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Abstract: A series of large-scale triaxial compression tests were conducted to investigate the strength and deformation behaviors of Tacheng
rockﬁll material (TRM) in relation to the initial void ratio and initial conﬁning pressure. The critical state friction angle of TRM was expressed as
a linear function of the logarithm of the initial conﬁning pressure. The excess peak state friction angle and excess characteristic state friction
angle of TRM were formulated as linear equations of a revised relative dilatancy index to capture the inﬂuences of density and pressure on the
peak state and characteristic state friction angles. The initial elastic modulus, tangent modulus, and secant modulus of TRM were dependent on
the initial void ratio and initial conﬁning pressure. In addition, a formulation incorporating density and pressure was proposed to simulate the
initial elastic modulus of TRM. The volumetric and deviatoric strains of TRM at the critical state were also dependent on density and pressure.
The critical state line of TRM in the e 2 lg p9 space descended with a decrease in the initial void ratio. DOI: 10.1061/(ASCE)GT.19435606.0001176. © 2014 American Society of Civil Engineers.
Author keywords: Rockﬁll material; Density; Pressure; Deformation; Strength; Friction angle; Modulus; Critical state line (CSL).

Introduction
Rockﬁll material, as deﬁned by Marsal (1967), Leps (1970),
Marschi et al. (1972), Charles and Watts (1980), Barton and
Kjaernsli (1981), and Matheson (1986), is composed of more than
50% coarse-grained soil larger than the No. 4 sieve size (ASTM
2006a). Rockﬁll material is widely used for the construction of
rockﬁll dams (Cooke 1984; Dascal 1987; Khalid et al. 1990; Prato
and Matheu 1991; Elgamal 1992; Uddin and Gazetas 1995;
Hunter and Fell 2003; Milligan 2003; Papalou and Bielak 2004;
Xing et al. 2006; Peiris et al. 2008; Costa and Alonso 2009; Seo
et al. 2009; Flores-Berrones et al. 2011; Walberg et al. 2013) and
railroads (Janardhanam and Desai 1983; Diyaljee 1987; Indraratna
et al. 1998; Haque et al. 2007; Anderson and Fair 2008; Nimbalkar
et al. 2012; Sevi and Ge 2012). Therefore, extensive experimental
research on rockﬁll material has been conducted for the further
application of rockﬁll in the construction of rockﬁll dams and
railroads. These tests were mainly conducted using a large-scale
triaxial apparatus (Marsal 1967; Leps 1970; Marschi et al. 1972;
Charles and Watts 1980; Barton and Kjaernsli 1981; Varadarajan
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et al. 1997; Indraratna et al. 1998; Varadarajan et al. 1999; Gupta
2000; Varadarajan et al. 2003, 2006; Anderson and Fair 2008; Gupta
2009a, b; Chu et al. 2010; Honkanadavar 2010; Honkanadavar and
Gupta 2010; Seif El Dine et al. 2010; Honkanadavar et al. 2011; Araei
et al. 2012; Honkanadavar et al. 2012; Sevi and Ge 2012; Vasistha
et al. 2012; Xu et al. 2012; Vasistha et al. 2013; Xiao et al. 2014a, c).
Furthermore, a multiaxial testing device at large capacities (Desai
et al. 1982; Desai and Siriwardane 1983; Desai and Faruque 1984;
Desai et al. 1995; Desai and Toth 1996; Desai 2001) was used to
investigate the behavior of rockﬁll material (Janardhanam and Desai
1983; Desai and Salami 1987; Desai and El-Hoseiny 2005). True
triaxial tests on rockﬁll materials were also conducted for different
loading paths (Shi 2008; Xiao et al. 2011a, b, 2012).
The strength and deformation behavior of sand depends on density
and pressure. Been and Jeffries (1985) proposed a state parameter to
capture the inﬂuence of density and pressure on the strength and
deformation behavior of sand. Other state parameters for sand include
the following: (1) the state index combining the current void ratio and
critical state void ratio, which was proposed by Ishihara (1993); (2) the
state index expressed by the ratio of the current void ratio to critical
state void ratio, which was proposed by Wan and Guo (1999); and (3)
the state index combining the current mean effective stress and critical
mean effective stress, which was proposed by Wang et al. (2002).
Research on the state-dependent behaviors and modeling of sand
(Been and Jefferies 1985; Gudehus 1996; Li 1997; Li and Wang
1998; Gajo and Muir Wood 1999; Wan and Guo 1999; Li and
Dafalias 2000, 2002; Wang et al. 2002; Yang and Li 2004; Yao et al.
2004; Lashkari 2009; Loukidis and Salgado 2009) has been conducted in recent decades. Cho et al. (2006) found that the particle
shape could inﬂuence the packing density, stiffness, and strength of
sands considerably. Honkanadavar (2010) investigated the statedependent behaviors of the strength and stress-strain relationship of
rockﬁll materials through a series of large-scale triaxial tests. Hu
et al. (2010) conducted a series of triaxial compression tests on
rockﬁll materials at various gradations and conﬁning pressures.
The main objective of this paper is to systemically investigate the
inﬂuence of density and pressure on the strength and deformation of
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rockﬁll material through a series of large-scale triaxial compression
tests. The strength and deformation indexes inﬂuenced by density
and pressure include the following: (1) friction angle (e.g., mobilized friction angle, critical state friction angle, peak state friction
angle, characteristic state friction angle); (2) modulus (e.g., initial
elastic modulus, tangent modulus, secant modulus); (3) stress-strain
relationship; (4) volumetric and deviatoric strains at the critical state;
and (5) critical state line (CSL).
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Large-Scale Triaxial Compression Tests
Material
Tacheng rockﬁll material (TRM) for testing was obtained from the
Tacheng Hydropower Station located in Shangrila County in the
western part of China (Jiang 2009). Speciﬁc details of the study site
are presented in Table 1. The prototype TRM is an alluvium material
consisting of rounded/subrounded particles up to 200 mm in size.
The particle size of the prototype TRM was reduced by the parallel
gradation technique (Lowe 1964), with a maximum particle size of
60 mm. Table 2 presents the basic properties of TRM, for example
the mineralogy, unconﬁned compressive strength (ASTM 2010a),
maximum ﬂat and elongated (ASTM 2010b), uncompacted void
content (ASTM 2006d), aggregate impact value [European Committee for Standardization (CEN) 2010], aggregate crushing value
(CEN 2010), and Los Angeles abrasion value (ASTM 2006b,
2012b).
Table 1. Project and Site for TRM
Project detail
Project name
Dam type
Site
Rocks of TRM

