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Influence of Intermediate Principal Stress on the Strength
and Dilatancy Behavior of Rockfill Material

Yang Xiao, S.M.ASCE"; Hanlong Liu?; Yumin Chen®; and Jian Chu*

Abstract: The mechanical behaviors of rockfill materials at a comparatively low pressure are very important (e.g., for the stability of the top
part and the slope of rockfill dams). In addition, the stress conditions of rockfill dams are unlikely to be axisymmetric but are three-dimensional.
Because of this, the influence of the intermediate principal stress has to be taken into consideration in design. This paper presents a study on the
effect of intermediate principal stress on the strength and dilatancy behavior of rockfill material at a comparatively low pressure. A series of
constant b-value tests were carried out on rockfill materials commonly used for earth dam construction. Using the test data, the influences
of the b-value on the peak friction angle, critical-state friction angle, and maximum dilatancy angle of rockfill materials were investigated. A
revised relative dilatancy index was proposed for rockfill material to describe the change in the shear strength with the intermediate principal
stress. The relationship among the incremental friction angle, the maximum dilatancy angle, and the b-value was examined. A linear relationship
between the incremental friction angle and the revised relative dilatancy index was established by considering the effect of the b-value. The
predictions given by this relationship agree well with experimental data. Furthermore, the b-value can influence the particle breakage of rockfill
materials, indicating that such breakage is dependent on the stress path. DOI: 10.1061/(ASCE)GT.1943-5606.0001178. © 2014 American
Society of Civil Engineers.

Author keywords: Rockfill material (RFM); Intermediate principal stress; Peak friction angle; Critical-state friction angle; Dilatancy angle;

Relative dilatancy index.

Introduction

The relationships between the peak friction angle and the maximum
dilatancy angle of sands have been studied by many researchers
(Bolton 1986; Vaid and Sasitharan 1992; Salgado et al. 2000; Yang and
Li 2004; Lashkari 2009; Chakraborty and Salgado 2010). Common
agreement among these studies is as follows (Bolton 1986): (1) the
secant value of the friction angle is the basis for discussion; (2)
understanding the dilatancy toward critical states is central to an
understanding of soil behavior; and (3) both stress and density affect
the rate of dilatancy of soils and therefore their strength parameters.
A new relative dilatancy index was proposed by Bolton (1986) to
capture variations in the peak friction angle of sands, and it was
widely used in penetration resistance theory (Salgado et al. 1997a, b,
1998; Salgado and Randolph 2001). The new relative dilatancy index
has the advantage of ensuring that zero dilatancy is achieved at the
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critical effective stress (Bolton 1986). The relative dilatancy index
pertaining to the peak friction angle was validated by triaxial and
plane-strain tests of sands. However, the relationship between the
peak friction angle and the maximum dilatancy angle has not been
fully investigated in general stress paths. Itis uncertain whether this
relationship is dependent on the Lode angle or the b-value.

Rockfill material (RFM) is the main material used in the con-
struction of rockfill dams and railways. The mechanical behavior of
this material has not been investigated as intensively as that of sands.
The strength and deformation behaviors of RFMs have been mainly
investigated by large-scale triaxial apparatuses (Marsal 1967; Leps
1970; Marschi et al. 1972; Charles and Watts 1980; Varadarajan
et al. 1997; Indraratna et al. 1998; Varadarajan et al. 1999; Gupta
2000; Varadarajan et al. 2003; Kohgo et al. 2007; Lackenby et al.
2007; Anderson and Fair 2008; Gupta 2009a, b; Lashkari 2009;
Daouadji and Hicher 2010; Seif El Dine et al. 2010; Sevi and Ge
2012; Vasistha et al. 2012; Xu et al. 2012; Fu et al. 2013; Vasistha
etal. 2013; Zhang etal. 2013; Xiao et al. 2014a, b), as well as through
oedometer apparatuses (Matheson 1986; Oldecop and Alonso 2011)
and via the discrete-element method (Lobo-Guerrero et al. 2006;
Zhou et al. 2013). In addition, a multiaxial testing device (Desai
et al. 1982; Desai and Faruque 1984; Desai et al. 1995; Desai and
Toth 1996) was used to investigate the strength and stress-strain
behavior of gravel soils (Janardhanam and Desai 1983; Desai and
Salami 1987; Desai and El-Hoseiny 2005). True triaxial tests on
RFM (Shi 2008) were also carried out to investigate strength (Xiao
etal. 2011b, 2012) and dilatancy (Xiao et al. 2011a) under different
loading paths.

