of GRS is gradually changing from
plastic stabilization to plastic creep. Finally, a quadratic function model referring to the log-log scale is proposed to fit well the
relationship between the permanent strain and loading cycle number of GRS under D-W cycles. It is found that the
parameters of the proposed model can physically represent the strain rate, the compression strain, and the compaction strain.

1. Introduction

Granite residual soil (GRS) is generally found in many
tropical regions [1], especially in southern China. In engi-
neering practice, it is inevitable to use in-place GRS as fill-
ing materials in the construction of expressway or high-
speed railway in these areas. GRS exhibits certain unfavor-
able characteristics, such as high mica content, loose struc-
ture, water sensitivity, and low cohesion [2–5]. Under
drying condition, GRS has relatively high shear strength
and low compression properties, which can meet the
requirements of most project constructions [6, 7]. How-
ever, in case of wetting condition, it is found that an inter-
layer between coarse and fine particles can be easily
formed in some railway or highway subgrades which are
filled with GRS under dynamic loading [8, 9]. This is

because that the geotechnical properties of GRS will signif-
icantly deteriorate with an increase in water content [10,
11]. This interlayer affects the shear strength and compres-
sion properties and leads to serious roadbed problems, i.e.,
uneven subgrade settlement, track irregularity, and sub-
grade mud pumping [12]. Furthermore, the GRS sub-
grades are usually subjected to seasonal drying and
wetting cycles (D-W cycles) for subtropical monsoon cli-
mate [5, 13], and the intergranular soil bonds become
fragile and cause typical fatigue damages such as reduced
clay particles, coarsened pores, and loose structure [14].

In the meantime, due to the train vibration, the slip and
dislocation among particles often crush the coarse particles,
and the reciprocating migration of the pore water drives the
movement of the internal fine particles [15, 16]. All of these
not only lead to further propagation of existing weathering
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cracks and accelerate the formation of coarse-fine grain
interlayers of GRS, but also yield irreversible structural dam-
age and fatigue failure of subgrades. Therefore, it is essential
to study the effects of D-W cycles on the dynamic character-
istics of GRS.

It has been widely accepted that the permanent strain Δεap
is a significant characteristic of the dynamic properties of soils
[17]. The permanent strain has been investigated under various
influencing factors, such as confining pressure, consolidation
ratio, loading amplitude, and vibration frequency, through
dynamic triaxial tests [18–21]. The Δεap of GRS under dynamic
loading is a gradual process. The shakedown theory has been
commonly adopted to characterize this process under cyclic
loading. This theory classifies the deformation behaviors into
three groups (Range A: plastic shakedown, Range B: plastic
creep, and Range C: incremental collapse), as shown in
Figure 1. In the subgrade design, the subgrade must be able to
resist permanent deformation. To ensure that a subgrade has
desirable rutting resistance, the design guide suggests selecting
the base materials from Range A and Range B and avoids using
the base materials from Range C [22]. The base materials from
Range C should be strictly avoided in practice because of the
severe settlement or even failure of the superstructure caused
by permanent strain, such as the rutting or cracking at the pave-
ment surface and the differential settlement of track systems. To
define the shakedown boundaries, Werkmeister et al. [22]
divided three groups by the difference between the permanent
axial strains corresponding to 5000 and 3000 loading cycles
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Figure 1: A schematic diagram of characterizing the shakedown ranges of the permanent strain development of a granular material under
cyclic loading.

Table 1: The physical parameters of soil.

Group

Increased fine
particle content

(d < 0:075
mm)/%

Plastic
limit
PL/%

Liquid
limit
LL/%

Optimal
water
content
wop/%

Maximum
dry density

ρdmax
/g cm-3

K0 0 23 47 20.3 1.65

K10 10 30 52 21.6 1.68

K20 20 28 44 22.0 1.67

K30 30 24 47 23.3 1.65
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Figure 2: Particle size distribution curves.

Figure 3: Soil samples.
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(Δεap,5000 − Δεap,3000). However, these criteria based only on
3000th to 5000th cycles, for some kinds of base materials, the
postcompaction compression may not be completed by the
end of the 5000th cycle. To address this limitation, Chen et al.
[18] proposed the criteria to characterize the shakedown range
by the development rate of plastic strain in the second stage. But
these criteria are developed merely based on a limited number
of cyclic loading triaxial test. Whether these criteria are suitable
for other base materials is still unknown. Thus, these criteria
should be reevaluated for local base materials such as GRS.