Depiction
Tacheng Hydropower Station
High earth core rockﬁll dam
Shangrila County, Yunnan Province, China
Gravel, pebble, boulder, and shingle

Table 2. Basic Characteristics of TRM
Characteristics

Descriptions or values

Rockﬁll source
Mineralogy

Alluvium
Gritstone, sandstone, conglomerate,
marble, claystone, schist, quartzite,
and granite
106.5

Unconﬁned compressive strength
(MPa) (ASTM 2010a)
Particle shape

Maximum ﬂat and elongated
(percentage) (ASTM 2010b)
Uncompacted void content
(percentage) (ASTM 2006d)
Aggregate impact value
(percentage) (CEN 2010)
Aggregate crushing value
(percentage) (CEN 2010)
Los Angeles abrasion value
(percentage) (ASTM 2006b, 2012b)
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The TRM particles were subangular when the particle size was
less than 10 mm, as shown in Figs. 1(a and b), whereas the TRM
particles were rounded and subrounded when the particle size was
more than 10 mm, as illustrated in Figs. 1(c–e). The mixed material
is shown in Fig. 1(f). The initial grading (IG) of TRM for testing
is similar to the prototype grading (PG) of TRM, as shown in
Fig. 2(a). Fig. 2(b) presents the distributions of each TRM particle
size. Table 3 provides the basic values of the characteristic particle
sizes, for example the maximum particle diameter Dmax , mean
particle diameter D50 , uniformity coefﬁcient Cu , coefﬁcient of
curvature Cc , percentage of coarse fraction larger than the No. 4
sieve size (i.e., PCF4) (ASTM 2006a), and percentage of material
with particle size smaller than the No. 200 sieve size [i.e., ﬁnes
content (FC)] (ASTM 2006a). The TRM used for testing is
classiﬁed as Uniﬁed Soil Classiﬁcation System’s well-graded gravels
(GW) according to ASTM (2006a), with PCF4 . 50, FC , 5, Cu . 4,
and 1 , Cc , 3. Table 4 provides the values of the speciﬁc gravity Gs ,
relative density, and dry density of TRM.
Fig. 2(a) illustrates that the maximum diameter of the PG
(i.e., 200 mm) is greater than that of the IG (i.e., 60 mm). An increase
in particle size would lead to more cracks and defects in the particles
(McDowell et al. 1996; McDowell and Bolton 1998), indicating that
the PG sample has a lower strength than the IG sample. All of the
tests in this paper were conducted with IG samples using a parallel
gradation technique. Therefore, the test results could not be directly
used for the prototype material for the construction of dams.
Nevertheless, the original work by Frossard et al. (2012) made it
possible to evaluate the strength of rockﬁll material with large
particles based on the material strength of the rockﬁll material’s
small particles with parallel grading. The investigation of the
strength of TRM using Frossard’s method will be discussed in future
work.

Rounded/subrounded with
D . 10 mm
Angular/subangular with
D , 10 mm
9.5
46.3
29.2
39.2
25.8

Large-Scale Triaxial Apparatus
A simpliﬁed diagram of a large-scale triaxial apparatus (LSTA) is
presented in Fig. 3. The conﬁning pressure was applied by the airwater pressure system, with a maximum pressure of 3 MPa. The
axial load was applied by the oil hydraulic system, with a maximum
axial load of 1,500 kN. In this paper, the tests were performed at
a constant axial displacement of 1 mm=min. The axial deviatoric
load was measured by a load cell, and the axial deformation was
measured by a digital dial gauge attached to the piston. The volumetric strain was derived from the expelled water. The triaxial
compression test data for TRM were recorded automatically. Details
of the LSTA are presented in Table 5.
Specimen Preparation and Testing Procedure
The initial conﬁning pressures of the TRM used for testing were 0.4,
0.8, and 1.6 MPa. These pressures are typical for the Tacheng
Rockﬁll Dam. For each conﬁning pressure, there were four specimens with initial void ratios of 0.189, 0.244, 0.285, and 0.317, as
listed in Table 5, yielding a total of 12 specimens.
The cylinder specimen was 300 mm in diameter and 600 mm
high. The quantity for each particle size was determined by the
weight to obtain the IG of TRM to prepare the sample at a speciﬁc
density, as listed in Table 4. The samples were prepared with
a measurement accuracy of 0.01 g using a split mold with mixed
material (wetting with a moisture content of 3–5%), as shown in
Fig. 1(f). A 3-mm-thick rubber membrane was placed inside the split
mold to wrap the specimen. Filter stones were used at both ends, as
shown in Fig. 4(a). The mixed material was divided into ﬁve equal
parts for compaction inside the split mold. Each layer of the
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Fig. 1. Sample components and compaction (reprinted from Xiao et al. 2014a, © ASCE)

