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The Tensile Strength of Disturbed and Recompacted Soils

La résistance à la traction des sols remaniés et compactés

by G r e g o r y  P. T s c h e b o t a r i o f f ,  Dr. Ing., Professor o f Civil Engineering, Princeton University, Ed w a r d  R. Wa r d , C.E., 

Research Associate in Civil Engineering, Princeton University, and A l e x a n d e r  A. D e Ph i l i ppe , Assistant in Research and 

Graduate Student, Princeton University, Princeton, N ew  Jersey, U .S.A .

Summary

Montmorillonite, illite and kaolinite clays were tested both in uni

axial tension and in unconfined compression at water contents chosen 

to give the same value of the liquidity index for each clay. The nature 

of the clay mineral was found to affect considerably the strength and 

the strain values. The same type of tests was also performed on a 

montmorillonite clay mixed with sand and with ground feldspar of 

silt size. Up to a certain point the addition of sand increased the 

tensile strength of sand-clay mixtures as compared to that of the clay. 

The results of supplementary adhesion tests of the clay to flat and 

to spherical surfaces serve to give a tentative explanation to this 

phenomenon.

Sommaire

Des argiles composées respectivement de montmorillonite, d’illite 

et de kaolinite ont été soumises à des essais de traction uniaxiale et 

de compression simple, donnant à chacune de ces argiles la même 

valeur d’indice de liquidité. Il fut démontré que la composition 

minéralogique de l’argile a un effet considérable sur les déformations. 

Les mêmes essais ont été faits avec de l’argile composée de mont 

morillonite mélangée de sable et avec du feldspath de granulométrie 

équivalente à celle d’un limon. L’addition de sable augmente jusqu’à 

un certain point la résistance limite à la traction du mélange sable- 

argile par rapport à la résistance de l’argile pure. Les résultats des 

essais d’adhérence de l’argile sur des surfaces planes et sphériques 

expliquent en partie ce phénomène.

The knowledge o f the stress-strain relationships o f soils 

undergoing tension is o f importance for the further develop

ment o f  fundamental theories concerned with the strength 

characteristics o f soils, with the stability o f highway and air

port base courses and o f  earth banks, as well as for the study 

o f certain aspects o f lateral earth pressures against retaining 

structures (Tschebotarioff, 1951; pp. 171-174, 302-303).

During the first two decades o f  the development o f Soil 

Mechanics, more practically important problems had to be 

given precedence. However, recently som e attention has been 

paid to the study o f the tensile properties o f soils. Particularly 

noteworthy in this respect is the work done by R. H aefeli at 

the E.T.H ., Zurich (1951). His tests were at first performed 

by means o f  an apparatus which created centrifugal tensile 

forces in a reconsolidated soil specimen— the determination 

o f stress-strain relationships does not appear possible by this 

method. Later on he used a triaxial apparatus to subject soil 

specimens to tension whereby the fixation o f the ends o f the 

specimen was made by freezing (R. Haefeli, 1951). This freez

ing may have complicated the evalutation o f strains if such

were measured. Nevertheless Haefeli's work provided very 

important data on this hitherto neglected subject.

The present paper reports the results o f pilot tests o f the 

tensile strength o f disturbed and recompacted soils which were 

performed in 1951 at Princeton University under the sponsor

ship o f the Office o f N aval Research, W ashington, D .C . 

(A. DePhilippe, 1952). A  special apparatus, illustrated by Figs.

1 and 2 was designed and built for the purpose. The shape o f  

the soil mold is somewhat similar to the shape o f a briquette 

used for testing cements in tension. However, the pull is applied 

in a horizontal direction. The dimensions o f the specimen are 

very large, permitting the compaction by means o f  standard 

Proctor tampers. One end section o f  the soil mold is fixed and 

remains stationary during the entire test. The rest o f the mold  

is supported on ball bearing rollers permitting frictionless 

movement. The strain measurements are made on the central 

18-inches long test section after removal o f the side plates 

which are shown in place on Fig. 2. This central test section  

receives only line support during the test— (lines “A ”, Fig. 1, 

with ball bearing rollers at their ends). The intermediate sup-
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18" (45.7 Cm.) 18* (45.7 Cm.)

Fig. 1 A pparatus for U niaxial T ension Tests

A ppareil pour les essais de traction uniaxiale

ports used during soil compaction are lowered prior to the test. 

Thus there is no restraint whatsoever to the elongation o f the 

specimen in the direction o f the application o f the tension 

force, “ P ” .

Tests can be carried out either in the controlled strain (Fig. 2) 

or in the controlled stress manner ( Tschebotarioff\ 1951, p. 143). 

