NEW METHOD FOR DETERMINATION OF
TENSILE STRENGTH OF SOILS

H. Y. Fang and W. F. Chen, Department of Civil Engineering, Lehigh University

This paper describes a new and simple test technique for determining the
tensile strength of soils. A cylindrical soil specimen is used by applying
two steel punches at the center on both top and bottom surfaces of the
specimen. Based on the perfect plasticity theory, a simple formula for
computing the tensile strength of soils is developed. The fundamental re-
lationship between tensile strength and environmental variables is exam-
ined. The comparisons of tensile strength determined from double punch
tests and split tensile tests for various materials including concrete,
mortar, and bituminous concrete are presented. It is concluded that the
double punch test could be used easily for both laboratory and field to de-
termine the tensile characteristic of soils.

eTENSILE STRENGTH of soil is one of the important strength parameters in the field
of soil mechanics. However, engineers often consider that the tensile strength of soil
is assumed to be zero because it is a relatively small value compared with compres-
sion strength and because of the lack of a satisfactory measuring technique.

The importance of cracking failure related to the tensile strength of materials in
many highway pavements and earthfill dams has been given considerable attention in
recent years. Leonards and Narain (ﬁ) developed a laboratory measuring technique
to measure the tensile-bending stress of soil by use of clay-beam and to predict the
cracking behavior of earth dams. George (10) has applied the theory of brittle frac-
ture to evaluate the cracking growth and the effects on stabilized soil-cement.

For measuring the tensile strength of material, the split tensile test has been
widely used for concrete (1, 5, 20) and has been extended to measure the tensile
strength of bituminous concr eleT 15), lime-stabilized soil (16), and soil-cement
(12, 13). Tschebotarioff et al. (18) and Winterkorn (19) have used a modified Briquet
Gang Model type to measure the fensile strength of various clay minerals. Recently,
Chen (7, 8) proposed a double punch test that has been suggested as an alternative test
method for determination of tensile strength of concrete.

The purpose of this paper is to develop both theoretically and experimentally the
application of a double punch test to cohesive soils, which includes (a) development of
an equation based on the perfect-plasticity theory that the tensile strength of soil can
be computed; (b) development of the fundamental relations between tensile strength
and environmental variables; and (c) comparisons of tensile strength results deter-
mined from double punch tests and split tensile test for various materials including
concrete, mortar, and bituminous concrete.

DESCRIPTION OF DOUBLE PUNCH TEST

Using two steel discs centered on both top and bottom surfaces of a cylindrical soil
specimen, the vertical load is applied slowly on the discs until the specimen reaches
failure. The tensile strength of the specimen can be calculated from the maximum
load by the theory of perfect plasticity. Schematic diagrams and photographs of the
double punch test are shown in Figures 1 and 2.
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Figure 1. Schematic diagram of a double punch test.

The effect of the sample size and the dimensions of the disc have been studied by
Hyland and Chen (11). Based on the test of concrete and mortar, they have found that
the effect of height-to-diameter ratio and disc size on the tensile strength is approxi-
mately a linear relation. Fang (9) has found that a height-to-diameter ratio of the
specimen varying from 0.8 to 1.2 and a ratio of diameter of the specimen to the diam-
eter of the disc varying from 0.2 to 0.3
are suitable for this test. For conveni-
ence, the Proctor mold (4 by 4.6 in.) and
CBR mold (6 by 6 in.) with 1 in. and 1.33
in. (CBR piston) disc respectively are
recommended (9). For this study the
Proctor mold was used for preparation
of the soil specimen with a 1-in. diam-
eter disc. The disc should be rigid so
that no bending occurs during the loading
test.

THEORETICAL ANALYSIS

The theoretical basis of the formula
for computing the tensile strength of a
split tensile test has been derived from
the theory of linear elasticity (17). It
has the simple form

_ 2P
% = 7Ld (1)
where
ot = simple tensile strength, psi;
P = applied load, lb;
L = length of specimen, in.; and
d = diameter of specimen, in.

It has been shown recently by limit
analysis (7) that an identical formula of
the problem can also be derived from the
theory of perfect plasticity. A plasticity
treatment of the double punch test for the

(b) concrete has been developed by Chen (8),

and results for predicting the bearing ca-

Figure 2. A dduble punch test: (a) test setup; and pacity of concrete and rock are available
{b) modes of failure. (6, 7, 11). It would appear that the same
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Figure 3. Modified Mohr-Coulomb criterion.
Figure 4. Failure mechanism of a double punch
test.

theory should be applicable to the
soil double punch test because the
bearing capacity behavior for soils can be closely related to the bearing capacity be-
havior of concrete blocks or mortar.

The theory cited by Chen and Drucker (6) is based on two assumptions. The first
assumption is that sufficient local deformability of soils in tension and in compression
does exist to permit the application of the generalized theorems of limit analysis to
soils idealized as a perfectly plastic material. The second assumption is that a mod-
ified Mohr-Coulomb failure surface in compression and a small but non-zero tension
cutoff is postulated as a yield surface for soils (Fig. 3). In Figure 3, ay, ot, ¢, and
¢ denote the unconfined compression, simple tension strength, cohesion, and the in-
ternal friction angle of the soil respectively.

