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}T has. lo_ng been felt that if rapid. progr~ss is to be ~ade in designing and 
predtctlng the performance of mcreastngly complicated soil structures, 

more emphasis should be given to the stress-strain behaviour of soils under 
conditions operating in the field. No account is taken of the deformation 
characteristics of soils in solving problems which are essentially 

deformational ones. Axisymmetric stress conditions (a~ > a~ = a~ , or, 

a: = a: > o; ) rarely occur and many field problems fall into the category 

of plane strain in which no deformation takes place in the direction of the 
intermediate principal stress. The importance of using parameters in the 
calculations which are appropriate to the particular deformation modes 
and stress paths undergone by elements of soil in the model or prototype 
have been often stressed (Smith and Kay, 1971). The appropriate parameters 
so obtained can be confidently used in solving a number of geotechnical 
problems employing finite element method of analysis. Thus, predictions 
can be made to a greater degree of accuracy. 

Recognizing the importance of simulating field loading conditions in 
the laboratory, the recent research work (after 1965) has resulted in 
developing number of equipments in which principal stresses and strains 
acting on a pri smatic soil sample can be independently controJied and 
measured employing various combinations of flexible and rigid boundaries. 
These equipments can be categorized into three groups based on the ways 
of applying normal boundary stresses : 

(a) those employing rigid platens (Hambly, 1969; Pearce, 1971; 
Gudehus, 1971) 

(b) those employing flexible rubber bags (Ko, 1966; Ko and Scott, 
1967; Lomize and Kryzhanovsky, 1967; Lomize et a/, 1969; Arthur 
and Menzies, 1968, 1972; Menzies, 1970, 1971; Lewin, 1971) 

(c) those employing a combination of flexible and rigid boundaries 
(Shibata and Karube, 1965; Lenoe, 1966; YoungandKcKyes, 1967, 
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1971; Bishop, 1967; Green, 1969, 197la, b; Green and Bishop, 
1969; Proctor and Barden, 1969; Mesdary, 1969; Sutherland and 
Mesdary, 1969; Mesdary and Sutherland, 1970; Bennet, 1969, 1971; 
Dyson, 1970; Ramamurthy, 1970; Sutherland, 1971; Barden and 
Proctor, 1971; Ramamurthy and Rawat, 1971, 1973; Reades, 1972; 
Lade and Duncan, 1973; Green and Reades, 1975; Reades and 
Green, 1976; Somashekar, 1977). 

The advantages and disadvantages of these equipments have been 
discussed elsewhere (Mesdary, 1969; Reades, 1972; Rawat, 1976). 

In the present paper, the design and performance of a modified 
Universal triaxial apparatus (originally develope~ br Ramarnyrthy, 1~7~) 
is described. This apparatus employs a combmatJOn of .flexJ~Ie and ng1d 
boundaries to subject a 7.6 em cubical soil specimen to three different ~nd 
uniform direct stresses, and to permit measurement a~d co.ntrol of straws. 
Results of consolidated drained shear tests conducted m thts apparatus on 
cubical specimens of Ottawa sand under various combinations of major, 
intermediate, and minor principal stresses empl?ying differe!lt stre~s. paths 
are presented. Results of tests conducted tn plane strat? condttlo": are 
also presented. The results of compression test.s conduc~ed tn th_e. modtfied 
universal triaxial apparatus (UTA) under axtsymmetnc condtttons are 
compared with those obtained from the convent~onal tria~ial app~ratus 
(CTA) with regard to peak strength and stress-stram behaviOur pnor to 
peak. 

Tests were also conducted on samples of glass ballotini. The results 
were found to be of similar nature as those from tests on Ottawa sand and 
are, therefore, not presented here. 

General Description of Universal Triaxial Apparatus 

Sectional plan and elevation of the modified UTA, and a photograph 
are shown in Figures 1 and 2 respectively. A 7.6 em cubical specimen· 
enclosed in a rubber membrane and sealed at the enlarged, rigid, lubricated 
platens is loaded axially in a constant rate of displacement triaxial loading 
frame. The axial load is measured with a proving ring which is in direct ). 
contact with the top platen. Flexible lubricated rubber bags filled with 
water and confined in metallic guides are used to apply lateral stresses on 
the other two pairs of faces. The rubber bags on the opposite faces are 
interconnected through a T-connection leading to a self-compensating 
mercury control system (Bishop and Henkel 1962). Two separate Bourdon 
pressure gauges are used to read applied lateral stresses. When one of the 
latera_! stresse~ is higher than _the other, the vertical edges of the bags 
applytng _the htgher stre~s are reinforced with sponge prismatic pieces to 
pre~ent tnterference wtth the adjacent bags, and to avoid distortion of the 
vert~cal e.dge~ of. the specimen. The deformation of the specimen in the 
verttcal dtrectton ts. reco_rded :With a dial gauge (0.025 mm) attached to the;! 
bot_tom _of the pr_ovmg nng wtth extended spindle resting on the base platen 
wht~h m tuyn ts supported by the platform of the loading machine. The 
honz_ontal dtsplacement of the mid-point of each vertical fact' of the speci-
men LS t ransferred .bY. means o_f a rod (attached to a stud embedded in the 
r u.bber bags from mstde) passtng through the metallic guide and is recorded 
wtth a dtal gauge (0.025 mm). Four similar dial gauges record the lateral 
deformation of the specimen. 
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1 Cross beam of loading frame 