Many investigations on the dynamic behaviors of base
materials had been conducted, and various models have been
developed to determine the relationship between the accumu-
lated permanent strain and the number of cyclic dynamic load-
ing. To quantify the influence of load conditions on the strain
characteristics of GRS, Li et al. used an improved power func-
tion to fit the relationship between permanent strain and load
times which enhanced the model’s correlation at small load

times [23]. Yin et al. employed the strain model of soft clay to
describe the permanent strain of the GRS under different water
content and confining pressure and analyzed the relationship
between fitting parameters and confining pressure, load ampli-
tude, water content, and other variables [8]. Tang et al. pro-
posed a nonlinear creep model of GRS, which considers the
accumulation of residual stress under the dynamic loading of
subgrade combined with rheological theory and the creep
behavior of GRS [24]. This model can better predict the creep
characteristics of GRS under cyclic dynamic loading, but it is
not well applied to more complicated situations, such as D-W
cycles. These prediction models do not take into account the
fine particle contents of subgrade subjected to D-W cycles.
However, the existing studies demonstrated that these factors
significantly affect the permanent deformation behavior of
GRS [18, 20]. Thus, new predictionmodels should be developed
for GRS in a manner that permanent deformation properties
are correlated to D-W cycles and fine particle contents of GRS.

(a) Constant temperature oven (b) Spray humidify

Figure 4: The drying process and wetting process.
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Figure 5: D-W cycle paths of soil samples.
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In terms of the influence of D-W cycles on the soil prop-
erty, Kong et al. [3] used NMR technology and found that
the water-holding capacity of soil decreases with the increase
of D-W cycles, which is the most obvious in the first D-W
cycles and tended to be stable after the fourth D-W cycles.
Liu et al. [4] performed triaxial shear tests on GRS after D-
W cycles and found that the dilatancy effect of GRS after
D-W cycles is greater than that without D-W cycles, and
the dilatancy effect reduces with the increase in the number
of D-W cycles. To quantify the damage law of GRS after D-
W cycles, An et al. [14] used the resistivity stress-strain
model to effectively predict the stress-strain curve of soil
after D-W cycles by introducing the initial damage factor.
Nonetheless, the effect mechanism of D-W cycles on soil
microstructure needs to be studied. However, there is no
unified understanding of the discussion on the microstruc-
ture change of GRS under D-W cycles in current, and the
change of microstructure cannot explain the macroscopic
characteristic mechanism.

The above works mainly concentrate on the permanent
strain of soil based on dynamic triaxial tests. In the mean-
time, it is noted that the particularity of mineral composition
and grain composition leads to the complex permanent
strain of GRS, but few studies in the open literatures describe
in detail the dynamic properties of GRS, especially the per-
manent strain, and explain the dynamic mechanism of
GRS under the D-W cycles. Consequently, the evaluation
of the engineering characteristics of GRS is usually over con-
servative. Therefore, this work focuses on the analysis of the
permanent strain of GRS under the influence of D-W cycles
and fine particle contents. Through dynamic triaxial tests
under cyclic loading, this work presented a detailed study
on the effects of D-W cycles and fine contents on permanent
strain of GRS in Fujian, China. Based upon the existing
shakedown theories, a new criterion was proposed to clarify
different deformation types. The influence mechanism of D-
W cycles and fine particle contents on the permanent strain
of GRS was analyzed by combining the new criterion and
soil microstructure. Finally, a fitting model was established
to predict Δεap of GRS subjected to D-W cycles.

2. Experimental Setup

Four fine particle contents, seven D-W cycles, and other test
conditions are considered in this study to examine the per-
manent strain of GRS and the effects of D-W cycles.

2.1. Preparation of Materials. The tested GRS was collected
from the edge of a railway subgrade in Xiamen, Fujian Prov-
ince, China. The sampling site has hilly landforms in the
GRS area with a depth of 2m~4m. In order to meet the
requirements of high-speed railway base bed fillers in accor-
dance with the Code for Design of Railway Earth Structure
(TB10001-2016) [25], the fine particle contents were selected
as 0%, 10%, 20%, and 30%, and the influence of fine particle
contents on the deformation characteristics of GRS after D-
W cycles was then analyzed.

The optimal water content and maximum dry density
were obtained from the compaction test curves of different
fine particle contents. The basic physical properties of the
adjusted soil samples are measured and listed in Table 1.
The particle size distributions of soil samples after adjust-
ment are plotted in Figure 2. All soil samples were config-
ured according to the optimal water content of each group.

The soil was placed in a split mold with an internal
height of 100mm and a diameter of 50mm. Static compac-
tion was performed in five equal layers to obtain a dry den-
sity of 95% of the optimum Proctor normal ρdmax. The
weight and height of each layer were measured, which
allowed to obtain a homogeneous density, and only those
below a 1% error were tested. The prepared soil samples
were immediately wrapped with plastic wrap to prevent
moisture from evaporating, as shown in Figure 3.

