Soils and Foundations 2012;52(4):748-766

Q

The Japanese Geotechnical Society

SOILS
AND
FOUNDATIONS

Soils and Foundations

www.sciencedirect.com
journal homepage: www.elsevier.com/locate/sandf

Stress—strain relations of cement-mixed gravelly soil from
multiple-step triaxial compression test results ™

A. Taheri*®, F. Tatsuoka®*

4School of Civil, Environmental and Mining Engineering, The University of Adelaide, Australia
°Department of Civil Engineering, Tokyo University of Science, Japan

Received 2 January 2012; received in revised form 10 May 2012; accepted 20 June 2012
Available online 8 September 2012

Abstract

The peak compressive strengths at different confining pressures of cement-mixed gravel (CMG) that are very similar to those obtained by
single-step loading (SL) drained triaxial compression (TC) tests using multiple specimens can be obtained by a multiple-step loading (ML) test
using a single specimen. However, only the unload/reload stress—strain relations at different confining pressures (except for the primary
loading pressure at the first step) can be obtained from an ML test, and the reloading relations become softer with the increases in negative
irreversible axial strain increments that have taken place during the respective immediately preceding unloading regimes. This phenomenon is
formulated by a unique empirical equation for the CMG tests. Undamaged reloading stress—strain curves (URCs) were inferred by removing
the damage effects from measured reloading curves (MRCs) in the ML TC test based on this correlation. A method was developed within the
framework of the proportional rule to infer primary loading curves (PLCs) at different confining pressures from the URCs and the PLC at the
first step obtained from a given ML TC test. A procedure was formulated to modify the PLCs obtained by this procedure based on the PLCs
measured at stresses exceeding the yield stress for large-scale yielding during reloading at different confining pressures in the ML test. This
method was validated by comparing the PLCs obtained from the results of a pair of ML tests, increasing and decreasing the confining
pressure, with those obtained from a set of S TC tests at different confining pressures.
© 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

The use of cement-mixed soil, produced by mixing soil with
a relatively small amount of cement powder and a proper
quantity of water, is now one of the most popular ground-
improvement technologies. Compacted cement-mixed soil is
often used to construct critical permanent soil structures by
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allowing very small deformation at the working loads.
A number of related researches have been performed (e.g.,
Hansen and Reinhardt, 1990; Schrader, 1996; Tatsuoka
et al., 1999). It has been revealed that the mechanical
properties of cement-mixed soil are similar to those of
natural sedimentary soft rock (Tatsuoka and Kohata, 1995;
Tatsuoka et al., 1999). In 2003, the first bridge abutment,
comprising the backfill of highly compacted cement-mixed
gravelly soil (CMG) that supports a thin RC facing bearing a
bridge girder, was constructed in Takada for a new high-
speed train line in Kyushu, Japan (Aoki et al., 2003;
Tatsuoka, 2004; Watanabe et al., 2005; Tatsuoka et al.,
2005). Since that time (up to November 2011), nearly 60
similar bridge abutments have been constructed or are being
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Nomenclature

Ds mean particle diameter

D..x  maximum particle diameter

Ean tangent Young’s modulus

F. fines content

G; specific gravity of solid particles

U. uniformity coefficient

cly cement content per gravel weight

m scaling factor

n coefficient of proportionality for hysteresis
stress—strain relations

q deviator stress (=0, —0'y)

gmax ~ Maximum deviator stress
dpeak  DPeak strength

Wopt optimum water content
Wi water content

(x;)r  normalization factor of axial strain increment
for reloading curves
(x,)p  normalization factor of axial strain increment

for primary loading curves

€a(avey ~Average axial strain
Ae, axial strain increment
A&l irreversible axial strain increment

(Pd)max maximum dry density

Pd dry density

oy vertical (axial) effective stress

'n horizontal (lateral) effective stress

Abbriviated words

CL cyclic loading

CMG cement-mixed gravel

LDT local deformation transducer

ML multiple-step loading

MRC measured reloading stress—strain curve
PLC  primary loading stress—strain curve

RL reloading

SL single-step loading

TC triaxial compression

URC undamaged reloading stress—strain curve

designed for construction, according to the Japan Railway
Construction, Transport and Technology Agency.

Various factors, including the ageing effects at a shear
stress on the subsequent stress—strain behavior and peak
strength and the viscous effects on the stress—strain behavior,
were studied by Kongsukprasert and Tatsuoka (2005, 2007),
Tatsuoka et al. (2008), and Ezaoui et al. (2010). Moreover,
the stress—strain behavior at different effective confining
pressures (¢',s) of compacted CMG was evaluated exten-
sively through stress—strain tests on specimens prepared
in the laboratory (e.g., Watanabe et al., 2003, 2005;
Kongsukprasert and Tatsuoka, 2003; Lohani et al., 2004;
Kongsukprasert et al., 2005). It was found that the effects
of ¢’y on the strength and the deformation characteristics
are significant and, with a highly cohesive intercept, the
angle of internal friction of the CMG could become nearly
the same as, or even higher than, the value of the original
unbound gravelly soil compacted in a similar manner. This
fact indicates that CMG is not a purely cohesive material,
but a complicated frictional/cohesive material with which
not only the cohesive intercept (i.e., the shear strength at
zero confining pressure), but also the frictional shear
strength (i.e., the pressure-dependent shear strength com-
ponent), increases by inter-particle bonding. The inter-
particle bonding is continuously damaged during shearing,
which is reflected in the measured non-linear stress—strain
behavior during primary monotonic loading. In this study,
the measured primary monotonic loading curves were
analyzed without quantifying these damage effects; only
the damage effects that took place during the immediately
preceding unloading process on the reloading stress—strain
curve were evaluated. It is beyond the scope of this paper

to discuss these issues in further detail. To confidently
evaluate the Mohr—Coulomb failure envelope of a given
type of soil, we need to gather at least three, preferably
four or five, very similar specimens. However, it is very
difficult to accurately do so with CMG specimens retrieved
from the field due to the high heterogeneity resulting
mainly from the inevitably highly inhomogeneous on-site
soil/cement/water mixing and the non-uniform vertical
distribution of the compacted dry density in the respective
lifts (Taheri et al., 2012). Although much more homo-
genous CMG can be obtained by mixing it in a plant
on-site, this method is usually not adopted in ordinary-
scale construction projects from the viewpoint of cost-
effectiveness.

