










(a)

(b)

(c)
Fig. 8　 q vs. p′ of medium-dense specimens under undrained
conditions. (a) b = 0; (b) b = 0. 5; (c) b = 1. 0

parameter.
　 The variable A is calculated as follows:

A = �Þ∶ �¥= F�¥F ∶ �¥= FN (7)

where N = �¥F ∶ �¥ is a measure of the orientation between
the loading direction �¥ and the fabric direction �¥F . The
loading direction is defined as the direction of deviatoric
strain increment and expressed as follows:

�¥=
e ij

e ij ∶ e ij

(8)

where e ij = ε ij - tr( ε ij ) / (3δij ) is the deviatoric strain.
According to Eq. (7), the value of N ranges from - 1
to 1. When N is equal to 1, the loading direction is codi-
rectional with the fabric direction. Conversely, when N

(a)

(b)
Fig. 9 　 Summary of the peak stress ratio for both dense and
loose specimens considering different b values and confining
pressures. (a) Drained; (b) Undrained

Table 3　 Comparison between peak values of stress ratio under
drained and undrained conditions

Test
series

b Density
p /
kPa

q / p′
Drained Undrained

Ⅰ 0

Loose

Dense

100 1. 03 0. 80
200 1. 02 1. 00
500 1. 02 1. 04
100 1. 35 1. 34
200 1. 36 1. 34
500 1. 36 1. 31

Ⅱ 0. 5

Loose

Dense

100 0. 95 0. 62
200 0. 94 0. 97
500 0. 95 0. 97
100 1. 21 1. 20
200 1. 20 1. 20
500 1. 20 1. 19

Ⅲ 1. 0

Loose

Dense

100 0. 93 0. 07
200 0. 90 0. 13
500 0. 89 0. 66
100 1. 08 0. 99
200 1. 10 0. 99
500 1. 11 0. 99

is equal to - 1, the loading direction is opposite to that of
the fiber. When - 1 < N < 1, a discrepancy exists be-
tween loading and fabric directions.
　 Fig. 10 shows the evolutions of the fabric norm F of
dense, medium-dense, and loose specimens under
drained conditions. As shown in Fig. 10(a), the b value
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tends to have negligible effects on the fabric evolution
patterns of specimens under drained conditions. At the
early stage of the loading process, specimens under a
lower confining pressure of 100 kPa tend to develop a
higher degree of fabric anisotropy. At the later stage of
the loading process (εq = 6% ), the fabric anisotropy of
all of the specimens tends to converge into a common val-
ue. Similar observations of the fabric evolution patterns
can be obtained for medium-dense and dense specimens
from Figs. 10(b) and (c), respectively. The compari-
son of Figs. 10(a), (b), and (c) shows that the confi-
ning pressure has a more significant influence on the de-
velopment of fabric anisotropy of denser specimens.

(a)

(b)

(c)
Fig. 10 　 Evolution of fabric norm F for specimens under
drained conditions. (a) Dense; (b) Medium dense; (c) Loose

　 Fig. 11 shows the fabric evolution patterns of the
dense, medium-dense, and loose specimens under undr-
ained conditions. Fig. 11 ( a) shows that, for the com-

pression cases with b = 0 and 0. 5, the magnitude of fab-
ric anisotropy continuously increases and then becomes
nearly constant. For the extension case with b = 1. 0, the
fabric norm first decreases and then gradually increases as
loading proceeds. Fig. 11(a) also shows that, under oth-
erwise identical conditions, the specimens under a lower
confining pressure p of 100 kPa tend to exhibit a higher
fabric accumulation rate than that under a higher confi-
ning pressure p of 500 kPa. Similar observations can be
obtained from Figs. 11 ( b) and ( c) for the medium-
dense and loose specimens, respectively. The comparison
of Figs. 11(a), (b), and (c) shows that denser speci-
mens tend to exhibit a higher fabric anisotropy accumula-
tion rate; therefore, a higher level of fabric anisotropy
can be sustained.
　 Taking the dense specimens as an example, Figs. 12(a)

(a)

(b)

(c)
Fig. 11　 Evolution of fabric norm F for specimens under undr-
ained conditions. (a) Dense; (b) Medium dense; (c) Loose

243 Seyedeh Fateme Faraji Wu Qixin and Zheng Junjie　



and (b) show the evolution of the parameter N of speci-
mens with p = 100 and 500 kPa, respectively. The pa-
rameter N quantifies the non-coaxiality between the load-
ing and fabric directions. Fig. 12(a) shows that the load-
ing direction is codirectional with the fabric direction dur-
ing the entire simulation process for the case with b = 0.
However, for the cases with b = 0. 5 and 1. 0, a slight
discrepancy between loading and fabric directions exists at
the early stage of the loading process. As the loading
process proceeds, such discrepancies rapidly diminish;
therefore, the loading direction becomes codirectional
with the fabric direction. The comparison of Figs. 12(a)
and (b) shows that the fabric of the specimen under a
higher confining pressure tends to take a higher deviatoric
strain to become codirectional with the loading direction.