specimen was compacted using a vibrator with a frequency of 70
cycles per second. The specimen was sealed by latex rubber rings at
each end, as shown in Fig. 4(a), and subsequently saturated using the
vacuum saturation method, with a B value in excess of 0.96. The
installed apparatus is shown in Fig. 4(b).
After reaching saturation, the specimen was subjected to the required conﬁning pressure. Then, the specimen was sheared under
the drained condition with a constant axial strain rate of 1 mm=min.
The test was stopped when the accumulated axial strain reached
15%. Based on the test results, the volumetric strain and stress ratio
changed only slightly at an axial strain of 15%, indicating that the
soil parameters at this axial strain can be regarded as the critical state
parameters (Roscoe et al. 1963). In all of the tests, high strain levels
were reached by bulging without an obvious shear plane, as shown in
Fig. 5.
The test results presented and discussed in the following sections
include the following: (1) friction angle (e.g., mobilized friction
angle, critical state friction angle, peak state friction angle, characteristic state friction angle); (2) modulus (e.g., initial elastic modulus, tangent modulus, secant modulus); (3) stress-strain relationship;
(4) volumetric and deviatoric strains at the critical state; and (5) CSL.

according to the triaxial test data. According to the critical state soil
mechanism (Schoﬁeld and Wroth 1968), the mobilized friction
angle fm under the triaxial compression condition is deﬁned as
sin fm ¼

h¼

© ASCE

q
p9

(2)

where p9 and q under the triaxial compression condition are deﬁned
as
p9 ¼
1
q ¼ pﬃﬃﬃ
2

s91 þ s92 þ s93 s91 þ 2s93
¼
3
3

(3a)

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 
2 
2

s91 2 s92 þ s92 2 s93 þ s93 2 s91

¼ s91 2 s93

The strength of TRM is inﬂuenced by density and pressure in a rather
complicated manner. The friction angle of TRM is ﬁrst investigated

(1)

The stress ratio h in Eq. (1) is deﬁned as the ratio of the deviatoric
stress q to the mean effective stress p9

Friction Angle
Mobilized Friction Angle

3h
6þh

(3b)

where s9,
1 s9,
2 and s93 5 major, intermediate, and minor effective
principal stresses, respectively.
The critical state friction angle fcs under the triaxial compression
condition can be deﬁned as
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Table 4. Density of TRM
Characteristics

Values

Downloaded from ascelibrary.org by Brigham Young University on 08/22/14. Copyright ASCE. For personal use only; all rights reserved.

Speciﬁc gravity
Gs
Relative density (ASTM 2012a)
ID

2.69
0.84 for e0 5 0:189
0.70 for e0 5 0:244
0.59 for e0 5 0:285
0.51 for e0 5 0:317

Dry density (ASTM 2012a)
rmax (103 kg=m3 )
rmin (103 kg=m3 )
rd (103 kg=m3 )

2.38
1.79
2.27 for e0 5 0:189
2.17 for e0 5 0:244
2.10 for e0 5 0:285
2.05 for e0 5 0:317

Fig. 3. Simpliﬁed diagram of the LSTA for TRM
Fig. 2. TRM used in the large-scale triaxial tests: (a) particle-size
distribution; (b) particle-size density curve
Table 5. Details of the LSTA and Specimen Preparation
Details
Table 3. Particle-Size Analysis of TRM
Characteristics (ASTM 2006c)

Values

60.0
Dmax (mm)
23.1
D50 (mm)
5.54
Cu
Cc
1.32
PCF4 (percentage)
95.5
FC (percentage)
1.8
Note: TRM is classiﬁed under Uniﬁed Soil Classiﬁcation System’s wellgraded gravels (GW) (ASTM 2006a) because PCF4 . 50, FC , 5, Cu . 4,
and 1 , Cc , 3.

sin fcs ¼

3hcs
6 þ hcs

(4)

where hcs 5 critical state stress ratio. The value of hcs is constant
based on the framework of the critical state soil mechanics. The
values of fcs for TRM at different densities and pressures can be
© ASCE

Descriptions or values
LSTA

Specimen size
Maximum conﬁning pressure (MPa)
Loading mode of conﬁning pressure
Maximum axial load (kN)
Mode of the axial load
Axial strain rate used (mm=min)

Length 5 600 mm,
diameter 5 300 mm
3
Air-water pressure system
1,500
Oil hydraulic system
1