2 Loading ram 

3 Spring 

4 Proving ring 
5 Dial gauge for axial deforma tion 

6 Loading cap 

7 Aluminium segments 

8 Sand which of lubricated membe;anes 

9 Soil specimen 

10 Rub.ber bag guide 
·11 Rubber bag (thickness of rubber sheet 

exaggerated) 

.12 Rubber bag and guide clamp 

13 Nozzle 

14 Cap for nozzle 

15 Nylon tube 

16 Sliding stand for latera l pressure set up 

17 H andle for sliding stand 

18 Stainless steel strain rod 

19 Stud for connecting strain rod to inside 

of rubber bag 

20 Dial gauge for lateral deformation 

21 Stand for dial gauge 

22 R aised pla tform 

23 Base of universal triaxial apparatus 
24 Ram of loading machine 

25 Clamping arrangement 

26 Top of loading machine gear box 

NB Only one rubber bag is shown-thick

ness of rubber sheet is shown exaggerated 

FIGURE la S ectional elevation of the universal triaxial apparatus 
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27 T·connection 
28 Klinger valve 
29 Sponge pieces 

NB Only one rubber bag is shown
thickne>s of rubber sheet is shown 
exaggerated 

FIGURE lb Sectional plan of the universal triaxial appu ..1tus 

The modified UTA used for the present investigation differs from the 
earlier model (Ramamurthy 1970) in the following respects: 

(i) The design of the guides is changed so as to facilitate extension 
tests to be conducted at greater axial strain. Side vanes are pro
vided to one pair of the guides to provide support to the sponge 
pieces embedded in one pair of the rubber bags and also to prevent 
interference with the adjacent bags. Guides are mounted on 
movable supports which make the assembling and dhmantling of 
the entire set-us easy. 

(ii) Aluminium segments used to seal off the specimen are screwed on 
to the base and top platen to make the specimen enclosed in the 
rubber membrane completely leak proof. 

(iii) Shape of the rubber bags is changed to facilitate their preparation 
with hands, 
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(iv) Connection of the rod ~which transmits displacement of the 
vertical faces of the specimen) with the rubber bag is improved and 
simplified. 

(v) All the guides are interconnected by a rigid metallic frame to make 
the system stable and to eliminate any possibility of tilting. 

(vi) Sample former is screwed on to the base and a collar is provided 
to keep the membrane in position during preparation of sample 
and to permit deposition of slightly more quantity of sand above 
the rim of the body. 

FIGURE 2 General view of the universal triaxial apparatus 

Description of Sand and Sample Preparation 

Dense, medium dense, and loose specimens of Ottawa sand were tested 
both in the universal triaxial apparatus and in conventional triaxial appara
tus. All tests were carried out on saturated specimens under fully drained 
condition. Each cubical specimen was prepared using fresh sand sample 
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~hereas the .sand was reused for preparing cylindrical specimens. The 
mdex properties of Ottawa sand are given below. 

(i~ Spe~ific gravity = 2.66 ; (ii) Effective size = 0.43 mm; (iii) Coefficient 
of umformity = 1.28; (iv) 100 per cent passing through B.S. Sieve No. 18 
a~d 1.00 per cent retai?ed on B.S. Sieve No. 52; (v) minimum porosity (by 
VJbratmg m a Proctors mould) = 32.0 p er cent; and (vi) maximum 
porosity (Kolbuszewski, 1948) = 41.0 per cent. 

F or preparing a 7.6 em cubical specimen, the sand which had been 
boiled in water and allowed to cool overnight was gently deposited under 
water with a spoon into the specimen former in three layers. Dense and 
medium dense specimens were prepared by tamping each layer of the sand 
with a spatula; the amount of tamping varied depending upon the desired 
porosity of the sample. When t~e surface of the sa~d had reached G mm 
above the rim of the former mto the collar, the s1des of the former were 
also tamped lightly with a rubber-tipped mallet. For preparing loose 
samples, the sand was deposited into the former with a spoon till the 
surface of the sample had reached 6 mm above the rim of the former into 
the collar; no tamping was done but the sides of the former were lightly 
tamped as this was found necessary to spread the sand into the corners of .l. 
the former. 

In each test in the UTA, a sandwich of two 0. 35 mm thick rubber 
membrane was used at the base and the top to minimise end friction 
acting on the sample; each interface of the sandwich was lubricated with 
high vacuum silicone grease. No sandwich was placed between the sample 
sheath and the rubber bags used for applying lateral stresses on the faces 
of the sample. Faces and sides of the rubber bags were smeared with a 
thin coating of high vacuum silicone grease to reduce frictional drag on the 
faces of the sample and for smooth slipping of the bags within the 
guides. 

Figure 3 shows a photograph of the pre-shear sample under suction 
after removal of the former. A photograph of the post-shear sample is 
shown in Figure 4. The faces of the specirh ~n, on removal of the guides 
a fter the test was over, were plane and there was no evidence of rounding 
of the corners and bulging of the sample. The sample deformed freely ;._ 
without any interferrence from the parts of the apparatus. 

The method of preparation of cylind rica! specimens (I 0. I 5 em dia. and 
20.30 em high) of different porosities was similar to that for cubical samples 
except that the specimens were formed in six layers. No lubricated end 
platens were used. 

