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Initial shear stress is inevitable in actual engineering slopes, subgrades and foundations. The soils exhibit different dynamic
characteristics under an initial shear stress. The dynamic strength characteristics of saturated clay under cyclic loading were
studied through a dynamic triaxial test of remoulded clay in the Wenchuan area. The effects of the failure criterion, initial shear
stress and vibration frequency on the dynamic strength characteristics of saturated clay were also analysed. The results showed
that the strain failure criterion with a strain value of 2.5 % or the transitional strain £, can reflect the soil damage realistically
and evaluate the dynamic strength of the soil objectively. £, = 2.5 % can be used to replace &, = £, when the dynamic strength
parameter of the saturated clay was calculated under seismic loading equivalent failure vibration times. The dynamic strength
parameters of the saturated clay under different earthquake magnitudes were calculated by introducing the equivalent failure vi-
bration times of the soil under seismic loading, thereby providing data support for the stability analysis of the clay foundation
under seismic loading. The initial shear stress and vibration frequency have a considerable effect on the dynamic strength of sat-
urated clay. Under the same vibration frequency, the larger the initial shear stress is, the smaller the required dynamic stress is
for the soil to break, and the smaller the dynamic strength parameter is. The existence of the initial shear stress reduces the dy-
namic strength of the soil. Under the same vibration times, the higher the vibration frequency is, the greater the required dy-
namic stress is for the soil to break, the larger the dynamic strength parameler is, and the greater the dynamic strength of the soil
is.
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Z zaCelno striZno napetostjo se neizogibno sreCamo, ko obravnavamo probleme vezane na inZenirske zemljine, hribine, strmine,
nagibe, podzemelja, temelje itd. Vsi ti objekti razli¢no dinamitno reagirajo na prisotno zacetno strizno napetost. Avtorji lega
Clanka so analizirali obna%anje nasi¢ene gline pod vplivom dinami¢nih obremenitev. Za to so uporabili sistem za dinami¢no
obremenilno triosno testiranje in v Studiji raziskovali dinami¢no trdnost preoblikovane gline iz Wenchuana, provinca Sichuan na
Kitajskem (potres 2008). Prav tako so analizirali vpliv kriterija poruZilve, zaCelne striZne napetosti in vibracijske frekvence na
dinami¢no trdnost preiskovane gline. Rezultati analiz so pokazali, da kriterij deformacijske porugitve pri deformaciji 2,5 % ali
prehodni deformaciji &, lahko realisticno prikaZe situacijo pri kateri pride do poSkodb oz. poruSitve in s tem objektivno
ovrednoti dinami¢no trdnost tal oz. realne zemljine. Prehodno deformacijo &£, = 2,5 % lahko uporabimo kot zamenjavo za
£, = £, ko parameter dinamicne trdnosti nasi¢ene gline izraCunamo pri enakih potresnih obremenitvah in z ekvivalentnimi
vibracijskimi frekvencami potrebnimi za poruSitev. Avtorji tega ¢lanka so izraCunali parametre dinamiCne (rdnosti nasiCene
gline pri razli¢nih magnitudah potresov z uvedbo ekvivalentnih porusnih vibracijskih ¢asov za dane potresne obremenitve. Na ta
nacin so avtorji zagotovili podatkovno podporo za analizo stabilnosti temeljenja glinene podlage v primeru potresnih
obremenitev. Zacetna striZna napetost in vibracijska frekvenca imata pomemben vpliv na dinami¢no trdnost nasifene gline.
Vecja kot je zaCetna striZna napetost pri enaki vibracijski frekvenci, manjSa je zahtevana dinamiCna napetost za poruSilev
zemljine in manjsi je parameter dinamiCne trdnosti. Obstoj neke zaCetne striZne napetosti v zemljini zmanja njeno dinami¢no
trdnost. Vecja kot je vibracijska frekvenca pri enakih vibracijskih Casih, vecja je zahtevana dinamiCna napetost za porusilev
zemljine, vedji je tudi njen parameter dinamifne trdnosti in vecja je njena dinamiCna trdnost.

Kljune besede: zafetna striZna napetost, nasi¢ena glina, parameter dinamic¢ne trdnosti, kriterij odpovedi (porusitve)
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1 INTRODUCTION

China is an earthquake-prone country with a wide
distribution of earthquakes. The earthquakes in its south-
western part are particularly strong. In the past 100
years, the number of strong earthquakes (M = 8) in
China has been 10, and the casualties and property losses

*Corresponding author’s e-mail:
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are severe in densely populated areas.'-* In 1920, the
number of deaths in the Haiyuan earthquake in Ningxia
was more than 200,000, and the wounded were innumer-
able. In 1976, a 7.8-magnitude earthquake struck
Tangshan, Hebei Province. Most of the urban houses col-
lapsed, more than 240,000 people suffered, and the
wounded were countless. In 2008, Wenchuan, Sichuan
Province, suffered an 8.0-magnitude earthquake with a
maximum intensity of 11 degrees. The earthquake cov-
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ered 10 provinces and cities; its destructiveness and diffi-
culty of relief were quite rare, during which more than
80,000 people were dead or missing, causing major casu-
alties and property losses.*?