Corresponding compressive strength tests can also be carried 

out in the apparatus shown on Figs. 1 and 2. The results o f  

such a test N o. 1 (controlled stress) with a clay, type “ Pr” , 

are indicated on Fig. 3 together with three standard type com 

pression tests on 2.75 inches diameter and 6 inches high cy

lindrical sam ples.1) The almost identical shapes o f the stress-

strain curves, shown on Fig. 3, show that restraints in the 

apparatus (Figs. 1 and 2), if any, are quite negligible. N ever

theless further improvements can be made on this type of 

apparatus so as to eliminate even local lower boundary re

straints at right angles to the direction o f the pull “ P ” .

One natural soil (clay “ Pr”) and three clays com posed of 

clay minerals: montmorillonite, illite and kaolinite, respec

tively, were used for the tests. Their limits o f consistency are 

given in Table 1. A  sand “A ” and a ground feldspar were 

used in som e tests as admixtures. Their gradation is indicated 

in Table 2. The mineral o f the clay “ Pr” is kaolinite. The 

minerals and the feldspar were procured with the aid o f Dr. 

Hans F. W interkom  and Dr. R. E. Grim.

Fig. 3 Clay “ P r” . T est N o . 1: U niaxial C om pression in A pparatu s, 

Fig. 1. (1); (2); (3)— U nconfined  C om pression on  C ylindrical 

Specim ens

A rgile «P r» . Essai N o  1 : C om pression uniaxiale dans l’appareil, 

Fig. 1. (1); (2); (3) -  C om pression sim ple, échantillons cylin 

driques

Table 1 Consistency Limits of Clays Tested 

Type of Clay
Liquid

Limit

Plastic

Limit

Wyoming Bentonite 

(Montmorillonite)

540% 53%

Plasticity

Index

487%

Illite 60% 26% 34 %
Kaolinite 70% 32% 38 %
Clay “ Pr” 30% 23 % 7 0//O

Table 2 Gradation of Soils Tested

< 0.005 0.005 <  0.050 0.05 <  0.50 0.5 <  3.0 mm

Sand “A” 0% 0% 65% 35%

Ground Feldspar 14% 69% 17% 0%
Clay “ Pr” 13% 39% 41% 7%

Kaolinite 68% 27% 5% 0%

Illite 36% 49% 13% 2%

Bentonite 92% 8% 0% 0%

Fig. 2 Photograph o f  Apparatus, Fig. 1 

Photographie de l’appareil, Fig. 1

') 1.0 ton per sq .ft. =  0.975 kg/cm* as 1.0 kg/cm*

All tensile tests performed in the apparatus, Fig. 1, were 

accompanied by standard unconfined compressive strength 

tests on cylindrical specimens and were plotted in the manner 

shown on Fig. 4.

To permit som e comparison between the properties o f diffe

rent clay minerals, the tests were performed at the same value
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o f the liquidity index (Tschebotarioff, 1951, p. 66). Some ten

sion stress-strain diagrams o f this series o f tests are given on 

Fig. 5.

The duration o f the test was found to be o f considerable 

importance, as shown on Fig. 6 for bentonite clay. Both the 

strain and the strength in tension o f the bentonite decreased 

with the increase in time o f the test. An exception was test 

N o. 15, the bentonite for which had been mixed with water 

two months prior to testing and kept in a sealed air-tight jar.

Fig. 7 gives typical M ohr circles o f the three clay minerals. 

These refer to the same tests as the tensile stress-strain diagrams 

on Fig. 5. For the clay “ Pr” cp' reached the value o f 67°.

bentonite mixture as compared to that o f the pure bentonite. 

The maximum tensile strength obtained does not correspond 

to the maximum theoretical density which was reached during 

test N o. 20. In that latter test 20.6% of ground feldspar is 

included in the percentage o f sand. The values o f <p' (Fig. 7) 

for tests N o. 8, 9, 11, 13 and 20, referred to in Fig. 8, were 

9°, 16°, 19°, 39° and 56° respectively.

The comparatively high tensile strength of the illite clay 

(Figs. 5 and 7) may be attributed to a high percentage of par

ticles o f silt and o f sand size (Table 2).

