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SHEAR STRENGTH OF ROCKFILL :
By Nick Bartoa' and Bjérn Kjmrash’
mooucmow- < - . S i

An important question which arises during stability analysis of rockfill dams
is the relative frictional resistance of the rockfill and the underlying rock
foundation interface. Attempts to estimate the shear strength of smooth, ice-
polished interfaces has led to an examination of the related shear behavior
of rock joints. It is found that rockfill, interfaces, and rock joints have several
features in common, including dilatant behavior under low effective normal
stress, and significant crushing of contact points with reduced dilation at high
stress. In cach case failure is resisted by strongly stress dependeat friction
angles. As an examp! gle & ;

Riah dam

This componeant increases shear resistan same way as inte
asperities on a rough joint surface. The structural component of strength is

i n & t

¢ me developed here are of a simple practical nature, and allow a
dam designer to obtain a preliminary estimate of the peak drained friction angle
of rockfill, whether it consists of angular quarried rock, moraine, or well-rounded
fluvial gravels. Simple large scale tilt tests of in-place rockfill are suggested
for checking the shear strength in different lifts of a dam, during construction.

'Sr. S1aff Consuliant, Terra Tek, 420 Wakara Way, Salt Lake City, Utah 84108; formerly
St Engr.. Dam and Rock Group, Norwegian Qeotechnical Inst., Oslo, Norway.

*Cbe. Engr.. Dam and Rock Group, Norwegian Geotechnical Iost., Oslo, Norway.

Note.—Discussion opea until December 1, 1981. To extend the closing date one moath,
8 written request must be filed with the Manager of Techaical and Professional Publications,
ASCE. Manuscript was subaitted for review for possible publication on December 11,
1980. This paper is part of the Journal of the Geotechnical Engineering Division, Procoedings
of the Amcrican Socicly of Civil Engineers, ©ASCE, Vol. 107, No. GT?, July, 1981.
ISSN 0093-6405/81/0007-0873 /$01.00.
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Esnimaning Suean Staenari of Rock Jowrs

A practical method for descﬁb;g‘ the peak shear strength of three typical
Classes o rock joints 1s shown in Fig. 1 (2). The general equation is as follows:
ICS

— 4+, | )
ol

peak shear

r=0’tan [mc-log(

in which v =

JRC,—The mm; ughness coefficient is a8 dimensionless number, approxi-

mately cquivalent 19 the rauo of roughness amgﬁtuae and sample lggth
ompletely planar smooth joints. or sawp surfaces bave JRC equal to zero.
¢ most reliable method of measuring JRC is to conduct tilt tests, preferably

with rock blocks of natural size containing through-going joints. Sliding occurs

due 10 the effect of gravity on the upper block. The JRC is back—calculaled

by reunnsemenl of Eq. 1
- ér

JRC =———— e e e 2
-_— ICs @
log —
T o
in which a

= tilt angle when sliding occurs (typically 50° -75°); and T =
effective normal stress acting across the joint when sliding occurs. =~
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FIG. 1.—Method of Estimating Peak Shear Strength of Rock Joints, Based on Joint
Roughness Coefficlent JRC (20, 10. or 5), and on Joint Wall Compression Strength
JC8 (100 MPa, 60 MPs, 10 MPa, or § MPa) (2) (1 MPa = 145 psi)
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Later in this paper it is shown how an equivaleat roughness (R) can be
estimated for rockfill, based on the porosity, and on the degree of particle
roundedness and surface smoothness. Altematively, R can be back cdcuhted
from laige-scale tilt tests of in-place rockfill.

JCS.—Each envelope in Fig. 1 is numbered with the appropriate joint wall
compression strength (JCS) value in units of megapascals (I MPa = 145 psi).

The joint wall compression strength can be measured direcily with a_Schmidt
hammer, or estimated from the uniaxial compression sirength (o) of the rock.
Weathered Jomnts have JCS values less Than o due 1o The weskening cffect
of the thin skin of weathered rock along the two walls of the joins. If the
joints are saturated, both o, (unweathered) and JCS (weathered) are somewhat
reduced. This reduction in compression strength due to water saturation is an

important factor in explaining the long-term settlement of rockfill dams, as
explained by Terzaghi (25) and the second writer (12).

