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Tis paper investigates the dynamic properties of compacted loess under wetting and drying (W-D) cycles. A series of tests were
conducted on compacted loess samples, namely, the soil dynamic triaxial test and the scanning electron microscopy (SEM) test.
Te test results showed that the dynamic stress-strain relationship of the compacted loess under the action ofW-D cycles accords
with the Hardin–Drnevich model. Te initial dynamic shear modulus (G0) and the maximum dynamic shear stress (τy) of the
compacted loess frst decreased and then increased with the number ofW-D cycles (n) increasing.Te damping ratio (λ) increased
linearly with the dynamic strain (εd) increasing in the semilogarithmic coordinate. Te defned change rate of the damping ratio
(η) frst increased and then decreased with the n increasing. Te macrostructure and microstructure characteristics of samples in
the process of W-D cycles indicate that the increasing number of pores in the humidifying process and the cracks on the surface
and inside of samples during dehumidifcation lead to the structural damage and dynamic properties reduction of compacted
loess. Te main reasons for structure strengthening and dynamic properties increasing are that soil particle structure develops to
mosaic structure, pore structure develops to uniform small pore, and matrix suction makes soil sample tend to be dense.

1. Introduction

Loess is located in an area with frequent earthquakes having
high intensity in China.Te study on the dynamic properties
of loess is signifcance to the earthquake prevention and
disaster reduction of the flling foundation, subgrade, slope,
and other projects in the loess area. Compaction is the main
methods for the foundation treatment of fll engineering,
which eliminated the collapsibility of loess [1–3].

Te wetting and drying (W-D) cycles caused by the
climate changes such as precipitation or evaporation and the
rise or fall of groundwater level change the microstructure of
the soil, made the strength deterioration of the soil mass
[4–6]. Te W-D cycles efected visible macroporosity and
unresolved mesoporosity [7], made the diferent aggregate
breakdown and to infuence aggregate stability [8], and had a
detrimental efect on the compressive strength of the soil
samples ([9], Zhang et al. 2018).

Many studies focused on the static properties of com-
pacted loess under the efects ofW-D cycles. TeW-D cycles
have produced a degradation efect on the shear strength of
undisturbed loess and compacted loess [10], Yuan et al. 2017.
According to the degradation pattern of the static strength, a
model of the degradation of the static strength was estab-
lished, which was used to study the stability of the flled slope
of compacted loess [11]. Te W-D cycles have a signifcant
efect on the triaxial shear properties of compacted loess,
with the number of W-D cycles increasing, the stress-strain
curve of compacted loess moves down sharply, then up
gradually, and fnally tends to be stable [12].

Te dynamic stress-strain relationship of the saturated
compacted loess conforms to the hyperbolic model, whereas
the relationship among the initial dynamic shear modulus
(G0), the maximum dynamic stress, and the axial consoli-
dation stress conforms to a power function [13, 14]. Te
dynamic elastic modulus (Ed) of compacted loess decreases
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with the dynamic strain increasing and tends to stabilize
gradually. Furthermore, the variation trend is basically the
same under diferent dry densities, diferent moisture
contents, and diferent confning pressures (Li et al., 2009).
Te initial dynamic shear modulus decreases with the water
content increasing, while it increases with the dry density
and confning pressure increasing [15]. Te initial stress,
middle principal stress coefcient, and the rotation of the
principal stress axis have an obvious efect on the dynamic
proprieties of compacted loess (Yang et al. 2010).

However, scholars pay little attention on the soil dy-
namic properties efect ofW-D cycles. Te dynamic strength
of silty clay obviously increased after W-D cycles [16]. Te
dynamic strength of compacted loess decreased frst and
then increased gradually with the number of W-D cycles
increasing [17]. Te infuence of W-D cycles is not con-
sidered in the study of dynamic properties of compacted
loess.

After the completion of the flling project, the soil dy-
namic properties changed due to repeated W-D cycles such
as rainfall, evaporation, and groundwater level rise and fall.
However, there is no experimental study on the dynamic
characteristics change of compacted loess after W-D cycles.
In this paper, the dynamic properties of compacted loess
afterW-D cycles were tested and studied, and their variation
rules were discussed.

Te W-D cycles were carried out to simulate the impact
of natural factors, such as rainfall, evaporation, rise of
groundwater level, and the fall of groundwater level after the
completion of the flling project. Te dynamic stress-strain
relationship, dynamic shear modulus, and damping ratio of
compacted loess were investigated by dynamic triaxial tests
with diferentW-D cyclic paths and diferent numbers ofW-
D cycles. Te evolution of the microstructural mechanism of
compacted loess was studied using a scanning electron
microscope (SEM) under diferentW-D cycles numbers and
paths.