Specimen preparation
Initial conﬁning pressure (MPa)
Initial void ratio
Total number of tests
Material of the membrane
Thickness of the membrane (mm)
Number of membranes in each test
Compaction method
Frequency of the vibration in the
sample preparation (cycles per second)
B value after saturation
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0.4, 0.8, and 1.6
0.189, 0.244, 0.285, and 0.317
12
Rubber
3
1
Vibration
70
0.96
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Fig. 4. LSTA and sample preparation procedure (reprinted from Xiao et al. 2014c, © ASCE): (a) installation of the sample; (b) installation of the
apparatus

The characteristic state or phase-transformation state (Tatsuoka
and Ishihara 1974; Ishihara et al. 1975; Luong 1980; Been and
Jefferies 1985; Ishihara 1993) is deﬁned as a condition under which
the incremental volumetric strain is zero. The characteristic state
friction angle fchs under the triaxial compression condition is deﬁned as
sin fchs ¼

3hchs
6 þ hchs

(5)

where hchs 5 characteristic state stress ratio. The values of fchs for
TRM at different densities and pressures can be obtained from the
test data at the characteristic state, at which the incremental volumetric strain is zero.
The peak state friction angle fps is deﬁned as
sin fps ¼

Fig. 5. Bulging failure mode of TRM (reprinted from Xiao et al. 2014c,
© ASCE)

determined by the test data at the critical state. According to the test
results, the volumetric strain and stress ratio change only slightly at
an axial strain of 15%, indicating that the state at this axial strain can
be approximated as the critical state based on the critical state soil
mechanics (Roscoe et al. 1963).
© ASCE

3hps
6 þ hps

(6)

where hps 5 peak state stress ratio during the shearing process. The
values of fps for TRM at different densities and pressures can be
obtained from the test data at the peak failure state, at which the stress
ratio is maximum. For a dense state, fm ﬁrst turns to fchs at the
characteristic state, then to fps at the peak failure state, and ﬁnally to
fcs at the critical state in the shearing process.
Fig. 6 presents the mobilized friction angle of TRM at different
densities and pressures. For a lower initial conﬁning pressure, as
shown in Fig. 6(a), the mobilized friction angle fm increases with
increasing axial strain up to a characteristic state friction angle fchs
(Been and Jefferies 1985). Then, the mobilized friction angle fm
increases to a peak state friction angle fps . The mobilized friction
angle fm decreases with increasing axial strain and then converges to
the critical state friction angle fcs . For higher initial conﬁning
pressure, as shown in Fig. 6(c), the mobilized friction angle increases
proportionally to the critical state friction angle fcs . Table 6 presents
the values of the critical state friction angle fcs , peak state friction
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the critical state friction angle fcs and initial conﬁning pressure p0
can be given as
fcs ¼ fcs0 2 fcsd lnð p0 =pa Þ

(7)

where fcs0 and fcsd 5 material constants. The formulation [Eq. (7)]
was also proposed to describe the friction angle of other rockﬁll
materials (Barton and Kjaernsli 1981; Xu et al. 2012; Fu et al. 2014).
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Peak State Friction Angle
Fig. 8 illustrates that the peak state friction angle fps varies with the
initial conﬁning pressure p0 and initial void ratio e0 . An increase in
either the initial conﬁning pressure p0 or initial void ratio e0 would
lead to a decrease in the peak friction angle fps .
Rowe (1962) proposed a stress-dilatancy equation for sands to
depict the relationship between the peak state friction angle, critical
state friction angle, and dilatancy angle. Based on the experiment
data of 17 sands, a relative dilatancy index was proposed by Bolton
(1986) to describe the friction angle in relation to density and
pressure

 
IR ¼ ID Q 2 ln p9 2 R

(8)

where Q and R 5 state index constants of the material; p9 5 mean
effective stress at failure; and relative density ID can be expressed
as
ID ¼

emax 2 e
emax 2 emin

(9)

where e 5 void ratio; emin 5 minimum void ratio; and emax
5 maximum void ratio.
Chakraborty and Salgado (2010) found that the coefﬁcient of the
stress-dilatancy equation is constant for both triaxial-compression
and plane-strain conditions. Based on a series of direct shear tests on
sand-gravel mixtures, Simoni and Houlsby (2006) supposed that the
stress-dilatancy equation is in relation to the gravel fraction.
A revised relative dilatancy index is proposed using the atmospheric pressure for normalization in the same units as p9. The revised index can be expressed as

  
IRR ¼ ID Q 2 ln p9 pa 2 R

Fig. 6. Mobilized friction angle of TRM: (a) p0 5 0:4 MPa; (b) p0
5 0:8 MPa; (c) p0 5 1:6 MPa

The values of Q and R in Eq. (10) are presented in Table 9. The
excess peak state friction angle fex
ps 5 ðfps 2 fcs Þ can be expressed
as a linear formulation of the revised state index IRR as
fex
ps ¼ fps 2 fcs ¼ af IRR

angle fps , and characteristic state friction angle fchs at different
initial conﬁning pressures and initial void ratios.