Test Programme 

~he following programme of consolidated drained tests on saturated 
spec1me~s of ~ t~a wa sand was carried out in the UTA and in t he 
conventiOnal tnaxial apparatus: 

Tests in the Universal Triaxial Apparatus 

AI~ cubical samples tested in the UTA were consolidated by increasing ).-
the axi~l stress an? th~ lateral stresses proportio~ate_ly in increments up to 
the. desired consohdat10n pressures. The consolidatiOn pressures in various 
senes of tests and the stresses which. were in<treased or decreased ~0 resul~ 
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FIGURE 3 Pre-shear samp!e under suction 

failure are shown in Table I and described below. It is to be noted that 

the lateral stresses a: and a~ a re applied through rubber bags and the 

vertical stress, a: by raising (for compression tests) or lowering ( for exten

sion tests) the platform of the loading machine at a deformation rate of 12 
per cent of the specimen height per hour. Reinforced rubber bags (with 

sponge pieces) were used only in the x-direction when a~ was higher than 

0'~ • In the description that follo ws, ib may be noted that rubber bags 

without reinforcement were used both in x - and y-directions only when 

a~ = a~ . For comparison, reinforced rubber bags in x-direction were 

l, also used when a~ 

Series A 

Tests were carried out in axisymmetrical condition to compare results 
obtained from the UTA with those from the conventional triaxial apparatus. 
In these tests rubber bags without reinforcement were used. The specimens 
of various porosities were consolidated to the following sets of pressures in 
x-, )'· and z-directions : 

(l.) , ' ' 
O z_ = CJV = az = 2.05 kg/cm2 

(ii) < == a~ = 2.05 kgfcm2
; cr: = 4.10 kg/cm2 

After consolidation was over, a: was then increased during shear to cause 

fajJyr~ 9f tb~ specimen and, u: and a~ wet:e kept constant at 2.05 kgfcm2
• 
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FIGURE 4 Post-shear sample: Series E- plane strain test n, = 33.8 per cent 

Series B 

The sp~cimens were consolidated to the following sets of pressures in 
x·, y-, and z-directions : 

, , , 
a (j 'V az z 

(i) 2.76 2.05 2.05 (kg/cm2) 

(ii ) 3.47 2.05 2.05 (kgfcm2) 

(iii) 4.17 2 .05 2.05 (kg/cm2) 

The failure was caused by increasing a: , after consolidation, maintaining 

a: and a~ constant. In this Series reorientation of principal stress direc

tions took place during shearing. During consolidation a: was the major 

principal stress but at failure o-: became the major principal stress thus 

reorientation of the major principal stress from x- to z-direction occurred ).... 
during shearing. 
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TABLE 1 Co~solidatlo~ Pressures In Varlo•s series of Tests in 
Umversal Tnaxial Apparatus 

Consolidation pressure 
kg/em• 

Ser"e; 

0~ 
, 

0 11 a~ 

A 2.05 2.05 2.05+ 
2.05 2.05 4.01 + 

8 2.76 2.05 2.05t 
3.47 2.05 2.!'5t 
4.17 2.05 2.05f 

c 2.76 2.05 4.10t 
3.47 2.05 4.10t 
4.17 2.05 4.10t 

D 2.05t 2.05 2.0St 

E 2.0St 2.05 2.0St 
2.05t 2.05 4.10t 

F 6.28 6.28 6.28 + 
6.28 5.51 6.28.1. 
6.28 4.88 6.28+ 
6.28 4.17 6.28 ,&. 

Not.:s: (i) Stresses marked with t were increased and those with • were decreased 
during shear a fter consolidation. 

(fi) Rubber bags ill.J'·direction were alwaYs without sponge reinforcement. 

(iii) Tests in Series A were conducted using rubber bags with and without 
J.. sponge reinforcement in x·direction. 

(iv) Rubber bags with sponge reinforcement in x·direction were always used , , 
when o.., > a¥ • 

Series C 

The specimens were consolidated to the following sets of pressures : 

, , , 
a., a" a. 

(i) 2.76 2.05 4.10 (kg/cm2) 

(ii) 3.47 2.05 4.10 (kg/em1) 

{iii) 4 .. 17 2.05 4.10 (kgfem1) 
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The failure was caused in a similar manner as in series B, i.e. , by increasing 
. • I 

a' after consolidation and keeping a' and · a' constant. Since a' was z o: II z 

either equal to o'r greater .. t.han -a~ when- sheaiing of" 'speCirrien Si'a'rted,- ~ 

reorientation of principal stres~ directions did not .take place in t h is series. 

Series D 

In th'i~ series specimens were consolidated isotropically (i.e. a~ = a~ 
. . - - . . -

a: = .7-05 kgfcm2) and failur,e was caused by i.J;lcreasing both a: apd a; . 
} • I ~ ' \ ~ f t 1 

1 
1 

The s.ires~ a' was increased by raising the self-compensating mercury pot 
• ' X . . I 

at su~h" a uniform rate that, as far as po~sible, the desired pres.sure is 
attained . in x-direction at · failure and thereafter kept constant durmg the 
remaining stage of shearing. 

t ;_. . ; .. 
:f ' ~ ; I' •• 

SeriesrE · '·' ' I··· 

Speci-mens were con_solidat~d- to the fQilowing pressures and then 
sheared under pla ne stram condition : 

•i I • •/!. •?' .'d I 

'( "' · ;-,. ~ ·f·'O.~. 