2. Test Overview

2.1. SamplePreparation. Te samples wereQ3 Malan loess in
China. Te physical properties are listed in Table 1. Loess
samples from the soil layer were naturally air-dried and then
pulverized using a rubber hammer, which separated the
cemented particles only but did not damage the loess par-
ticles. Te pulverized loess was sieved through a 2mm mesh
in order to prepare soil samples with a water content of
18.9%, which were sealed with plastic flm for more than 48
hours to ensure the water content remains well-distributed
and constant. Te sample was put into the sample prepa-
ration device which was vertically compacted in four layers,
the dry density was 1.70 g/cm3 (the degree of compaction is
98.3%), and the diameter of the sample was 39.1mm and the
height was 80mm, which was used for the dynamic triaxial
test. Te error was controlled to be ≤0.02 g/cm3.

2.2. W-D Cycle Process. Te initial moisture content was
18.9% for W-D cycles, and the saturated moisture content

was 23%. According to the change process of soil moisture
content, four kinds ofW-D cycle paths were set, respectively:
18.9%-saturation- 8.9%, 18.9%–12.9%-saturation-12.9%,
18.9%–6.9%-saturation-6.9%, and 18.9%–0.9%-saturation-
0.9%.Te corresponding test numbers of the fourW-D cycle
paths were a, b, c, and d. Te change amplitude of moisture
content corresponding to the four W-D cycle paths was
4.1%, 10.1%, 16.1%, and 22.1%, respectively. Te number of
W-D cycles (n) was 0, 3, 6, 9, and 12, respectively, (Table 2).

Te vacuum saturation method was used for sample
saturation, whereas the degree of saturation was more than
98% for which the diference was not more than 0.1%. In
the process of sample dehumidifcation, low temperature
drying method (40°C) was adopted for a, b, and c paths,
whereas the path of d was frst dried at a low temperature
(40°C) and then dried at a high temperature (105°C). After
humidifcation or dehumidifcation, the samples were
sealed with fresh-keeping flm and placed in a moisturizing
cylinder for more than 48 hours to ensure the water was
distributed evenly. Te moisture content of the loess
sample was achieved by controlling its quality with an
accuracy of ±0.1 g. In order to ensure that the samples were
not afected by man-made damage during the W-D cycles,
the samples were wrapped with plastic wrap and wrapped
with tape after preparation (Figure 1), which was conducive
to the migration of water in the soil through both ends of
the sample, approximately simulating the one-dimensional
migration of water.

After the W-D cycles reached the required number, the
moisture content of the unifed test was found to be 18.9%,
which was conducive to the comparative analysis of the test
data.

2.3.DynamicTriaxialTest. Te samples after theW-D cycles
were used for a dynamic triaxial test to obtain dynamic
characteristics. Dynamic triaxial test adopts the soil dynamic
triaxial testing apparatus, which is produced by GDS, UK
(Figure 1).

First, the sample was installed in the pressure chamber.
After the pressure chamber was flled with water, the ad-
vanced loading module was used to load the sample step by
step for drainage and consolidation. Te consolidation ratio
(K) is the ratio of axial pressure to confning pressure, which
K� 1.5 in this paper. Consolidation confning pressure (σc)
was loaded in four stages: 50 kPa, 100 kPa, 150 kPa, and
200 kPa. Te corresponding axial biases were 25 kPa, 50 kPa,
75 kPa, and 100 kPa, respectively. Te consolidation com-
pletion standard was that the axial deformation was less than
0.002mm within 5 minutes.

Te dynamic stress was applied to the specimen using
the stress control loading mode. Te dynamic triaxial test
adopted the sine wave. Te vibration frequency (f ) is the
number of vibration cycles per second, which f� 1.0Hz in
this paper. After consolidation, the drain valve was closed
and the increment of the dynamic stress value of 10 kPa was
a dynamic load to be applied on the sample for progressive
cyclic loading (Table 3). Te number of vibrations (N) for
each level of dynamic stress was 10.
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Te dynamic damping ratio (λ) and dynamic shear
modulus (Gd) were determined according to the hysteresis
loop of the ffth vibration [18]. Te dynamic stress-strain
curves and the dynamic shear modulus were analyzed by
taking the dynamic strain value corresponding to the ffth
vibration (N� 5) under each level of dynamic stress. In
addition, the damping ratio was analyzed using the hys-
teresis loop of the ffth vibration under each level of dynamic
stress.