Later in this paper it is shown how an equivalen| comprggsion streogth (S)
can be obiained for rockfill, based on the uniaxial compressiop. strenath pf
the rock and op the d, Emcle size. Large particles prove to be weaker than
smaller ones. A similar scale elfect for joint asperities has been demoastrated

in recent work reponed by Baadis, et d (l)
al 40§ f

W
u:_cL ucstion. The value of &, is 8 fundamenial parameter of jntact rock, and
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FIG. 2.~Trlaxis! Test Resuhts for Rockfill (16) (1 MPa = 145 psi)
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seems 10 be a key parameter in describing the shear streagth of rockfill.

The residual friction angle (4,) of weathered rock joints is very difficult
0 ¢ experimentally, due 10 the large displacements required. It can
nevertheless be estimated with acceptable accuracy by using a Schmidi hammer
and tili test to measure the parameters given in the following empirical relationship:

GT?

6= (b, = 20) + 20 ('—)
(N .

in which #, = Schmidt (L-type) hammer rebound on saturated weathered joints

or interfaces; and r, = Schmidt (L-type) hammer rebound on dry, unweathered

rock surfaces (for example fresh fractures or sawn surfaces).

As an example, values of &, = 30°, r, = 30, and r, = 40 result in an estimated
&, = 25°. Experimental details are described in greater detail by the first writer
and Choubey (4).

" Comparisos with Rockfill Bebavior.—Direct shear tests performed on 130
rack-joint specimens selected from seven Norwegian rock types gave the following
mean values of these key parameters: (1) JRC =-8.9; (2) JCS =" 13,350 psi

SHEAR STRESS {MPa)

0 jwl 1 1 1 L 1 | 1

] 1 2 3 O
EFFECTIVE NORMAL STRESS (MPa)

FIG. 3.—Noniinsar Mohr Envelopes for Various Rockfill Materials (18) (1 MPs =
145 psi)
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(90 MPa), and (3) &, = 27.5°. Eq. | shows that the resulting value of &' (=
arctan t/0’) under an effective normal stress of 145 psi (I MPa) would be
45°.

A review of numerous triaxial tests on rockfill materials by Leps (15) showa
in Fig. 2 indicates that “‘average rockfill”" displays a value of ¢’ nearer 40°
under the same stress level. The aforementioned rock joints seem to display
an average peak shear strength comparable to Leps® *tighuly packed, well-graded,
strong particles’” of rockfill. Note that the log-lincar trend of a versus &’
assumed by Leps is also predicted and measured far the casc of fock joints
(Eq. 1).

Mobr envelopes obtained from triaxial tests on rockfill are nonlincar, and

Relgenl
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INTERFACE

FiG. 4.—Empirics! Approach to Shear Strength Estimation for Rock Jaints, Roidill,
and Rock intsrfaces

very simila g st l ; I | ; L noac }
tests on rock !'oints. This is clear when wgﬂ' Fig. 3 with Fig. 1 (scc Class
B joints). ' -
~X Tandameatal reason for this similarity of behavior can be found in the
observations of contact area during shear tests on rock joints. Shear tests that
are interrupted st the instant of peak sirength display an appareat visible arca
(4,) of damaged asperitics that is a small fraction of the total joint samplo
arca (4,) usually assumed when converting force to stress. The ratio 4,/4,
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(26) indicated no noticcable scale effects for samples with 4,,,, less than 0.2
in. (5 mm), and crushing tests on single sand grains with diameters from 0.016
in-0.075 in. (0.4 mm-2 mm) reported by Billam (9) suggest limited scale effect
for sand below 0.028 in. (0.7 mm) size.