Taheri et al. (2012) showed that the peak strengths at
different effective confining pressures (¢'ys) and the asso-
ciated Mohr—Coulomb failure criterion of moist com-
pacted CMG, as obtained by a set of single-step loading
(SL) drained TC tests at different ¢’ps using multiple
similar specimens, can be inferred rather accurately from
the results of a relevant multiple-step loading (ML) test
using a single specimen. It was also confirmed that the
effects of a full or partial unload/reload cycle made at a
certain ¢’y, on the peak strength, observed during the
subsequent TC stage at an increased or decreased o'y, are
generally negligible. On the other hand, the stress—strain
relation during reloading at the same or a different ¢’y
becomes softer with an increase in the amount of unload-
ing and may become even softer than the corresponding
primary loading stress—strain relation in an SL test under
otherwise equal test conditions. In general, the reloading
stress—strain relation of geomaterials becomes different
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from that of the primary loading due to the following three
factors (Taheri et al., 2011):

1. Cyclic loading effect, which composed of three compo-
nents. The first is the strain-hardening effect associated
with an expansion of the yield surface, by which the
reloading stress—strain relation becomes substantially
stiffer than that of the primary loading. The second is
the hysteresis effect, by which the tangent modulus of
the reloading stress—strain relation at the same shear
stress decreases with an increase in the unloaded stress.
The third is the cyclic strain-hardening effect, by which
the stress—strain behavior becomes stiffer with an
increase in the number of cyclic loadings along the
same stress path. With bound materials, such as the
CMG tested in this study, the effect of the third
component is usually insignificant.

2. Viscous effect, by which the tangent modulus of CMG
decreases with a decrease in the strain rate. This effect
becomes more significant at higher shear stresses,
especially when approaching the maximum stress states
by reloading in the respective hysteresis loops.

3. Effect of damage that has taken place during the
immediately preceding unloading, by which the tangent
modulus at a given state during reloading decreases.
This factor is particularly important with relatively
weakly bound materials, such as the CMG tested in
this study.

It is very convenient if a set of stress—strain curves
during primary loading at different ¢’ys can be inferred, at
least reasonably, from a given set of reloading stress—strain
curves at these ¢’ys observed in an ML test using a single
specimen. Previous studies on this subject cannot be found
in any literature. The present study was performed for this
objective based on the results of a series of drained TC
tests on compacted CMG (Taheri et al., 2012). To this end,
a method was developed within the framework of the
proportional rule with the aim of applying it to general
cases.

2. Test methods

The test material and the test method are described only
briefly below, as detailed descriptions can be found in
Taheri et al. (2012).

2.1. Specimens

Particles larger than 10 mm were removed from a well-
graded gravelly quarry soil of crushed sandstone (Gs=2.71),
called Chiba gravel, to obtain a test material having sub-
angular particles with G;=2.74, D;(=0.171 mm, Ds;=2.32
mm, U.=19.0, and F.=5.2% (called “model Chiba gravel”).
This gravelly soil was mixed with ordinary Portland cement
at a cement-to-gravel ratio by dry weight (c/g) equal to 2.5%.

A maximum dry density of (p)mer=2.11 g/em® and an
optimum water content of w,,,=9.3% were obtained by
compaction tests (the standard Proctor) on the cement-mixed
gravelly soil (CMGQG) performed before significant hydration
had developed. To obtain TC specimens, the gravelly soil
that had been mixed with air-dried cement powder was mixed
with water at an initial water content of w; (in the ratio to the
dry weight of soil plus cement)=38.75%, close to w,,,. The
TC specimens, either rectangular prismatic (72 mm x 72 mm
in cross-section and 150 mm high) or solid cylindrical
(100 mm in diameter and 200 mm in height), were produced
by manual compaction in five layers to a target compacted
dry density pq equal to 2.0 g/em®. The compacted specimens
were cured under the atmospheric pressure at the same water
content for a total period of 9 day. The difference between
the two shapes of specimens used in this study, rectangular
prismatic and solid cylindrical, had no significant effect on
the results of the analysis presented in this paper. A separate
study on the effects of the shape and the scale of specimens
was performed by Ezaoui et al. (2011).

2.2. Triaxial compression test

To minimize the effects of non-uniform deformation and
the associated non-uniform stress distribution within the
specimen, due to irregular contact and high friction, the
top and the bottom of the specimen set in a triaxial cell
were made smooth by pasting a thin layer of gypsum slurry
on them and by lubricating them by the smearing of a thin
layer of silicon grease. The specimen was isotropically
consolidated at ¢’,=20 kPa by means of partial vacuum.
A set of local strain gauges (Local Deformation Transdu-
cers, LDTs, Goto et al., 1991) were installed in about 2 h,
to accurately and sensitively evaluate the axial and lateral
strains, along with other instrumentations. Solid rectan-
gular specimens were used in drained triaxial compression
tests performed to specifically measure sensitively and
accurately the lateral strains free from bedding error effects
at the specimen side faces taking place when the effective
confining pressure changes by means of laterally placed
LDTs (a total of six for each specimen; Ezaoui et al.,
2010). Then, the following three series of drained TC tests
were performed at an axial strain rate of 0.03% /minute.