The following auxiliary tests were made to check the possible 

causes o f the increase in the tensile strength o f the sand-clay
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Fig. 4 T ension  T ests N o . 5 and N o . 6 on  B entonite. (1) and (2) are 

the Corresponding U nconfined  C om pression T ests with C ylin

drical Sam ples

E ssais de traction N o  5 et N o  6, avec le bentonite. (1) e t (2) re

présentent les essais correspondants en com pression sim ple avec 

des échantillons cylindriques

TENSILE STRESS ( T /  FT ) 
CONTRAINTE DE TRACTION { KG/CM )

0 .2 0 .3  0.4_______ 0.5

Fig. 6 Effect o f  Changes in Test D uration (Bentonite)

Effet des variations de la durée de l ’essai (bentonite)
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Fig. 7 Typical Mohr Envelopes

Enveloppes typiques des cercles de Mohr

Fig. 5 T ension Tests on Several Clays

Essais de traction avec quelques argiles

The effect o f the admixture o f various percentages o f surface 

dry sand “A ” to bentonite is shown on Fig. 8. The water con 

tent o f the bentonite was kept constant. Within a certain range 

the addition o f  sand increased the tensile strength o f the sand-

es
? z

% BENTONITE

Fig. 8 Bentonite-Sand  

M ixtures

M élanges de bento

nite et de sable
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mortar through the addition o f sand. First two “ notch” ten

sile tests were performed. A groove iV' wide was cut into and 

completely around the specimen so that the cross-section o f the 

remaining soil was 1 -J-" x  3" instead o f the former 3" x  6". The 

unit tensile strength in the bentonite-sand “ notch” test was 

only somewhat larger than in the corresponding standard ten

sion test for the full cross-sectional area: the pure bentonite 

“ notch” test gave the same unit tensile strength as the standard 

tension test. These results are not sufficiently conclusive to per

mit final interpretation.

Some adhesion tests were then made. The force necessary 

to pull away the bentonite clay from a painted plaster o f Paris 

hemisphere o f 2.75" diameter was compared to a force required 

to pull the bentonite from a circular area o f the same diameter 

and material. It was found that the hemisphere, which has a 

surface area twice that o f the circle, provided a total adhesive 

resistance which was more than twice the total adhesion to the 

circle. The adhesive stresses were 0.19 ton per sq.ft. area of  

the sphere and 0.17 ton per sq.ft. o f the area o f the circle— the 

tensile strength o f the bentonite was 0.21 ton per sq.ft. at the 

same water content.

In adhesion tests o f bentonite to concrete, the adhesion 

varied from 0.13 ton per sq.ft. to 0.20 ton per sq.ft., depending 

upon the roughness o f the concrete.

Some tension tests were made with moist sand. Sand “A ” , 

at a water content o f  8.7%, had a tensile strength o f 0.003 ton 

per sq. ft. and a failure strain o f  0.03%. A  uniform quartz 

Daytona Beach sand (Tschebotarioff, 1951, p. 48), at a water 

content o f 5.5%, had a tensile strength o f  0.006 ton per sq.ft. 

and a failure strain o f  0.04%. A t a water content o f  10%, it 

had a tensile strength o f 0.008 ton per sq.ft. and a failure strain 

o f 0.07%. These values are indications o f the order o f dimen

sion only since they are close to the lower limit o f the sensitivity 

o f the apparatus and therefore are not entirely reliable (DePhi- 

lippe, 1952). Part o f  the tests were made with the help o f  a 

special grant o f the Eugene Higgins Trust Fund.

Conclusions

(1) The tensile strength o f clays depends to a considerable 

extent on the nature o f the clay mineral. The highest tensile 

strengths and the largest failure strains o f pure clays were ob

tained for the montmorillonite and the lowest for the kaolinite.

(2) The water content, the time elapsed between mixing and 

testing, as well as the rate o f tensile strain are among the fac

tors which affect the tensile strengths and the failure strains of 

clay soils.

(3) The addition o f  sand increased the tensile strength of  

the mixture up to a maximum o f approximately 50% over the 

strength o f  pure clay. The increase in the tensile strength of  

the mixture began to be appreciable only after a sufficient 

amount o f  granular particles had been added. The maximum  

increase in the tensile strength was reached prior to a stage 

corresponding to the maximum theoretical density.

(4) The greater adhesion o f  som e clays to sand grains—as 

compared to the tensile resistance o f the clay o f  an area equal 

to the cross-section o f the sand grains— may be the cause o f  

the increase in tensile strength when sand is added to clay.

(5) The addition o f sand increases the compressive strength 

o f the sand-clay mixture to a greater extent than it increases the 

tensile strength.

(6) The angles o f  internal friction o f som e natural clay 

minerals and o f sand-clay mixtures, when determined from  

Mohrs circles o f uniaxial tension and compression tests— (g>'),—  

are considerably higher than the angles usually considered 

probable.
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