Charles and Watts (1980) emphasized that the mechanical be-
haviors of RFMs at comparatively low pressure were much more
important in most field cases [e.g., the top part and the slope of high
rockfill dams, low rockfill dams (smaller than 50 m), and embank-
ments]. The typical confining pressure in such field cases would be
unlikely to be greater than 400 kPa (Charles and Watts 1980).
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Indraratna et al. (1993) also pointed out that the strength and de-
formation behaviors of RFMs at a lower confining pressure were
significant in most real-life situations. Natural, coarse, granular soils
[e.g., Scoria deposit (Agustian and Goto 2008) and colluvial soils
(Zhao et al. 2013), which are widely distributed in the natural slopes]
possess very low confining pressures. The RFMs [under the lower
confining pressure from the slopes of the Llyn Brianne Dam and
Scammonden Dam during and after construction, as investigated
by Charles (1975)] are more likely to exhibit dilation behavior. This
could be mainly because the lower confining pressure could not
suppress the dilation of the RFMs. The question arises as to whether
the stress state of the RFM in the slope of a rockfill dam approaches
the failure state. A stress-dilatancy relation is required to answer this
question (Charles 1975). Moreover, the stress conditions of the
field cases (as mentioned previously) would be unlikely to be
axisymmetric but are three-dimensional. Therefore, this paper
aims mainly to investigate the three-dimensional stress-dilatancy
of RFMs at a comparatively low confining pressure.

Scope

The main objective of this paper was to systemically investigate the
peak friction angle, critical-state friction angle, and maximum di-
latancy angle of RFM at different b-values and minor principal
stresses through a series of true triaxial tests. A revised relative
dilatancy index, based on the work of Bolton (1986), was pro-
posed to capture the variation in the peak friction angle of RFM
with the b-value. Furthermore, the relationship between the peak
friction angle and the maximum dilatancy angle of the RFM was
established by incorporating the b-value based on the true triaxial
test results of the RFM.

Definitions of Strength and Stress and
Strain Parameters

Stress Definitions

The deviatoric stress ¢ and mean effective stress p’ are defined as

, _ 01+ 02+ 03

3 (1a)

q:\/Li\/(o'l —0'2)2+(0'2—0'3)2+(0'3 —0'1)2 (1b)

where o, 0, and o3 = major, intermediate, and minor effective
stresses, respectively.
The stress ratio 7 is given as

n="2 )
14

The b-value is defined as

02— 03

b 3

01— 03

The b-value in the following true triaxial tests is kept as a con-
stant. Eq. (3) can be rewritten as

(02 —03) —b(oy —03) =0 “)

The derivation of Eq. (4) (with the conditions db =0 and
dos =0 because the b-value and the confining pressure o3 are
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kept as constants in the following true triaxial tests for RFM)
gives

(dO’z - d0'3) —db(a'l —0'3) —b(dal —d0'3) =0

db =0

do3 =0 )
=>d0'2 :de'l

= (doz); = bi(do)

The subscript i = loading step i. The value of do, at each
loading step can be determined by Eq. (§) when the b-value and the
major stress increment do; are specified during shearing. Based on
Eq. (3), the b-value at the i step can be given as

(b); = 3 ©)

The b-value at the i + 1 step [with the condition (do3); = 0] can
be given as

- (0'2)i+1 B (0'3)i+1
(b)iﬂ B (0'1),'+1 - (0'3)[+1
_ [(02); + (do)] — [(03); + (do3),]
[(Ul)i + (d"'l)i} - [(03)1' + (d0'3)l]
_ [(0'2)1‘ - (0'3)i] — (do2);
(o0~ (@] — (o), ?
The combination of Egs. (5)-(7) gives
_ [(0'2)5 - (0'3)1'} — (doy);
it = T, = (o) — (o),
~ (b);[(01); + (doy);] — (b),(day);
a [(Ul)i + (da'l)i] — (doy), =) ®

Consequently, the b-value is kept as a constant during shearing.

Friction Angle Definitions
The mobilized friction angle ¢,, is defined as

. ol—0
sin ¢, = U:T(Tj )

The peak friction angle ¢, is defined as the maximum mobilized
friction angle ¢,, in the process of shearing, and the critical-state
friction angle ¢, is defined as the mobilized friction angle ¢,, at the
constant volumetric strain under the drained compression condition.