2.2. D-W Cycles for Soil Samples. To simulate the real railway
subgrade site conditions and the natural environmental
changes experienced after construction, the soil samples
were prepared through the following steps:

Actuating motor

Load tranducer

Water pressure sensor
Data acquisition unit

Back pressure control system

Confining pressure control system

Figure 6: GDS standard dynamic triaxial test system.
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Figure 7: Load diagram.
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(1) Preparing Saturation Samples. All samples with opti-
mum water content should be wetted to saturate
first. The sample wetted from optimum water con-
tent to saturated water content for the first time is
0 D-W cycle

(2) Drying Process. The samples were dried for 6 hours
continuously by a constant temperature oven at a
temperature of 55°C (the highest soil surface temper-
ature in summer in Xiamen, Figure 4). The mass of
the soil sample was measured each hour to ensure

the moisture evenly evaporated during the drying
process. By parallel measurements, the water content
of the soil samples after drying basically keeps
around 10.0%

(3) Wetting Process. The spray humidifying method was
used during the sample wetting process: pasted the
wet filter papers around the sample (Figure 4), and
then sprayed water evenly and intermittently (one
spray every 10 minutes) by an electric spray device.
Subsequently, the soil sample mass was continuously
monitored during the wetting process, until the mass
reached a constant and the water content no longer
changed. Thus, one D-W cycle of the soil sample
was completed

(4) Repeating the second and third steps, while the
number of replications was based on the number of
cycles required. The D-W cycles paths are illustrated
in Figure 5. Thus, samples under different numbers
of D-W cycles were prepared completely

(5) Saturation Process. Considering the most unfavor-
able situation of subgrade water damage, the triaxial
test was performed for the soil samples under satu-
rated conditions. The saturation process was divided
into two steps: vacuum saturation and back-pressure
saturation. First, vacuumed samples by a vacuum
pump for 2 hours, and then closed the vacuum
pump valve and filled the water level to 3/4 of the
soil sample height. Second, opened the vacuum
pump for another 2 hours, and kept samples under
1 standard atmosphere pressure for 24 hours. Back-
pressure saturation was used to install the soil sam-
ple in a dynamic triaxial instrument by applying
back pressure to monitor the pore water pressure
coefficient B, and when the value of B reached above
95%, the saturation process ended

2.3. Dynamic Triaxial Tests. As shown in Figure 6, the Brit-
ish GDS standard dynamic triaxial test system was used. The
apparatus consists of actuating motor, confining pressure
control system, back-pressure control system, and data
acquisition unit. The allowable maximum dynamic load fre-
quency and axial force are 5Hz and 5 kN, respectively.

Generally, the action time of the train load is relatively
short so that the subgrade water is not easy to drain, and
thus the subgrade must bear both the cyclic dynamic load
by moving trains and the static deviation stress by
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Table 2: Cyclic triaxial test conditions.
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n
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superstructures, such as the overlying soil and sleeper and
rail. Therefore, this experiment was subjected to a partial
sine wave dynamic load under undrained conditions as
shown in Figure 7. The saturated soil sample was consoli-
dated isotropically, a static load σs of 15 kPa was applied to
simulate the action of the superstructure, and then the
dynamic stress with the same amplitude was added to simu-
late the dynamic train load. Given the influence of D-W
cycles and the limited depth of train load (1-5m below the
surface), the consolidation confining pressure σ3 of 60 kPa
was chosen.

Normally, the dynamic load of high-speed railway trains
is between 30 kPa and 70 kPa, so the dynamic load ampli-
tude σd of 60 kPa was adopted [26]. The loading frequency

lied between 1 and 5Hz according to the speed of high-
speed railway. Therefore, the loading frequency of dynamic
load was set as 2Hz. During the loading process, when the
axial strain of the sample exceeded 10%, it was considered
that the deformation of the sample was too large which
would result in the soil sample failure. Meanwhile, when
the permanent strain tended to be stable and the vibration
times reached 10,000, the experiment was terminated [27].
The testing scheme in this study was explained in Table 2.

