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1. Introduction

Rockfill materials are widely used in engineering structures,

such as rockfill dams [1] and reclamation sites. Shear strength

and deformation characteristics of rockfill materials depend

on such parameters as their mineralogy, grain size

distribution, size of particles and applied stress levels. 

When thick layers of a rockfill material are subjected to high

stresses (due to the weight of top layers), the material suffer

particle breakage to some extents.  This leads to changes in the

material gradation, which results in changes in the mechanical

behavior of the material.

The importance of particle breakage goes back to its

capability of changing gradations of granular materials. All

coarse materials which undergo stresses higher than normal

ranges of geotechnical engineering, suffer particle breakage.

Although breakage of particles of some special materials, such

as carbonate sands [2, 3], can happen even due to low

confining stresses, the stress level plays a major role in the

probability and amount of breakage. Stability and deformation

behaviors of rockfill structures depend on the shear strength

and deformation parameters of their materials. Marsal found

that the shear strength of rockfill materials is directly related

to their dry density, roughness, and breakage strength; also

their strength is diversely related to sizes of particles and

coefficient of uniformity (Cu) of the material [4].

Triaxial testing has been widely used to characterize the

mechanical behavior of fine and coarse geomaterials under a

variety of monotonic, cyclic, and post-cyclic loadings [2, 5,

6]. Medium and large scale triaxial apparatuses have been

employed for rockfill materials.

This paper presents the results of a comprehensive study on

the mechanical behavior of thirty rockfill materials under

medium and large scale triaxial testing.  Data about the

materials and the tests are gathered from the literature. The

Hyperbolic Model (HM) [7] is employed as an analytical and

behavioral framework for this study. The important

parameters of the HM for the rockfill materials are determined

and compared with similar parameters for typical loose and

dense sands. For each of the materials, variations of the

deformation and strength parameters (Ei and φ) with confining

stresses (σ3) are studied. On the basis of this study, two

relationships for estimating Ei and φ of the rockfill materials

from triaxial compression testing results are proposed.
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2. Properties of the rockfill materials

Thirty types of rockfill materials, on which conventional

triaxial compression tests had been carried out, are used in this

study. The pre-test gradations of the materials are presented in

Figures 1 and 2. The materials’ characteristics, including

mineralogy, uniformity coefficient, shape of particles and etc.

are summarized in Table 1. This table is the main source of

data employed in this research. The last column of the table

introduces the references of the materials and tests data. The

symbols used in Table 1 are all introduced at the end of the

paper. A key symbol (Bg), however, is described here, as

follows.

The value of Bg for a specimen subjected to a specific test is

usually calculated by sieving the specimen materials using a

set of sieves (50 to 0.075 mm) before and after the test. The

percentage of particles retained in each sieve is determined at

both stages. After the test due to breakage of the particles, the

percentage of the particles retained in large size sieves will

decrease and the percentage of particles retained in small size

sieves will increase. The sum of the decreases will be equal to

the sum of the increases in the percentage retained. The

decrease (or increase) is the value of the Breakage Index, Bg
[4].

3. Hyperbolic Model and its Application

3.1. Theory of the Model 

The Hyperbolic Model (Duncan & Chang [7]) considers the

behavior of a soil specimen under compressive triaxial testing

as a hyperbola. According to the model, the gradient of the
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Fig. 1. Gradations of relatively angular materials
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tangent to the stress-strain relationship (q:εa), namely 

the tangential deformation modulus (Et), is defined as 

follows:

(1)

Where,

φ: internal friction angle

c: cohesion

Rf: failure ratio, and

Ei: Initial elastic modulus, defined as [2].

(2)

In which,

K: modulus number

n: exponent number, and

Pa: atmospheric pressure

The above parameters for a given soil can be obtained by

carrying out, usually, three triaxial tests on the material's

specimens. 