Earthquakes cause many foundations and subgrades
to be liquefied, deformed and destroyed. For an earth-
quake-prone country like China, many foundations and
roadbeds of buildings are likely to encounter earth-
quakes. In addition, many infrastructures are built on
widely distributed soft clay foundations; the initial shear
stress is inevitable in these foundations and roadbeds,
and soft clay may exhibit different dynamic characteris-
tics under the initial shear stress. Thus, the dynamic
strength characteristics of soft clay under the initial shear
stress must be studied, and the research results have a
strong application value.®'?

At present, most of the tests mainly consider the state
where the initial shear stress does not exist, i.e., the test
is started based on the equal, three-dimensional consoli-
dation pressure. The initial shear stress is an important
factor affecting the dynamic properties of saturated clay,
and many researchers are beginning to pay attention to
study the effect of the initial shear stress. Yasuhara et
al."" considered that under cyclic loading, the pore-water
pressure inside the normally consolidated clay soil grad-
ually increases with vibration times, decreasing the ef-
fective stress and dynamic strength of the soil. Moreover,
the greater the residual pore pressure is, the higher the
attenuation of the soil dynamic strength is. Ishihara et
al."> showed that the existence of the initial shear stress
increases the overall soil strength. Seed et al.’*, Zimmie
et al.'" and Goulois et al."” believed that the shear
strength of soil gradually decreases with the increase of
initial shear stress. Lefebvre et al.'® determined through
experiments that when the initial shear stress exists in the
soil, the shear strength is reduced, while improving the
total strength of the soil. Tan et al.'” believed that the dy-
namic strength of clay gradually decreases with the in-
crease of initial shear stress. Matisui et al.'"® found
through clay cycle triaxial test that the shear strength of
the soil is reduced when the cyclic stress is relatively
large. Liao et al."” considered that the consolidation ratio
has a considerable effect on the dynamic shear strength
of volcanic ash clay soil through a dynamic triaxial test
of volcanic ash clay soil. They also established a dy-
namic shear-strength expression for the consolidation ra-
tio change. Chen et al.” determined by studying the cy-
clic loading that under the same dynamic stress level, the
higher the vibration frequency is, the higher the dynamic
strength of the soil is. The natural structure of the soil
determines the difference in the dynamic strength of the
soil at different frequencies. Moreover, frequency has a

Table 1: Basic physical properties of clay

considerable influence on the dynamic strength, even if
the vibration times are long.

The above analysis indicates that many infrastruc-
tures are built on widely distributed, soft clay founda-
tions, and the initial shear stress is inevitable on these
foundations. However, the influence of the initial shear
stress and the vibration frequency on the dynamic
strength characteristics of saturated clay has not been
consistently concluded, and the relationship between the
dynamic strength and the vibration times under different
initial shear stresses has not been established. The dy-
namic strength of saturated clay is closely related to the
selection of a failure criterion. At present, the selection
of a failure criterion is not clear, and the variation law of
strength parameters (c, ¢) for soft clay under different
magnitudes is not presented. Therefore, an experimental
study of the dynamic strength characteristics of saturated
clay, which provides a theoretical basis for the stability
analysis of clay foundation under seismic loading, must
be continued.

2 SOIL SAMPLES AND PLANS
2.1 Soil samples

The clay used in the experiment, which was re-
shaped, was taken from Wenchuan, Sichuan Province.
The sampling depth was approximately 4—6 m. The basic
physical properties of the clay are shown in Table 1. Ac-
cording to the classification criteria for clay soil, the clay
in Wenchuan earthquake area was classified by plastic
map, and the clay used in the test was viscous low plastic
soil.

2.2 Test procedures and methods

This test used a triaxial apparatus (DDS-70, China).
A remoulded soil sample with a diameter of 39.1 mm
and a height of 80 mm was used. It was prepared using a
multilayer wet-mortar method and divided into five lay-
ers for compaction. The weight of each layer was deter-
mined based on the dry density of the soil sample and
the predesigned moisture content. Each layer was com-
pacted to the corresponding height, and the contact sur-
faces were shaved to ensure good contact between the
layers. After the sample preparation, the soil sample was
installed in the pressure chamber of the cyclic triaxial ap-
paratus. In the pressure chamber, two methods were used
to saturate the sample, i.e., vacuum pumping, airless wa-
ter and reversing pressure. When the pore-water pressure
coefficient B was 0.97, the sample was considered to
meet the saturation requirement. In the consolidation
phase, the drain valve was opened slowly after the sam-