(z) a~ = a: = a; ;_?:05 kg/cm
2 -- ~ ' 

(;,~~·~ G~ = a~ = 2.05 kgfcm2
; u: = 4.10 kgfcm2 

~~ ·;~ ~:·J 

During shearing both a; and a; were increased . The stress ax was 

. increased . by, ~~isi.IJ.g se1f-po~pen~~~ P.~ ;m~.r.~_UfY :pot · ir: · suk4 .. a. ,~1J~n ne r tp,~~ 
no deformatiOn was allowed In the .;,~;;direc.tion · ;( 1t ·may, be, noted that 
deformation was permitted in x-direction during consolidation) . 

y.- • ··• 1l•!."Y: ~ ...... r '..,•· ll• ' :'.:;I ; lt> :;r~ ... .,.,.,, qf~Ji"\.~'F!, f1l ::. ···! , ! ': ' I 1\ 

Se';ies F , , . >:., .; 1, •• •, · . , ·.r i:i} I·-.L·~ · · • ·".-:' , ,.~ .,_ } , : :. • 1 

These were extension tests in ~hich. ;~e:ci~en; ~~e-re ·~~ ~~s~ii.dated to the ,1.. 
' followin~ pres·sures' ·:·:: .,, ' · .,, ... *'·''· :·1. : .. : · · ~~~~·.:.· ·· .. ; '.J1J i ., 1 

, 
a z 

(i) 6.28 6.28 6.28 

· .· :.r· (i/,} .16.2&,., .;.,.;. •· .· , 5~57 ·· : i .• ... , . . 
1

, · •• 6,~8 , :· Jkg/cm2) 

(iii) 6.28 4.88 6.28 (kgfcm2J 

(iv) 6.2S . ' 4.17 6.28 ·· · (kgfcm2) 

. ·,. 

shearing "w:rs 1:-~.Used by d~dreasing a' ana maintaining ,_;, an(,d'; I z v., a
11 

cons-

tant. Atr1fa\1ifre a; th{i~ .1'became the . minor princip-~1 ' stres's and a' the ~ 
X 

major QJi~~~.~lJ.:t stress. t • ;, , , · · ., 
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Tests in the Conventional Triaxial Apparatus 

,. Series H · ' 

C01:npression tests on cylindrical specimens of 10.15-cm:dia. and 20.30 
~~ . hetght ~ere conducted . in the conventionaf(ri~[dal :apparatus. The 
m1tl~l porosity of the specimens r~nged from 34.0 to 39.5 per cent. The 
spectmens of Ottawa sand were isotropicallY consolidated to three different 
cell pressures 1.0, 2.0 and ·3.0 kgfcm2• · AH the cylindrical specimens were 
sheared at a deformation rate of 12 per cent per hour. .. ":' -

Discussion of Test Results • . •: .- t -:.. p . .:· • 

Comparison of Axisym~etric Compression Test Results f~om CT A and UTA 

In order to judge the performance of the universal triaxial apparatus 
(UTA), the test results under axisymmetric conditions wj ll be compared 
with those obtained from the conventional triaxial apparatus (CTA) which 

;.. has been in use as a standard apparatus for simplicity of its operation. 
The limitations of the conventional triaxial apparatus: are well known. 
Bishop and Green (1965) demonstrated that the peak strength and volu
metric strain rate at failure for short sample (height to dia·meter ratio 1 : l) 
with adequately lubricated platens was the same as that of a conventional 
2 : 1 sample with rough platens at each· end of the specimen. They also 
observed that both the axial strain and dilation of 1 : r sample adeqp.ately 
lubricated; . were ·g·reatet· i"n·.· rriagnitud,e , ·gufQ, · tM.§.e~ t:er. p6:nyentional '2 : 1 
sample at the same porosity and that the stress-strain curves for the two 
types of samples were not-the s.ame. · -

Stress-Strain Characteristics- The stress-strain and volumetric strain 
curves for typical dense a.nct: me.d.Ium- deUS..e ~ample · of Ottawa sand 
tested in the CT A and in. the UTA. are shown· in Figures 5 and 6. 
The early part of the stress-strain curve of the:. cylin~rical sample is 
slightly steeper than that of the cubical sample of almos t similar initial 

1 porosity. The cylindricaF sample· fails ) tt a lo.wer axial strain compared 
.A. to cubical sample. Nevertheless; the observed strength~. of both sampl~s 

are almost identical. The greater- . steepness of the ax1al stress-stram 
curve and the lower axial strain .of -the cylindrical samples compared 
to cubical samples could be accounted for non-uniform stress and strains 
near each end of the cylindrical sample caused by the end restraint due 
to rough platens. : · 

Peak Strengths-The variation of peak strength.of cylipdical and cubical 
samples of Ottawa sa nd over a complete range of initial porosities is shown 
in Fi.gure 7· Ther~ ap1.'ears to be ljttle difference in the. strength-porosity 
relatwns htps of cyltndncal apd· cub1eal samples: The m ean curve of cubical 
samples gradually diverges from- the mean curve of cylincfrical samples and 
shows a n increase of approximately- 1 o for the loose samples when the 
results are compared Independently. Gonsidering the .scatter generally 
observed with the loose samples it could be concluded that the strenath
porosity relat ionship of the cubical sampJes (w-ith a9cquate lubrication) 
tested in the UTA ·under axisymmetric conditions is almost identical with 
that of the cylind rical samples (with r6ugh porous stones at each end) 
test~d in.Jhe CTA. . , .· , .,, . , . . 