3. 2. Application of the Hyperbolic Model

In this section, the mechanical parameters of the rockfill

materials, introduced in Table 1, are investigated analytically

in the framework of the Hyperbolic Model. Values of

parameters n and K for every two consecutive triaxial tests,

and furthermore, for three triaxial tests, conducted on each of

the materials, are extracted and presented in Table 2. In other

words, three values of n are calculated for each of the

materials; one from  the first and second triaxial tests results;

one from the second and third triaxial tests results; and one

from the first, second and third triaxial tests. We intentionally

calculated the first two values of n in order to highlight the

effect of particle breakage on Ei (through n) during every

increase of σ3. This is different from the similar procedure of

determining n for soils, where usually a unique n value is

extracted from results of triaxial tests with three consecutive

confining stresses (σ3) on a given material. The procedure of

determining n and K from the triaxial tests results are given in

Duncan and Chang [7].

According to Table 2, the values of n vary between -7.45 and

+2.70 for the studied rockfill materials. It can be realized that

unlike for soils, n can have a negative value, which may not be
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Fig. 2. Gradations of relatively rounded materials
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Table 1. Mechanical properties of the rockfill materials
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unique for a specific rockfill material with a given relative

density; in fact, n varies with confining pressure ranges.

Interestingly, a considerable number of n values are negative,

which implies the decrease of Ei with the increase of confining

pressure (σ3). The reason for this behavior is the occurrence of

particle breakage, which changes the materials’ gradations and

influences their behavior.

Figure 3 shows the statistical variations of n for the studied

rockfill specimens in (a) the first stage of confining pressure

increasing (with a  range of σ3 between 34.4 kPa and 1200

kPa) and (b) the second stage of confining pressure increasing

(with a range of σ3 between 51.7 kPa and 2500kPa). It is

observed that n has taken a wide range of values. Of course,

the value of n and its sign (+ve versus –ve) depends on several

material and loading factors, including mineralogy, degree of

angularity, gradations of the materials, and values of σ3 in the

two consecutive triaxial tests.

A careful comparison between Figures 3a and 3b shows that

the first stage has more cases with negative values of n. This

might indicate that for these materials, comparatively higher

particle breakage has happened during the first stage of triaxial

testing.
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Table 1. Mechanical properties of the rockfill materials (cont.)
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Table 3 presents the average values of n for various 

types of the rockfill materials of this study, compared with

typical values for loose and dense sands. As expected, the

average n values for each type of the rockfill materials are far

less than that of the typical dense sand; it is seen,

interestingly, that n decreases with increasing of the

materials’ angularity.

The main factor responsible for the comparatively lower

(compared with sands) average values of n for the rockfill

materials (especially the angular ones) is the particle breakage

phenomenon which has happened during both compression

and shearing of the materials. According to Equation 2, n
represents the exponential effect of σ3 on Ei. As particle

breakage in rockfill materials is far more than in sands, the

average n values of rockfill materials are much less than those

of sands. In general, materials with higher degrees of

angularity suffer more particle breakage and therefore, they

have lower values of n.

The modulus number (K in Eq. 2) for the studied rockfill

materials takes values ranging widely from 53 to 36×109 (see

Table 2). The very high values of K correspond to the negative

values of n.

4. Variations of Ei with σ3/Pa

In this section, variations of the initial elastic modulus with

the normalized confining stress in a logarithmic scale (logEi
versus logσ3/Pa) for the triaxial tests on the studied rockfills

are investigated. For this purpose, the materials have been

categorized in seven categories of highly angular, angular,

angular/sub-angular, sub angular, sub rounded, rounded/sub

rounded, and rounded. Our study on one type of the materials

(highly angular) is elaborated and described in more details in

the paper. For the other six materials types, which for the

purpose of brevity the elaborated studies on them aren't

presented in this paper, somehow, the same treatment have

been observed. Again the main references for the

investigation are data of Tables 1 and 2.
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Table 2. Values of n and K parameters for the rockfill materials
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4.1. Highly Angular Materials

- New South Wales Basalt
The plots of logEi versus logσ3/Pa for these materials (types

A and B) are illustrated in Figure 4. For both of the materials,

the decrease of Ei with the increase of σ3 is evident. This

implies an increasing rate of particle breakage with increasing

of confining pressure (σ3). This relatively high rate of particle

breakage can be justified with respect to the particles’

angularity and the materials’ low uniformity coefficients; Cu
equals 1.5 and 1.6 for types A and B materials, respectively. Of

course, the exponent number of the Hyperbolic Model (n)

takes negative values for the materials for both stages of

triaxial testing, as shown in Table 2.