Dilatancy Definitions

The maximum dilatancy angle 6,,x (ignoring the elastic strain) is
defined as follows (Yang and Li 2004):

Sin Opax = 2

3

de,

2
=>1d
deg 3||

max

(10)

max

where de, and de; = increments of the volumetric strain and shear
strain, respectively; and d = dilatancy.

A well-known empirical relative dilatancy index proposed by
Bolton (1986) was used to describe the peak friction angle of sands
pertaining to the density and pressure
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Ig=Ip[0—In(p")] -R an

where Q and R = state index constants of material; and p’ = mean
effective stress at the failure state. The relative density Ip can be
expressed as

4 —e
Ip = _“max = (12)
€max — €min
where e = void ratio; ep;, = minimum void ratio; and e,y
= maximum void ratio.

Material for Testing

The RFM from the Yalong River in West China was used for testing.
This alluvium material contains mainly granite and conglomerate,
and its unconfined compressive strength (ASTM 2010) is approx-
imately 113.5 MPa. The aggregate impact value and aggregate
crushing value [European Committee for Standardization (CEN)
2010] of this material are 22.6 and 30.8%, respectively. The particle
size of the RFM, as shown in Fig. 1(a), was reduced by the parallel
gradation technique (Lowe 1964). The particle size density curve of
the RFM is shown in Fig. 1(b). The particle shape of the RFM was
rounded/subrounded, and the particle size was smaller than 10 mm.
The uniformity coefficient C,, and the curvature coefficient C. of the
RFM were 19.2 and 2.5, respectively. The specimen was divided
into five equal parts for compacting inside the split mold. The initial
void ratio ey and the initial relative density 7, of the RFM were 0.26
and 0.85, respectively, which indicates that the RFM was in an initial
dense state.

Testing Apparatus and Testing Procedure

Testing of the RFM was conducted by the true triaxial apparatus
(TTA) (ASTM 2014). The vertical load in the loading system (as
shown in Fig. 2) is applied through a rigid plate. One of the hori-
zontal loads was applied to the specimen by a composite plate (i.e.,
a set of specially designed elastic blocks, as shown in Fig. 2), which
was flexible in the vertical direction. The other horizontal load
(i.e., the sum of the minor principal stresses) was applied by hy-
drostatic pressure. The TTA (Xiao et al. 2011a) has a digital op-
eration system, a controlling system, and a loading system. The
interaction between the plates and the water bag increases greatly
when the confining pressure o is larger than 500 kPa. This restricts
the application of the TTA when the confining pressure is high. The
specimen size of the TTA is 120 mm in length, 60 mm in width, and
120 mm in height (as shown in Fig. 3). The testing procedure was as
follows:

1. The specimen was compacted in the split mold with five equal
parts, and the vacuum pump was used to stabilize the specimen;

2. The rigid plate, composite plate, and water pressure bag were
assembled;

3. A confining pressure was first applied to the specimen; the
minor principal stress o3 and the b-value were kept as con-
stants during shearing; the values of the minor principal stress
o3 and the b-value are listed in Table 1, and Fig. 4 shows the
stress paths of the RFM at o3 = 200 kPa; and

4. The specimen was sheared under dry conditions with a con-
stant major strain rate (i.e., | mm/min); the test ended when
the major strain reached 15%.

The volume change is the sum of the displacements in the oy, o3,
and o3 directions, which are measured by LVDTs on the platens. The

© ASCE

04014064-3

100

i a
] —9— PSD of RFM £
| —— PSD of Prototype RFM .
80 — I
4 [
= | Particle shape: Subrounded "
o 1
< - .
& 60 - PSD: Particle size distribution 1]
= 4 RFM: Rockfill material i
(] 7 [
o T " . : [
ol 4 D, ,,=Maximum particle size -
S 409 D...=10mm 1
3 . max 4
e .
. 4
20 -
4 1
- ! -
: B
0 - 1
0.01 0.1 1 10 100 1000
Particle size (mm)
(@)
100 T T lIllIllI T T lIll\lll T lIllIllI T T TTTTT
1 —@—PSDC of RFM ]
— 80 — PSDC: Particle size density curve N
& d ]
> 1  ¢,=Uniformity coefficient ]
2 g0 ¢,=Curvature coefficient -
o i i
E 1 c=192 ]
= . c.=25 .
2] c
@ *7 ]
= el d
b=
= 4 i
D_ = =
20 —
O -w T IIIIIIII T T IIIITIIl T T Illlllv T T T T rrrar
0.01 0.1 1 10 100

Particle size (mm)
(b)

Fig. 1. RFM in true triaxial tests: (a) particle size distribution; (b) particle
size density curve

number of true triaxial tests was 20 for the RFM. The specimen of
RFM showed a bulging failure mode (with no obvious shearing band
or nonhomogeneous deformation), which indicated that strain soft-
ening is a property of REM (Chu et al. 1996).