Critical State Friction Angle
Figs. 6 and 7 illustrate that the initial void ratio e0 has a minor
inﬂuence on the critical state friction angle fcs . In contrast, as
shown in Fig. 7, the initial conﬁning pressure p0 has a considerable
inﬂuence on the critical state friction angle fcs . As a result, the
critical state friction angle fcs is only correlated with the initial
conﬁning pressure p0 . As shown in Fig. 7, the relationship between
© ASCE

(10)

(11)

where coefﬁcient af 5 ratio between the excess peak state friction angle fex
ps and revised state index IRR (Table 9).
Fig. 9 illustrates that the simulation by Eq. (11) agrees well with
the test data of TRM in terms of the relationship between the excess
peak state friction angle fex
ps and revised state index IRR .
Characteristic State Friction Angle
As shown in Fig. 10, the excess characteristic state friction angle
fex
chs 5 ðfcs 2 fchs Þ can be expressed by a linear formulation of the
revised state index IRR as
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Table 6. Critical State Friction Angle, Peak State Friction Angle, and Characteristic State Friction Angle of TRM
Initial conﬁning pressure
( p0 ) (MPa)
0.4

0.8

Downloaded from ascelibrary.org by Brigham Young University on 08/22/14. Copyright ASCE. For personal use only; all rights reserved.

1.6

Initial void ratio (e0 )

Critical state friction angle
(fcs ) (degrees)

Peak state friction angle
(fps ) (degrees)

Characteristic state friction
angle (fchs ) (degrees)

0.189
0.244
0.285
0.317
0.189
0.244
0.285
0.317
0.189
0.244
0.285
0.317

44.77
44.09
43.06
42.09
42.30
42.50
41.93
41.99
39.93
39.33
38.74
38.86

48.85
46.46
44.67
42.46
43.93
43.35
41.93
41.99
39.98
39.34
38.74
38.86

38.39
40.08
40.36
39.81
40.66
41.15
39.99
41.98
39.93
39.33
38.74
38.86

Fig. 7. Variations in the critical state friction angle of TRM with the
initial conﬁning pressure

fex
chs ¼ fcs 2 fchs ¼ bf IRR

(12)

where coefﬁcient bf 5 ratio between the excess characteristic state
friction angle fex
chs and IRR (Table 9). As shown in Fig. 10, Eq. (12)
can be used to simulate the test data of TRM in terms of the relationship between the excess characteristic state friction angle fex
chs
and revised state index IRR .

Modulus
Fig. 8. Variations in the peak state friction angle of TRM: (a) initial
conﬁning pressure; (b) initial void ratio

Initial Elastic Modulus
The initial elastic modulus of TRM is an important parameter, indicating the deformation behavior of TRM. The initial slope of the
stress-strain curve (q 2 ɛ a ) is used to determine the initial elastic
modulus E0i . The axial strain is constrained within 0.1% for the
initial slope of the stress-strain curve, where the deformation is
supposed to be elastic. Table 7 provides the values of the initial
elastic modulus E0i of TRM at different initial conﬁning pressures
© ASCE

and initial void ratios. As shown in Fig. 11(a), the initial elastic
modulus E0i of TRM at a given initial void ratio increases with an
increase in the initial conﬁning pressure p0 , whereas the E0i of TRM
decreases with an increase in the initial void ratio e0 at a given initial conﬁning pressure, as shown in Fig. 11(b). Therefore, the initial
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elastic modulus E0i is correlated with both the initial conﬁning
pressure p0 and initial void ratio e0 . An appropriate equation is
proposed for the initial elastic modulus E0i of TRM pertaining to the
initial conﬁning pressure p0 and initial void ratio e0 . The equation
can be expressed as

Downloaded from ascelibrary.org by Brigham Young University on 08/22/14. Copyright ASCE. For personal use only; all rights reserved.

E0i ¼ Ea ðeE þ e0 Þ2aE pa ð p0 =pa Þ12bE

(13)

where Ea 5 material constant (i.e., modulus coefﬁcient) (Table 9);
eE and aE 5 material constants in relation to the initial void ratio
(Table 9); and bE 5 material constant in relation to the initial
conﬁning pressure (Table 9).
As shown in Fig. 11, the initial elastic modulus simulated by
Eq. (13) agrees well with the test data pertaining to the initial
conﬁning pressure p0 and initial void ratio e0 .
Tangent Modulus
Fig. 9. Relationship between the excess peak state friction angle fex
ps
and revised relative dilatancy index IRR for TRM

The initial elastic modulus E0i is actually the initial value of the
tangent modulus Et . Fig. 12 illustrates the variation of the tangent
modulus Et of TRM with the deviatoric stress q throughout the
shearing process. As shown in Fig. 12, the tangent modulus Et of
TRM at a given initial void ratio and given initial conﬁning pressure
decreases with increasing in the deviatoric stress q. An increase in
the initial void ratio e0 leads to a decrease in the tangent modulus Et
of TRM at a given deviatoric stress and given initial conﬁning
pressure. In addition, the comparisons in Figs. 12(a–c) indicate that
an increase in the initial conﬁning pressure results in an increase in
the tangent modulus Et of TRM at a given deviatoric stress and
given initial void ratio.
Secant Modulus
Similar to the tangent modulus Et , the secant modulus Es of TRM is
also related to density and pressure. The secant modulus E50 at 50%
of the peak strength is considered an important model parameter
(Duncan and Chang 1970). As shown in Fig. 13, the secant modulus
E50 at 50% of the peak strength is deﬁned as the gradient of the
secant line that goes through the origin point and the point at half of
the peak deviatoric stress
E50 ¼ 0:5qps =ɛ aps

Fig. 10. Relationship between the excess characteristic state friction
angle fex
chs and revised relative dilatancy index IRR for TRM