1. Series 1: Single-step loading (SL) toward ultimate failure
on specimens isotropically consolidated and cured for
2h at different confining pressures, o, =g, =0.02 or
0.50 or 1.00 or 1.50 MPa. To evaluate the quasi-elastic
properties, 10-minute unload/reload cycles were applied
at several intermediate stages during otherwise contin-
uous monotonic loading.

2. Series 2: Two multiple-step loading (ML) tests were
performed by different methods:

2(a): An ML test with full unloading of the deviator
stress, g=03, —¢'y,, followed by an increase in ¢’y,: In the
first step, at ¢’;,=0.02 MPa, when sufficient irreversible
deformation, which closely approached the peak stress
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state, took place, TC loading was terminated. Then, ¢
was reduced to zero and the specimen was left for
40 min to reach the equilibrium state. Then, ¢’ was
increased to 0.25 MPa under isotropic stress conditions
to perform the next step of TC loading. This procedure
was repeated to perform TC loading at '}, =0.02, 0.25,
0.50, 0.75 and 1.0 MPa.

2(b): An ML test with full unloading of ¢ followed by
a decrease in ¢’y: In the first step, at ¢/, =1.0 MPa, when
some large irreversible deformation, which closely
approached the peak stress state, took place, TC
loading was terminated. Then, ¢ was reduced to zero
and the specimen was left for 40 min to reach the
equilibrium state. Then, ¢’;, was decreased under iso-
tropic stress conditions to 0.75 MPa to perform the next
step of TC loading. This procedure was repeated to
perform TC loading at ¢’,=1.0, 0.75, 0.50, 0.25 and
0.02 MPa.

In these two ML tests, drained TC loading at
respective steps was stopped and reversed so that the
total axial strain that would have taken place by the end
of the final TC loading remained smaller than the
measurable range of the axial LDTs (about 2.5%).
Details of the test method and the test results are
reported in Taheri et al. (2012).

3. Series 3: Cyclic loading to evaluate the cyclic loading
effects on the stress—strain behavior during and after
cyclic loading. Multiple unload/reload cycles, in which
unloading was started from the same stress state
followed by full reloading, were repeatedly applied
increasing the deviator stress amplitude during other-
wise continuous loading at a fixed ¢’,, (0.02 or 0.50 or
1.0 MPa). In one of the tests, unloading was conducted
until a triaxial extension stress state was reached.

3. Measured stress—strain relations

Single-step loading (SL) tests (Series 1): Fig. 1 shows the
results of four drained SL TC tests at different ¢’;, values.
€aqavey denotes the axial strain obtained by averaging the
axial strains locally measured with a pair of LDTs. The
axial strain—volumetric strain relations from these and the
other tests referred to in this paper are reported in Taheri
et al. (2012). The peak strength does not increase in
proportion to the confining pressure, indicating a large
cohesive intercept with this material. The Mohr—Coulomb
strength parameters from these tests are reported in Taheri
et al. (2012). At the lowest ¢’1,(=0.02 MPa), significant
strain softening takes place after the peak stress state
reaches a relatively small axial strain. With an increase in
o'n, the axial strain at the peak stress state increases. These
results serve as a reference for the Series 2 and 3 tests,
described below.

Multiple-step loading (ML) tests (Series 2): Fig. 2(a) and
(b) shows the results of a pair of ML tests increasing and
decreasing ¢’, with the intermediate full unloading of
q. The relationship between the strength characteristics
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Fig. 1. Deviator stress—axial strain relations from SL drained TC tests
(Series 1, rectangular prismatic specimens, Taheri et al., 2012).
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Fig. 2. Deviator stress—axial strain relations from ML drained TC tests
(rectangular prismatic specimens): (a) increasing ¢’ (Series 2a) and
(b) decreasing o'y, (Series 2b) (Taheri et al., 2012).
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(in particular, the pressure dependencies) from the results
presented in Fig. 1 (a set of SL tests) and Fig. 2 (two ML
tests) is analyzed in detail in Taheri et al. (2012). After
having passed a yield point of the large-scale yielding
during reloading, the stress—strain relation tends to rejoin
the relation obtained by the SL tests at the same o'},
In Fig. 2(a), all stress—strain relations exhibit strain hardening
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toward the respective peak stress states after the start of
large-scale yielding. Correspondingly, maximum deviator
stress gmax at each step increases with an increase in o'y,
The stress—strain relations after the large-scale yielding at the
second and subsequent steps, which are denoted by thick
black curves, are deemed to be free from the effects of the
previous loading history, thereby showing essentially the
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Fig. 3. Deviator stress—axial strain relations from TC tests with several unload/reload cycles (Series 3) (CMG-D in test names denotes Series 3) and
continuous monotonic loading TC tests (Series 1) (CB in test names denotes Series 1): (a) Test CMG-D08 (SC) and CB3-1, ¢',,=0.02 MPa, (b) Test
CMG-DO07 (SC) and CB3-1, ¢',=0.02 MPa, (c) Test CMG-DO01 and CB3-6, ¢’;,=0.50 MPa, (d) Test CMG-D02 and CB3-8, ¢’;,=1.00 MPa, and (e) Test
CMG-D14 (SC) and CB3-6, ¢';,=0.50 MPa (SC, solid cylindrical specimens).
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same primary material behavior. In Fig. 2(b), on the other
hand, despite a decrease in ¢y, the gmax value at the second
step (6',=0.75 MPa) is larger than that at the first step
(6'n=1.0 MPa). This is due to the fact that, at the first step,
loading is terminated far before the peak stress state and, at
the second step, the strain-hardening regime continues for a
large axial strain increment after the start of the large-scale
yielding. At the third and subsequent steps, the stress—strain
behavior exhibits the noticeable trends of strain softening
after the start of the large-scale yielding. Correspondingly,
the ¢max value at each step decreases significantly with a
decrease in ¢'y,.

