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Triaxial Shear Characteristics of Clayey Gravel Soils

Caractéristiques de la résistance au cisaillement triaxial des sols graveleux argileux

by W . G . H o l t z , C hief, Earth L aboratory Branch, Bureau o f  R eclam ation , D enver, 

and  

W i l l a r d  E llis, C ivil E ngineer (Soil M echanics), Earth L aboratory Branch, Bureau o f  R eclam ation , D enver, C olorado

Summary

D uring recent years, the Bureau of Reclam ation’s Earth Labor
atory  has been studying all of the physical properties of gravelly 
soils because these soils are used extensively in Bureau earth dams, 
canal embankments, and earth canal linings, and because prior 
soils research has been largely limited to testing the finer soil 
fraction. This paper was prepared to present the results of recent 
research tests for studying the shear characteristics of impervious 
gravel soils which contained varying amounts of a clayey soil 
matrix.

Large-scale triaxial testing equipment was used for this study 
on the clayey gravel soils. The testing program was formulated 
to evaluate the effect of gravel content on shear strength for 
materials containing particles up to 3 inches in size. The shear 
test results are presented on the basis of effective stresses and 
pertinent information on positive and negative pore pressures 
measured during the tests is given. Also included in the paper is 
a  very brief review of the previously reported shear tests made on 
pervious sandy gravels, for the purpose of comparing the shear 
properties of the pervious materials with those of the impervious 
clayey gravels. The conclusions reported in this paper are based 
on the analysis of 20 individual shear specimens of the clayey 
gravel soils.

Introduction

In most past and current research studies of soils, the 
laboratory tests are made on the finer, soil-matrix fraction 
of the total material from which the gravel particles have 
been removed. As a general rule, tests are seldom made on 
soils with particles larger than the 3/16-inch (No. 4 sieve) 
size, because large specimens and large testing equipment 
are required and testing costs are increased greatly. The need 
for inform ation on the physical properties of the whole 
material, containing both the fine and gravel fractions, 
was recognized by the Bureau of Reclamation because so 
m any of the materials used in our earth dams, earth canal 
embankments, and earth canal linings contain significant 
am ounts of gravel ( +  3/16-inch particle size). It is often 
good engineering practice to use gravelly soils in earthworks 
because of the high stability low settlement, and high erosion 

resistance of these materials.
For these reasons, an extensive research program was 

formulated by which all of the properties of gravelly soils 
will eventually be studied. This program is being persued as 
time and funds are available. Some of the studies have been 

completed and have been reported. These include studies 
on the compaction characteristics of sandy, silty, and clayey 
gravels (H o l t z  and Lo w it z , 1957), permeability-consolidation 

characteristics of pervious sandy gravels (Jo ne s , 1954), the 
consolidation and pore pressure characteristics of impervious

Sommaire

Dans ces dernières années le Laboratoire d’Etude du Sol du 
Bureau of Réclamation a étudié très complètement les propriétés 
physiques des sols graveleux ; ces sols sont utilisés d’une manière 
étendue dans les barrages en terre, dans les remblais et les revê
tements en terre des canaux ; d ’autre part les recherches anté
rieures ont été en général limitées à la fraction la plus fine du sol.

Ce rapport a été préparé pour présenter les résultats de recher
ches récentes faites pour étudier la résistance au cisaillement des 
sols graveleux imperméables contenant une quantité variable de 
matériaux argileux.

Un équipement d’essai triaxial de grande dimension a été 
utilisé dans cette étude. Le programme des essais a été formulé 
pour évaluer l’effet de la proportion de gravier sur la résistance au 
cisaillement des matériaux contenant des éléments jusqu’à 7-5 cm 
de diamètre. Les résultats des essais de cisaillement sont présentés 
sur la base des contraintes effectives et des indications sont don
nées sur les pressions intertitielles positives ou négatives mesurées 
au moment des essais.

Un résumé des essais de cisaillement faits sur les graviers 
sableux perméables pour comparer les propriétés de cisaillement 
des matériaux perméables avec ceux des matériaux graviers 
argileux imperméables est aussi inclus dans ce rapport. Les 
conclusions citées sont basées sur l’analyse des essais de cisaille
ment de 20 échantillons de graviers argileux.

gravelly soils (G ib b s , 1950), and the shear characteristics of 
pervious gravelly soils (H o l t z  and G ib b s , 1956).