Densigy Natural moisture | Proportion | Liquid limit
(g/lcm”) content (w/%) Gs (wi /%)
1.78 21.59 2.72 37.62

Plastic limit | Plasticity in- | Cohesion Internal fric-
(wpl%) dex fp (kPa) | tion angle (°)
20.26 17.36 27.15 16.86
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ple was saturated. The drain valve needed to be closed
for 5 min when the pore-water pressure dissipated close
to 0. The consolidation was considered complete when
the pore-water pressure no longer increased. The
deviatoric stress was gradually increased after the iso-
static consolidation was completed. At this time, the
drain valve needed to be opened to avoid deformation
and damage. It was consolidated for pore-water pressure
no longer increasing when applied to the corresponding
deviatoric stress. Then, the drain valve was closed to
complete the bias-consolidation process.

2.3 Test plans

According to the depth of the soil extraction and re-
search needs, the consolidation confining pressures in
this test are o, (50; 100; 150) kPa. Given the short acting
time of the cyclic loading provided by the earthquake,
the drainage of the clay layer is slow. The soil could be
regarded as undrained because of this characteristic.
Thus, the test used an undrained shear. According to the
frequency range of the seismic loading, the vibration fre-
quencies adopted are f (1: 2; 4) Hz; the ratio of the dy-
namic stress amplitude od to the double confining pres-
sure o. is defined as the dynamic stress ratio r, (Equation

(1)

r=0,420,

(D

The experimental dynamic stress ratios are r (0.165;
0.25; 0.335). The dynamic triaxial tests of consolidation
ratio K, (1; 1.25; 1.5) were performed to consider the in-
fluence of the initial shear stress on the dynamic charac-
teristics of the saturated clay, in Equation (2).

K. = (oi+0. )lo.,

(D
where o5 represents the initial shear stress, oc represents
the consolidation confining pressure, and the magnitude
of K. reflects the initial shear stress level of the soil.

Given the asymmetry and irregularity of the seismic
loading, repeating the earthquake with the same seismic
waveform is impossible. Therefore, the seismic loading
input in this study was simulated by a sine wave of equal
amplitude waveform. The specific test plan is shown in
Table 2.

Table 2: Saturated clay dynamic triaxial test program

Consoli- | Confining | Vibration | Dynamic
Test type |dation ra-| pressure | frequency |stress ratio
tio K (kPa) (Hz) r

Isobaric pres- 1 50 1 0.165
sure 100 2 0.25
150 4 0.335
Unsymmetri- 1.25 50 4 0.165
cal pressure 1.5 100 0.25
150 0.335
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3 DETERMINATION OF THE DYNAMIC
STRENGTH FAILURE CRITERION OF THE
SATURATED CLAY

3.1 Dynamic strength failure criterion of saturated
clay

For saturated clay, hysteresis exists in the pore-water
pressure test because of the poor drainage conditions in-
side the soil. Thus, the strain failure criterion is usually
selected. Two ways are normally used to achieve the fail-
ure criterion of the soil strain. One way is to select a
large dynamic stress and reduce the number of cycles;
the other is to select a small dynamic stress and increase
the number of cycles. For the selection of the strain fail-
ure criterion, the axial strain &, is usually specified as a
certain value, and the commonly used strain failure crite-
ria are &, (2.5; 5; 10) %. In this study the strain value &
corresponding to the turning point is concentrated in the
range 1-3 % by analysing the data of the strain-develop-
ment curve above. Therefore, three conditions, &; (2.5; 5) %
and £, = &, were chosen to study the dynamic-strength
failure criterion of the saturated clay in this study. The
differences in the dynamic strength of the saturated clay
under three failure criteria were quantitatively analysed
by selecting the appropriate failure criterion from the ex-
perimental data.

3.2 Dynamic strength curve of saturated clay

A soil’s dynamic strength is expressed as the relation-
ship between the number of cyclic vibration N and the
dynamic stress 04 when the failure criterion is reached,
i.e., the o4 — N curve, also called the soil dynamic
strength curve. Two dynamic strength parameters,
namely, the dynamic cohesion ¢4 and the dynamic inter-
nal friction angle ¢4, can be obtained from the soil’s dy-
namic strength curves through a set of soil dynamic
strength tests. The specific solution process is as follows.