2.4. SEM Test. Te microimages were collected by scanning
electron microscope (Figure 2). Te samples which reached
the required W-D cycles number were cut into test samples
with the square bottom that had the dimensions of 5mm
(side) and 10mm (height). After the sample air drying, broke
it along the height of 5mm, blew away the surface soil

particles, sprayed gold on the surface, and then put it into the
vacuum chamber for vacuum pumping to obtain experi-
mental sections. Te magnifed images were obtained with
1000-fold and 5000-fold.

3. Analysis of the Experimental Results

3.1. Dynamic Stress-Strain Relationship of the Compacted
Loess under the Efects of W-D Cycles. Te dynamic stress-
strain curves of the compacted loess under diferent num-
bers ofW-D cycles and diferentW-D cyclic paths are shown
in Figure 3.

Te dynamic stress of compacted loess under diferent
W-D cycles increased in a hyperbolic form with the gradual
dynamic strain increasing (Figure 3).Te relationship curves
of dynamic stress-strain were in agreement with the Har-
din–Drnevich model [19].

Table 1: Te physical properties of loess.

Relative
density, GS

Optimal moisture
content, w (%)

Maximum dry density,
ρd (g/cm3)

Plasticity
index, Ip

Particle composition (%)
>0.075mm 0.075–0.01mm 0.01–0.005mm <0.005mm

2.72 18.9 1.73 12.2 3.72 52.18 15.44 28.66

Table 2: W-D cycle scheme of compacted loess.

Test number Dry density ρd (g/cm3) Initial moisture content (%) W-D cycle path W-D cycle number n
a 1.70 18.9 18.9%-saturation-18.9% 0, 3, 6, 9, 12
b 1.70 18.9 18.9%-12.9%-saturation-12.9% 0, 3, 6, 9, 12
c 1.70 18.9 18.9%-6.9%-saturation-6.9% 0, 3, 6, 9, 12
d 1.70 18.9 18.9%-0.9%-saturation-0.9% 0, 3, 6, 9, 12

Figure 1: Dynamic triaxial testing apparatus and some W-D cycle samples.

Table 3: Te scheme of dynamic triaxial test.

Test
number

Vibration frequency
f (Hz)

Consolidation
ratio K

Consolidation confning
pressure σc (kPa)

Dynamic stress σd (kPa)

a 1.0 1.5 200 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140, 150, 160, 170

b 1.0 1.5 200 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140, 150, 160, 170

c 1.0 1.5 200 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140, 150, 160, 170

d 1.0 1.5 200 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140, 150, 160, 170

Advances in Civil Engineering 3



Figure 2: Scanning electron microscope and samples.
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Figure 3: Dynamic stress-strain relationship of compacted loess underW-D cycles (σc � 200 kPa, K� 1.5, f� 1Hz, andN� 5). (a)W-D cycle
path a. (b) W-D cycle path b. (c) W-D cycle path c. (d) W-D cycle path d.
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σ d �
ε d

a + bε d
�

ε d
1/E0 + ε d/σy

, (1)

where σd represents dynamic stress (kPa); εd represents
dynamic strain (%); a and b represent test constant; E0
represents initial dynamic modulus (MPa); σy represents
maximum dynamic stress (kPa); and E0 �1/a, 1/σy � b.

Te dynamic stress-strain curves were obviously afected
by the W-D cycles. Te dynamic stress-strain curves of
diferent W-D cyclic paths showed diferent characteristics
with the number of W-D cycles increasing. Te dynamic
stress-strain curves of path a gradually moved down with the
number of W-D cycles increasing. When n� 9, the dynamic
stress-strain curve was located at the lowest end of the
coordinate, whereas the dynamic stress-strain curve moved
up when n� 12 (Figure 3(a)). Te dynamic stress-strain
curves of path b and path c were located at the lowest end
when n� 6, and gradually moved up when n� 9 and n� 12
(Figure 3(b)). Furthermore, the amplitude of path c moving
up was larger than that of path b (Figure 3(c)). Te dynamic
stress-strain curve of path d was located at the lowest end
when n� 3. Te dynamic stress-strain curve gradually
moved up when n� 6, n� 9, and n� 12. Te curve moved
further up than the initial stress-strain curve (n� 0) when
n� 9 and n� 12 (Figure 3(d)).

3.2. Dynamic Shear Modulus of the Compacted Loess. Te
dynamic shear modulus of the compacted loess was cal-
culated by

G d �
E d

2(1 + μ)
, (2)

c d � ε d(1 + μ), (3)

G d �
c d

a′ + b′c d
�

G0

1 + G0c d/τy

, (4)

where Ed represents dynamic modulus (MPa); Gd represents
dynamic shear modulus (MPa); cd represents dynamic shear
strain; μ represents Poisson’s ratio; a’ and b’ represent test
constant, respectively; G0 represents initial dynamic shear
modulus (MPa); τy represents maximum dynamic shear
stress (kPa); and G0 �1/a’, 1/τy � b’.