.• ~ •·• 1 • ~ o: r- ~ • r ; ·. ' 
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n;. ~ 

•;. 
CO-H4 34.0 CTA 

2 1.()-A 1 33.10 UTA 

FIGURE S Comparison or stress-strain TOiume change characteristics of dense samples 
of Ottawa sand under axisymmetric compression In CTA and UTA 
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fo'IGURE 6 Comparison or stress-strain volume change characteristics of medium dense 
sample of Ottawa sand under axisymmetric compression in CTA and UTA 
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Initial Porosity, n;, Percent 

FIGURE 1 Comparison of peak strength of Ottawa sand in CTAand UTA in 
axisymmctrlcal compression 
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Axial Strains at Failure-It may be seen from Figure 8 that the axial 
strains at failure for cylindrical and cubical samples of Ottawa sand are 
not similar. The axial strain to failure for the dense cubical sample 
adequately lubricated is approximately twice that obtained for a 2:1' 
cylindrical sample with rough platens and is about 1.5 t ime for the 
loose samples. As pointed out earlier that the lower axial strain at failure 
of the cylindrical sample compared to cubical sample might be due to the 
end restraint in the cylindrical sample causing non-uniform stresses and 
strains. End restraint seems to introduce certain degree of brittle nature 
of failure in the specimen. 

Volumetric Strai11 Rates at Failure- The volumetric strain rates 
(defined as the slope of the volumetric strain-axial strain curve) at 
failure for both cylindrical and cubical samples of Ottawa sand plotted 
against the initial porosities are shown in Figure 9. The points corres
ponding to the cyiindrical samples lie closer to the mean curve of the 
cubical samp:es. This indicates that the rate of dilation (with respect 
to the major principal strain) is almost similar for both cylindrical 
samples (in CTA) and cubical samples (in UTA). 

The relations~ips b~tween the ~aximum angle of shearing resistance 
and the volu!lletn.c stratn rate at fa1lure for cylindrical and cubical samples 
are s~own tn Ftgure 10. In each case a straight line is obtained with 
v~ry little scatter but the mean curve for the cylindrical samples gradually 
d!ver~es from the. m~an curve for the cubical samples as the initial poro
Sl~Y Incre~ses. ~hts ts due to the fac~ that slightly higher value of peak 
strength Is obtained for the loose cub1ca! sample (in UTA) than that for 
the cylindrical sample (in CTA) of the same initial porosity. 
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FIGURE 8 Comparison of axial strains at failure of samples of Ottawa sand under 
axisymmetric compression in CTA and UTA 
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FIGURE 10 Relationship between maximum angle of shearing resistance and volumetric 
strain rate at f;~ilure of samples of Ottawa sand under axisymmetric 
compression in CTA and UTA 

It has thus been demonstrated that in the case of compression tests 
under axisymmetric conditions, practically identical results in terms of the 
peak strength and the volumetric strain rate at failure are obtained from 
the conventional triaxial apparatus and the universal triaxial apparatus over 
a complete range of porosities. The steeper stress-strain curves and the 
lower axia l strain at failure of the conventional 2: I cylindrical sample with 
rough platens compared to .adequat~Iy lubricat~d. cubical sample in the 
UTA are attributed to the d1tference m end cond1t10ns. 

Tests in the UTA Under General Stress System with Different Stress Paths 

In this section the results of drained compression, p lane strain and ex
tension tests conducted on cubical samples of Ottawa sand with different 
stress paths are presented for the complete porosity range varying from 
dense (n;=33.5 per cent) to loose (n; = 38.0 per cent). Detailed discussion 
on the resul ts of plane strain tests will be presented in a separate paper. 
The consolidation pressures in various series of tests and the stresses which 
were inc rea sed o r d ecrea sed to produce fa ilure have a lready b een discussed 
earlier. 

Stress-Strain Characteristics-The stress-strain curves obtained from 
compression tests (Series B, C and D) and Extension tests (Series F) 
on dense samples of Ottawa sand are shown in Figures 11 through 14 
with a view to examine influence of the intermediate principal stress 
in each series of tests individually. Tempora rily disregarding the small 
difference in the initial porosities of the samples, it may be seen that in 
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FIGURE 11 Influence of intermediate principal stress on stress-strain characteristics 
of dense samples of Ottawa sand in Series B 

the compression tests (Series B, C and D) the initial slope of the stress
strain curve increases with increasing value of the intermediate principal 
stress and the curve drops off more rapidly after the peak. The peak 
strength increases and the axial strain, t z, at failure decreases with 1 
increasing intermediate principal stress. The ratio of the intermediate 
principal strain, f x , the major principal strain, t z, continually decreases 
wheraas the ratio of the minor principal strain, ty, to the major principal 
strain, f , , continually increases with increasing value of the intermediate 
principal stress. Similar behaviour is also seen from compression tests on 
medium dense and loose samples of Ottawa sands. 

In the extension tests (Series F), the initial slope of the stress-strain 
curve (Figure 14) ·increases with decreasing value of the intermediate 

principal stress [b = (a~ - a; ) f ( a; - a~ ) decreases from being equal 

to 1.0 to approximately equal to 0.6]. This is in contrast to that seen 
in compression tests (Series B, C and D) in which the initial slope of 
the stress-strain curve increases as the value of b increases. This difference 
in behaviour of stress-strain curves is due to the stress path followed in 
extension (mean normal stress decreasing) and compression tests (mean 
normal stress increasing), But their is similarity when considered from the 
point of view of changing stress conditions from axisymmetric to more 
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FIGURE 12 Influenc ~ or intermediate pr[ncipal stress on stress-strain characteristics of 
dense sampleJ of Ottawa sar.d in series C 

unsymmetric one. Similar behaviour is also seen in extension tests on 
medium dense and loose samples of Ottawa sand. For a given density, 
the axial strain to fdilure decreases as the stress conditions change from 
axisymmetric (b = 1.0) to more unsymmetric (b ::::::; 0.6) similar to that 
observed in compression tests in the region b = 0 to b = 0.3. 