Taheri et al. (2012) showed that the peak strengths at
different ¢’y values and the associated Mohr—Coulomb
failure criterion obtained by the SL tests at different o'y,
values using multiple similar specimens can be inferred
rather accurately by these ML tests, respectively, using a
single specimen and excluding the data from the TC steps
terminated far before the peak strength. It is the objective
of the present study to examine whether the primary pre-
peak stress—strain relations at different ¢’ys, as obtained by
a series of SL tests and the reloading stress—strain relations
after unloading for given amounts of stress amplitude, can
be inferred reasonably well from the results of such ML
tests as those described above.

Cyclic loading tests (Series 3): Fig. 3 shows the results of
a set of cyclic loading (CL) tests, compared with those from
the SL tests at different ¢’;,s (Series 1, Fig. 1). The details (i.c.,
names, test conditions, etc.) of these tests, and the others
referred to in this paper, are reported in Taheri et al. (2012).
After the start of the large-scale yielding during the last
reloading toward ultimate failure, the stress—strain relation
tends to rejoin the one obtained by the corresponding SL
under otherwise equal conditions. Despite some scatter in the
data, the peak strength does not decrease noticeably when
applying several unload/reload cycles with relatively large
stress amplitudes in these Series 3 tests. On the other hand,
the stress—strain relation during reloading becomes noticeably
softer with an increase in the deviator stress amplitude during
the immediately preceding unloading regime. This trend is
likely to be due to the effects of the damage that took place
during the unloading. This trend is not observed with
unbound granular materials. It is first necessary to evaluate
this trend in behavior to accomplish the objectives of the
present study.

4. Effects of damage on reloading stress—strain behavior

The tangent modulus at the same shear stress level during
reloading decreases with an increase in the unloading
increment not only by the damage effects that have taken
place during the immediately preceding unloading stage, but
also by the hysteresis effects (controlled by the amount of
decrease in stress). To extract the damage effects, the
hysteresis effects are removed from the test results based
on the proportional rule, which is often employed to
describe the hysteretic stress—strain (y—x) relations during

Primary loadin
Usually: n=2 v 9

Full reloading curve

v

Full unloading curve

a

Fig. 4. Proportional rule not including cyclic strain-hardening effects,
viscous effects or damage effects (Tatsuoka et al., 2003).

the cyclic loading of unbound granular materials (e.g.,
Masuda et al., 1999; Tatsuoka et al., 2003; Fig. 4).

4.1. Proportional rule

According to this rule, when any of the cyclic strain-
hardening effects, viscous effects or damage effects due to
the large unloading are not included, the reloading stress—
strain relation from a given stress—strain state (y;, x;) (such
as points 2, 3 and 4 in Fig. 4) is obtained as
P () ()

n n

where y = f(x) is the primary stress—strain relation starting
from origin 0 and n is the coefficient of proportionality,
larger than unity. Eq. (1) is obtained by the parallel
shifting of the full-reloading curve starting from point a
(¥a» Xa), which is located on the straight line passing origin
0 and reversing point r (i.e., point /), expressed by

P () &)

n n

If a pair of primary loading curves (PLCs) in opposite
shearing directions is symmetric, coefficient n becomes
two. In that case, the full-reloading curve (Eq. (2)) rejoins
the original PLC at point r (i.e., point /) without a
discontinuity in the tangent modulus. On the other hand,
any reloading curve starting at a certain point between
points I and a (Eq. (1)) rejoins the original primary
loading curve at point r with a discontinuity in the tangent
modulus.

Fig. 5(a) schematically shows the stress—strain (y—x)
relations during primary loading and the unload/reload
cycles with the common maximum stress point in which
the stress amplitude increases with cyclic loading, that are
obtained from Eq. (1) with a constant n. With actual
geomaterials, » may not necessarily be equal to two and
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Y| Primary loading curve (PLC)
y=rx

b

_ XX
= FE
0 & >
b X
C
Ay A
3,’0 o *
/’ p S
—fAx
Ay=f ;)
(m>1.0)
AX

Fig. 5. (a) Stress—strain relations during primary loading and unload/reload cycles with different stress amplitudes according to Eq. (1) with a constant n,
(b) re-plot of reloading relations in (a) shifted to start from common origin (i.e., Eq. (3)), and (c) reloading relations shifted to start from common origin

according to Eq. (5) with m increasing from 1.0 with cyclic loading.

may change with cyclic loading. With a constant n, as
shown in Fig. 5(b), all the reloading curves of which the
origins have been shifted to the common origin are
represented by the following single equation:

Ay (Ax
(%) ®

where Ay and Ax are the increments in stress and strain
since the start of reloading. Eq. (3) can be rewritten as