According to the soil dynamic strength, i.e., the o4 —
N curve, obtained by the cyclic loading test, the dynamic
stress amplitude oy required to reach the specified strain
failure criterion under a certain fixed vibration times N
can be determined under this state with pre-pressure. The
following treatments are also needed to obtain the soil’s
dynamic strength parameters, namely, the dynamic cohe-
sion ¢y and the dynamic internal friction angle ¢4, under
the test conditions. o, and o3 are known, and o, = 03 are
under equal pressure consolidation conditions. The prin-
cipal stress 014 = 01 + 04 and 034 = 03 of the dynamic fail-
ure condition can be obtained by determining the dy-
namic strength oy corresponding to the strain-failure
criterion under the specified vibration times in the dy-
namic strength curves. From this approach, the molar
stress circle under the dynamic failure condition can be
drawn in the 7-o coordinate map. A set of molar stress
circles can be obtained by dynamic triaxial tests on a set
of different confining pressures. The soil’s dynamic
strength parameters, namely, the dynamic cohesion ¢4
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Figure 1: Soil dynamic strength and molar stress circle

and the dynamic internal friction angle ¢q4, can be ob-
tained by solving the intercept and the slope of the com-
mon tangent of the set of molar stress circles, as shown
in Figure 1.

3.3 Effects of strain failure criterion on the dynamic
strength of saturated clay

The definition of the soil’s dynamic strength indi-
cates that dynamic strength is closely related to the
strain-failure criterion. The selection of the appropriate
strain failure criterion is related to whether the soil dam-
age conditions can be truly reflected. Figure 2 shows the
dynamic strength curve of the saturated clay when the
confining pressure is 100 kPa, the vibration frequency is
4 Hz, the consolidation ratio is 1, and the strain failure
criteria are &, 2.5 % and 5 %.

Figure 2 also shows that as the number of cyclic vi-
brations increases, the dynamic strength of the soil grad-
ually decreases. In addition, an inflexion point exists in
the dynamic strength curve. The relationship curve is
steep before the inflexion point, i.e., the tangent slope is
high when the number of vibrations is low. This finding
indicates that the dynamic strength of the soil decays
quickly. The relationship curve is gradually gentle after
the inflexion point, i.e., the tangent slope of the relation-
ship curve gradually decreases as the number of vibra-
tions increases. This observation indicates that the dy-
namic strength decay tends to be slow.

80

—h— ¢ zglp

300 400 500 600
N

Figure 2: Dynamic strength curves of soil under different strain-fail-
ure criteria

0 1 1
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Figure 2 further shows that the strain-failure criterion
has a considerable influence on the dynamic strength
analysis of the soil, and the improvement of the
strain-failure criterion artificially increases the soil’s dy-
namic strength. Under the same dynamic stress condi-
tions, the higher the strain failure criterion is, the higher
the required number of vibration times is for the soil to
reach the break. Under the same vibration times, the
higher the strain failure criterion is, the greater the re-
quired dynamic stress is for the soil to reach the break.
Figure 2 shows that the curves of the dynamic strength-
vibration times of the soil corresponding to &, = 2.5 %
and &, = &, are relatively close. This finding indicates
that the strain-failure criterion &, = 2.5 % and &, = &, can
be used to reflect the soil-damage situation realistically
and evaluate the soil’s dynamic strength objectively.
However, the strain-failure criterion £, = 5 % does not
usually reflect the true damage to the soil, and it overes-
timates the soil’s dynamic strength. The higher the num-
ber of vibrations is, the more obvious this phenomenon
is.

3.4 Determination of the strain-failure criterion

A soil’s dynamic strength is inextricably linked to the
number of cyclic vibrations. Thus, the concept of equiva-
lent failure vibration times is introduced to analysing the
‘s dynamic strength under seismic loading. The wave-
forms used for cyclic loading in the dynamic triaxial test
often have certain regularity, such as the equal-amplitude
sinusoidal waveform used in this study, which is differ-
ent to the vibration waveform caused by seismic loading
in the actual situation. According to the "Foundation Dy-
namic Characteristics Test Specification”, the equivalent
failure vibration times Ny must be used in replacing the
vibration times of the cyclic loading in the test process
when the soil’s dynamic strength is analysed to reduce
the difference in the effects of the two kinds of loading
on the soil. Moreover, the equivalent failure vibration
times is related to the magnitude. The correspondence is
shown in Table 3.

Table 3: Correspondence of earthquake magnitude—equivalent failure
vibration times

Earthquake magnitude M | 6.0 | 6.5 | 7.0 | 7.5 8.0

Equivalent failure vibration
times Np 5 8 12 |15-20{26-30

3.5 Strain-failure criterion of saturated clay under
earthquake loading

The analysis in the previous section indicates that the
differences in the strain-failure criteria have an important
influence on the soil’s dynamic strength. In this section,
quantitative research on the dynamic strength parameters
of saturated clay under different strain-failure criteria is
performed to illustrate the importance of selecting an ap-
propriate strain-failure criterion. The curves of dynamic

Materiali in tehnologije / Materials and technology 56 (2022) 1, 3949
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Figure 3: Dynamic strength curves of saturated clay at £, = 2.5 %

strength—vibration times of the soil corresponding to
g, =¢gpand g, = 2.5 % are relatively close at the low vi-
bration times. Thus, given the wide range of vibration
times, the dynamic strength parameters of the soil are
analysed in this study by selecting &, = 2.5 % and
£p = Ep.