An upper bound is suggested in a comprehensive review for uniaxial compres-
sion test data for rock reported by Lama and Goaano (14). For the most part,
rock samples with volumes larger than 10 L (610 cu in.) displayed a relatively
insignificant scale effect, while smaller samples displayed considerable scale
effect. The statistical volume theory of Weibull (27) appears to be the explanation
for these effects. The probability of a sample containing microfractures increases

_ as the volume increases. The fact that the larger rock samples may contain
numerous microfractures and sand grains probably none, is perhaps the reason
for the S-shaped relation between crushing strength and particle size shown
in Fig. 7.

In the light of the preceding it appears logical to introduce a size-dependent
equivalent strength (S) for rockfill. This would be consistent with scale effects

TRIAXIAL TEST

PLANE TEST

$7000 X X W
dgg perticla sizs (mem)

FiG. 7.—Mathod of Estimating Equivalent Strength (S) of Rockfill, Based on Uniaxial
Comprsssion Strength (o, ), and on d, Particle Size

observed from shear tests of rock joints. Bandis et al. (1) demonstrate how
the joint wall compression strength (JCS) reduces with increasing size of joint

sample, due to the mobilization of larger aqurmes at peak strength. Larger |

(hsphcemenu are reqnu’ed to reach peak sggnath as the length of sun{;le
is increased. .

Trial and crror fitting of numerous triaxial dawa with our prediction moﬁel
(Eq. 4) has led to the empmcal solution to particle size effects shown in Fig.

7. It should be noted that the d, size will not necessarily be the most relevant
Dagticle size for estimating The equivaient sigength (S) of 4 given grading. The

dﬁ size 1S however A gonvenicnt description of a given rockfill. Shear streogth -
erences between a widely and run‘owly guded rockfill with o o sizcs )

wdl ufl'ocl the slmaunl eomponcnt of strength mdepcndznt of any powhlc i

changes of equivalent particle strength (S).

i

The example points A and B on the triaxial test curve in Fig. ‘I represent ]

GT? SHEAR STRENGTH 881

d., sizes of 23 mm (I in.) and 240 mm (9.5 in.), respectively. These can be
considered representative of laboratory samples and in-place rockfill, respec-
tively. The following equivalent strengths (S) would be appropriate if the uniaxial
compressive strength (o, ) of the parent rock was found to be 150 MPa (21, 800
psi): (1) Grading A, dy, = 23 mm, § = 150 x 0.3 = 45 MPa (6,500 psi);
and grading B, d,, = 240 mm, S = 150 x 0.2 = 30 MPa (4,350 psi).

The great majority of shear-test data for rockfill have been obtained from
triaxial testing. However, plane-strain tests are more representative of the strain
conditions for many practical sifuations. It 1S a common experience w! such

POROSITY {n%) (after compaction)

EXAMPLES SHOWINO DEGREE OF ROUNDEDNESS

EEE
oo periprpeipe

FIG. 8.—~Msthodof Estimating Equivalent Roughiness (R) Based on Porosity of Rockfill,
Origin of Matsrials, and Degres of Roundednesas and Smoothness of Particles

tests that failure occurs at relatively small straips, that less crm’:h_Ln" of particles
wm‘tvmmaﬂmz’-ﬂhshcr 18 the case for tnaxial
tests on the same matenals. erent scalc cliccts for inaxial and plane-strain
m‘? is an empirical but effective method of accounting
for these differences in ¢°. The proposed method will geacrally result in about
2°-4° differences in ¢’, over the range of stresses of interest.

Degree of Particle Roundedness.—The cohesionless materials used in & rockfill
dam will generally come from one or more of the following sources: (1) Quarried
rock; (2) talus; (3) moraine; (4) glacifluvial deposits; and (5) fluvial deposita.

MORAINE Twn FLUVIAL
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reported by Sced and Goodman (24) indicated values of ¢’ as high as 67°,
under an effective normal stress of approximately 10 ™ MPa (0.0145 psi).