Te test data were transformed using equation (4), and
linear ftting between the values of parameters 1/Gd and cd
was performed. Te ftting parameters are listed in
Tables 4–7, whereas the ftting curves are shown in Figure 4.

It had a good linear ftting relationship between the
reciprocal of dynamic shear modulus (Gd) and the dynamic
shear strain (cd), and the ftting correlation coefcients had
values of more than 0.99 (Tables 4–7). Te intercept and
slope of the curves between 1/Gd and cd changed with the
number of W-D cycles increasing, whereas the variation
trend was obviously infuenced by the path of W-D cycles
(Figure 4).

Te initial dynamic shear modulus (G0) decreased frstly
and then increased gradually with the number ofW-D cycles
increasing (Figure 5). When n� 9, the initial dynamic shear

modulus of W-D cyclic path a reached the minimum value
and then increased. However, the rate of increase was rel-
atively slow. Te initial dynamic shear modulus of W-D
cyclic path b and path c reached the minimum value at n� 6,
after which it began to increase gradually. Te initial dy-
namic shear modulus of W-D cyclic path d reached the
minimum value at n� 3, after which it increased gradually,
and exceeded the initial dynamic shear modulus of n� 0 at
n� 12. Because of the diferent moisture content amplitudes
of the W-D cycles, the initial dynamic shear modulus were
obvious diferences for the same W-D cycles number. Te
initial dynamic shear modulus of the diferent moisture
content amplitude in the number of 12 W-D cycles were
found in the following descending order: W-D cycle paths
c< d< b< a.

Te maximum dynamic shear stress (τy) of compacted
loess was obviously afected by the W-D cycles number
(Figure 6). Te maximum dynamic shear stress of com-
pacted loess decreased gradually and then increased with the
W-D cycles number increasing. Te variation pattern was
similar to the change curve of the initial dynamic shear
modulus (G0) (Figure 5). When n� 9, the maximum dy-
namic shear stress of W-D cyclic path a reached the min-
imum value and then increased. Te maximum dynamic
shear stress of W-D cyclic paths b and c reached the min-
imum at n� 6 and then began to increase gradually. Te
maximum dynamic shear stress ofW-D cycle path d reached
the minimum value at n� 3, after which, it increased
gradually. Because of the diferent water content amplitudes
of the W-D cycles, the maximum dynamic shear stress was
an obvious diference for the sameW-D cycles number. Te
water content amplitude of the variation of the maximum
dynamic shear stress values for 12 W-D cycles was found in
the following descending order: W-D cycle paths
c< d< b< a.

3.3.DampingRatio of theCompacted Loess underW-DCycles.
Te representative dynamic stress-strain curve was selected
as the hysteretic curve (Figure 7). Te hysteresis loop area
represents the corresponding energy consumption.Te ratio
of the energy consumed by the periodic dynamic load in a
cycle to the potential energy corresponding to the maximum
shear strain in the cycle is the damping ratio (λ).

According to the dynamic triaxial test of compacted
loess, the dynamic stress-strain time history curve was de-
termined, and the hysteresis circle was drawn using the
dynamic stress and strain of the 5th vibration. Furthermore,
the damping ratio (λ) of the compacted loess was calculated
using the following equation:

Table 4: Fitting parameters of Gd and cd of W-D cycle path a.

Fitting parameter
W-D cycle path a

0 3 6 9 12
a’ 0.01465 0.01538 0.01654 0.01791 0.01773
b’ 16.145 17.268 18.184 19.306 17.741
R2 0.9959 0.9957 0.9963 0.9932 0.9942
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λ �
1
4π

·
A

AL

, (5)

where λ represents damping ratio; A represents the area of
the hysteresis loop; and AL represents the triangle OAB area
(Figure 7).

Te damping ratio (λ) of compacted loess samples with
diferentW-D cycle paths and diferentW-D cycles numbers
was calculated and ftted in semilogarithmic coordinates
using equation (6). Te ftting parameters are listed in
Tables 8–11. Te ftting curves are shown in Figure 8.

λ � m + p · lg ε d( , (6)

where λ represents damping ratio; m and p represent ftting
parameters; and εd represents dynamic strain.