Figure 3 shows the dynamic strength curves of the
strain-failure criterion &, = 2.5 % of saturated clay when
the consolidation ratio is 1, the vibration frequency is
1 Hz, and the confining pressures are (50; 100; 150) kPa.
The dynamic strength curve approximates a straight line
in the logarithmic coordinate, i.e., the relationship be-
tween the dynamic stress and the vibration times in the
logarithmic coordinate is linear. Therefore, the expres-
sion of the dynamic stress—vibration times is assumed as
follows (Equation (3)):

o,=aln(N) +b (3)

where a and b are the constants associated with the test
conditions. The following are obtained by fitting the dy-
namic strength curves under different confining pres-
sures in Figure 3:

120 = g=50kPa
[ a ® 5=100kPa
b i A 5=150kPa
80 | — Regression Curves
= A
£ !
= 60
N ®
40 -
! n_e
20 B H\'
[' L P | o s aaal L MR |
1 10 100 1000

N

Figure 4: Saturated-clay dynamic strength curves at &p = &ip
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0. =50 kPa, 0, =—389In N +40.40 @)
0, = 100 kPa, o, =—17611nN +96.05 (5)
0. =150 kPa, 0, =—2016In N +12785 (6)

Then, the dynamic stress required for the equivalent
failure vibration times corresponding to different earth-
quake magnitudes is calculated. The dynamic cohesion
cq and dynamic internal friction angle ¢g4 of the soil un-
der different equivalent failure vibration times are also
calculated. The results of the calculation are shown in
Table 4.

Table 4: Dynamic strength parameters of soil under equivalent failure
vibration times at &y, = 2.5 %

Equiva- Consoli- Dynamic
lent fail- | Total dation |Dynamic|Dynamic| internal
ure vibra-| stress |confining| stress |cohesion| friction
tion times| (kPa) | pressure | (kPa) (kPa) angle
Ne (kPa) ©)
87.68 50 37.68
5 183.74 100 83.74 11.08 12.62
263.76 150 113.76
86.87 50 36.87
8 180.15 100 80.15 10.97 12.49
259.64 150 109. 64
86.20 50 36.20
12 177.05 100 77.05 10.24 12.08
256.09 150 106.09
85.34 50 35.34
20 173.14 100 73.14 9.56 11.68
251.62 150 101.62
84.89 50 34.89
26 171.14 100 71.14 8.99 11.61
249.32 150 99.32

Figure 4 shows the dynamic strength curves of the
strain-failure criterion &, = &, of saturated clay when the
consolidation ratio is 1, the vibration frequency is 1 Hz,
and the confining pressures are (50; 100; 150) kPa. The
dynamic stress is assumed to be linear with the number
of vibrations in logarithmic coordinates.

The following are obtained by fitting the dynamic
strength curves under different confining pressures in
Figure 4:

0. =50 kPa, 0, =—4.09In N +3968 (7)
0, = 100 kPa, 0, =—2066 In N +96.94 (8)
0, =150 kPa, 0, =—23.02In N +129.79 9)

The dynamic cohesion ¢y and the dynamic internal
friction angle ¢4 of the soil under different equivalent
failure vibration times when &, = &, are calculated, and
the calculation results are shown in Table 5.
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Table 5: Dynamic strength parameters of soil under different equiva-
lent failure vibration times at £, = £y

Equiva- Consoli- Dynamic
lent fail- | Total dation |Dynamic| Dynamic| internal
ure vibra-| stress |confining| stress |cohesion| friction
tion times| (kpa) | pressure | (kPa) (kPa) angle
Ne (kPa) ®
86.82 50 36.82
5 182.50 100 82.50 10.86 12.56
263.70 150 113.70
85.99 50 35.99
8 178.28 100 78.28 10.48 12.26
258.20 150 108.20
85.27 50 35.27
12 174.64 100 74.64 9.72 12.01
254.31 150 104.31
84.36 50 34.36
20 170.06 100 70.06 9.04 11.59
249.41 150 99.41
83.89 50 33.89
26 167.71 100 67.71 8.65 11.42
246.90 150 96.90

Figure 5 shows the relationship curves between the
dynamic strength parameters ¢y and ¢q4 of the saturated
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Figure 5: Relationship curves of cg—Nr and ¢g¢—Ny under different fail-
ure criteria

-

clay and the equivalent failure vibration times Ny when
g, =¢&pand g, = 2.5 %.