3. Testing Results

The permanent strain presents an upward convex and stable
development trend when the GRS is subjected to dynamic
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Figure 10: Permanent axial strain of GRS under D-W cycles.
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loads, as shown in Figure 8. The development of Δεap com-
prises two parts: the postcompaction stage and the second-
ary cyclic compression stage. The postcompaction stage is
a conditioning period during which initial particle breakage,
particle rearrangement, and unrecoverable interparticle slip
happen [28, 29]. The centers of particles are compressed
closer, and the areas of interparticle contacts become larger
to stabilize the granular material to adapt to the current
applied loading [30, 31]. During the secondary cyclic com-
pression period, there is progressive development of Δεap,
mainly along with interparticle slip and limited particle attri-
tion or breakage [17]. The postcompaction stage is only
experienced once in the field, and the strain development
trend in this period is arbitrary. The secondary cyclic com-
pression stage is the condition that a granular material layer
actually exhibits in the field. The criterion to distinguish
these two parts is the sudden change in the permanent strain
rate (Δεap,p), which reflects the variation of micromechanical
mechanism [17, 18]. Werkmeister et al. [22] defined the
turning point on the permanent axial strain-load cycle num-
ber logarithmic curve as the interface between two stages,
and the load number at the boundary point was defined as
the number of critical cycles N0. The specific value method
of N0 is shown in Figure 9 where the strain curves in the
two stages are linearly fitted to obtain the fitting curves (1)
and (2). The number of loads corresponding to the intersec-
tion point “A” of the two fitting lines was N0. Based on the
determination method of N0, the completion cycle numbers
of the compaction stage are all estimated as 100.

To describe the development law of Δεap of GRS clearly,
a logarithmic processing of vibration times was carried out,
and the developments of Δεap were plotted against the
increase of D-W cycles in Figure 10. Δεap,x,y was used to
describe Δεap of different samples, where x represents the

degree of fine particle contents and y represents the numbers
of D-W cycles. The following conclusions can be drawn
from these experimental results:

(1) The D-W cycles have a significant influence on Δεap,
and with the number of D-W cycles increasing, Δεap
at the end of load process first decreases and then
keeps growing. In Figure 10(a), when N = 10000, Δ
εap,K0,0 is 1.03%, and it continues to reduce with the
increase of D-W cycles until Δεap,K0,3 keeps the lowest
level of 0.61%. Then it increases consistently and ulti-
mately Δεap,K0,7 reaches 1.61%. Besides, the influence
of D-W cycles is mainly reflected in the compression
stage. In the compaction stage (0 ≤N ≤ 100), the dif-
ference between the increase of Δεap,K0,0 and the
increase of Δεap,K0,7 is only 0.08% (Figure 10(a)).
However, in the compression stage (100 ≤N ≤ 10000
), this difference has already grown to 0.58%, more
than seven times that of the compaction stage

(2) The fine particle contents of GRS also influence Δεap.
In Figure 10(a), Δεap,K0,0 (N = 10000) is 1.03%, while
Δεap,K10,0 is 1.52% and Δεap,K20,0 is 1.71% (in
Figures 10(b) and 10(c)). At last, the final Δεap,K30,0
increases to 2.36% (Figure 10(d)). Therefore, Δεap
increases with the growth of the fine particles con-
tent in the soil sample

4. Permanent Axial Strain of GRS

4.1. Influence of D-W Cycles on the Permanent Axial Strain.
As mentioned above, the influence of D-W cycles is mainly
reflected in the compression stage with the loading cycles
ranging fromN = 100 toN = 10000. The relationship between
Δεap and the number of D-W cycles in the compression stage
is provided in Figure 11. It can be easily found that the influ-
ence of D-W cycles on Δεap has a certain law. The Δεap of
the GRS decreases with the increase of D-W cycles in the early
stage (0~3times), reflecting the strain hardening and the resis-
tance to deformation increases. However, after 3 D-Wcycles
(4~7times), Δεap of the GRS increases, which exhibits strain
softening and resistance to deformation decreases. It indicates
that the D-W cycles eventually make the structure of the GRS
looser and lead to the increase of Δεap.

Figure 12 shows the relationship between Δεap,p and Δεap
of GRS in the compression stage. (1) When the number of
D-W cycles is relatively small (0~3times), the Δεap,p becomes
steeper and the permanent strain growth curve gradually
slows down, which indicates that the D-W cycles in the early
stage make the soil sample more compacted. (2) With the
increase of D-W cycles (4~7times), the downtrend of Δεap,p
becomes relatively moderate, which is manifested by the
increase of the abscess span of the strain curve. This means
that the D-W cycles increase the length of the compression
stage, and the proportion of axial strain in the compression
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stage becomes larger, so that the structure of soil becomes
looser.

The coarse particle breakage and compaction under
dynamic load are the main factors for the development of
Δεap. Figure 13(a) shows the microstructure of sample with-
out D-W cycles, consisting of fine particles, coarse particles,
clay minerals, pore water, and initial cracks. In the early
stage of D-W cycles (1~3times, Figure 13(b)), the surface
fine particles are lost, and the internal fine particles have dif-
ferent degrees of agglomeration effect during the drying pro-
cess. Thus, the proportion of coarse particles and the soil’s
resistance to deformation become larger due to the interlock

and friction of coarse particles. However, as the number of
D-W cycles goes beyond 3 times (4~7times, Figure 13(c)),
for the weak cementation caused by loss of fine particles,
coarse particles aggregated by fine particles easily break
down into fine particles under dynamic load. Then, inevita-
bly, the soil samples have inner structural defects, as shown
by increased cracks and apertures, and the pores are gradu-
ally compressed and filled under dynamic load, resulting in a
significant increase in the Δεap after 3 D-W cycles.