Test Results

For a concrete-face rockfill dam, the RFM is mainly in a dry con-
dition because of the impervious concrete face. For a clay-core
rockfill dam, the upstream rockfill is in a drained condition, whereas
the downstream rockfill is mainly in a dry condition. In this paper,
three independent drained tests at oz = 100 kPa were carried out to
compare the stress-strain behaviors of RFM in drained and dry
conditions. It can be seen from Fig. 5 that the RFM exhibits almost
a similar stress-strain behavior, although the peak strength of the dry
sample is slightly higher than that of the saturated sample. This could
be attributed to the fact that the RFM possesses a rounded particle
shape and a high particle strength. The water effect for this REM
could be ignored.
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Fig. 3. Specimen installation in TTA

Table 1. Initial State of Specimen

Minor principal

Initial void ratio e, stress o3 (kPa) b-value

0.26 100 0,0.25,0.5,0.75, 1
0.26 200 0,0.25,0.5,0.75, 1
0.26 300 0,0.25,0.5,0.75, 1
0.26 400 0,0.25,0.5,0.75, 1

Fig. 6 shows the comparisons of the stress-strain, peak friction
angle, and maximum dilatancy behaviors of RFMs from triaxial test
data (Charles and Watts 1980) and true triaxial test data at b =0
(i.e., the current work). Two RFMs at the same confining pressure
(i.e., o3 = 100 kPa) exhibit similar stress-strain behaviors, the same
peak friction angle, and the same maximum dilatancy. The com-
parisons confirm that the true triaxial test results in the current work
are valid.

Fig. 7 shows the stress-strain relationships of the RFM in re-
lation to the minor principal stress o3 and the b-value. An increase
in o3 at b = 0 leads to a decrease in the stress ratio at the same axial
strain [as shown in Fig. 7(a)], but an increase in the volumetric strain
at the same axial strain [as shown in Fig. 7(b)]. An increase in the
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Fig. 5. Comparisons of stress-strain behaviors of RFM under dry con-
dition and drained condition

b-value at o3 = 400 kPa results in a decrease in the stress ratio at
the same axial strain [as shown in Fig. 7(c)], but an increase in the
volumetric strain at the same axial strain [as shown in Fig. 7(d)].
The test data on the strength and dilatancy of the RFM are analyzed
in the following section.
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Fig. 6. Comparisons of stress-strain, peak friction angle, and maximum
dilatancy of RFM from triaxial test data and true triaxial test data

Data Analyses

Peak Friction Angle

The peak friction angle ¢, is defined as the maximum mobilized
friction angle ¢,, during shearing. Fig. 8 shows that the peak friction
angle ¢, of the RFM depends on the minor principal stress o7
(i.e., the initial confining pressure py) and the b-value. As shown in
Fig. 8(a), the peak friction angle ¢, increases to a peak value and
then decreases with the b-value. Furthermore, the peak friction angle
¢, decreases with an increase in the minor principal stress o3 [as
shown in Fig. 8(b)].

Critical-State Friction Angle

The critical-state friction angle ¢, is defined as the mobilized
friction angle ¢,, at a constant volumetric strain under the drained
compression condition. The value of ¢, on the RFM in tests is
approximate, because the rate of the incremental volumetric strain at
the end of the tests is not equal to zero but is within a minimal value.
The critical-state friction angle ¢, of the RFM (as shown in Fig. 9)
varies with o3 and the b-value in the same way as that of the peak
friction angle ¢, (as shown in Fig. 8). The value of ¢, is smaller
than that of ¢,. The critical-state friction angle is therefore de-
pendent on the load path, and this finding is supported by the work
of Chakraborty and Salgado (2010). The critical-state friction angle
of Toyoura sand with b = 0.25 for the plane-strain condition is
greater than that with b = 0 for the triaxial compression condition
(Chakraborty and Salgado 2010). The critical-state friction angle
of the RFM with b-value =0.25 is also greater than that with
b-value = 0 [as shown in Fig. 9(a)].
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Incremental Friction Angle

The incremental friction angle (¢;,. = ¢, — ¢,,) of the REM (as
shown in Fig. 10) is correlated to the minor principal stress o3 and
the b-value. An increase in the b-value leads to a decrease in the
incremental friction angle ¢;,. [as shown in Fig. 10(a)]. Furthermore,
an increase in the minor principal stress o3 results in a decrease in
the incremental friction angle ¢;,. [as shown in Fig. 10(b)].