Figure 5 shows that the corresponding relationship
curves of c—Nr and ¢4—Nr are relatively close when the
strain-failure criteria are &, = £, and &, = 2.5 %, respec-
tively. This observation can prove that the calculated val-
ues of the soil’s dynamic strength parameters ¢y and ¢4
when the strain-failure criteria are e, = £, and £, = 2.5 %,
respectively, are slightly different. In addition, the value
of the transitional strain &, has a certain uncertainty.
Thus, £, = 2.5 % can be used to replace £, = £, when the
dynamic strength parameters of the saturated clay are
calculated under the equivalent failure vibration times of
the seismic loading.

4 TEST RESULTS AND ANALYSIS

4.1 Effects of initial shear stress on the dynamic
strength characteristics of saturated clay

Figure 6 shows the dynamic strength curves of the
saturated clay when the soil’s strain-failure criterion is
2.5 %, the confining pressure is 100 kPa, the vibration
frequency is 4 Hz, and the consolidation ratios are 1,
1.25 and 1.5. Figure 6 shows that the initial shear stress
has a considerable influence on the dynamic strength of
the saturated clay. For the same dynamic stress, the
larger the initial shear stress is, the less the required vi-
bration time is for the soil to meet the strain-failure crite-
rion, and the lower the dynamic strength of the soil is.
Under the same vibration times, the greater the initial
shear stress is, the smaller the required dynamic stress is
for the soil to meet the strain failure criterion. In particu-
lar, when the initial shear stress is small, it puts pre-pres-
sure on the soil, thereby improving the dynamic strength
of the soil; when the initial shear stress is large, the bond
between the particles inside the clay is destroyed,
thereby reducing the dynamic strength of clay. An
inflexion point exists in the dynamic strength curve of
the soil. The smaller the initial shear stress is, the

80 ~
F1HZ
- fHZ
=4HZ|
60
E —
£ 40
= -
& A “m *
20 L
0 L 1 1 ]
0 100 200 300 400
N

Figure 6: Dynamic strength curves of the saturated clay under differ-
ent initial shear stresses
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smoother the dynamic strength curve is after the
inflexion point, and the smaller the tangent slope of the
curve is.

4.2 Effects of initial shear stress on the dynamic
strength parameters of saturated clay

The above analysis indicates that the initial shear
stress has a considerable effect on the dynamic strength
of saturated clay. In this section, the dynamic strength
parameters of the saturated clay are quantitatively ana-
lysed to study the influence of the initial shear stress on
the dynamic strength parameters.

Figure 7 shows the dynamic strength curves of the
saturated clay when the consolidation ratio is 1, the vi-
bration frequency is 4 Hz, the strain failure criterion is
2.5 %, and confining pressures are (50; 100; 150) kPa.

The dynamic strength curves under different confin-
ing pressures are analysed using Equation (1):

0, =50 kPa, 0, =—3.71InN +3968 (10)
0. =100 kPa, 0, =—1240In N +10363  (11)
0, =150 kPa, 0, =—1836InN +14282  (12)

Then, the dynamic stress required for the equivalent
failure vibration times corresponding to different earth-
quake magnitudes is calculated. The dynamic cohesion
¢q and the dynamic internal friction angle ¢q4 of the soil
under different equivalent failure vibration times are also
calculated. The results of the calculation are shown in
Table 6.

Table 6: Dynamic strength parameters of soil under different equiva-
lent failure vibration times at K. =1

Equiva- Consoli- Dynamic
lent fail- | Total dation |Dynamic| Dynamic| internal
ure vibra-| stress |confining| stress |cohesion| friction
tion times| (kPa) | pressure | (kPa) (kPa) angle
Ne (kPa) ©)
91.10 50 41.10
5 194.94 100 94.94 13.44 13.71
279.99 150 129.99
90.35 50 40.35
8 192.41 100 9241 12.84 13.66
276.35 150 126.35
89.70 50 39.70
12 190.23 100 90.23 12.46 13.49
273.09 150 123.09
88.88 50 38.88
20 187.48 100 87.48 11.51 13.19
269.00 150 119.00
88.45 50 38.45
26 186.06 100 86.06 11.11 13.08
266.89 150 116.89
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Figure 7: Dynamic strength curves of saturated clay at Ko =1

Figure 8 shows the dynamic strength curves of the
saturated clay when the consolidation ratio is 1.25, the
vibration frequency is 4 Hz, the strain failure criterion is
2.5 %, and the confining pressures are (50; 100;
150) kPa.