Te damping ratio (λ) and dynamic strain (εd) curves
ftted according to equation (6) were linear, and the ftting
correlation coefcients were all more than 0.99
(Tables 8–11). Te damping ratio increased linearly with the
dynamic strain increasing (Figure 8). Te slope of the curves
changed signifcantly with the W-D cycles number in-
creasing, and the variation pattern was obviously diferent
due to the infuence ofW-D cycle path.When n� 0, the slope
of the curve was the highest forW-D cyclic paths a, b, and c.
Te slope of the straight line decreased gradually with theW-
D cycles number increasing. When n� 9, the slope of the
straight line reached the minimum value for theW-D path a
and then, it increased with the W-D cycles number in-
creasing (Figure 8(a)). When n� 6, the slope of the straight
line reached the minimum forW-D cyclic paths b and c and
then increased with the W-D cycles number increasing
(Figures 8(b) and 8(c)). When n� 3, the slope of the straight

line reached the minimum for the W-D path d and then
increased with theW-D cycles number increasing. Te slope
of the straight line at n� 12 was greater than that at n� 0 for
the W-D path d (Figure 8(d)).

In order to further analyze the efect of the W-D cycles
number on the damping ratio (λ) of each W-D cyclic path,
the change rate (η) of the damping ratio was defned. Te
slope (p) of damping ratio (λ) and dynamic strain (εd) curve
in the semilogarithmic coordinate system was used to cal-
culate the change rate (η) of the damping ratio according to
equation (7), and the relationship between the rate of change
of damping ratio (η) and the W-D cycles number (n) was
established (Figure 9).

η �
p0 − pn

p0
, (7)

where η represents the change rate of the damping ratio and
p0 represents the slope of damping ratio (λ) and dynamic
strain (εd) curve in semilogarithmic coordinate when n� 0.
pn represents the slope of damping ratio (λ) and dynamic
strain (εd) curve in the semilogarithmic coordinate when
n� 3, 6, 9, 12.

Te damping ratio (εd) of the compacted loess was
obviously afected by the W-D cycles number. Te change
rate (η) of the damping ratio of compacted loess gradually
increased and then decreased with the W-D cycles number
increasing (Figure 9). Afected by the W-D cyclic paths, the
W-D cycles number corresponding to the peak value of the
rate of change of damping ratio was diferent, in which the
W-D cyclic path a had n� 9, theW-D cyclic path b and path
c had n� 6, and the W-D cyclic path d had n� 3. Te water
content amplitudes ofW-D cycles corresponding to diferent

Table 5: Fitting parameters of Gd and cd of W-D cycle path b.

Fitting parameter
W-D cycle path b

0 3 6 9 12
a’ 0.01465 0.01563 0.01693 0.01791 0.016
b’ 16.145 17.717 19.859 19.638 16.484
R2 0.9959 0.9962 0.9960 0.9975 0.9956

Table 6: Fitting parameters of Gd and cd of W-D cycle path c.

Fitting parameter
W-D cycle path c

0 3 6 9 12
a’ 0.01465 0.01644 0.02084 0.01976 0.01835
b’ 16.145 17.681 18.826 16.882 15.506
R2 0.9959 0.9982 0.9981 0.9970 0.9976

Table 7: Fitting parameters of Gd and cd of W-D cycle path d.

Fitting parameter
W-D cycle path a

0 3 6 9 12
a’ 0.01465 0.01623 0.01563 0.01558 0.01384
b’ 16.145 16.531 15.527 14.976 14.178
R2 0.9959 0.9980 0.9983 0.9972 0.9957
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W-D cyclic paths were diferent. When the water content
amplitude of the W-D cycle was larger (W-D cyclic path d),
the W-D cycles number was smaller when the change rate
(η) of the damping ratio reached the peak value. However, it
was not the maximum value among the peak values for the
four W-D cycle paths. Te maximum change rate (η) of the
damping ratio was for theW-D cycle path c, which indicated
that there was a specifcW-D cycle amplitude and the impact
of the W-D cycle on the damping ratio of the compacted
loess was the greatest under the condition of the W-D cycle
water content amplitude.

4. Dynamic Properties Change
Mechanism under the Effect of W-D Cycles

4.1. Causes Analysis of Dynamic Properties Change. Te
initial structure of the loess was formed after the completion
of the compaction construction. In the later operation, the
initial structure changed under the infuence of natural and
human factors, such as water and load (static and dynamic).
After the repeated action of water and load (static and
dynamic), the evolution of the structural characteristics of
compacted loess was divided into three stages, namely the
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Figure 4: Te relationship between dynamic shear modulus Gd and dynamic shear strain cd of compacted loess under W-D cycles
(σc � 200 kPa, K� 1.5, f� 1Hz, N� 5). (a) W-D cycle path a. (b) W-D cycle path b. (c) W-D cycle path c. (d) W-D cycle path d.
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structural damage, the structural strengthening, and the
structural stability.