Ay =f*(Ax) 4)
4.2. Damage by unloading to reloading behavior

Fig. 6(a)-(e) compares the measured PLCs and the
measured reloading curves (MRCs) whose origins of
reloading have been shifted to the same origin at ¢g=0
(corresponding to Fig. 5(b)). The MRCs become softer
with increases in the negative axial strain increments
during the respective immediately preceding unloading
regimes associated with an increase in the unloaded
increment of ¢. On the other hand, it is thought that the
damage effects on the first MRCs (I-1, II-1 and III-1), for
the smallest amplitude of cyclic deviator stress at different
cyclic loading stages (I, II and III) in the respective tests,
are negligible. By representing these first MRCs by Eq. (4),

the second and subsequent MRCs were fitted by Eq. (5) as
Ax

A = ol [ 5

y=r <m> )

where m is the scaling parameter, equal to unity for the first
MRCs or larger than unity. A larger m value means more
damage to the bonding during unloading in the sense that the
MRC becomes softer. In so doing, the top portion of the
respective MRCs, when approaching the reversing point from
which the unloading was started, is ignored. This is because
this portion has become rather soft due to the increased
viscous effects. Fig. 7 shows the relationship between the m
value and the negative irreversible axial strain increment
(Aey < 0) that took place during the unloading stage immedi-
ately preceding the concerned reloading stage. To obtain these
irreversible axial strains, the elastic modulus obtained from
minute unload/reload cycles applied in the respective tests,
reported by Taheri et al. (2012), was used. The m—(— A&l
relation is rather unique for different ¢y, values and for a wide
range of &, from which cyclic loading was started. The relation
is rather linear and can be fitted by the following equation:

m=1.0+11.0(—Ae") (6)

where Al is a percentage and negative. Fig. 8(a)(e) compares
the PLC with the reloading curves modified by scaling down
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the axial strain increment by being divided by the parameter m
obtained by substituting the respective measured Ac! values
into Eq. (6). The modified unloading relations at different
cyclic loading stages I, IT and III have become rather unique,
except for a small top part in each test. The reloading curves
presented in Fig. 8 are defined as the undamaged reloading
curves (URCs).

Based on the fact that the relation presented in Fig. 7 is
rather unique for different ¢’y values, it is reasonable to
assume that Eq. (6) is also valid for reloading applied after
o'y has been changed. Then, a reloading stress—strain curve
for a given Agy, value (= A) can be inferred by modifying a
measured reloading curve (MRC) with a known value of
A&Y (=B), as obtained from the ML tests (Fig. 2(a) and
(b)), by the following method:

1. Parameters ms and mp are obtained by substituting
values A and B, respectively, into Eq. (6).
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2. Function f* for URC (Eq. (4)), is obtained by sub- 3. The reloading curve for the value of A is obtained by

stituting m=mg into Eq. (5) that is fitted to the given substituting m=my, into Eq. (5) of which function f* is
MRC. obtained above.
a b
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Fig. 10. Procedure to infer PLCs from reloading curves from an ML test: (a) URC at different ¢’y,s, (b) unique normalized URC, (c) relationship between
o'y, and normalization factor (x;)g, (d) PLCs at different ¢’ys, (€) unique normalized PLC, (f) relationship between ¢’;, and normalization factor (x,)p, and

(g) relationship between normalization factors for URCs and PLCs.
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When applying this method to other cases, it is recom-
mended that the validity of Eq. (6) be examined by
performing the Series 3 tests, if possible.

Shear stress ratio, §/qmax
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Fig. 11. (a) Shear stress ratio—axial strain increment relations for URCs,
(b) shear stress ratio-normalized axial strain increment relations, and
(c) relationship between ¢y, and normalization scaling factor (x;)r.

5. Deduction of primary loading stress—strain curves

Fig. 9(a) schematically compares a PLC with a measured
full unloading curve, and presents the corresponding MRC
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Fig. 12. (a) Primary shear stress ratio—axial strain relations from SL TCs
(PRCs), (b) shear stress ratio-normalized axial strain relations, and
(c) relation between ¢', and normalization scaling factor (x,)p.
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and URC obtained based on Egs. (5) and (6). Fig. 9(b)
shows that the PLC, MRC and URC shifted to the same
origin. A method to infer a set of PLCs from a given set of
URGC:s, taking into account the strain-hardening effect and
the hysteresis effect on the respective URCs, is investi-
gated. In so doing, the cyclic strain-hardening effects and
the viscous effects were ignored. In this method, first, a set
of PLCs at different confining pressures are extrapolated
by scaling the axial strain of the PLC at the first step in a
given ML test using a scaling factor obtained from an
average relationship between the scaling factors for URCs
and PLCs. Then, the inferred PLCs are modified by
referring to the stress—strain relation after the start of
large-scale yielding observed during reloading at respective
confining pressures in the ML test.

5.1. Description of the procedure

(a) Fig. 10(a) schematically shows the URCs at different ay,’s
obtained by the procedure explained above. Y (=y/yVmax)
is “the stress” normalized by being divided by the
maximum stress. With the test results presented in
Fig. 2, except for the first loading step in the ML
decreasing o', (explained later), yn.x is the maximum
deviator stress measured at each loading step. The peak
strength at the first step in the ML test decreasing o'y, was
inferred based on the SL test results. Fig. 11(a) shows the
actual data from the Series 3 tests. Some scatter seen in
the data is due to an inevitable variance among the
different specimens tested. Similar to the behavior in
the SL tests with the same plotting method (Fig. 12(a)),
the stress—strain behavior becomes softer with an increase
in ¢'y, in this form of plotting (i.e., the stress ratio y/ymax
versus the axial strain increment Ax). The respective
URGC:s at different confining pressures are expressed as.