In the series of tests reported herein, the relationship of 
shear strength of clayey soils with variable gravel contents 
was studied. The shear test data are reported in terms of 
effective stresses where the effective stress (ct') is equal to 
the total stress (a), less the pore pressure (u) measured during 
the test.

Test equipment and procedures

All shear specimens in this research study were 9 inches in 
diameter by 22-5 inches in length. The details of the testing 
apparatus have been described previously (H o l t z  and G ib b s ,

1956), (N o e l l , 1953), (U.S.B.R., 1960), and are discussed 
here only in a brief manner as necessary for an understanding 

of the data presented.
Fig. 1 shows the large shear testing equipment. The com

pression machine for applying the axial load is equipped 
with autom atic stress-strain recorder and rate of stress and 
rate of strain indicators. The pressure chamber was designed 
for a maximum working lateral pressure of 150 psi. It consists 
of aluminum top and bottom  plates, aluminum or clear 
plastic chamber cylinders of 14-inch-inside diameter, and 
six 1-inch stainless-steel bolts to hold the assembly together.
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Fig. 1 Triaxial shear equipment for large specimens.

Equipement de cisaillement triaxial pour de grands 
échantillons.

Vo lu m e ch an ge Gag e

T he la tera l p ressure is applied  by m eans o f a ir pressure 

on the w ater-filled cham ber. T he pore pressures at each 

end  o f the specim en and  the la teral pressure are m easured 

either by no-flow  pressure cells o r au tom atically  th rough  

pressure transducers by m eans o f an  electronic strip  recorder. 

W ater gages w ith V ernier reading glasses are  m ounted  on 

the back side o f the con tro l panel fo r read ing  the volum e 

change o f the specim en in term s o f the am oun t o f w ater 

expelled o r taken  up  by  the cham ber during the test.

The above facilities allow the m easurem ent o f the follow ing 

d a ta  during the test : ax ial load, axial stra in , volum e o f 

specim en, volum e change o f specim en, and  p o re  pressure.

All o f the tests were perform ed using a  constan t cham ber 

pressure (<r3) and in a sealed c o n d itio n ; th a t is, no  drainage 

was allow ed a t any  tim e. A fter each specim en was prepared, 

it was im m ediately placed in  the rub b er m em brane which 

was clam ped to  the end plates. A fter being assem bled in the 

testing cham ber, the cham ber pressure was applied and  

volum e change and  pore  pressure were allowed to  reach  

equilibrium  p rio r to  the application  o f  the dev ia to r load.

T he ra te  o f  ax ial load  app lication  was contro lled  to  a  

speed w hich w ould p rovide a correct rela tionsh ip  between 

the po re  pressures and  volum e changes m easured (E l l is  and  

H o l t z , 1959). T his rela tionsh ip  was p lo tted , as show n in 

P a rt d  o f Fig. 4, con tinuously  as the test progressed. I t  was 

found  th a t an  ax ial stra in  ra te  o f 0-02 inches per m inute  

(0-09 per cent per m inute) p rov ided  satisfactory  results and  

this ra te  was used th ro u g h o u t the test series.

Materials

T he g radation  o f the various soil-gravel m ixtures selected 

fo r this study  are  show n in Fig. 2, and  were selected as repre-

T he p iston  th rough  w hich the axial load  is applied  to  the 

specim en was m ade o f stainless steel 2 inches in diam eter. 

T he p iston  passes th rough  a bushing in the top  cham ber 

plate, and  “ 0 ” rings recessed in to  the bushing prov ide  a 

positive seal a round  the p iston . A  sm all stainless steel p late 

attached  to  th e  top  o f the p iston  prov ides a bearing plate  for 

the head  o f the com pression m achine. A  dial ind ica to r o f 

1-inch travel is a ttached  to  this p late. The ind ica to r travels 

along a slanting  bar, a ttached  to  the cham ber top , as the 

specim en is com pressed. By this m eans, ax ial deform ation  

can be m easured for as m uch as 7 inches o r ab o u t 30 per cent 

axial strain .