The dynamic strength curves under different confin-
ing pressures are analysed using Equation (1):

0.=50kPa, 0, =—449InN +43.46 (13)
0.= 100 kPa, o, =-1187InN +97.03 (14)
o.= 150 kPa, 0, =—17.08 In N +13289 (15)

Then, the dynamic stress required for the equivalent
failure vibration times corresponding to different earth-
quake magnitudes is calculated. The dynamic cohesion
cq and the dynamic internal friction angle g4 of the soil
under different equivalent failure vibration times are also
calculated. The results of the calculation are shown in
Table 7.
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Figure 8: Dynamic strength curves of saturated clay at Kc = 1.25
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Table 7: Dynamic strength parameters of soil under different equiva-

Table 8: Dynamic strength parameters of soil under different equiva-

lent failure vibration times at K = 1.25 lent failure vibration times at K; = 1.5
Equiva- Consoli- Dynamic Equiva- Consoli- Dynamic
lent fail- | Total dation |Dynamic| Dynamic| internal lent fail- | Total dation |Dynamic|Dynamic| internal
ure vibra-| stress |confining| stress |cohesion| friction ure vibra-| stress |confining| stress |cohesion| friction
tion times| (kPa) | pressure | (kPa) (kPa) angle tion times| (kPa) | pressure | (kPa) (kPa) angle
Nr (kPa) ) Ne (kPa) ®
90.32 50 40.32 89.87 50 39.87
5 188.74 100 88.74 11.94 13.37 5 186.67 100 86.67 11.08 13.19
271.04 150 121.04 267.26 150 117.26
89.41 50 39.41 88.78 50 38.78
8 186.31 100 86.31 11.53 12.94 8 183.71 100 83.71 10.86 12.84
267.55 150 117.55 263.34 150 113.34
88.62 50 38.62 87.86 50 37.86
12 184.22 100 84.22 11.28 12.77 12 181.15 100 81.15 10.50 12.55
264.54 150 114.54 259.97 150 109.97
87.62 50 37.62 86.65 50 36.65
20 181.59 100 81.59 10.74 12.52 20 177.93 100 77.93 9.86 12.19
260.75 150 110.75 255.71 150 105.71
87.11 50 37.11 86.04 50 36.04
26 180.24 100 80.24 10.15 12.48 26 176.28 100 76.28 9.54 12.06
258.81 150 108.81 253.53 150 103.53

Figure 9 shows the dynamic strength curves of the
saturated clay when the consolidation ratio is 1.5, the vi-
bration frequency is 4 Hz, the strain failure criterion is
2.5 %, and confining pressures are (50; 100; 150) kPa.

The dynamic strength curves under different confin-
ing pressures are analysed using Equation (1):

0.=50KkPa, 0,=-5361InN+43.62  (16)
0. =100 kPa, 0,=-14.52InN +96.82  (17)
0. =150 kPa, 0,=-19.18 InN + 130.67  (18)

Then, the dynamic stress required for the equivalent
failure vibration times corresponding to different earth-
quake magnitudes is calculated. The dynamic cohesion
¢q and the dynamic internal friction angle ¢q4 of the soil
under different equivalent failure vibration times are also
calculated. The results of the calculation are shown in
Table 8.
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Figure 9: Dynamic strength curves of saturated clay at K; = 1.5
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Figure 10 shows the relationship curves between the
dynamic strength parameters ¢y and ¢4 of the saturated
clay and the equivalent failure vibration times Ny under
different initial shear stresses.
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Figure 10: Relationship curves of cg—Nr and ¢¢—Nr of soil under dif-
ferent initial shear stresses
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Figure 10 shows that the dynamic strength parame-
ters of saturated clay are affected by the initial shear
stress. The larger the initial shear stress is, the smaller
the dynamic strength parameters of the soil are. This
finding indicates that the existence of the initial shear
stress reduces the soil’s dynamic strength. Therefore, the
effects of the initial shear stress on the saturated clay
should be fully considered in the seismic design of engi-
neering.

4.3 Effects of vibration frequency on the dynamic
strength characteristics of saturated clay

Figure 11 shows the dynamic strength curves of the
saturated clay when the strain-failure criterion is 2.5 %,
the confining pressure is 100 kPa, the consolidation ratio
is 1, and the vibration frequencies are (1; 2; 4) Hz.

Figure 11 shows that the vibration frequency influ-
ences the dynamic strength of the soil. Under the same
dynamic stress, the higher the vibration frequency is, the
higher the required vibration times is for the soil to reach
the damage. This finding indicates that the soil’s dy-
namic strength is large. Under the same vibration times,
the higher the vibration frequency is, the greater the re-
quired dynamic stress is for the soil to reach the damage.
In particular, the pore-water pressure has enough time to
increase under the low-frequency cyclic loading, causing
the soil sample to be destroyed in a small number of cy-
cles. The pore-water pressure of the soft clay does not
have enough time to increase under the high-frequency
cyclic loading. According to the principle of effective
stress, the higher the effective stress of the soil is, the
higher the shear strength is. Figure 11 also shows that
after the inflexion point of the dynamic strength curve,
the higher the vibration frequency is, the smoother the
curve is, and the smaller the tangent slope of the curve is.
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Figure 11: Dynamic strength curves of soil under different vibration
frequencies at ey = 2.5 %
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4.4 Effects of vibration frequency on the dynamic
strength parameters of saturated clay

The above studies indicate that the dynamic strength
of saturated clay is affected by the vibration frequency.
The influence of vibration frequency on the dynamic
strength parameters is studied by analysing quantita-
tively the equivalent failure dynamic strength parameters
under seismic loading. Figure 12 shows the dynamic
strength curves of the saturated clay when the consolida-
tion ratio is 1, the frequency is 2 Hz, the strain failure
criterion is 2.5 %, and the confining pressures are (50;
100; 150) kPa.