Extremely high ¢’ values are also predicted by the equivalent roughness
method (Eq. 4) at these low stress levels. If we assume the following input
data as representative of Seed and Goodman's crushed granite: dy, = 7.5 mm
(03 in.); @, = 150 MPa (21,750 psi); » = 35%; and &, = 30° the resulis
presented in Table | are obtained. The equivalent roughness (R) of six in this
example is obtaincd from Fig. 8, based on assumed *‘sharp, angular very rough
particles” of crushed granite. The predicted values of ¢’ appear to be realistic
over five orders of magnitude of stress, judging by the high stress data shown
in Figs. 5 and 6.
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AG. 10.—Estimated Varsiation of ¢’ under Toe snd bensath Downstream Slope of
Oem '

The triangular shape of rockfill dams results in approximately triangular self-
weight vertical stress distributions, and cosrespondingly high ¢’ values close
to the toe, as shown in Fig. 10. Values of &’ in excess of 50° and 60° are
estimated for the assumed porosities of 35% and 25% in these cxamples. It
is also interesting to sce the high values of & close to the downsiream face
of the dam. If this slope was analyzed as an infinitely long slope, with safety
factor F = tan ¢'/tan © (in which 8 = slopc angle), thea it is clear that F
would be quite bigh close to the face.

Variatioa of Mobilized ¢’ with Deformation.—While the main purpose of this

GT? SHEAR STRENGTH @ 88s

paper is the estimation of peak ¢ for rockfill, it is clear that the strain required
to mobilize peak strength is also of considerable importance.

An analysis of some forty triaxial tests has indicated a relatioanship between
€. (the axial strain at peak streagth), and (@' — &,). The Iaiter can be termed
€ struc component of str. s 10 W,

s L -
imRlog{—]) ....... ... h i A ¢ 1}
ALM

The test dala analyzed indicated the following approximate ranges of ¢, .
as a percentage: Maximum €, & 20-2/3 (¢’ — ¢,) for n > 30%; and minimum
€pons & 10-1/3 (&’ — &,) for n < 20%.

Thus a general relationship for axial strain at pesk is the following:

€ B1/30(—10)30 —iXF) . . . ..o ©
—— ~—e
The following example illustrates a typical case:
quarried granite
} R =15
n = 28%

o, = 21,750 psi (150 MPs)
} S = 7,250 psi (50 MPa)
dy, = 0.8 in. (20 mm)

é, = 30°
o. = 72.5 psi (0.5 MPa)
Eqs. 5 and 6 give i = 15°, &' = 45°, €,,, = 2.0%.

TABLE 2.—Mabilization of Equivaient Roughnaas (R) of Rockiill with ingssasing Axial
Strain (¢,,,, = Axial Straln at Any Instant}

Conl e R/ R
(2)
0 -¢a/‘ . '
0.25 0.2
0.50 0.78
1.00 1.00

Note: { = (§’' - $,) = R, log (S/a.).

The mobilization of shear strength as rockfill is strained towards pcak shear
strength can be characterized by the term R, . Thus, the friction angle mobilized
at any given strain may be expressed as:

S
$acy = Rooy:log (:;-) By e e e e e ()

This concept was used by Barton (6) (o gencrate shear siress displacement
curves for rock joints for any desired loading or unloading. In the case of
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i tremely
rock joints the term JRC ., was used. Table 2 §h¢_>ws how cven an ex !
simplje 1able of values can b:used to generate realistic stress-strain ord L, -strain

rves for rockfill. . . .
cuAn example application of this method is shown i Fis._. 1. Me.asuml d;u
derived from vacuum triaxial tests at the Norwegian Geotech.mcal lnat.ume (:hn u,
11) are compared with estimated data. Two different gradings are ated,

ope representing the laboratory tests with d,, = 6 mm (0. 4 in.), the other

istiggled) representing (be grading in the dam 7500 d = 250 mm 2%908‘?[ :enrc)
alistic values of o (saturated) = s (21, paY) a0d @, = 4

n;umed for the schistosc gneiss. Note the reduced streagth and increased

deformability predicted for the full-scale material. The important influence of
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FIG. 11.—Comparison of Msasured and Estimated Ilob!llut&on of &’ with Incressing
Axial Strain (1 MPa = 145 pai, 1 in. = 26.4 mm)

compaction, i.c., porosity, on sirength and deformability is clearly reflected
in both the measured and estimated results.