Maximum Dilatancy Angle

The maximum dilatancy angle 6,,,x of the REM at a specified o3
decreases with an increase in the b-value [as shown in Fig. 11(a)]. An
increase in the minor principal stress o3 leads to a decrease in the
maximum dilatancy angle 6,,,x of the RFM at a specified b-value [as
shown in Fig. 11(b)]. The trend of the maximum dilatancy angle 0y,.x
of the RFM depending on the b-value and o3 is similar to that of the
incremental friction angle ¢;,.. This indicates an intrinsic relationship
between the maximum dilatancy angle 0,,x and the incremental
friction angle ¢;,. for the RFM.

Relationship between Incremental Friction Angle and
Revised Relative Index

Bolton (1986) found an intrinsic relationship between strength and
dilatancy through tests of 17 sands. RFM in a dense state (i.e., at a
low confining pressure, as shown in Fig. 6) can exhibit strain-softening
behavior and volumetric expansion behavior (i.e., dilatancy). Fig. 6
shows that the axial strain of the peak strength (i.e., the peak friction
angle ¢,) is the same as that of the maximum dilatancy dp,x (or the
maximum dilatancy angle 6,,,x). The intrinsic relationship between
strength and dilatancy can be described by the relative dilatancy
index I [i.e., Eq. (11) proposed by Bolton (1986)].

A revised relative dilatancy index Igg is suggested by including
the atmospheric pressure p, for the normalization of the pressure
units and the parameter R(b) pertaining to the b-value (to incorporate
the influence of the b-value on dilatancy and the peak friction angle).
The expression of Izg can be given as

Igg = Ip[Q —1In(p'/pa)| — R(b) (13)

The incremental friction angle ¢;,. can be expressed as a linear
formulation of the revised relative dilatancy index Igg

bine = agplrr = %{1[, [0—n(p'/pa)] - R(b)} (14)

where the coefficient o, = ratio of the incremental friction angle
¢,y to the revised relative dilatancy index Igg.

The incremental friction angle ¢;,. (as shown in Fig. 12) is
linearly correlated to the logarithm of the mean effective stress pf
at the peak failure state. The linear expression of ¢;,. pertaining to
pf can be given as

d)inc = ‘;bincO - Xpln(pf/'/pa) (15)

where ¢;,, = incremental friction angle at the atmospheric pres-
sure; and the coefficient y, = gradient of the line of ¢, versus
In(pf/pa)- The values of ¢, and x,, are listed in Table 2.

Fig. 12 shows that the simulation line of ¢, versus In(py/p,)
varies with the b-value. The relative density I, is kept as a constant of
0.85. The parameter Q in the relative dilatancy index (Bolton 1986)
is 10. The value of Q for Igg in Eq. (13) is equal to 5.39, because the
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Fig. 7. Stress-strain behaviors of REM: (a) stress ratio versus major principal strain with change of o3; (b) volumetric strain versus major principal
strain with change of o3; (c) stress ratio versus major principal strain with change of b-value; (d) volumetric strain versus major principal strain with

change of b-value

value of Q (equal to 10) should be subtracted by Inp,. The com-
bination of Egs. (14) and (15) gives the values of the parameters
Ay and R

Ay :Xp/ID (l6a)

R(b) = IpQ — 2linc0 (16b)
P

The parameter R(b) (as shown in Fig. 13) can be simulated by an
exponential expression of the b-value. This expression for R(b) can
be given as

R= R() - kRe_khb (17)

where R, kg, and k;, are material constants. The values of Ry, kg,
and k;, are listed in Table 2.

The revised relative dilatancy index Izg can be obtained by
substituting Eq. (17) into Eq. (13)
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Irg = Ip [Q — hl(p'/pa)] — (Ro + kReikhb) (18)

Substitution of Eq. (18) into Eq. (14) gives

Dinec = ad)]RR = C!d,{ID [Q — ln(p'/pa)] — (RO + kRe*kbh)}
(19)

Eq. (19) (as shown in Fig. 14) can capture the variations in ¢;,.
with Izg at different b-values.