T he specimen end plates were m ade from  1-inch alum inum  

plate  and  recessed on the specimen side for inserting  0 - 125- 

inch-thick plates perforated  w ith 1/32-inch.-diam eter holes, 

or fo r inserting very fine ceram ic disks. The ceram ic disks 

are  used w hen both  positive and negative pore pressures are 

to  be m easured. Porous ceram ic inserts are  also available 

for m easuring pore pressures in the inner po rtion  o f specimens. 

The top  and  bo ttom  end plates and  inserts are fitted w ith 

plastic tubing and  brass cocks for connecting to drainage 

o r sa tu ra tion  tanks and  pore pressure cells. Plastic tub ing  

m ade o f a vinylidene chloride po lym er is used because of 

its flexibility and  ability  to  stand  150-psi outside pressure 

w ithout collapsing. T he rubber m em branes fo r enclosing 

the soil specim ens are 9 inches in diam eter, 24 inches long, 

and 0-06 inch thick. Stainless steel w orm -drive hose clam ps 

are  used to  clam p the m em brane to  the end plates. Tests 

have show n th a t m em branes o f this thickness have very 

little effect on the strength  o f the specim ens (U .S .B .R ., 1960).

SILT TO CLAY
MEDIUM I CO ARSE FIN E | COARSE

Fig. 2 G radation of clayey gravel soils.

Granulom etrie des sols graveleux argileux.

senting com m on im pervious m ateria ls used in ou r ea rth  

em bankm ent structures. T he soil fraction  (fraction  sm aller 

than  3/16-inch size) is classified as a SC-CL (U nified C lassi

fication System ) (W a g ne r , 1957). The fraction  passing the 

N o. 40 sieve had a L l =  49 and  a Pi =  28. T o the soil fraction  

were added varying am ounts o f 3/16 to  3-inch gravel to  

p roduce the g radations show n in Fig. 2. T he gravel particles 

were predom inan tly  gneiss, granite, and  schist, obtained  

from  a river deposit. The particles were o f subangular to  

subrounded  shape. The specific g rav ity  o f the clay and  clay- 

gravel m ixtures varied from  2-66 to  2-70. As the m aterial 

was reused num erous tim es, a g radation  test was m ade after 

com pletion  o f the tests to  check particle breakdow n. It 

was found th a t particle size changes were very m inor.
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Specimen preparation

T he m aterials used in this study  were the sam e as the clayey 

gravels used in the large-scale com paction  tests to  determ ine 

the com paction  characteristics o f  gravelly  soils, w here s tan 

d ard  P roc to r com pactive effort (12,375-foot-pounds per 

cubic foot) was applied  (H o l t z  and  Lo w it z , 1957). T herefore, 

the d ry  density  cond itions w ere con tro lled  to  95 per cent 

o f the values ob ta ined  in  th a t study. M oisture  conditions 

were con tro lled  to  1 per cent less th an  op tim um  m oisture 

fo r the to ta l m ateria l. Fig. 3 (solid lines) show s the com paction

C L A Y E Y  G R A V E L -  3  IN C H  M A X IM U M  S I Z E

Fig. 3 Compaction characteristics of clayey gravel soils.

Caractéristiques de compactage des sols graveleux 
argileux.

characteristics o f the soils hav ing  different am ounts o f gravel. 

In  this figure, the solid lines show  the com paction  characte

ristics o f the to ta l m aterials. T he dashed lines show the com 

paction  characteristics o f the fine fractions (sm aller than  

3/16 inch) contained  in the to ta l m aterials.

E ach m aterial was b rought to  its optim um  m oisture cond 

ition  and  allow ed to  “ season” fo r a m inim um  period of 

48 hours. The m aterial was then  com pacted  to  desired density  

in  a hinged, three-section m old  o f 9-inch d iam eter by 22-5 

inches long (inside dim ensions). M olding was perform ed 

by  com pacting  the gravelly  m ateria l in seven equal layers 

by a  d rop  ham m er. E ach  layer was lightly  scarified p rio r 

to  p lacing the succeeding layer. Im m ediately  after rem olding, 

the specim ens were rem oved from  the m old , the end  plates 

placed on them , and  the rub b er sleeves slipped over the 

specim ens and  clam ped to  the end  plates.