YV = Vmax; .f*(Ax) (7

(b) Fig. 10(b) shows the URCs after scaling down axial
strain increment Ax by dividing a normalization scal-
ing factor (x;)r to obtain the normalized axial strain
increment X=Ax/(x;)r, where “(x;)g when ¢';,=0.02
MPa”=1.0 so that a unique normalized URC relation
is obtained regardless of ¢’y,. Fig. 11(b) shows the actual
normalized rations obtained from the data presented in
Fig. 11(a). This unique relation is expressed as

Y = Ymax, F*(AX) ®)

(c) Fig. 10(c) shows the relationship between the normal-
ization factor (x,)r and o¢'y. Fig. 11(c) shows the actual
data. All the (x,)r values at the different ¢’}, values were
obtained so that the average of the two data at ¢/, =0.02
MPa would be equal to 1.0. The scatter seen in Fig. 11(a)
is reflected in the scatter in the (x,)r values in Fig. 11(c).
The average relation is used in the analysis explained
below.

(d) Fig. 10(d) illustrates the PLCs at different fixed ¢’}, values
from a set of SL tests. Fig. 12(a) shows the actual data.
Similar to the URCs presented in Fig. 10(a), with an
increase in ¢'y, the stress—strain behavior becomes softer
in this form of plotting. The respective PLCs are

K4
1 o'y =0.02 MPa .

6 12 18 24 30 36
(Xr)P

Fig. 13. Relations between two normalization factors.
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represented by
YV = Vmax; f(x) (9)

(e) Fig. 10(e) shows the PLCs after scaling down axial
strain x by another normalization scaling factor, (x;)p,
where “(x.)p when ¢}, =0.02 MPa”=1.0 so that a
unique normalized PLC relation is obtained regardless
of ¢’y,. This unique relation is expressed as

y :ymax,--F(X) (10)

where X=x/(x,)p. Fig. 12(b) shows the actual data.

(f) Fig. 10(f) shows the relationship between normaliza-
tion factor (x,)p and ¢’y,. Fig. 12(c) shows the actual
data.

(g) Fig. 10(g) shows the relationship between normaliza-
tion scaling factors (x;)r and (x,)p at the different
identical confining pressures. Fig. 13 shows the actual
data (denoted as ‘Original’). This relation is used to
infer the PLCs at different ¢’, values from the PLC
measured at the first loading step and the URCs
measured at the second and subsequent loading steps
in a given ML test.

PLCs at different ¢’ys that are higher than the lowest o'y,
(at the first loading step) are inferred by extrapolating the
PLC at the first loading step. As the extent of extrapola-
tion becomes very large, when deducing the PLCs at
confining pressures much higher than the lowest ¢’}
(at the first loading step), the accuracy of the deductions
may become low. Moreover, there could be some variance
among the data sets from the three series of tests that are
used in this analysis. Consequently, the PLCs inferred at
Step (g) are modified based on the part of PLC observed at
stresses after the start of the large-scale yielding in the
respective reloading regimes in the ML test of which the
data are used to infer the PLCs (shown by thick black
curves in Fig. 2(a)). The modification method will be
explained in detail later in this paper.

5.2. Examination by experimental data

PLCs at different o'}, values were inferred from the PLC
at the first loading step of an ML test using a single
specimen referring to the MRCs at different ¢y, values
obtained from the ML test. Fig. 14 shows this procedure.

The proposed method was applied first to the ML test
increasing o'y, presented in Fig. 2(a). The m value for the
respective MRCs at the second and subsequent loading
steps was obtained by substituting the negative irreversible
axial strain increments (Aey) during the immediately
preceding unloading into Eq. (6). The undamaged reloading
curves (URCs) were obtained by dividing the measured
axial strain increments by the respective m values.
Fig. 15(a) shows the URCs in terms of the shear stress
ratio (¢/qmax) — axial strain increment (Ae,) relations at
0',=0.25, 0.50, 0.75 and 1.0 MPa obtained from the data
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Fig. 15. (a) URCs from the ML test increasing ¢’y, and (b) relationship
between (x,)r and ¢’y.

of the ML test increasing ¢’y. The stress—strain relations
become softer with an increase in o¢'y,. However, the
dependency on ¢y, is much smaller than the one with the
URC:s from the Series 3 tests (i.e., a set of cyclic loading
tests at different confining pressures using multiple speci-
mens), presented in Fig. 11(a). Therefore, the variation in
the (x,)r values presented in Fig. 15(b) is much smaller
than the one in Fig. 11(b). This may be due partly to the
cyclic strain-hardening effects, discussed in Introduction,
in that the stiffness increases by repeating the full unload/
reload cycles performed with different ¢’y in the ML test
and partly to a variance among the specimens used in the
three series of tests.

Then, under the condition whereby the normalization
factor (x,)g=1.0 at ¢',=0.02 MPa, the (x,)r values at the
higher ¢’y values were calculated so that all the URCs
became unique, as shown in Fig. 15(b). In this figure, a
linear relation is fitted to the data. The normalization
factor (x;)p for the PLCs was obtained by substituting the
respective (x,)r values into the original relation shown in
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Fig. 13. Finally, the PLCs at the ¢’ values at the second
and subsequent loading steps (=0.25, 0.50, 0.75 and
1.0 MPa) were obtained by scaling up ‘“‘the axial strain of
the PLC at the first step at ¢/, =0.02 MPa” by a factor of
(x.)p at the respective confining pressures. Fig. 16(a) shows
the inferred PLCs together with the measured one at the
first loading step (¢/,=0.02 MPa). The dependency on ¢'y,
of the inferred PLCs is obviously smaller than the one of
the PLCs observed in the SL tests (Fig. 12(a)).