(14a)

for strain-softening behavior
E50 ¼ 0:5qcs =ɛ acs

(14b)

Table 7. Initial Elastic Modulus and Secant Modulus at 50% of the Peak Strength of TRM
Initial conﬁning pressure
( p0 ) (MPa)
0.4

0.8

1.6

© ASCE

Initial void ratio (e0 )

Initial elastic modulus
(E0i ) (MPa)

Secant modulus at 50% of the peak strength
(E50 ) (MPa)

0.189
0.244
0.285
0.317
0.189
0.244
0.285
0.317
0.189
0.244
0.285
0.317

483.31
307.67
233.79
180.56
734.65
524.38
376.79
252.99
974.13
648.12
494.71
366.92

414.24
219.02
160.92
99.15
633.91
349.08
214.69
110.69
582.85
319.79
178.52
122.58
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Fig. 11. Variations in the initial elastic modulus of TRM: (a) initial
conﬁning pressure; (b) initial void ratio

for strain-hardening behavior, where qps 5 deviatoric stress at the
peak state; ɛ aps 5 axial strain at the peak state; qcs 5 deviatoric
stress at the critical state; and ɛ acs 5 axial strain at the critical state.
Table 7 presents the values of E50 on TRM at different initial conﬁning pressures and initial void ratios.
Fig. 14 presents the variation in the secant modulus Es of TRM
with deviatoric stress at different initial void ratios and initial
conﬁning pressures. For strain-softening behavior, the secant
modulus Es of TRM decreases with increasing deviatoric stress up
to the peak failure state and then decreases with decreasing
deviatoric stress. For strain-hardening behavior, the secant modulus Es of TRM decreases with increasing deviatoric stress during
shearing. Figs. 14(a and c) illustrates the deﬁnitions of E50 for
strain-softening and strain-hardening behaviors, respectively. The
circle points in Fig. 14 denote the secant modulus E50 at 50% of
the peak strength.
As shown in Fig. 15(a), the E50 of TRM at e0 5 0:189, 0:244,
and 0:285 increases with an increase in the initial conﬁning pressure
and then decreases slightly with an increase in the initial conﬁning
pressure p0 . In contrast, E50 of TRM at e0 5 0:317 increases slightly
with an increase in the initial conﬁning pressure p0 , as shown in
© ASCE

Fig. 12. Tangent modulus of TRM: (a) p0 5 0:4 MPa; (b) p0
5 0:8 MPa; (c) p0 5 1:6 MPa

Fig. 15(a). TRM at e0 5 0:189, 0:244, and 0:285 produces the
strain softening and volumetric expansion behaviors at a lower
pressure (e.g., p0 5 0:4 or 0:8 MPa), but the strain hardening and
volumetric contraction behaviors are produced at a higher pressure (e.g., p0 5 1:6 MPa). Therefore, E50 at e0 5 0:189, 0:244, and
0:285 can be expressed by Eq. (14a) at a lower pressure (e.g.,
p0 5 0:4 or 0:8 MPa) and also by Eq. (14b) at a higher pressure (e.g.,
p0 5 1:6 MPa). A decrease in E50 from the point at p0 5 0:8 MPa
would be caused by a change in the stress-strain relationship from
strain softening to strain hardening at e0 5 0:189, 0:244, and 0:285.
In contrast, TRM at e0 5 0:317 only exhibits strain hardening and
volumetric contraction behaviors. As shown in Fig. 15(b), the secant
modulus E50 at 50% of the peak strength decreases with an increase
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Fig. 13. Deﬁnition of the secant modulus at 50% of the peak strength

in the initial void ratio. Therefore, the variation in E50 is inﬂuenced
by the type of stress-strain relationship of TRM.

Strain Behaviors
Stress-Strain Behavior
Fig. 16 illustrates that the stress-strain behavior of TRM at
e0 5 0:244 varies with the initial conﬁning pressure p0 . As shown
in Fig. 16(a), the deviatoric stress at the same axial strain increases with an increase in the initial conﬁning pressure p0 . TRM
exhibits strain-softening behavior at a lower pressure (e.g.,
p0 5 0:4 MPa) and strain-hardening behavior at a higher pressure (e.g., p0 5 1:6 MPa), as shown in Fig. 16(a). TRM produces
volumetric expansion at p0 5 0:4 MPa but volumetric contraction at p0 5 1:6 MPa, as shown in Fig. 16(b). The higher pressure
could lead to additional particle breakage, which causes volumetric contraction. The inﬂuence of particle breakage on strength
and deformation will be introduced in the companion paper (Xiao
et al. 2014b).
As shown in Fig. 17, the stress-strain behavior of TRM at
p0 5 0:8 MPa changes with the initial void ratio e0 . The deviatoric
stress at the same axial strain increases with a decrease in the initial
void ratio e0 , as shown in Fig. 17(a). Furthermore, the deviatoric
stresses at different initial void ratios coincide with the same critical
state deviatoric stress. TRM exhibits strain softening behavior at
e0 5 0:189 but strain hardening behavior at e0 5 0:317, as shown in
Fig. 17(a). In addition, TRM produces volumetric expansion at
e0 5 0:189 but volumetric contraction at e0 5 0:317, as shown in
Fig. 17(b). In summary, the stress-strain behavior of TRM is greatly
inﬂuenced by density and pressure.