For the twelve W-D cycles, the G0 and τy of compacted
loess frst decreased and then gradually increased (Figures 5
and 6). Te change rate (η) of the damping ratio of the
compacted loess frst increased and then decreased (Fig-
ure 9). Te pattern of change had an obvious turning point.
Te W-D cycle number corresponding to the turning point
was called the critical W-D cycles number (represented by
nc). When n≤ nc, the G0 and τy of compacted loess decreased
and the change rate of damping ratio increased with theW-
D cycles number increasing. Additionally, the soil samples

showed the structure deterioration under the infuence of
W-D cycles. Tis represented the structure damage stage.
When n> nc, the G0 and τy of the compacted loess increased
and the change rate of damping ratio decreased with theW-
D cycles number increasing. In addition, the soil samples
showed structural strengthening, thus representing the
structural strengthening stage. Te critical W-D cycles
number (nc) corresponding to diferent amplitudes was
diferent, and for the path a, b, c, and d, the corresponding
values was nc � 9, 6, 4.5, and 3.

In the stage of structural damage, water infltration made
the number of pores increase continuously in the soil. In the
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process of air drying, water evaporation made cracks appear
on the surface and inside of the sample, and the total po-
rosity increase (Figure 10). Te development of cracks was
the main factor that led to the structural damage and the
dynamic properties of compacted loess decrease. In addi-
tion, the volumetric water content of the sample decreased,
and the matric suction increased. Te compressive stress
between the soil particles under the action of the shrinkage
membrane in the capillary zone increased with the matrix
suction increasing, due to which, the pore space and the void
fraction of soil particles decreased [20]. In this process, the

damage efect of dry shrinkage was greater than the
strengthening efect of the compressive stress. When theW-
D cycles amplitude was small (such as W-D cyclic path a),
the damaging efect of the humidity and dehumidify in the
soil sample was slower, and the crack development on the
surface of the sample was not obvious (such as W-D cyclic
path a, Figure 10).Te degree of damage gradually increased
with the amplitude increasing, whereas the corresponding
W-D cycles number gradually decreased (n� 6 for W-D
cycle path b, n� 3–6 forW-D cycle path c, and n� 3 forW-D
cycle path d).Te overall damaging efect of compacted loess

εd

A

O B

σd

Figure 7: Dynamic stress-strain hysteresis loop.

Table 8: Fitting parameters of λ and εd of W-D cycle path a.

Fitting parameter
W-D cycle path a

0 3 6 9 12
M 0.3305 0.2878 0.2714 0.2408 0.2542
p 0.0427 0.0359 0.0330 0.0281 0.0301
R2 0.9952 0.9987 0.9977 0.9980 0.9978

Table 9: Fitting parameters of λ and εd of W-D cycle path b.

Fitting parameter
W-D cycle path b

0 3 6 9 12
m 0.3305 0.2995 0.2502 0.2703 0.2876
p 0.0427 0.0340 0.0293 0.0324 0.0351
R2 0.9952 0.9969 0.9990 0.9972 0.9992

Table 10: Fitting parameters of λ and εd of W-D cycle path c.

Fitting parameter
W-D cycle path c

0 3 6 9 12
m 0.3305 0.2561 0.2351 0.2732 0.2879
p 0.0427 0.0306 0.0271 0.0335 0.0361
R2 0.9952 0.9975 0.9964 0.9988 0.9984

Table 11: Fitting parameters of λ and εd of W-D cycle path d.

Fitting parameter
W-D cycle path a

0 3 6 9 12
m 0.3305 0.2518 0.2733 0.2945 0.3532
p 0.0427 0.0288 0.0334 0.0370 0.0467
R2 0.9952 0.9960 0.9954 0.9941 0.9932
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was greater than the enhancement efect in this stage.Te G0
and τy of soil decreased, and the change rate of the damping
ratio increased.

In the stage of structural strengthening, the repeated
efect of matrix suction on soil particles reduced the porosity
and the void ratio. Te W-D cycles amplitude was larger
(such as W-D cyclic paths b and c, Figure 10), and the dry
shrinkage of soil samples was more obvious. Although there
were cracks in the process of dry shrinkage, the soil sample
tended to be dense, as shown by the W-D cycle path d in
Figure 10, which was the surface cracks feature of the sixth
W-D cycle. Furthermore, when the W-D cycles number
exceeded the critical W-D cycles number (nc � 3), the

development of cracks on the surface of the soil sample was
relatively lower than that in the W-D cyclic path d. Te
enhancement efect of the structure of the soil sample was
greater than the damaging efect with the W-D cycles
number increasing. Terefore, the G0 and τy gradually in-
creased after reaching the minimum value corresponding to
the criticalW-D cycles number for the fourW-D cycle paths
(Figures 5 and 6). Te change rate of the damping ratio
decreased gradually after reaching the maximum value
corresponding to the criticalW-D cycles number for the four
W-D cyclic paths (Figure 9).