PaacncaL APPLCATIONS

The proposed method for cstimating the peak strength of rockfill requires
the following input:

d rticle size )
o Pt cquivalent strength S (Fig. 7)
o uniaxial compressive strength
of rock
description of rockfill: origin ,
roundedness
smoothness

. equivalent roughness R (Fig. 8)
n% porosity afier compaction

&, basic friction angle

GT? SHEAR STRENGTH @ 887

hammer or point est. The ol ¢, can estimated Trom il tests
STSawISurTaces of the 1ock in question. T usually ranges from 25°-357, depending
on rock type.

Preliminary Parametric Studies.—The equivalent roughness method is recom-
mended for obtaining preliminary estimates of ¢, prior to detailed strength
investigations. A particular advantage is the case with which parametric studies
can be performed. Shear strength envelopes can be generated from Eq. 4 to
investigate the effects of varying the particle size, varying the compactive effort,
or varying the type of rockfill. Eq. 7 and Table 2 can be used to generate
approximate mobilized friction /axial strain curves.

Extrapolation of Laboratory Shesr Streagth Data.—During the more detailed
strength investigation that usually precedes construction of a rockfill dam, the

N oo 4
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FG. 12.—Msthod for Checking Full-Scale Strength (snd Porosity) of Different Lifts
in Dam or Tris! Fili -

method can be used to extrapolate triaxial (or plane strain) strength data to
stress levels above and below those normally employed. This will be particularly
tdvantageous for the casc of large vacuum triaxial tests. In general, it is
recommended that the equivalent roughness (R) is back calculated from the
available test data, and the values of S and &, estimated from simple index
tests. However, there may be occasions when Fig. 8 is considered adequate
for estimating (R), and therefore the value of equivalent particle strength (S)
would be back calculated as a basis for extrapolating available test data. The

assumed dependency of &’ on the d,, particle si i vious
ication, w 0 be unnecessary. Equivalent particle strength (S) would
be ted by reammangement of Eq. 4. Thus

S=gl.10Wn

e e = YA A
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Arrenpix {l.—NoTaATION
The following symbols are used in this paper: |

apparent (visible) area of damaged asperities when rock joint is sheared

A, =
up 10 peak streagth;
A, = total area of rock joint sample assumed when converting force 10
stress;
B = partide breakage factor after Marsal (18);
d.. = maximum particle size;
d,, = panticle size with 50% passing;
F = safety factor; .
{ = structural component of shear strength for rockfill, where | = ¢’
- &, ;
JCS = joint wall compression strength;
JRC = roughness coefficient of rock joints; i
n = porosity, as a percentage (after compaction); :
R = equivalent roughness of rockfill;

7]
I

2
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Subscripts

3
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Schmidt (L) hammer rebound numbe
ored joine, r, measured on saturated, weath-
f:ch:l:::g;:)es bunm; er rebound number, measurcd on dry, unweathered
equivalent streagth of rockfill panicles;
maximum aangle of inclination recorded when upper half of jointed
block of rock (or rockfill sample) slides under lzﬂe of aavi
i uen:

londms. , during tilt test; o8 of ravity
axxi:;‘tlnin. as a percentage;
uniaxial compression strength measured indri H
effective normal stress; ured on cylindrical rock samples:
effective normal stress acting when sliding occurs during ti

i 1 tile test;
cffectgve major principle stress; e .
cffective confining pressure (applied in triaxial test);
pea.k sh_ear strength;
bas.nc fncu‘on. angle of smooth, planar unweathered rock surfaces;
residual fncuon_ qgle of weathered rock joints; and
peak drained friction angle (for rock joints or rockfitl).

mobilized value (of R, JRC or ¢') at i train
oplaament $’') at any given s or shear
instantancous value (of axial strain €); and

value at peak strength (of ¢ or R).

A

B
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