Fig. 17(a)—+(d) compares these inferred and measured PLCs
and measured MRCs at different ¢, values. The following
trends may be seen. First, the MRCs are generally stiffer than
the PLCs measured by the SL tests. This is due to the fact
that the positive effects of the strain-hardening phenomenon
are more dominant than the negative effects of the damage
taking place during the immediately preceding unloading
scheme. Second, the inferred PLCs are generally stiffer than
the measured PLCs. That is, in Fig. 17(a), although the PLC
at ¢’,=0.25 MPa inferred based on the original relation in
Fig. 13 lies between the PLCs measured at ¢',=0.02 and
0.5 MPa (Fig. 12(a), tests CB3-1 and CB3-6), it is located
much closer to the one measured at ¢',=0.02 MPa. This
indicates that the stiffness of the inferred PLC at ¢';,=0.25
MPa is overestimated. Moreover, the inferred PLC at
0'h,=0.5 MPa is considerably stiffer than the one observed
in an SL test (Fig. 17(b)). The inferred PLC at ¢/,=0.75
MPa is even stiffer than the one measured at ¢';,=0.5 MPa
(Fig. 17(c)) and, at ¢',=1.0 MPa, the inferred PLC is a
poor approximation of the results measured in an SL test

761

(Fig. 17(d)). This inconsistency can be confirmed from
Fig. 18(a)~(d). The respective data points in these figures
denote the E,, value determined from the test results. In
these figures, at each stage of ¢,=0.25, 0.5, 0.75 and
1.0 MPa in the ML test increasing o'y, at stresses exceeding
the yield stress during reloading, the E., values of the
inferred PLC are much higher than those measured. These
two sets of Ey,, values should be the same if the original
relation presented in Fig. 13 is relevant.

In Fig. 19, the PLC measured at ¢/;,=0.02 MPa, at the
first step in the ML test increasing ¢’y from which the
PLCs at higher ¢y, s were inferred, is compared with
the one measured at o¢';,=0.02 MPa in an SL test
(Fig. 12(a), Test CB3-1). The difference between the two
relations is insignificant. Besides, the former is even slightly
softer than the latter. Therefore, this difference is not a
cause for the trends of inconsistency discussed above. A
very large extent of extrapolation from the PLC at the
lowest ¢’y, (0.02 MPa) to those at much higher ¢’ys and
some variance among the specimens used in the three series
of tests (discussed in the preceding sections) may be among
other factors causing this large inconsistency.

5.3. Modification
It is obvious that the confining pressure-dependency of

the (x,)p obtained by substituting the (x,)r values presented
in Fig. 15(b) into the original (x,)r—(x,)p relation presented in
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Fig. 16. PLC measured at ¢,=0.02 MPa and PLCs at other ays inferred from results of an ML test increasing oy, (by procedure shown in Fig. 14)
obtained based on (a) original curve, (b) first modified curve, and (c) second modified curve in Fig. 13.
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Fig. 13 is too small. The original relation presented in Fig. 13
is therefore modified below based on the results presented in
Fig. 18(a)~(d). Note that this modification uses only the data
from the ML test of which the data is used to infer PLCs. In
each of Fig. 18(a)—(d), the dashed line indicates the primary
loading relation below the yield stress inferred by extrapolat-
ing the measured primary loading relation above the yield
stress. Differences between these relations and the PLCs,
inferred based on the original relation in Fig. 13, indicate
how much the inferred PLC should be modified to the correct
one in each case. Fig. 20 shows the ratio between the average
of the E.,, values at stresses exceeding the yield stress along
the PLC, inferred based on the original relation (Fig. 13), and
the one of the corresponding measured Ei,, values at
respective o'y, values, (Ewan(inferred)/ Etan(measured)), Obtained from
the plots in Fig. 18(a)(d). The average ratio is generally
significantly higher than 1.0, ie., 1.46 at ¢',=0.25 MPa,
about 2.5 at ¢/,=0.50 and 0.75 MPa, and 3.7 at ¢/,=1.0
MPa. Based on the above, the relation given in Fig. 13 is
modified by the following two approaches of modification.

First approach: The value of (x,)p of the original curve
in Fig. 13 is increased by a factor that is equal to the
average of the four Eianginferred)/ Etan(neasuredy Tatios, equal
to 2.5.

Second approach: The two available data of the (x,)p
value at (x,)g=3.0 (¢',=0.5 and 0.75 MPa) and the one at
(x)r=3.7 (¢/'n=1.0 MPa) of the original relation were
made larger by a factor of the respective average ratios
of Eu, , equal to 2.5 and 3.7.

In Fig. 13, a non-linear curve was fitted to each set of
two data of the (x,)r—(x.)p relation, as denoted by the first
and the second modifications.

Fig. 16(b) and (c) shows the PLCs inferred based on the
modified curves presented in Fig. 13. The dependency of PLC
on the confining pressure is much larger than those inferred
based on the original curve (Fig. 16(a)), while similar to the
one of the PLCs observed in the SL tests (Fig. 12(a)). It may
be seen from Fig. 17(a)~(d) that the PLCs inferred based on
the modified relations (Fig. 13) are much more consistent
with the measured ones. The difference between the PLCs
inferred based on the first and second approaches of
modification is not significant. Therefore, the first modified
curve is used below to infer PLCs from the data of the ML
test decreasing o'y, presented in Fig. 2(b).