Fig. 14. Secant modulus of TRM: (a) p0 5 0:4 MPa; (b) p0 5 0:8 MPa;
(c) p0 5 1:6 MPa

a larger void ratio (e.g., e0 5 0:317), as shown in Fig. 18(a), or at
a higher conﬁning pressure (e.g., p0 5 1:6 MPa), as shown in
Fig. 18(b). The positive volumetric strain increases with an increase
in the initial void ratio or initial conﬁning pressure. In contrast, the
volumetric strain at the end of the test is negative at a smaller void
ratio (e.g., e0 5 0:189) and at a lower conﬁning pressure (e.g., p0
5 0:4 MPa).

Volumetric Strain
Fig. 18 presents the variation in the volumetric strain of TRM at the
end of the test based on the initial void ratio and initial conﬁning
pressure. Table 8 presents the values of the volumetric strain ɛ v of
TRM at different initial void ratios and initial conﬁning pressures.
The volumetric strain at the end of the test is positive for TRM at
© ASCE

Deviatoric Strain
Fig. 19 presents the variation in the deviatoric strain of TRM at the
end of the test based on the initial conﬁning pressure [as shown in
Fig. 19(a)] and initial void ratio [as shown in Fig. 19(b)]. The values
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Fig. 16. Stress-strain behavior of TRM at e0 5 0:244: (a) deviatoric
stress versus axial strain; (b) volumetric strain versus axial strain

of the deviatoric strain ɛ s of TRM at different initial void ratios and
initial conﬁning pressures are presented in Table 8. The value of the
deviatoric strain ranges from 13 to 17%. An increase in the initial
void ratio e0 or initial conﬁning pressure p0 can lead to a decrease in
the deviatoric strain of TRM.

observations have been made for sands with ﬁnes (Yamamuro and
Lade 1998; Thevanayagam and Shenthan 2002; Ni et al. 2004;
Murthy et al. 2007). The CSLs of sands with ﬁnes in the e 2 lg p9
space generally descend with an increase in the percentage of ﬁnes
(percentage smaller than a threshold value), but the gradients of the
CSLs of sands mixed with ﬁnes remain unchanged. A decrease in the
initial void ratio of TRM could result in an increase in particle
breakage during the specimen preparation process by vibration,
which could be the main reason why the CSLs of TRM descend with
an increase in the initial void ratio.

CSL

Conclusions

As shown in Fig. 20, the CSL of TRM in the e 2 lg p9 space descends
with a decrease in the initial void ratio e0 . The gradient of the CSLs of
TRM remains unchanged. The equation of the CSLs in the e 2 lg p9
space can be expressed as

A series of large-scale triaxial compression tests on TRM were
conducted to investigate the inﬂuence of density and pressure on the
strength and deformation behaviors. The main conclusions can be
summarized as follows:
1. Density had a minor inﬂuence on the critical state friction angle
of TRM. The critical state friction angle of TRM decreased
with an increase in the initial conﬁning pressure. The critical
state friction angle was expressed as a linear function of the
logarithm of the initial conﬁning pressure. An increase in the
initial conﬁning pressure or initial void ratio led to a decrease
in the peak state friction angle.
2. A revised relative dilatancy index was proposed to capture the
inﬂuence of density and pressure on the friction angle of TRM

Fig. 15. Variations in the secant modulus of TRM at 50% of the peak
strength: (a) initial conﬁning pressure; (b) initial void ratio

ecs ¼ ecs0 2 l ln p9

(15)

where ecs 5 critical state void ratio; ecs0 5 initial critical state
void ratio at the unit pressure (Table 9); and compression index
l 5 gradient of the CSL.
The prediction by Eq. (15) is in good agreement with the test data
of TRM at different initial void ratios, as shown in Fig. 20. The initial
critical state void ratio at the unit pressure ecs0 varies with e0 . Similar
© ASCE
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Fig. 17. Stress-strain behavior of TRM at p0 5 0:8 MPa: (a) deviatoric
stress versus axial strain; (b) volumetric strain versus axial strain

3.

4.

5.

6.

at the peak failure and characteristic states. The excess peak
state friction angle and excess characteristic state friction angle
were linearly related to the revised dilatancy index.
The initial elastic modulus of TRM at a given initial void ratio
increased with an increase in the initial conﬁning pressure,
whereas the initial elastic modulus of TRM at a given initial
conﬁning pressure decreased with an increase in the initial void
ratio. An appropriate equation pertaining to the initial void ratio
and initial conﬁning pressure was proposed for the initial
elastic modulus.
The tangent modulus of TRM at a given initial void ratio and
given initial conﬁning pressure decreased with an increase in
the deviatoric stress. An increase in the initial void ratio led to
a decrease in the tangent modulus at a given deviatoric stress
and given initial conﬁning pressure. In addition, an increase in
the initial conﬁning pressure resulted in an increase in the
tangent modulus at a given deviatoric stress and given initial
void ratio.
For strain-softening behavior, the secant modulus decreased
with an increase in the deviatoric stress up to the peak failure
state and then decreased with a decrease in the deviatoric
stress. For strain-hardening behavior, the secant modulus
decreased with an increase in the deviatoric stress during
shearing.
TRM presented the behaviors of strain softening and volumetric
expansion at a lower conﬁning pressure (e.g., p0 5 0:4 MPa) or