Fig. 15 shows that the parameter a, is correlated to the b-value.
ay (as listed in Table 2) is equal to 3.06 at b =0 for the triaxial
compression condition. This value of oy, for the REM is close to 3 for
sands (Bolton 1986). For the plane-strain condition, the b-value is
assumed to be 0.25 (Chakraborty and Salgado 2010). The a4 value
of the RFM at b = 0.25 in Table 2 equals 4.94, which is close to 5
for sands (Bolton 1986). As shown in Fig. 15, the parameter a4 in
relation to the b-value can be linearly expressed as

Qg = ago + kob (20)
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Fig. 8. Variations in peak friction angle of RFM with (a) b-value;
(b) minor principal stress

where a4y = value of @y, at b = 0; and k, = gradient of the line of ar,
versus the b-value. The values of a4 and k, are listed in Table 2.
Substitution of Eq. (20) into Eq. (19) gives

Pinc = (a(,bO + kozb) {ID [Q —In (P//Paﬂ - (RO + kRe_kbb) }
@D
Fig. 16 shows that the prediction of Eq. (21) agrees well with the

test data of the RFM on the incremental friction angle ¢, pertaining
to the b-value and the revised relative dilatancy index Igg.

Relationship between Incremental Friction Angle and
Maximum Dilatancy Angle

The relationship between the incremental friction angle ¢, and the

maximum dilatancy angle 6y,,x depends on the b-value (as shown in
Fig. 17). This relationship can be described by a friction-dilatancy
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Fig. 9. Variations in critical-state friction angle of RFM with (a) b-value;
(b) minor principal stress

line with its gradient pertaining to the b-value. Consequently, this
relationship can be expressed as

Dinc = Xa(b)bmax (22)
where x,(b) in relation to the b-value is the gradient of the friction-

dilatancy line. The values of y, are listed in Table 2.
Fig. 18 shows that y,(b) pertains linearly to the b-value

Xd = Xdo T kyb (23)

where o = value of x, at b = 0; and k, is the gradient of the line of
Xy versus the b-value. The values of x,, and k, are listed in Table 2.
Substitution of Eq. (23) into Eq. (22) gives

Pinc = (Xdo + kxb) Omax (24)
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Fig. 10. Variations in incremental friction angle of RFM with
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The predictions of Eq. (24) are in good agreement with the test
data of the RFM on the incremental friction angle ¢;,. pertaining to
the b-value and the maximum dilatancy angle 6,,x (as shown in
Fig. 19).

Influence of b-value on Particle Breakage

Experiment results (Lee and Farhoomand 1967; Marsal 1967; Lade
et al. 1996; Varadarajan et al. 2003; Coop et al. 2004; Varadarajan
et al. 2006) and numerical simulations (Lobo-Guerrero and Vallejo
2005, 2006; Lobo-Guerrero et al. 2006) show that the mechanical
behaviors of granular soils are greatly influenced by particle
breakage. The RFM in the tests at o3 = 100,200, and 300 kPa
undergoes marginal particle crushing. This can be attributed mainly
to (1) the comparatively low pressure, (2) the rounded shape of
the particle, and (3) the high strength of the particle. The RFM at
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Fig. 11. Variations in maximum dilatancy angle of RFM with
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o3 =400 kPa produces some particle breakage. However, the in-
fluence of particle breakage on the mechanical behaviors of the
RFM (e.g., the friction angle) is difficult to analyze, because only
the data at o3 = 400 kPa are available. In contrast, the influence of
the b-value on the particle breakage of the RFM can be investigated,
based on the data at b =0, 0.25, 0.5,0.75,and 1.

The particle size distributions (PSDs) before and after testing are
showninFig. 20. An increase in the b-value can lead to an increase in
the discrepancy of the PSDs before and after testing. The relative
breakage index proposed by Hardin (1985) (Fig. 21) was adopted to
quantitatively identify the degree of particle breakage for the RFM

_B

B, =
r Bp

(25)

where B, = relative breakage index; the breakage potential B, is
equal to the area between the vertical line (defining the upper limit of
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Table 2. Values of Material Constants from Simulation Equations