Type A material shows comparatively higher reduction of Ei,

particularly during the first stage of confining pressure

increase. With respect to the similarity of the mineralogy and

Cu of types A and B materials, the difference between the finest

particles of the two materials may be thought as the main

source of dissimilarity; dmin is 20mm for material A and 10mm

for material B; hence, A is generally coarser than B. It is

physically conceivable that coarser materials are more prone to

particle breakage and the coarser the material is, the higher the

breakage potential for the material will be. The total values of

Bg for materials A and B are 10 and 8.66, respectively (Table 1).
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Fig. 3. Statistical variations of n for the rockfill specimens at a) first stage of confining pressure increasing and  b) second 
stage of confining pressure increasing
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Table 3. Average values of n for the various types of rockfill
materials, compared with typical values for loose and dense sands
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Fig. 4. Variations of logEi with log(σ3/Pa)  for  the highly angular materials
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4. 2. Remarks on Variations of Ei with σ3/Pa

In the foregoing sections, the effects of confining stress on

the initial deformation modulus of 30 rockfill materials were

thoroughly studied. In this regard, it should be said that any

increase of confining pressure (σ3) has had two conflicting

effects. The application of higher σ3 values made the materials

stiffer (as in soils), on one hand, and induced more particle

breakage, on the other hand, that has made the materials more

deformable. Particle breakage itself depends on factors such as

stress level, gradation (mainly represented by Cu), dmax, dmin,

mineralogy, and shape of the materials.

5. Variations of φ with σ3

It is generally accepted that for all types of rockfill materials

(angular and rounded), φ decreases with increasing of σ3 and

the intensity of this reduction depends on the extent of particle

breakage. The variations of φ with confining pressure for

seventeen of the rockfill materials (for which φ values were

available) of this study, have been investigated. 

It has been concluded that for all of the materials, φ values

degrade as the confining pressure increases. For the angular

materials, the degradation rate is generally higher since they

have suffered more breakage during testing. The maximum

reduction of 12 (i.e., 50-38) degrees occurred for φ of the

sandstone of ELE.

It should be noted that according to Equation 1, particle

breakage affects the tangential deformation modulus of

rockfill materials by two folds, both by Ei (through n) and by

internal friction angle, φ. Therefore, it can be concluded that

variations of the tangential deformation modulus due to

changes of confining pressure in rockfill structures are

considerable and must be taken into account in designs and

analyses of such structures.

6. Correlation between Ei and φ with σ3

The study on the triaxial testing results of the thirty rockfill

materials led to two correlations between Ei and  φwith σ3.

These correlations are as follows:

(3)

Where,

∆φ: change in  internal friction angle

φo: internal friction angle corresponding to σ30
σ30: initial confining stress, which is usually the minimum

confining stress in triaxial testing.

∆σ3: confining pressure increase

α: a coefficient depending on particle shape and coefficient

of uniformity (Cu) of the material, and confining pressure

increment ratio (∆σ3/σ30)

Considering the studied rockfill materials, α ranges between

0.051 and 0.59 for the relatively angular materials and

between 0.046 and 0.42 for the relatively rounded materials.

Table 4 introduces more specifically five correlations for

calculating α for the relatively angular and the relatively

rounded materials, based on the particle shape, uniformity

coefficient (Cu), and ∆σ3/σ30 in triaxial compression shearing.

Here, the highly angular, angular, angular/sub angular, and sub

angular materials are assumed as relatively angular materials,

while rounded, rounded/sub rounded and sub rounded ones are

assumed as relatively rounded materials.