The proposed method was then applied to the ML test
decreasing ¢’y, in which drained TC was performed first at
'n,=1.0 MPa and reloading was repeated ate’,=0.75, 0.5,
0.25 and 0.02 MPa. The results of the analysis following
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the procedure described in Fig. 14, using the first modified
curve of the (x,)r—(x,)p relation in Fig. 13, are presented
below. Note that an analysis, such as that presented in
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Fig. 20. Relationships between tangent Young's modulus ratio and
effective confining pressure (gy,) from the ML test increasing oy,.

Figs. 18 and 20, cannot be performed with the data of
this test, as the large-scale yielding started in the post-peak
regime during reloading except for ¢’;,=0.75 MPa (Fig. 2(b)).
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Fig. 21(a) shows the URCs obtained from the MRCs using
Eq. (6). The dependency on ¢’}, of these URC:s is similar to the
ML test increasing o'y, (Fig. 15(a)). In Fig. 21(b), the normal-
ization scaling factors, (x.)r, determined so that the URCs
presented in Fig. 21(a) become unique under the condition
that (x,)g=1.0 at ¢/,=0.02 MPa are plotted against ¢',. The
obtained relation is rather linear. In Fig. 22, the PLC at
¢'n=1.0 MPa, measured at the first stage of this ML test from
which the PLCs at lower ¢’ys are inferred, is compared with
the one measured in an SL test (Fig. 12(a), Test CB3-8). The
fact that these two stress—strain relations are very similar
indicates that a comparison of the PLCs inferred from the
former with those measured by SL tests shown below is
relevant.

Fig. 23(a) shows the PLC measured at the first step
(¢',=1.0 MPa) of this ML test and the PLCs at ¢/;,=0.02,
0.25, 0.5 and 0.75 MPa inferred by scaling down the axial
stain of this PLC measured at ¢’,=1.0 MPa by a factor of
(x,)p obtained by substituting the (x,;)r values presented in
Fig. 21(b) into the first modified curve (Fig. 13). The ¢pax
value at the first step (¢/p=1.0 MPa) in this ML test
was 3.31 MPa, which was significantly lower than the
peak value measured in the corresponding SL test CB3-8

(¢pecak=4.10 MPa). Therefore, gpcak=4.10 MPa was used
as the ¢nax value to obtain the ratio g/gm.x in this plot. The
dependency of these inferred PLCs on ¢’y is similar to the
one of the PLCs measured in the SL tests (Fig. 12(a)).
Fig. 23(b)—(e) compares these inferred PLCs in the pre-
peak regime at different ¢'ps with the corresponding
measured PLCs from SL tests. It may be seen that the
inferred PLCs are consistent with those measured by the
SL tests. By the nature of the method used to infer these
PLCs, the post-peak regime cannot be inferred.

5.4. The suggested method

A reasonable comparison of the PLCs, inferred from the
results of a pair of ML tests increasing and decreasing o'y,
with those measured by SL tests, indicates that the method
proposed is basically relevant. This method first uses two
empirical relations, namely, (i) Eq. (6) (Fig. 7) and (ii) the
first modified curve presented in Fig. 13. Further study is
necessary to examine the generality of these two empirical
relations with other types of soft rock.

When this method is applied to infer PLCs at different
d's, from given data of an ML test increasing ¢y, in other
cases, if these empirical relations are not available, the
following method can be suggested:

1. The URC is obtained from a given MRC based on
Eq. (6); this procedure is repeated for different ¢’y, values.

. Values for parameter (x,)g, at different ¢’y, values, are
obtained to have a unique URC.

. Values for parameter (x,)p are obtained by substituting
these (x;)r values into the first modification curve
presented in Fig. 13.

. PLCs at different ¢’y;s are inferred using these (x,)p values
by scaling the axial strains of a given measured PLC
measured at the first step of the ML test increasing ¢’},.

. The stress—strain relations after the start of the large scale
yielding, during (the) reloading at different ¢’y, values in
the ML test, are analyzed, as shown in Figs. 18 and 20, for
comparison with the data of the inferred PLCs.

. The (x,)r—(x,)p relation is modified based on the above
analysis.
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Fig. 23. (a) Measured PLC at ¢;,=1.0 MPa and PLCs at other oy,s inferred based on first modification curve from the ML test decreasing o1, and
comparison of PLCs inferred by basic method at on=: (b) 0.02 MPa, (c) 0.25 MPa, (d) 0.5 MPa, and (e) 0.75 MPa with measured PLCs from SL tests.

7. Repeat Step (4) using the (x,)r—(x,)p relation obtained

in Step (6).

6. Conclusions

The following conclusions can be drawn from the

analysis presented above:

1. In drained triaxial compression (TC) tests on a cement-
mixed gravelly soil (CMQG), the stress—strain relations

during reloading were seen to become proportionally

softer along with the increase in negative axial strain
increments that had taken place during the immediately
preceding unloading regime. This trend was expressed
by an empirical equation to infer the undamaged

reloading stress—strain relations from a given reloading
relation.

2. A method was developed within the framework of the

proportional rule to infer primary loading curves
(PLCs) at different confining pressures (¢’ys) from the
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PLC at the first step in given multiple-step loading (ML)
TC tests referring to the reloading stress—strain curves
measured at different ¢’ys in the ML tests. The PLCs
inferred above were then modified based on the post-
yielding stress—strain relations measured during reload-
ing at different ¢’,s in the ML test.

This method was validated by comparing the PLCs
inferred from the results of a pair of ML tests increasing
and decreasing o', with those obtained from single-step
loading (SL) TC tests performed at different ¢’ys.
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