Equation number Symbol Value
Eq. (13) 0 5.39
Eg. (15) X, 2.68°
4.18°°
8.50°¢
10.00°¢
11.47°¢
Binco 11.90°°
14.54°°
26.43°¢
30.51°¢
34.56°¢
Eq. (17) Ry 2.03
kg 1.34
kp 5.01
ko 11.07
Eg. (22) X 0.35%
0.55°
0.80¢
0.961
1.04¢
Eq. (23) Xa0 0.38
ky 0.72
Eg. (26) B 5.75
X5 3.75
kg 1.61
“For b= 0.
®For b = 0.25.
‘For b =0.5.
For b= 0.75.
‘For b= 1.
25_""|""|""|"'|"'_
{1 @ Valuesof R -
1 — Simulation ]
2.0 - »
=
x 15—
k) Simulation equation:
g R=R,-k.e ** 4
@ 1.0 - -
o Constants: -
R,=2.03; k;=1.34; k,=5.01 1
o2 _ Error analysis: _
1 R*=0.99 1
00 T T T T I T T T T I T T T T I T T T T I T T T T
0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 13. Variation in parameter R with b-value

the silt size with d,, = 0.074 mm) and the initial grading (IG); and
the total breakage B; is equal to the area between the current grading
(CG) and the IG. The value of the relative breakage B, ranges from
Oto 1.
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An increase in the b-value can result in an increase in particle
breakage (as shown in Fig. 22). Therefore, the b-value can influence
the particle breakage of the RFM, indicating that the particle
breakage of the RFM depends on the stress path. The relationship
between the b-value and the relative breakage index B, can be given
as
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imum dilatancy angle and b-value

By = B,y — xge " (26)

where By, xp, and kp are material constants. The values of these
material constants are listed in Table 2.

Discussion

The strength and dilatancy of the RFM in general stress paths are
investigated through a series of true triaxial compression tests with
a constant b-value and confining pressure. The relative dilatancy
index was revised to incorporate the effect of the b-value on the
stress-dilatancy behaviors of the RFM. The incremental friction
angle of the RFM could be expressed by a linear function
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[i.e., Eq. (21)] of the revised relative dilatancy index with its gradient
in relation to the b-value. Furthermore, a linear formulation [i.e.,
Eq. (24)] with the coefficient in relation to the b-value can be used
to describe the relationship between the incremental friction angle
and the maximum dilatancy angle of the RFM. The proposed
strength-dilatancy relationships could be applied to evaluate the
stability of the slope of rockfill dams in a three-dimensional stress
space.

The simulations (as shown in Figs. 12 and 14-16) are not very
accurate in comparison with the test data on the incremental friction
angles pertaining to the b-value and the revised relative dilatancy
index Igg. In contrast, the simulations (as shown in Figs. 18 and 19)
are in good agreement with the test data on the incremental friction
angles in relation to the b-value and the maximum dilatancy angle
Omax- The differential simulations on the incremental friction angles
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are mainly a result of the different definitions of the revised relative
dilatancy index Izg and the maximum dilatancy angle 6. The
dilatancy index I [proposed by Bolton (1986)] was derived in a two-
dimensional space, whereas the maximum dilatancy angle 0,,,x was
defined in a three-dimensional space (Yang and Li 2004). The test
data of the RFM in the current study were three-dimensional. The
revised relative dilatancy index Iz [incorporating the effects of the
b-value into the parameter R and the parameter a4 in Eq. (21)] still
could not precisely cover all the test data. Although the revised
relative dilatancy index could be used to estimate the overall trends
of the incremental friction angle of the RFM in general stress paths,
a more appropriate and reasonable dilatancy index should be
proposed to incorporate the effect of the b-value in future research.

The proposed equations [e.g., Eq. (21) for the relationship be-
tween d),, and Igg, Eq. (24) for the relationship between q&p and O\ax,
and Eq. (26) for the relationship between B, and the b-value] are only
suitable for RFMs possessing stress-strain, strength, and dilatancy
behaviors similar to those of the RFM in the current study. Fur-
thermore, the material constants may be changed because of the
material properties (e.g., the particle strength, the particle size, and
the particle shape).

The maximum particle size of the RFM in this paper was 10 mm,
whereas the maximum particle size of the RFM in rockfill dams can
be larger than 300 mm, even up to 1,000 mm (Frossard et al. 2012).
Based on the ratio of the specimen size to the particle size (ASTM
2002), a specimen size (for a representative 0- to 500-mm rockfill)
should be 3,000 mm in diameter and 6,000 mm in height. This
specimen weighs more than 80 t. The construction of apparatus for
such a specimen would be not only highly expensive but also
technically impossible. The strength and deformation of RFMs
depend on the maximum particle size (Indraratna et al. 1993;
Varadarajan et al. 1997, 1999; Gupta 2000; Varadarajan et al. 2002,
2003, 2006; Gupta 2009a, b; Honkanadavar and Gupta 2010; Seif El
Dine et al. 2010; Abbas 2011; Honkanadavar et al. 2011, 2012;
Vasisthaetal. 2012; Honkanadavar and Sharma 2013; Vasistha et al.
2013). Smaller aggregates contain fewer cracks and defects, and
typically exhibit higher strengths in comparison with prototype
rockfill-size materials (Billam 1971; McDowell et al. 1996;
McDowell and Bolton 1998). The mechanical behavior of the finer-
grained granular material would be different from that of the
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coarse-grained granular material with the same mineral. Therefore,
the strength and dilatancy behavior of the 0- to 10-mm RFM in this
paper would be different from that of the prototype RFM.