(a)

(b)
Fig. 12　 Evolution of the parameter N of dense specimens un-
der drained conditions. (a) p = 100 kPa; (b) p = 500 kPa

　 By contrast, Fig. 13 presents the evolution of the pa-
rameter N of the dense specimens under undrained condi-
tions. Fig. 13(a) plots the evolution of the parameter N
of dense specimens under p = 100 kPa. For the case with
b = 0, N = 1 is maintained constant, which means that the
loading direction is codirectional with the fabric direction
during the entire simulation process. For the case with b
= 0. 5, a slight discrepancy exists (N < 1) at the early
stage of the loading process. As the loading process pro-
ceeds, the fabric evolves gradually toward the loading di-
rection. At εq = 0. 25% , N becomes 1 rapidly, indicating
the coaxiality between loading and fabric directions.
However, for the extension case with b = 1. 0, the load-

ing direction is opposite to that of the fiber at the early
stage of the loading process. As loading continues, the
loading direction becomes codirectional (N = 1) with the
direction of the fabric tensor. Similar observations can be
obtained from Fig. 13(b) . The comparison of Figs. 13
(a) and (b) shows that the fabric direction of a speci-
men under lower confining pressure tends to evolve at a
faster rate and become codirectional with the loading di-
rection rapidly (at smaller εq) .

(a)

(b)
Fig. 13　 Evolution of the parameter N of dense specimens un-
der undrained conditions. (a) p = 100 kPa; (b) p = 500 kPa

3　 Conclusions

　 1) Under both drained and undrained conditions, spec-
imens with higher density exhibit higher shear strength
and more dilative responses under compression than those
under extension. In particular, medium-dense specimens
that exhibit strong dilative behavior under compression (b
= 0 and 0. 5) can liquefy under extension ( b = 1. 0) .
The liquefaction resistance of specimens can be strength-
ened by increasing confining pressure. Under otherwise
identical conditions, the residual stress ratio of specimens
under drained and undrained conditions tends to con-
verge.
　 2) For all of the loading conditions, the magnitude of
fabric F increases when the parameter N > 0, whereas the
magnitude of F decreases when N < 0. Under otherwise
identical conditions, specimens exhibit similar evolution
patterns of fabric norm under drained and undrained con-
ditions. For all specimens, the magnitude of fabric norm
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continuously increases under compression but first decrea-
ses and then increases under extension. Under compres-
sion, a higher fabric anisotropy level can be sustained for
the denser specimens. By contrast, a generally smaller
fabric anisotropy is observed for the loose specimens, es-
pecially under extension.
　 3) More pronounced non-coaxiality ( smaller N) be-
tween the loading direction and the major principal direc-
tion of the contact-normal-based fabric tensor is observed
under extension than those under compression ( b = 0)
under both drained and undrained conditions. This more
severe non-coaxiality leads to a stronger tendency of the
internal structure to evolve toward the loading direction
and, therefore, contributes to weaker resistance to insta-
bility and lower shear strength in the extension scenario
compared with that in the compression scenario.
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排水和不排水条件下砂土真三轴力学行为离散元分析

Seyedeh Fateme Faraji1 　 吴祁新2 　 郑俊杰1

( 1 华中科技大学土木与水利工程学院, 武汉 430074)
( 2 武汉大学土木建筑工程学院, 武汉 430072)

摘要:提出了一种离散元伺服机制,能够同时并独立地控制 6 个应力和应变分量的演化,避免应力集中现

象. 在真三轴试验中,对排水和不排水压缩剪切条件下横观各向同性砂土的力学响应进行离散元模拟. 模拟

过程中,通过基于颗粒间接触法向的组构张量,量化颗粒试件的承力结构演化规律. 结果表明,无论是在排

水还是不排水压缩剪切条件下,相较于压缩加载,砂土试件在拉伸时的加载方向与组构主方向上均呈现出

更为显著的非共轴性. 试件在拉伸条件下表现出更强的向加载方向演化的趋势,导致承力结构出现更大的

扰动. 相较于拉伸条件,横观各向同性试件在排水压缩剪切条件下表现出更高的剪切强度和剪胀性,在不排

水压缩剪切条件下则表现出更高的抗液化强度.
关键词:颗粒材料;真三轴试验;离散元方法;组构演化
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