4.2. Influence of Fine Particle Contents on the Permanent
Axial Strain. In order to illustrate the influence of internal
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structural components of GRS on Δεap under D-W cycles,
Figure 14 lists Δεap of GRS with respect to fine particle con-
tents after 0, 3, 5, and 7 D-W cycles. The main results can be
summarized as follows: (1) in Figure 14(a), without D-W
cycles, both Δεap and Δεap,p increases with the increase of
fine particle contents. (2) When the number of D-W cycles
increases (Figures 14(b)–14(d)), Δεap,K10 reaches a higher
level than Δεap,K20. This is due to the fact that with the
increase of D-W cycles, only Δεap,K10 continues to grow,
but Δεap of other fine particle contents after 3 D-W cycles
have an obvious decline compared with 0 D-W cycles soil
samples.

Due to the difference between K10 and others, the
strain increment change of soil samples, denoted by Δεap,
is depicted in Figure 15, where different fine particle con-
tents in the compaction and compression stages under D-
W cycles are considered. The Δεap of GRS decreases first
and then increases with the D-W cycles in two stages,
but it shows different results in the compaction stage for
different fine particle contents. In Figure 15(a), Δεap, K10
is reduced by only 0.03% during the 0~3 D-W cycles,
while Δεap,K20 is reduced by more than 0.59%. On the con-

trary, in 5~7 D-W cycles, Δεap,K10 increased by more than
0.18%, while Δεap,K20 only increased by 0.08%. In the com-
pression stage (Figure 15(b)), the Δεap of samples with dif-
ferent fine particle contents change uniformly, which
indicates that fine particle contents have less effect on Δ

εap of GRS at this stage.
In the first stage, Δεap,K10 mainly shows a basically grad-

ual increase in 7 D-W cycles, while Δεap of other groups first
decreases and then increases. It can be inferred that the effect
of particle composition on Δεap of GRS is mainly reflected in
the compaction stage. With an increase of the content of fine
particles in the soil sample, the influence of fine particles on
soil deformation can be divided into lubrication, densifica-
tion, and suffocation (as shown in Figure 16). (1) When
the content of fine particles is small, the fine particles act
as lubrication on the surface of the coarse particles, and
the sliding friction between the coarse particles becomes
rolling friction, the deformation resistance between the
coarse particles decreases, and the Δεap increases. (2) When
the content of fine particles increases, the fine particles fill
the intergranular pores, and then the compaction resistance
of coarse particles increases and the Δεap decreases. As the

Coarse
particle

Crack

Fine
particle

Pore water

Clay
mineral

(a) Initial status

Agglomeration
effect

Coarse
particles
pulled to

closer

Surface fine
particles lost

(b) 1~3 D-W cycles

Cracks and
apertures
increased

Structural
connection loose

Fine particles
break down

(c) 4~7 D-W cycles

Figure 13: Microstructure changes of GRS with D-W cycles under dynamic loading.
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Figure 14: Permanent axial strain of GRS with different fine particle contents. (black point: plastic shakedown; blue point: plastic creep).
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content of fine particles further increases, the fine particles
in the pores block the drainage channels of the soil. As a
result, the superstatic pore water pressure accumulates,

resulting in the suffocation of fine particles. (3) When the
pore water pressure accumulates to the limit, the fine parti-
cles are pushed out and the Δεap increases.
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Figure 16: Effect of fine particles on permanent axial strain.
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5. A New Criterion for Characterization of
Shakedown Ranges

For further investigation of the dynamic properties of GRS,
Werkmeister et al. divided the definition scope of different
deformation types according to the following empirical cri-
teria [22]:

Range A: plastic shakedown.

Δεap,5000−Δεap,3000 ≤ 4:5 × 10−5: ð1Þ

Range B: plastic creep.

4:5 × 10−5 < Δεap,5000−Δεap,3000 ≤ 4:0 × 10−4: ð2Þ

Range C: incremental damage.

Δεap,5000−Δεap,3000 > 4:0 × 10−4, ð3Þ

where Δεap,5000 and Δεap,3000 represent the permanent axial
strains corresponding to 5000 and 3000 loading cycles.

At the same time, Chen et al. [18] redefined the perma-
nent axial strain that evolves with the number of loads
according to the development rate of plastic strain in the sec-
ond stage. This specific definition is given as follows:

Range A: plastic shakedown.

1
as

≤ 0:1: ð4Þ

Table 3: The grading results of GRS according to various criteria.