After a certainW-D cycles number, the compacted loess
samples were drained and consolidated before performing
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Figure 8: Te relationship between the damping ratio λ and dynamic strain εd of compacted loess under W-D cycle (σc � 200 kPa, K� 1.5,
f� 1Hz, N� 5). (a) W-D cycle path a. (b) W-D cycle path b. (c) W-D cycle path c. (d) W-D cycle path d.
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the dynamic properties test. Te relationship between the
axial consolidation strain and the W-D cycles number was
established to analyze the infuence of consolidation con-
fning pressure (σc � 200 kPa) on the dynamic properties. It
was obvious that the axial consolidation strain of compacted
loess samples did not always increase with the W-D cycles
number increasing and showed the same variation pattern as
the change of the G0 and τy (Figure 11). Tere were also a
critical number of W-D cycles (nc) for axial consolidation
strain, which was consistent with the critical number ofW-D
cycles for dynamic properties corresponding to diferentW-
D cycle paths. Te structural damage or strengthening oc-
curred before the sample consolidation, which further
verifed the rationality of the above-given analysis. Te
consolidation confning pressure had no obvious efect on
the dynamic properties of compacted loess under the W-D
cycles.

4.2. Evolution of the Microstructure of Compacted Loess.
Te SEM images were obtained using SEM tests and are
shown in Figure 12. Due to the space limitation, the SEM
images of theW-D cyclic path b was only listed in this paper.

When n� 0, the skeleton particles of compacted loess
were the aggregate particles, which were in the form of a
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Figure 10: Surface crack characteristics of samples with diferent cyclic paths after the 6th W-D cycle dehumidifcation.
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(a) (b)

(c) (d)

(e) (f )

(g) (h)

(i) (j)

Figure 12: SEM images ofW-D cycle path b. (a) n� 0 (1000X); (b) n� 0 (5000X); (c) n� 3 (1000X); (d) n� 3 (5000X); (e) n� 6 (1000X); (f )
n� 6 (5000X); (g) n� 9 (1000X); (h) n� 9 (5000X); (i) n� 12 (1000X); (j) n� 12 (5000X).
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coagulum. Te particles were mainly in line-surface and
surface-surface mosaic contact. Te pores in the soil were
mainly medium and small, and the content of large pores
was relatively small. Te edges and corners of the compacted
loess particles without W-D cycles were relatively obvious
(Figure 12, n� 0). Te line-surface contact and the surface-
surface contact between the particles decreased with the W-
D cycles number increasing. Te pores in the compacted
loess gradually evolved from large and medium pores to
medium and small pores with the W-D cycles number in-
creasing. When n< nc, the development of microcracks in
SEM images of diferent paths was the reason for the dy-
namic shear modulus, the maximum dynamic shear stress,
and the damping ratio decreasing gradually during theW-D
cycles. When n> nc, the compaction of matrix suction and
the flling of particles to large and medium pores and cracks
which reduced the porosity and improved the cohesion and
occlusion between particles, made the dynamic shear
modulus, the maximum dynamic shear stress, and the
damping ratio increasing.

In order to further reveal why the dynamic properties of
compacted loess changed under the efect ofW-D cycles, the
SEM images with diferent W-D cycles paths and numbers,
magnifed by 1000 times, were quantitatively processed [21].
Tree areas of the soil sample section were selected for
parallel determination of microparameters to make the
quantitative analysis more representatives. Te threshold
values of 50, 200, and 800 area pixels (50 area pixels were
equivalent to 0.646 μm2 of pore area) were selected to
binarize the SEM images to obtain the porosity and pore area
under the efect of W-D cycles.

Te porosity of the compacted loess increased with the
W-D cycles number increasing, when n� nc, reached the
maximum value and then decreased gradually (Figure 13).
In the process of humidifcation, the microparticles flled the
large pores between the particles, and the pores number

increased in the compacted loess under the efect of water.
Te large and medium pores evolved to the medium and
small pore continuously, which made the number of pores
increase. In addition, the number of pores inside the par-
ticles increased with the erosion of the microparticles and
soluble salts on the surface of the particles. Te increasing of
total porosity was caused by the pore number increasing. In
the process of air drying, the dry shrinkage resulted in the
cracks development in the sample and the porosity of the
compacted loess increased. When n> nc, the small particles
were continuously flled in the large and medium pores, the
volume of the soil decreased due to the dry shrinkage, and
the porosity in the soil decreased fnally.