Effect of gravel content

T he effect o f gravel con ten t on the shear strength  o f clayey 

soils was the p rincipal objective o f this series o f research  

tests. T he typical varia tions in shear strength , w ith gravel 

con ten ts varying from  zero to  65 per cent fo r the lean clay 

and  river gravel m ixtures, are show n by the shear strength  

envelope plots o f  F ig î. 4 th rough  8. Included a t the top  of 

each figure are  pertinen t test d a ta  for each specim en tested.

P a rt c o f Fig. 4 shows the pore-pressure —  axial-stra in  

re la tionsh ip  for Specim en 4 of the test series on  m aterial 

con ta in ing  no gravel in w hich pore  pressures were m easured 

sim ultaneously  w ith perforated  and  ceram ic end plates and  a 

cen tra l po rous insert. A brief sum m ary  o f the results o f the 

tests, w ith the com puted  friction and  cohesion values for 

each m aterial is given in T able 1.

Table 1

Summary of shear test data-clayey gravel soil 

Sommaire des données des essais de cisaillement 
Sols graveleux argileux

Per cent 
gravel

Per cent 
compac
tion at 
Proctor 
effort

Average
dry

density
(pcf)

Average 
moisture 
(per cent)

Computed 
shear values

Tan 0 '
c

(psi)

0 95 103-0 15-8 0-45 8-7

20 95 112-8 11-8 0-48 7-0

35 95 116-0 10-3 0-47 8-3

50 95 122.7 8-3 0-63 4-5

65 95 125-4 6-2 0-68 5-0

T he shear test d a ta  p lo ts given in Fig. 4b and Figs. 5 th rough  

8 a re  recorded in term s o f vector curves, ra th er th an  conven

tional stress circles w hich show only the failure condition  

fo r each shear specim en o f a test series. These vector curves 

a re  draw n th rough  com puted po in ts o f the effective norm al 

stresses and shear stresses on the failure planes a t periodic 

in tervals th ro u g h o u t the shear tests. By this m eans o f p lo tting  

th e  test d a ta , the relationsh ip  betw een the norm al and  shear 

stresses can be seen th ro u g h o u t the test and  the conditions 

a t failure can  be studied m ore effectively.

T he envelopes o f lim iting shear resistance show n on  Figs. 4 

th rough  8 were d raw n as stra igh t lines. T he stra igh t line 

in te rp re ta tion  appeared  to  p rov ide the m ost logical in terp re

ta tio n  fo r the en tire  series o f tests. T he “ coefficient o f fric

tio n ” (tan  0 ')  and  “ cohesion” (“ c ” intercept) values show n 

on  T able  1 a re  called com puted  shear values and  were obtained  

from  the stra igh t line envelope. The point on each vector

a 'i
curve where m axim um  —- conditions (H o l t z , 1947) existed

®  3

was taken  as the failure po in t o f th a t specimen. The envelopes 

were com puted  as the m ost p robab le  stra igh t lines th rough  

these failure po in ts by the least squares m ethod. The points 

o f m axim um  a \  —  g ’3 conditions are also show n on the 

vector plots.

The cu rva tu re  o f the m oisture-density  p lo ts o f the com 

paction  test da ta  (Fig. 3) for the clay-gravel m ixtures was 

great. T herefore, sm all changes in placem ent m oisture gave 

p ronounced  changes in placem ent density , w hich m ade 

density  con tro l difficult. Because the com paction  curves a t 

the m oisture-density  conditions selected were close to  the 

100-per cent sa tu ra tion  line, the developm ent o f considerable 

po re  pressure resulted  during m any o f the tests. T his was 

particu larly  true  a t h igher loadings where significant volum e 

changes to o k  place. T he developm ent o f high pore  pressures 

resulted in reducing the range of effective stresses fo r any  

test series and also caused considerable prestressing as evi

denced by sharp  back-hooking o f the vector p lo ts a t higher 

loadings. (As an exam ple, see Spec. 7, Fig. 4.)

T he results given on Figs. 4 th rough  8 and  sum m arized 

in  T able 1 show  the effect o f vary ing  am ounts o f gravel in 

the clay soil m atrix . The coefficient o f friction, tan  0 ' ,  of 

the soil w ith no  gravel was 0-45 and  the cohesion 8-7 psi. 

The friction increased and the cohesion decreased only  sm all
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Fig . 4 D etailed  sh ear test d ata —  0 p er cen t  g ravel.