Group D-W cycles Δεap,5000 − Δεap,3000 1/as Werkmeister’s criterion [22] Chen’s criterion [18] Present criterion

K0

0 1.59E-05 0.078 A A A

1 1.74E-05 0.083 A A A

2 1.72E-05 0.075 A A A

3 1.25E-05 0.057 A A A

4 1.95E-05 0.082 A A A

5 1.63E-05 0.086 A A A

6 3.78E-05 0.185 A B B

7 8.33E-05 0.373 B B B

K10

0 2.39E-05 0.112 A B A

1 3.29E-05 0.165 A B A

2 2.79E-05 0.140 A B A

3 3.33E-05 0.168 A B A

4 3.50E-05 0.172 A B B

5 3.64E-05 0.190 A B B

6 6.16E-05 0.314 B B B

7 5.87E-05 0.286 B B B

K20

0 2.27E-05 0.105 A B A

1 1.69E-05 0.081 A A A

2 1.62E-05 0.077 A A A

3 2.03E-05 0.095 A A A

4 2.87E-05 0.139 A B A

5 5.15E-05 0.241 B B B

6 5.83E-05 0.237 B B B

7 6.77E-05 0.322 B B B

K30

0 1.74E-05 0.085 A A A

1 4.01E-05 0.196 A B B

2 3.87E-05 0.191 A B B

3 3.31E-05 0.165 A B B

4 4.83E-05 0.239 B B B

5 5.27E-05 0.225 B B B

6 6.13E-05 0.315 B B B

7 6.29E-05 0.313 B B B
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Range B: plastic creep.

0:1 < 1
as

≤ 0:434: ð5Þ

Range C: incremental damage.

1
as

> 0:434, ð6Þ

where 1/as is defined as “representative permanent axial
strain rate.”

The type of permanent axial strain development of GRS is
classified in Figure 17. This result illustrates that the type
changes from plastic shakedown to plastic creep with an
increase in the number of D-W cycles. But it is noted that,
based on the two different criteria proposed by Werkmeister
and Chen, strain types of GRS permanent strain development
under D-W cycles vary between the plastic stability (Range A)
and the plastic creep (Range B), and more plastic creep (Range

Table 4: Survey of permanent axial strain fitting methods.

Fitting models References Advantages Disadvantages

εap = a log Nð Þ + b Barksdale
[32]

Few
parameters
and simple
model form

(1) Models: poor fit accuracy at the later
stage (the strain tends to be stable, but
the fitting value is still rising)
(2) Parameters: no physical meaning
(3) Ignore the effects of stress history
and environmental change

εap = aNb Monismith
et al. [33]

εap = a σd/σsð ÞmNb Li and Selig
[34]

εap =Nc/ a + bNcð Þ Zhang et al.
[35]

εl,p Nð Þ = ε0l,p 100ð Þ + ε∗l,p Nð Þ
Paute et al.
[36] and Nie
et al. [27]

Two-stage
fitting model
High accuracy

(1) Difficult to determine the boundary
of different strain stages
(2) Ignore the effect of stress history

ε0l,p = a1 N/100ð Þb1

ε∗l,p = a2 1 − N/100ð Þ−b2
��

εap = a qd/qf
� �m

1 + qs/qf
� ��n�

Nb Chai and
Miura [37] Considering

the dynamic
stress level

(1) Models: complex form
(2) Parameters: difficult to determine

εap = ε0 1 − N/100ð Þ−B��
Lmax/PαÞð n∙ m + s/Pmaxð Þ − qmax/Pmaxð ÞÞð −1 Gidel et al.

[38]
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Figure 18: Permanent axial strain fitting (K0 Group).
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B) develops according to Chen’s definition. The occurrences of
these differences are due to that, Werkmeister’s method is
mainly based on the amount of Δεap, while Chen’s method
basically refers to the strain rate (Δεap,p).

It is noted that the above methods cannot well calculate
the exact interfaces between these two ranges of GRS strain
types considered herein. Since GRS is widely used in the rail-
way or highway subgrade, both the amount and the rate of
permanent axial strain should be accurately evaluated to

meet the subgrade deformation requirements. Therefore,
according to the permanent axial strain development laws
of GRS, a new criterion considering both strain and strain
rate of permanent axial strain is defined as follows:

Range A: plastic shakedown.
The amount of permanent axial strain meets the require-

ments as:

Δεap,5000−Δεap,3000 ≤ 4:5 × 10−5: ð7Þ
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Figure 19: Permanent axial strain fitting of GRS.
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And the permanent axial strain rate is satisfied:

1
as

≤ 0:17: ð8Þ

Range B: plastic creep.
If the strain variable and the strain rate can meet, respec-

tively, as

4:5 × 10−5 < Δεap,5000−Δεap,3000 ≤ 4:0 × 10−4, 1
as

≤ 0:434:

ð9Þ

Or the strain variable and the strain rate can meet the
following requirements as:

Δεap,5000−Δεap,3000 ≤ 4:0 × 10−4, 0:17 < 1
as

≤ 0:434: ð10Þ

Range C: incremental damage.
The amount of permanent axial strain meets the require-

ments as

Δεap,5000−Δεap,3000 > 4:0 × 10−4: ð11Þ

Table 5: Fitting results.