In order to further analyze the evolution of pores in soil
sample under the infuence of W-D cycles, the pores in the
compacted loess were divided into fve categories according
to the pixel area. Tese categories were the micropores, the
small pores, the medium pores, and the macropores. Te
proportion of the pore area of fve pore categories duringW-
D cycles was statistically analyzed to establish the rela-
tionship between the areas of diferent pore types and theW-
D cycles number (Figure 14). Te macropores in the
compacted loess evolved into small and medium pores, and
the small pores and micropores increased with the W-D
cycles number increasing. Except for the increasing of
macropores in path c at n� 3 and n� 6, the macropores of
the otherW-D cycle paths decreased gradually. Te number
of mesopores in a, b, c, and d increased with theW-D cycles
number increasing, respectively, reached the maximum at nc
and then gradually decreased. Te numbers of small pores
and micropores increased in the W-D cycles process. Te
main causes for structural damage of compacted loess were
the number of pores increasing and the development of
cracks and microcracks in the process of W-D cycles. Te
structure of compacted loess was strengthened by the mi-
cropores increasing and the cracks closing. Trough
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Figure 13: Changes of porosity of compacted loess under W-D cycles.
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comparative analysis of the pore evolution law of the four
cycles, it could be concluded that the maximum damage
degree of the structure was caused by the W-D cycle water
content amplitude corresponding to the path b and c, fol-
lowed by the path a, and the minimum was the path d. From
the point of view of pore evolution characteristics, the
micromechanism of dynamic properties changes under the
W-D cycles was revealed.

5. Conclusions

Based upon the W-D cycle tests, soil dynamic triaxial tests,
and SEM tests on the loess samples, the dynamic properties
of compacted loess were systematically studied under

diferent W-D cycles number. Te conclusions were ob-
tained as follows [22]:

(1) Te dynamic stress-strain curves of compacted loess
under W-D cycles conformed to the Har-
din–Drnevich model. Te dynamic stress-strain
curves of diferentW-D cyclic paths showed diferent
characteristics with the W-D cycles number
increasing.

(2) Te dynamic shear modulus (Gd) of compacted loess
gradually decreased with the dynamic shear strain
(cd) increasing. Te reciprocal of the dynamic shear
modulus had a good linear relationship with the
dynamic shear strain. Te initial dynamic shear
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Figure 14: Changes of area ratio of diferent pore types. (a)W-D cycle path a. (b)W-D cycle path b. (c)W-D cycle path c. (d)W-D cycle path
d.
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modulus (G0) and the maximum dynamic shear
stress (τy) of the compacted loess frst decreased and
then gradually increased with the W-D cycles
number increasing. Furthermore, these parameters
showed diferent variation patterns in diferentW-D
cyclic paths.

(3) Te damping ratio (λ) increased with the dynamic
strain (εd) increasing. Te change rate (η) of the
damping ratio was defned to express the variation
pattern of the damping ratio under the efect ofW-D
cycles. Te rate of change of the damping ratio frst
increased and then decreased with the W-D cycles
number increasing.

(4) TeW-D cycles water content amplitude afected the
dynamic properties of compacted loess signifcantly.
Te critical number of W-D cycles was diferent for
diferent amplitude, nc � 9 for path a, nc � 6 for path
b, nc � 4.5 for path c, nc � 3 for path d.

(5) Te main reasons for the structural damage of
compacted loess were that the numbers of pores
increase and cracks development on the surface and
inside of the soil sample. Te development of soil
particle structure to mosaic structure, pore structure
to uniform small pore, and matrix suction made soil
sample tend to be dense, which led to structural
strengthening. Te evolution law of pore type
revealed the micromechanism of dynamic properties
under the efect of W-D cycles.

(6) In the actual flling project, the impact of repeated
W-D cycles such as precipitation evaporation and
groundwater level rise and fall should be considered
when evaluating the dynamic properties of com-
pacted loess. Te stability of foundation, slope, and
other projects was analyzed by the dynamic prop-
erties of compacted loess after W-D cycles.
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GS: Specifc gravity of soil particle
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Ip: Plasticity index
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α and b: Test constant
E0: Initial dynamic modulus
σy: Maximum dynamic stress
Ed: Dynamic modulus
Gd: Dynamic shear modulus
cd: Dynamic shear strain
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G0: Initial dynamic shear modulus
τy: Maximum dynamic shear stress

λ: Damping ratio
A: Area of the hysteresis loop
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η: Change rate of the damping ratio
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when n� 0
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