In Figures 15 and 16 are shown the stress-strain curves from tests on 
respectively dense and loose samples of Ottawa sand having attained 
almost the same peak strength in Series B. C and D. There is slight 
difference in the initial porosities of samples selected for compression and 
the values of b at failu re are abo different. It may be seen from these 
cur~es th~t despite having almost . the same peak strength the stress
steam (ax1a l) curves and the resultmg lateral strains are influenced by 
the stress path followed in series B, C and D . The early part of the 

stress-strain curve from series C ( cr; I a: = 2 during consolidation) is 

steeper than that obtained from series B and D in which the ratio 

a: / cr~ was equal to one during cosolidation. The sample in Series C 

dilates more compared to the samples in Series B and D. 
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FJGURE 13 Influence of intermediate principal stress on stress-strain 1 
characteristics of dense samples of Ottawa sand in Seri~s .A. 
D (all samples were isotropically consolidated to an all-
round pressure of 2.05 kg{cm2) 

Peak Strengths 

The peak strengths from tests in Series A, B, C, D , E and F have been 
adjusted to correspond to initial porosities of 33.5 per cent (dense), 
36.5 per cent (medium dense) and 38.0 per cent (loose) by interpolating 
between the slopes of peak strength-initial porosity curves (not presented 
here). These interpolated peak strengths have been plotted against bin 
Figure 17 for dense, medium dense, and loose samples. An approximately 
linear increase in peak strength is obtained for samples of a given porosity 
until a value of b approximately equal to 0.30 is reached. The influence of 
stress path on peak strength of dense samples for values of b at failure 
beyond 0.1 is clearly indicated in Figure 17 ; for the same value of b, the 
peak strength from series D is lower than that obtained from Series B and 
C. In the case of medium dense and loose samples, the peak strengths are 
found to be relatively unaffected by the stress path followed. Other 
investigators (mentioned in the next paragraph) have also suggested that 
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FIGURE 14 Influence of intermediate principal stress on the 
stress-strain characteristics of dense samples of 
Ottawa sand in extension tests (series F) 
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for drained tests on sands with monotonically increasing shear stresses 
under the relatively limited conditions so far investigated, the peak str~ngth 
may be independent of the stress path followed. The value of b at fatlure 
in plane strain tests is found to increase with increasing porosity. 

1 The increase in peak strengths of sands when the intermediate principal 
" stress increases from being equal to the minor principal stress to the value 

required to maintain conditions of zero lateral yield (plane strain) has 
also been observed by other investigators using different types of apparatus; 
see Bell (1965), Bemben (1967), Esrig and Bemben (1965), Ko(l 966), Ko 
and Scott (1968), Lomize and Kryzbanovsky (1967), Lomize, Kryzbanovsky 
and Vorontsov (1969), Malyshev and Fralis (1968), Green (1 969 and 1971a), 
G reen and Bishop {1969), Mesdary {1969), Sutherland and Mesdary ( 1969), 
Dyson(l970), Reades (1972), Lade and Duncan (1973), and Ramamurtby 
and Rawat (I 973). 

It may be seen from Figure 17 that as the value of b increases from 0. 3 

the peak strength continually decreases and at b = 1 ( i e a' = a' ) • ., 1 2 

the extension peak strength is almost identical to that obtained at b = 0 

-{ (i.e. a; = a; ) in compression tests. There appea~s to be significant 

divergence in the results obtained by various investigators using different 
type of apparatus in the region b equal to that corresponding to plane 
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FIGURE 15 Influence of stress path on stress-strain-volume change 
characteristics of dense samples of Ottawa sand 

strain condion to b = 1.0. Some researehers have found that the strength 1 
near b = 1 is approximately equal to or greater than that in a plane strain 
test (Ko, 1966; Ko and Scott, 1967, 1968; Lomize & Kryzhanovsky, 1967, 
Green, 1969, 197la; Green and Bishop, 1969, Bishop 1967a; Reades, 1972; 
Lade and Duncan, 1973) while others have obtained a reduction in strength 
as b-+1 (Malyshev and Fralis, 1968; Mesdary, 1969; Sutherland and 
Mesdary, 1969; Mesdary and Sutherland, 1970; and Sutherland, 197 1). 

Reades (1972) observed the marked difference in peak strength due to 
variation in the method of loading in the region 0.6 < b < 1.0. His 
results oftests on loose samples are reproduced here (Figure 18). It may 
be seen that the peak strengths from the tests with both pairs of rigid 
platens closing (mean normal stress increasing) increase as the value of b 
increases from b ::::; 0.6 whereas the peak strength decreases from the tests 
in which the axial stress is reduced (mean normal stress decreasing) to failure. "-
The latter stress path in which the major principal stress was reoriented to r 
a horizontal direction was similar to that used by Mesdary (1969) and also 
used in the present investi~atioQ. Thus, it caQ be concluded thM 1.\nd~r 
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1 similar stress path (mean normal stress decreasing), the peak strengths 
decrease as the value of b increases from 0.6 to 1.0. The results of present 
investigation conform to this peak strength-b relationship in the region 
b = 0.6 to b =z 1.0. 