Group D-W cycles a b c R2 Group D-W cycles a b c R2

K0

0 -0.026 0.256 -0.552 0.9441

K20

0 -0.043 0.306 -0.312 0.9859

1 -0.029 0.239 -0.591 0.9995 1 -0.041 0.295 -0.474 0.9974

2 -0.022 0.223 -0.633 0.9891 2 -0.04 0.286 -0.558 0.9956

3 -0.026 0.216 -0.663 0.9992 3 -0.034 0.279 -0.507 0.9992

4 -0.024 0.218 -0.629 0.9999 4 -0.037 0.287 -0.398 0.9992

5 -0.024 0.233 -0.546 0.9848 5 -0.035 0.294 -0.351 0.9988

6 -0.023 0.245 -0.507 0.9929 6 -0.037 0.301 -0.346 0.9999

7 -0.022 0.255 -0.472 0.9934 7 -0.032 0.31 -0.34 0.9999

K10

0 -0.036 0.314 -0.454 0.9662

K30

0 -0.046 0.349 -0.257 0.9441

1 -0.035 0.303 -0.437 0.9923 1 -0.046 0.34 -0.258 0.9975

2 -0.037 0.291 -0.383 0.9986 2 -0.045 0.333 -0.251 0.9972

3 -0.035 0.288 -0.372 0.9997 3 -0.045 0.328 -0.242 0.9976

4 -0.037 0.298 -0.369 0.9998 4 -0.046 0.332 -0.234 0.9855

5 -0.035 0.305 -0.331 0.9962 5 -0.043 0.342 -0.257 0.9999

6 -0.032 0.314 -0.328 0.9962 6 -0.045 0.364 -0.307 0.9997

7 -0.035 0.327 -0.332 0.9921 7 -0.04 0.381 -0.37 0.9868
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Figure 20: Fitting parameter “a” versus D-W cycles number.
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Or the rate of permanent axial strain is satisfied:

1
as

> 0:434: ð12Þ

Table 3 lists the grading results of GRS according to
Werkmeister’s criterion, Chen’s criterion, and the present
new criterion.

The types of K10 and K20 groups in the new method are
obviously different from the two methods of Werkmeister
and Chen, but it can better reflect the influence of D-W cycles
and fine particle contents. In Figure 12, the permanent axial
strain type shifts from plastic shakedown (black point) to plas-
tic creep (blue point) with the increasing times of D-W cycles,

but the higher the fine particle contents in the soil sample, the
faster transformation rate. It can be seen that K0 group shifts
from plastic shakedown to plastic creep after 7 D-W cycles
(Figure 12(d)) while the group of K30 needs only 4 D-W cycles
(Figure 12(b)). It means that the soil with lower fine particle
contents can better adapt to the external actions of both load-
ing cycles and D-W cycles. Besides, it can also be found from
Figure 14 that the plastic creep group (blue point) increases
with the growth of fine particle contents.

6. Model Fitting for Permanent
Strain Prediction

6.1. Fitting Function. Commonly, there are two main
approaches to describe Δεap: one is to establish a constitutive
model to simulate the stress-strain relationship of each load-
ing cycle for obtaining Δεap and another one is to fit the rela-
tionship between Δεap and the loading stage, stress level,
water content, and other influencing factors to obtain the
empirical formula of Δεap. Table 4 lists the fitting models
for Δεap frequently used in the existing literatures.

It is noted that the last three models in Table 4 are not suit-
able for a large number of parameters and different factors.
Then the curve of Δεap developing with the number of loading
cycles is fitted using the first fourmodels in Table 4. The fitting
results are shown in Figure 18 (Group K0 was taken as an
example for the fitting curve). It can be observed that the fit-
ting results of simple models are not accurate.

Therefore, in this work, due to the Δεap curve of GRS
presents a nonlinear relationship in the double logarithmic
scale, a quadratic function is used to fit, and the fitting func-
tion can be expressed as follows:

log εap
� �

= a log2 Nð Þ + b log Nð Þ + c, ð13Þ
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Figure 21: Fitting parameter “b” versus D-W cycles number.
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where εap represents the permanent axial strain; N repre-
sents the number of loading cycles; a, b, and c are fitting
parameters. The fitting parameters and results are shown
in Figure 19 and Table 5.