Frossard etal. (2012) proposed an original method (i.e., a general
size-effect relation based on fracture mechanics) for evaluating the
shear strength of such material. This method makes it possible to
evaluate the shear strength of a coarse-grained granular material
from the measured properties of a finer-grained granular material
with the same mineral. This method (Frossard et al. 2012) can
possibly be used to evaluate the mechanical behaviors of the pro-
totype RFM, based on the true triaxial tests of the O- to 10-mm RFM
in this paper. Details about this work are introduced in Xiao et al.
(2014c).

Conclusions

In this paper, a series of true triaxial compression tests on RFMs was
carried out to investigate variations in the peak friction angle,
critical-state friction angle, incremental friction angle, and maxi-
mum dilatancy angle with the initial confining pressures and the
b-value. The main conclusions are summarized as follows:

1. The peak friction angle and critical-state friction angle of
the RFM at a specified o3 increased to a peak value and
then decreased with an increase in the b-value. The peak
friction angle and critical-state friction angle of the RFM at
a specified b-value decreased with an increase in 3. The
incremental friction angle and the maximum dilatancy angle
of the RFM decreased with an increase in the b-value at
a specified o3, or decreased with an increase in o3 at
a specified b-value.

2. Arevised relative dilatancy index was proposed to capture the
variation in the incremental friction angle of the RFM with
the b-value. The incremental friction angle of the RFM could
be expressed by a linear function of the revised relative
dilatancy index with its gradient pertaining to the b-value.
The proposed equation could predict well the test data in terms
of a relationship among the incremental friction angle, the
revised relative dilatancy index, and the b-value.

3. The relationship between the incremental friction angle and
the maximum dilatancy angle of the RFM depended on the
b-value. This relationship could be simulated by a linear
formulation with its gradient pertaining to the b-value.
The predictions by the proposed formulation agreed well
with the test data in terms of a relationship among the in-
cremental friction angle, the maximum dilatancy angle, and
the b-value.

4. Anincrease in the b-value for the RFM at o3 = 400 kPa could
result in an increase in particle breakage. Therefore, the
b-value could influence the particle breakage of the RFM,
indicating that the particle breakage of the RFM depends on
the stress path.
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Notation

The following symbols are used in this paper:
B, = breakage potential;
B, = relative breakage index;
B,y = material constant in relation to particle breakage;
B, = total breakage;
b = intermediate principal stress ratio;
C. = curvature coefficient;
C, = uniformity coefficient;
d = dilatancy;
deg = increment of shear strain;
de, = increment of volumetric strain;
e = void ratio;
€max = Maximum void ratio;
emin = Minimum void ratio;
eo = initial void ratio;
Ip = initial relative density;
Ir = relative dilatancy index;
Irg = revised relative dilatancy index;
kp = material constant in relation to particle breakage;
k;, = material constant related to R;
kg = material constant related to R;
ko, = gradient of line of g, versus b-value;
k, = gradient of line of x, versus b-value;
p' = mean effective stress;
Pa = atmospheric pressure;
pr = mean effective stress at failure state;
po = initial confining pressure;
Q = state index constant of material;
g = deviatoric stress;
R = state index constant of material;
R, = material constant related to R;
ag = ratio of incremental friction angle ¢, to revised state
index Igg;
ago = value of ay with b = 0;
&1 = major principal strain;
& = intermediate principal strain;
&3 = minor principal strain;
n = stress ratio;
M, = peak stress ratio;
Omax = maximum dilatancy angle;
o = major effective principal stress;
o, = intermediate effective principal stress;
o3 = minor effective principal stress;
¢, = critical-state friction angle;
;e = incremental friction angle;
¢binco = incremental friction angle at atmospheric pressure;
¢,, = mobilized friction angle;
¢, = peak friction angle;
Xp = material constant in relation to particle breakage;
X, = ratio of incremental friction angle ¢;,. versus
maximum dilatancy angle 6,x;
Xaqo = value of y,; with b= 0; and
X, = gradient of line of ¢;,. versus logarithm of py/p,.
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