Don n ées d étaillées de l ’essai de cisaillem en t  —  Pas de g ravier .

am o u n ts  w hen 20 and  35 per cent gravel was added, show ing 

th a t there  was very little  large particle interference and, 

therefore, th e  soil had  shear properties sim ilar to  the clay 

m atrix . H ow ever, w hen the gravel co n ten t w as raised  to  

50 per cent, th e  effect o f the gravel was read ily  ap p aren t 

an d  th e  tan  0 '  value was increased to  0-63. As add itional

gravel was added to  p rov ide  65 per cent, the tan  0 '  increased 

to  0-68. A  co rresponding  reduction  in the cohesion  o f the 

soil was ap p aren t as it becam e m ore granular. T hus, it can 

be sta ted  th a t, as th e  gravel con ten t o f a clay  soil is increased, 

a ra th er ab ru p t change in shear strength  can be expected 

w hen sufficient gravel is added  to  prov ide  large particle
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Fig. 5 Shear test results — 20 per cent gravel.

Résultats de l’essai de cisaillement — 20 pour cent du gravier.
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V o l u m e  

C h a n g e ,  

(p e r  c e n t  

o f  In i t i a l )

D e v i a t o r  

S t r e s s  

(p s i . )  

er,1 - CJ3
T an  <t>'

Co h es i o n
c '

(p s i . )

1 115.2 11.3 67 12.5 7.6 - 3 . 8 2 3 9.9
(ind icated  from Max.

2 116.0 10.3 63 2 5 .0 14.4 - 6 . 3 3 51.5
4 116.0 10.0 6 1 7 5 .0 40 .8 -10.27 83.5

5 116.8 9.6 59 7 5 .0 3 9 .0 -10.05 91.6 .47 8.3

Fig. 6 Shear test results — 35 per cent gravel.

Résultats de l’essai de cisaillement — 35 pour cent de gravier.
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I n i t ia l  Sp ecim en  D a t a Test  V a lu e s  a t  Fa i lu r e  Max Sh ea r  Va lu es  
Co r r e c t e d  for  
Pore Pr essu r eD r y  

D e n s i t y  

(l b s  p e r  

eu . f t . )

W a t  e r  

C o n t e n t  

(p e r  ce n t )

D eg r ee 

o f  S a t u 

r a t i o n  

(p e r  c e n t )

A p p l i e d

L a t e r a l

Pr ess . (p s i )

cr 3

Ef f e c t i v e

L a t e r a l

Pr e s s . (p s i )

(Ji

V o l u m e  

Ch an g e,  

(p e r  c e n t  

o f  In i t i a l )

D e v i a t o r

St r e s s

(p s i )

a ,1- a i
Tan  <f>'

Co h esio n
c \

(p s i )

1 12 1. 2 9.1 65 12.5 4.1 -  5.18 25.8
(Indicated from Max.

2 122.5 8 .7 6 7 2 5 .0 13.3 -  8  28 4 3 .4

4 123.7 8 . 8 6 8 7 5 .0 2 0 . 0 - 10.95 5 6 .3

5 123.5 6 .7 51 1 0 0 . 0 5 5 .3 - 14.42 137.9 .63 4.5

Fig. 7 Shear test results — 50 per cent gravel.

Résultats de l’essai de cisaillement — 50 pour cent de gravier.
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I n i t ia l  Sp ec im en  D a t a Test  V a lu e s  a t  Fa ilu r e .  M ax . ^ / a l Sh ea r  Va lu es 
Co r r e c t e d  f o r  
Por e Pr essu r eD r y  

D e n s i t y  

(lb s. p e r  

cu .  f t . )

W a t e r  

C o n t e n t  

(p e r  c e n t )

D eg r ee 

o f  Sa t u 

r a t i o n  

(p e r  ce n t )

A p p l i e d

L a t e r a l

Pr ess .(p s i )

a 3

Ef f e c t i v e

L a t e r a l

Pr e ss . (p s i )

( r i

V o l u m e  

C h a n g e  

(p e r  c e n t  

o f  I n i t i a l )

D e v ia  t o r  

St r e s s  

(p s i )

o i ' - a i

Tan  <*>'

Co h es io n
c 1

(p s i )

1 1 25 .5 6 . 6 5 4 12.5 8 . 6 -  2 .8 0 4 4 .2
(Indicated from Max. - ^ h)

2 12 6 .0 6 .3 52 2 5 .0 2 0 . 2 -  5.41 6 7 .5

3 1 24 .3 6 . 2  - 4 9 4 0 .0 3 0 .7 -  8 .0 7 9 7 .6

6 12 6 .0 5 .9 4 9 5 0 .0 3 4 .3 -  7 .3 7 1 09 .8 0 . 6 8 5 0

Fig. 8 Shear test results — 65 per cent gravel.