6.2. Relationship between Fitting Parameters and Number of
D-W Cycles. In the quadratic function, coefficient “a” usually
controls the opening size and direction of the function
image. Figure 20 shows the relationship between the fitting
parameter “a” and D-W cycles number. Main conclusions
can be drawn as follows: (1) the D-W cycles have little influ-
ence on the parameter “a” which varies from -0.05 to -0.02
with D-W cycles. (2) With the increase of fine particle con-
tents, the absolute value of parameter “a” increases. (3) In
the load-strain curve, it reflects the speed of strain rate
changes. As shown in Figure 14, with the growth of fine par-
ticle contents, the change span of strain rate curve increases.
That is, the decay of strain rate slows down. Therefore, the
absolute value of parameter “a” increases with the growth
of fine particle contents. The physical meaning of parameter
“a” indicates the decay rate of strain rate, which is greatly
affected by the content of fine particles in GRS.

Figure 21 shows the relationship between the fitting
value of parameter “b” and D-W cycles number. It can be
found that the variation of parameter “b” with the D-W
cycles number is similar to the Δεap of GRS in the compres-
sion stage: (1) in the first 3 D-W cycles, the value of param-
eter “b” decreases linearly with the increase of D-W cycles
number and reaches its lowest point at the 3rd cycle. (2)
After 3 D-W cycles, the value of parameter “b” begins to
increase linearly. It can be seen that parameter “b” is related
to Δεap in the compression stage. Moreover, the first order
item in quadratic function determines the symmetry axis
position of the function image and corresponds to the range
of stable strain growth on the load-strain logarithmic curve.
Therefore, the following laws can also be found: (1) the
physical meaning of parameter “b” represents the increase
of the soil strain during the compression stage of GRS, which
decreases first and then increases with the growth of the
number of D-W cycles. (2) It is greatly affected by fine par-
ticle contents, and the value decreases with the increase of
fine particle contents. (3) For GRS, the value of “b” is
between 0.2 and 0.4.

The fitting relationship between parameter “c” and the
number of D-W cycles is given in Figure 22. It can be seen that
the values of “c” of different fine particle contents vary with the
D-W cycles: (1) when the fine particle content is very low (K0
group), the parameter “c” decreases first and then increases with
the growing of D-W cycles, and the growth rate decreases in the
later period. (2)With the increase of fine particle content (K10),
the parameter “c” becomes larger as the D-W cycles increase
and finally tends to a fixed value. (3)When the fine particle con-
tent continues to increase (K20 group), the change of parameter
“c” shows a trend of decreasing first and then increasing, and
the minimum value of “c” is obtained at the 2nd D-W cycles.
(4) When the fine particle content continues to rise (K30
group), the parameter “c” firstly increases and then decreases.
In the load-strain logarithmic curve, parameter “c” represents

the logarithm value of Δεap in the initial stage of load, so it
can be noted that it is related to Δεap in the compaction stage.
Figure 23 shows the variation rule of the early Δεap of GRS with
different fine particle contents under D-W cycles, which is obvi-
ously similar to the variation rule of parameter “c”.

7. Conclusions

Based on the dynamic triaxial test of GRS with D-W cycles
and varying fine particle contents, the growth law of Δεap
was investigated from three aspects: strain development,
mechanism analysis, and prediction model. The main results
were summarized as follows:

(1) In accordance with Werkmeister’s method, the per-
manent strain curve can be divided into two stages:
the compaction stage and the compression stage.
The influence of D-W cycles on Δεap of GRS is
mainly embodied in the compression period, and
this is because the first 3 D-W cycles make the soil
more compact and Δεap smaller. After 3 D-W cycles,
the soil becomes loose and soft and Δεap increases

(2) The influence of fine particle contents on Δεap
mainly happens in the compaction stage, including
lubrication, densification, and asphyxiation. When
the content of fine particles is relatively low (K10),
the Δεap of GRS increases. While the fine particle
content is medium (K20), Δεap is small. The Δεap
increases when fine particle content goes high
(K30). The effect will change with the increase of
D-W cycles number, but the mechanism of this
change needs further study

(3) The permanent strains following the criteria of Werk-
meister and Chen are quite different. To overcome this
issue, a new criterion for Δεap of GRS has been pro-
posed, which considers the requirements of the vari-
able and strain rate together and can better simulate
the actual situation of roadbed strain. The test data
judged by the proposed new criteria show that with
the increase of D-W cycles, the permanent strain
development type of GRS gradually changes from
plastic stabilization to plastic creep, and the transition
often occurs after 4~5 D-W cycles

(4) In the log-log coordinate system, the quadratic function
can be used to fit the relationship between Δεap and the
loading cycle number of GRS under D-W cycles. The
prediction model parameters represent the strain rate,
compression strain, and compaction strain, respectively
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