© ASCE

Fig. 18. Variations in the volumetric strain of TRM: (a) initial conﬁning pressure; (b) initial void ratio
Table 8. Volumetric Strain and Deviatoric Strain of TRM at End of Tests
Initial conﬁning
pressure (p0 ) (MPa)
0.4

0.8

1.6

Initial void
ratio (e0 )

Volumetric strain
(ɛ v ) (%)

Deviatoric strain
(ɛ s ) (%)

0.189
0.244
0.285
0.317
0.189
0.244
0.285
0.317
0.189
0.244
0.285
0.317

25.23
22.75
21.79
20.42
21.60
20.43
0.82
2.33
1.39
2.44
3.66
4.86

16.52
15.71
15.49
15.02
15.33
14.95
14.61
14.06
14.33
14.01
13.71
13.32

at a smaller void ratio (e.g., e0 5 0:189). In contrast, it produced
strain hardening and volumetric contraction at a higher conﬁning pressure (e.g., p0 5 1:6 MPa) or at a larger void ratio (e.g.,
e0 5 0:317).
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Fig. 20. CSL of TRM in the e 2 lg p9 space

Table 9. Values of Material Constants for Strength and Deformation
Behaviors of TRM
Equation
Eq. (7)

Fig. 19. Variations in the deviatoric strain of TRM: (a) initial conﬁning pressure; (b) initial void ratio

Eq. (10)

Eq. (11)
Eq. (12)
Eq. (13)

7. The volumetric strain of TRM at the end of the test was positive
at a higher conﬁning pressure (e.g., p0 5 1:6 MPa) and a larger
void ratio (e.g., e0 5 0:317). In contrast, the volumetric strain
of TRM at the end of the test was negative at a lower conﬁning
pressure (e.g., p0 5 0:4 MPa) and a smaller void ratio (e.g.,
e0 5 0:189). An increase in the initial void ratio or initial
conﬁning pressure resulted in a decrease in the deviatoric
strain of TRM.
8. The CSL of TRM in the e 2 lg p9 space descended with
a decrease in the initial void ratio. The gradient of the CSLs
of TRM remained unchanged.
The basic behavior of the strength and deformation for TRM
in this study would be the same as that of rockﬁll materials at
other sites. However, some of the material constants may be
different for rockﬁll materials at other sites because of the inﬂuence of various factors (e.g., rock type, mineralogy). Therefore, the strength and deformation of rockﬁll materials depend on
the rock type and mineralogy. This will be introduced in future
research.
© ASCE

Eq. (15)

Symbol

Value

fcs0
fcsd
Q
R

48.05°
3.10°
5.39
1.53 for Eq. (11)
1.26 for Eq. (12)
4.69°
3.75°
98.43
0.15
3
0.5
5:68 3 1022
0.639 for e0 5 0:189
0.676 for e0 5 0:244
0.700 for e0 5 0:285
0.715 for e0 5 0:317

af
bf
Ea
eE
aE
bE
l
ecs0
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fex
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(5fcs 2 fchs );
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ps 5 excess peak state friction angle
(5fps 2 fcs );
fm 5 mobilized friction angle; and
fps 5 peak state friction angle.
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Notation
The following symbols are used in this paper:
Cc 5 coefﬁcient of curvature;
Cu 5 coefﬁcient of uniformity;
Dmax 5 maximum particle diameter;
D10 5 particle diameter at 10% of grading;
D30 5 particle diameter at 30% of grading;
D50 5 mean particle diameter;
D60 5 particle diameter at 60% of grading;
Ea 5 modulus coefﬁcient;
Es 5 secant modulus;
Et 5 tangent modulus;
E0i 5 initial elastic modulus;
E50 5 secant modulus at 50% of the peak
strength;
e 5 void ratio;
ecs 5 critical state void ratio;
ecs0 5 initial critical state void ratio at the unit
pressure;
eE and aE 5 material constants in relation to the initial
void ratio;
emax 5 maximum void ratio;
emin 5 minimum void ratio;
e0 5 initial void ratio;
Gs 5 speciﬁc gravity;
ID 5 relative density;
IR 5 relative dilatancy index;
IRR 5 revised relative dilatancy index;
p9 5 mean effective stress;
pa 5 atmospheric pressure;
p0 5 initial conﬁning pressure;
Q and R 5 state index constants of material;
q 5 deviatoric stress;
qcs 5 deviatoric stress at the critical state;
qps 5 deviatoric stress at the peak state;
af 5 ratio of fex
ps to IRR ;
bE 5 material constant in relation to the initial
conﬁning pressure;
bf 5 ratio of fex
chs to IRR ;
ɛ a 5 axial strain;
ɛ acs 5 axial strain at the critical state;
ɛ aps 5 axial strain at the peak state;
ɛ s 5 deviatoric strain;
ɛ v 5 volumetric strain;
h 5 stress ratio;
hchs 5 characteristic state stress ratio;
hcs 5 critical state stress ratio;
hps 5 peak state stress ratio;
l 5 compression index;
rd 5 dry density;
rmax 5 maximum dry density;
rmin 5 minimum dry density;
s9,
1 s9,
2 and s93 5 major, intermediate, and minor effective
principal stresses, respectively;
fchs 5 characteristic state friction angle;
fcs 5 critical state friction angle;
fcs0 and fcsd 5 material constants;
© ASCE
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