The relationship for variation of Ei with σ3 is suggested, as

follows:

(4)

Where,

∆Ei : change in initial elasticity modulus

Ei0: initial elasticity modulus corresponding to σ30
β: a coefficient depending on particle shape and coefficient

of uniformity (Cu) of the material, and confining pressure

increment ratio (∆σ3/σ30).

For the relatively angular materials, β was calculated as

-2.65 ≤ β ≤3.71 and for the relatively rounded materials as 

-1.14 ≤ β ≤ 5.50. It is observed that the range of positive values

of β, which implies the increase of Ei with σ3, for the relatively

angular materials are smaller than the similar range for the

relatively rounded materials (3.71 versus 5.50). For the range

of negative values of β, which implies the decrease of Ei with

σ3, the trend is opposite (-2.65 versus -1.14). The above

observation is logical, concerning the comparatively higher

particle breakage and its reductive effect on Ei for the

relatively angular materials. Table 5 introduces more

specifically seven correlations for estimating β for the

relatively angular and the relatively rounded materials, based

on the particle shape, uniformity coefficient of the materials,

and (∆σ3/σ30).

7. Conclusions

This paper studied thoroughly the mechanical behavior of

thirty rockfill materials subjected to triaxial compression
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shearing with three different confining stresses. Data about the

materials and the triaxial tests were collected all from the

literature. Accordingly, most of the tests (76 out of 88) had

been carried out in consolidated (CD) drained conditions. The

Hyperbolic Model was employed as the behavioral model for

this study.  Features of the mechanical behavior of the rockfill

materials, as compared with the typical behavior of soils, were

highlighted through the exponent number (n) of the

Hyperbolic Model. It was shown that unlike for soils, n is not

a constant value for a given rockfill material, and depends on

confining stress levels; it was also illustrated that n, depending

on the rockfill type and stress level, can even take negative

values that is an evident sign of particle breakage in the

materials.

The main focus of the paper was on the effect of confining

pressure on the stiffness (initial and tangential deformation

modulus Ei and Et) of the materials. It was shown that rockfill

materials undergo particle breakage to some extents and

therefore, they may behave comparatively more deformable

than soils under higher confining stresses. The extent of

particle breakage in a rockfill material depends on particle

shape (angular or rounded), gradation characteristics,

(especially coefficient of uniformity), wetting conditions, and

confining stress during shearing.

For the studied rockfill materials two correlations for

estimating initial elasticity modulus (Ei) and internal friction

angle (φ), based on particles shape, confining pressure (σ3),

and coefficient of uniformity (Cu) were proposed.

Investigations on the variations of internal friction angle (φ)

with confining stress (σ3) showed that φ decreases with

increasing of σ3 in all types of the rockfill materials; the extent

of the reduction of φ depends on the extent of particle

breakage.
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Notation

dmin : the finest grain size (mm)

dmax : the largest grain size (mm)

Cu : coefficient of uniformity

σ3 : confining stress (kPa)

φ: internal friction angle (degree)

Bg: Marsal’s breakage index (%)

CD: Consolidated drained triaxial test

CU: Consolidated Undrained  triaxial test

ωopt : optimum moisture  

c: cohesion

K: modulus number

n: exponent number

Pa: atmospheric pressure

Ei : initial elastic modulus

σ3/Pa : normalized confining stress

∆φ: reduction of internal friction angle

φ0: internal friction angle corresponding to σ30
σ30: initial confining stress, which is usually the minimum

confining stress in triaxial testing

∆σ3: confining pressure increase

α: a coefficient depending on shape of particles, coefficient of

uniformity (Cu), and confining pressure increment ratio

(∆σ3/σ30).

∆Ei : change in initial elasticity modulus

Ei 0: initial elasticity modulus corresponding to σ30
β: a coefficient depending on particle shape, uniformity

coefficient (Cu), and  ∆σ3/σ30 in triaxial compression shearing.
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