Linear Strains at Failure 

The interpolated values of axial strains, Ez, at failure corresponding to 
initial porosities of 33.5 per cent (dense), 36.5 per cent (medium dense) a nd 
38.0 percent (loose) are plotted against band shown in Figure 19 the value 
of Ez at failure decreases wi th the increasing value o f bat fai lure in th e region 
0 < b < 0.30. There is a marked difference in the values of Ez at failure 

in Series Din which both a; and a: were increased during shearing and 

-1 those from Series B and C in which only a; was increased to failure. This 

clearly demonstrates the influence of the stress path of the axial strains Ez at 
failure. When the mean curve from Series D is extrapolated to intersect at 
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b = 0 axis, the value of Ez is found to be about 1.4 times of the value for tests 
under axisymmetric ~onditi~ns. Green (1969, 197la) found that the extrapo
lated value of the axtal stram fo_r a dense sample in the independent stress 
control (ISC) apparatus was twice the value measured in a test at b=O. On 
the other hand, Rea des ( 1972) using the same ISC apparatus found close 
ag~eement between dense sat? pies (after applying correction for axial platen 
r~tlo) a_s b-:+0. and co~presst~n tests _at b= O. Reades pointed out that the 
disconttnUity 10 the axtal ~tra10 at failure curve might perhaps be due to 
a change in sample behaviOur between b = 0 and b = 0. I 5. For extension 
t~st s in the. region. b = 0.6 to b_ = 1.0, i~ may be seen that for a given poro
Sity, ~he _ax.tal stratn Ez (e_xpanstve~ at fatlure increases with increasing value 
of b 1.e. It ts more for axtsymmetncal extension test than in unsymmetrical 
case. For the same value of b at failure, as the initial porosity of the 
sample increases, E z at failure also increases. 

The interpolated values of lateral strain, Ex, at failure in x-direction are 
plotted against b and shown in Figure 20. At failure Ex decreases with 
increasing value of bat failure and this curve meets the points correspon
ding to plane strain tests (Series E) in which no deformation in x-direction 
was permitted (i.e. Ex=O). For the same value of b a t failure, the value 
of Ex at fai lure in Series D is slightly more than those from Series B and C 
for medium dense and loose samples. For extension tests in the region 
b = C.6 to b= 1.0, the linear strains E., (compressive) at failure are fo und 
to decrease s lightly with increasing b. 

The plots (Figure 2 1) of the lateral strains, Ey, at fa ilure in y-dircction 
versus b indicate that in Series B and C, the lateral strain t y at failure first 
increases with increasing value of b up to about 0.1 and then decreases 
with fur ther increase in the value of b. The influence of the stress path 
is clearly indicated by the greater values of Ey at failure in Series D compa
red to those from Series B and C at the same value of b at failure. The 
extrapolated values of EY at failure are also greater than those for axisym
metric compression tests at b= O. Comparison of linear strains EY 
(compressive) at failure in extention tests (Series F) indicates that as b 
increases from b = 0.6 to b= 1.0, EY also increases. For the same value 
of b at failure, EY increases only slightly with increasing initial porosi ty. 

Volumetric Strains and Volumetric Strain Rates at Failure 

Figure 22 indicates that for dense and medium dense samples the volu
metric stra ins decrease with increasing value of b at failure in compression 
tests whereas in the case of loose samples the volumetric strains remain 
essentially co nstant upto b=O.l and then decreases as the value of b at 
failure increases further u p to 0.3. The extrapolated values of volumetric 
~train ~ a t failu~e in Series I? are again greater than the corresponding values 
In ax•symme.trtc c o.mpressiOn tests at b = 0. In exte n sio n test s (Ser ies F) . 
the -volumetnc strams at failure increase with increasing value of b for 
dense samples but remains almost constant for medium dense and loose 
samples. 

For medium dense and loose samples the volumetric strain rates at 
failure (with respect to axial strain Ez) are essentially constant in the region 
0 < b < 0 3 (Figure 23) while the peak strength increases. But in the 
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FIGURE 20 Comparison of lateral strain in x-di rcction at fa ilure for dense (ni = 33.C%) 
medicm dense (n;= 36.5% ) and loose (n; = 38.~% ) samples of Otlawa sand 

case of dense samples the volumetric strain rates increase almost linearly 
from h=O to b = 0.3 . This is i n contrast wi th G reen's hypothesis (based 
o n his results on dense samples in the JSC apparatus) that there would be 
virtually no change in the dilatancy rate in the region 0 < b < 0.3. H ow
ever, the resu lts of tests on medium dense and loose samples in UTA 
substantiate Green's hypothesis in the region 0 < b < 0.3. There appears 

~ to be no influence of the intermediate principal stress on the volumetric 
strain rates in the region b:=:0.6 to b = 1.0; the volumetric strain rates are 
constant while the peak strength decreases. 
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Ratio of Octahedral Shear Stress and Octahedral Normal Stress 