Résultats de l’essai de cisaillement — 65 pour cent de gravier.
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interference. T he per cen t gravel con ten t a t w hich this occurs 

w ould p robab ly  vary  w ith the clay  m atrix  and  gravel types. 

This characteristic o f large partic le  interference has been 

observed in the study  o f o th er properties o f  gravelly  soils. 

V olum e stra ins decreased as the large particles replaced 

com pressible soil, as w ould be expected.

I t  is o f in terest to  com pare the shear characteristics of 

these clayey gravel soils w ith  those previously  ob tained  for 

sandy  gravel soils (H o l t z  and  G ib b s , 1956). The results 

o f those tests, fo r 3-inch-m axim um  size gravel only, are 

sum m arized briefly in T able 2. Fig. 9 shows the g radation

Table 2

Summary of Shear test data — Sandy gravel soil

Sommaire des données des essais de cisaillement 
Sols graveleux sableux

Per cent 
gravel

Per cent 
compaction 
at Proctor 

effort

Average 
dry density 

(pcf)

Computed shear values

Tan 0
c

(psi)

0 93-3 109-5 0-72 3-7
20 93-3 116-5 0-79 6-6
50 92-5 125-4 0-88 5-5
65 92-2 129.9 0-90 5-0

h r D R O M ET ER  

R EA D I N G S I S ' E V E  A N A L Y S I S

M I N U T E S  I SIEV E No. | ' SC REEN - IN .

D I A M E T E R  O F  P A R T I C L E S  I N M I L L I M E T E R S

SILT TO CLAY ------------- ,------------ .------------------ -̂----------
I______________I fine I MEDIUM |GOflRSE | EIRE | COARSE

Fig. 9 G radation of sandy gravel soils.

Granulom etrie des graviers sableux.

characteristics o f the sandy  soils. T he sand and  gravel were 

ob tained  from  the sam e river deposit as the gravel used in 

the clayey gravel tests. T he shear streng th  envelopes for 

the sandy  gravel and  clayey gravel soils a re  show n on Figs. 

10a and  10b, respectively, fo r com parative  purposes. The 

sandy  gravel soils o f 3-inch-m axim um  size were tested a t an 

average density  equivalen t to  93 per cent o f com paction  a t 

P roc to r com pactive effort, w hich was equ ivalen t to  ab o u t 

70 per cent relative density. U nder these conditions, the 

tan  0 '  friction  values varied  from  0-72 for zero gravel 

con ten t to  0-90 fo r 65 per cent gravel conten t, system ati

cally increasing as the gravel con ten t increased w ith a 

leveling off a t the h igher gravel contents. Ind icated  cohesive 

streng th  (prim arily  due to  partic le  in terlocking) was in the 

o rder o f  4- to  6-psi.

o b

Fig. 10 Summary of shear test results for sandy and clayey 
gravel soils.

Sommaire des résultats des essais de cisaillement pour 
les sols graveleux sableux et argileux.

W hile the shapes o f  the shear strength  envelopes fo r the 

com pacted  cohesive soils were practically  straigh t lines, 

there  was a  definite slight cu rv a tu re  to  the shear strength  

envelopes o f the sandy  gravel soils. This was due to  the 

p ronounced  partic le  in terlocking w hich appeared to  affect 

th e  shear strength  o f these soils and  was particu larly  n o ti

ceable a t the low er la tera l pressures. This effect was n o t 

noticeable in the clayey gravel soils.

In  sum m ary, it m ay  be said th a t the clayey gravel soils 

had  low er fric tional strength  th an  the sandy gravel soils 

fo r equal gravel conten ts, the reduction  in  tan  0 '  values 

being in the o rder o f 0-22 to  0-27, o r from  8 to  12 degrees 

in the friction  angle.
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