The dynamic strength curves under different confin-
ing pressures are analysed using Equation (1):

0, =50 kPa, 0, =—449In N +4346 (19)
0. =100 kPa, 0, =—449InN +4346  (20)
0. =150 kPa, 0, =—449InN +4346  (21)

Then, the dynamic stress required for the equivalent
failure vibration times corresponding to different earth-
quake magnitudes is calculated. The dynamic cohesion
cq and the dynamic internal friction angle g4 of the soil
under different equivalent failure vibration times are also
calculated. The calculation results are shown in Table 9.

Table 9: Dynamic strength parameters of soil under different equiva-
lent failure vibration times at f= 2 Hz

Equiva- Consoli- Dynamic
lent fail- | Total dation |Dynamic|Dynamic| internal
ure vibra-| stress |confining| stress |cohesion| friction
tion times| (kpa) | pressure | (kpg) (kPa) angle
Ne (kPa) ®
89.01 50 39.01
5 190.76 100 90.76 12.69 13.19
272.20 150 122.20
88.27 50 38.27
8 187.86 100 87.86 12.27 12.86
268.15 150 118.15
87.63 50 37.63
12 185.37 100 85.37 11.41 12.78
264.65 150 114.65
86.83 50 36.83
20 182.25 100 82.25 10.70 12.55
260.23 150 110.23
86.42 50 36.42
26 180.61 100 80.61 9.82 12.52
257.97 150 107.97
Table 9 shows the equivalent failure dynamic

strength parameters of saturated clay at the vibration fre-
quency f = 2 Hz. Table 6 shows the equivalent failure
dynamic strength parameters of saturated clay at the vi-
bration frequency f'= 4 Hz.

Figure 13 shows the relationship curves between the
dynamic strength parameters ¢q and ¢4 of saturated clay
and the equivalent failure vibration times N; at different
vibration frequencies. Figure 13 shows that the dynamic
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Figure 12: Dynamic strength curves of saturated clay at f =2 Hz

strength parameter of the saturated clay is affected by the
loading vibration frequency. The lower the vibration fre-
quency is, the smaller the dynamic strength parameter of
the soil is.

5 CONCLUSIONS

The dynamic strength characteristics of saturated
clay in Wenchuan area were studied using a dynamic
triaxial test system. Firstly, the influences of different
strain-failure criteria were analysed based on the defini-
tion of soil dynamic strength, and the appropriate
strain-failure criterion was determined based on the test
data. Then, the dynamic strength parameters of the satu-
rated clay in the Wenchuan earthquake area under seis-
mic loading equivalent failure vibration times were cal-
culated. Finally, the effects of the initial shear stress and
the vibration frequency on the dynamic strength of the
saturated clay were studied. The conclusions are as fol-
lows:

1. Qualitative and quantitative studies on the dynamic
strength of the saturated clay under different
strain-failure criteria indicate that selecting the
strain-failure criterion with a strain value of 2.5 %
and a transitional strain is objective for a soil dy-
namic strength evaluation. Moreover, &, = &, can be
replaced by &, = 2.5 % when the dynamic strength
parameter of the saturated clay under the seismic
loading equivalent failure vibration times is calcu-
lated.

2. We conclude through the quantitative research on the
dynamic strength parameters of the saturated clay
that as the cyclic vibration time increases, the dy-
namic strength parameter of the soil gradually de-
creases. This finding indicates that the dynamic
strength of the soil gradually decreases.

3. The dynamic strength parameters of the saturated
clay in the Wenchuan earthquake area under different
earthquake magnitudes are presented by introducing
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Figure 13: Relationship curves of cg—N and ¢4N of saturated clay
under different vibration frequencies

the equivalent failure vibration times of the soil under
seismic loading.

4. The initial shear stress has a considerable effect on
the dynamic strength of saturated clay. Under the
same vibration times, the larger the initial shear stress
is, the smaller the required dynamic stress is for the
soil to break, and the smaller the dynamic strength
parameter is. This finding indicates that the existence
of the initial shear stress reduces the dynamic
strength of the soil.

5. The vibration frequency has a considerable influence
on the dynamic strength of saturated clay. Under the
same vibration times, the higher the vibration fre-
quency is, the greater the required dynamic stress is
for the soil to break, and the greater the dynamic
strength parameter is. This finding indicates that the
soil dynamic strength is large.
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