In the corilpres~ion tests, the ratio of octahedral shear stress (-roct) to the 
octahedral normal stress ( <Joct) at failure is found to decrease with increasing 
initial porosity and with increasing intermediate principal stress. A 
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FIGURE 22 Comparison of roll!mctric strain at failure for len~e (11;= 33.5 % ), mcd:r m 
dense (ni=36.0 X ), and loose (ni = 38.0%) samples of Ottawa sard 

typical set of curves for Series B is shown in Figure 24. This ratio inter
polated to correspond to initial porosities of 33.5 per cent, 36.5 per cent 
and 38.0 per cent is p loltted against the octahedral shearing strains at failure 
in Figure 25. It may be seen that for a given porosity, a unique relation
ship is obtained between the ratio ( -roct/ croct) at failure and the octahedral 
$hearin~ strain (roct) at failure. 
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In the extension tests (Series F), the ratio (-roct/aocr) at failure is found to 
decrease with increasing porosity and with increasing intermediate pri ncipal 
stress (Figure 26) as found in compression tests. This ratio extrapolated 
to correspond to initial porosities of 33.5 per cent, 36.5 per cent anci 38.0 
per cent is plotted against corresponding octahedral shearing strains roct in ).
F igure 27. It may be seen that irrespective of initial porosities of samples, 
the ratio ( -rocr/ a ocr ) is uniquely related to octahedral shearing strains roct at 
failure. This relationship differs in two respects from that obtained from 
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compression tests in the region b = 0 to b =- 0.3. In compression tests 
/ the mean curves of ( Tocr/aoct)J and (rocr)J relationship for different initial 

...,. porosities are almost parallel to each other and the slopes of the mean 
curves are positive. Whereas in extension tests only one mean curve 
defining the relationship between the ratio ( 't"ocr/aocr)J and (roct)f is obtained 
for the entire porosity range and that the slope of this line is negative 
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failure in extension t~sts (Series F) 

indicating t hat the ratio ( -rocr/aocr)J ~t failure decr~ases as t_he octahedral 
shear strain at failure increases. This signifies the d tfference m stress path 
followed in compression (mean normal stress increasing) and extension 
tests (mean normal stress decreasing). 

The ratio (-ro('t/aocr) at fai lure for each test is plotted against the 
corresponding maximum angle of shearing resistance tfo' in Figure 28. The 
corresponding values of b at fai lure are also labelled with the test points. 
The curves for values of b = 0.0, 0. 1, 0.2, 0.3 and 0.4 a re then drawn by 
interpolation. It is seen that in compression tests, for a given value of b 
at failure, a unique relationship between the ratio ( -.,.cr/aou) at failure andl 
the maximum angle of shearing resistance is obtained which is independent 
of the stress path foll owed during shearing for the entire range of the 
initial porosities. For ex~ension test s, irrespective of the values of b at 
failure, a similar relationship between the ratio (-rocrfcr ,cr)Ja nd tfo' is obtained. 
The mean curve from this plot seems to be almost parallel to the curve 
corresponding to b = 0.4 from the compression tests. 

Conclusions 

The following conclusions are drawn from this research programme : 

i 

1. The modifie~ universal triaxial apparatus incorporates simple design 
features and offers 1ndepe~dent ~on.trol of the three principal stresses and 
mea~urem~nt <?f the resulhng pnnc1pal strains. The 7.6 em cubical soil 
specimen m tillS apparatus deforms freely without any interference from 
the par ts of the apparatus. ~ 

2. In the case of compression tests under axisymmetric conditions 
practicalfy identical results in terms ·of the peak strength ·and the volumetr!~ 
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strain rate at failure are obtained from the conventional triaxial apparatus 
and the universal triaxial apparatus over a complete range of initial 
porosities. 

The steeper stress-strain curves and the lower axial strain at failure of 
the conventional 2:1 cylindrical sample with rough platens compared to 
adequately lubricated cubic~! sample in. t.he universal triaxial apparatus are 
attributed to the difference tn end condttwns. 

~ 3. An approximately linear increase in the peak strength is obtained for 
samples of a given porosi ty when the intermediate principal stress increases 

from being equal to the minor principal stress [i. e., b = (a; - a~ ) f 
(a: - a~. ) = 0] to the _v.alue required. to maintain the conditions of 

plane strain and then the peak strength continually decreases to its original 

value at b = 1 (a: = a: ). It is observed that the stress-strain curves, 

the linear strains and the volumetric strains ·are influenced by the stress 
path followed. The ratio of octahedral shear stress to octahedral normal 
stre~s at fa~ lure is found to .be uniquely related ~o the octa hedral shearing 
stram at failure and the maximum angle of sheanng resistance, ¢/ . 

4. The discontinuity in the behaviour of sand in changing over from 
..{ compression to extension tests needs further investigation by conducting 

the tests in which the mean normal stress is continuously increasing up to 
b = 1, and the other tests in which the mean normal stress is continuously 
decreasing from b = 1 to b - 0. 
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• Notation 
The following symbols are used in this paper : 

b 

~v 

~VfV 

tfo' 

change in volume of the sample 

_ volumetric strain measured from the end of consolidation j_ 

effective angle of shearing resistance 

a: , a~ , a: _ major, intermediate and minor principal effective stresses 

respectively 

To,._t 

= principal effective stresses in z, x anj y directions 

respectively 

- octahedral normal stress = I /3 ( a: + a: + a~ ) 

- octahedral shear stresses 

E~t €
1

, €3 major, intermediate and minor principal strains respec
tively 

Ez, Ex, E;y principal strains in z, x andy direction respectively 

ro,·t - octahedral shear strain 

= h / [(€l-€2)2-I-(E2- €a)2 +(€2 - €1)
2] 

Subscript f denotes 'at failure'. 

All strains are engineers' strain based on conditions at the end of 
consolidation. The volumetric strains and the volumetric strain rates were \ 
calculated from the change in burette readings. The octahedral shear r 
strain (ron ) was computed using the measured strains (€..-, E;y, Ez) in x , y and 
z directions. 
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