Figure 4 shows an ideal failure mechanism for a double punch test on a cylinder
specimen. It consists of many simple tension cracks along the radial direction and
two cone-shaped rupture surfaces directly beneath the punches. The cone shapes
move toward each other as a rigid body and displace the surrounding material side-
ways. The relative velocity vector 6y at each point along the cone surface is inclined
at an angle ¢ to the surface (6). The compatible velocity relation is also shown in Fig-
ure 4. It is a simple matter to calculate the areas of the surfaces of discontinuity.
The rate of dissipation of energy is found by multiplying the area of each discontinuity
surface by ot times the separation velocity 24, across the surface for a simple 'ten-
sile" crack or q,(1 - sin ¢)/2 times the relative velocity 6y across the cone-shaped
rupture surface for simple '"shearing" {6). Equating the external rate of work to the
total rate of internal dissipation yields the value of the upper bound on the applied load
P,

P 1 - sin ¢ %

_ u bH _
na® _ sinacos (@ +9) 2 T @n e + ¢)(az COta) ot (2)

in which « is the as yet unknown angle of the cone, a is the radius of the punch, and b
and H are the specimen dimensions (Fig. 4).
The upper bound has a minimum value when « satisfies the condition s P4/aa = 0,

which is 1
bH /2
—5 Ccos @
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valid for

and Eq. 2 can be reduced to

P bH
— =0, | — tan Q& + ¢) - 1 4
7Ta2 t [ az ( ) ] ( )

Using typical values of q, = 10 o¢ and ¢ = 20 deg, and assuming 2a = 1in., 2b = 4 in.
and H = 4.6 in., the upper bound has a miniraum value at the point where o = 14.2 deg,
and Eq. 4 gives

P =< P" = 7 (LL12DbH - a®) o (5)

It is found that the value of the coefficient 1.12, which appeared in Eq. 5, is not too
sensitive to the internal friction angle ¢. For example, ¢ varies from 0 to 30 deg and
the value of the coefficient varies from 0.84 to 1.32 respectively. The average value
of the coefficient is 1.08.

As concluded by Chen and Drucker (6), the upper bound solution so obtained is in
fact close to the correct values. It seems, therefore, reasonable to take

p
0‘ e —————— 6
t T (10bH - 29 (6)

as a working formula for computing the
tensile strength in a double punch test for
all soils.
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LABORATORY EXPERIMENTS

Specimen

Medium plasticity soil (liquid limit =
o8l L L L1 L L. 31, plasticity index = 10) was selected for
the study. Soil samples passed No. 10
LBl AL L R A e sieves and were air-dried. A 4- by 4.6-
in. Proctor mold was used for prepara-
Figure 5. Molded dry density versus molding mois- tion of the soil specimen. Specimens were
ture content. compacted in three layers with a 5.5-1b
hammer and 12-in. drop; 15, 25, and 55
blows per layer were applied. For the
double punch test the procedures were
followed as suggested by Fang (9_). One-
al- 5 Kl inch diameter steel discs were used as
shown in Figures 1(a) and 2(a). The rate
of load application was 2 in. per min.
Simultaneously, duplicated specimens
were made for the split tensile test (2)
and unconfined compression test (2, 3).

MOLDED DRY DENSITY, PCF

25 biows

Test Results

The load-deflection data and maximum
load were recorded for all tests, which
8 0 2 14 16 8 20 include double punch, split tensile and un-
MOLDING MOISTURE CONTENT, % confined compression tests. The test re~
sults are shown in Figures 5 through 10.
Figure 6. Tensile strength versus molding mois- The double punch tensile strength was
ture content. computed from Eq. 6 where b = 2 in,,

TENSILE STRENGTH , PSI
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TENSILE STRENGTH, SPLIT TENSILE TEST,PSI

H = 4.6 in., and a = 0.5 in. The split ten- Figure 8. Comparisons of tensile strength
sile stren’gth was calculated from Eq. 1 of soil determingd by dauble punch and
where L = 4.6 in. andd = 4 in. For both iz tensilertests.

equations, P is the maximum load for the
specimen. The cracking pattern for the
double punch testis shown in Figures 1(b)
and 2(b). The cone-shaped formation with 2- or 3-piece cracks is generally observed
for the soils.

Figure 5 shows the density-moisture content relationships with three compactive
efforts. Figure 6 shows the tensile strength versus molding moisture content with var-
ious compactive efforts and indicates that maximum tensile strength exists on the dry
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Figure 9. Comparison of tensile strength of various materials
determined by double punch and split tensile tests.
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Figure 10. Load-deflection curves.

side of the optimum moisture content. Figure 7 was interpreted from Figures 5 and 6
and indicates that, at higher moisture content, as density increases the tensile
strength increases slightly; however, at lower moisture content, as density increases,
the tensile strength increases sharply.

Figures 8 and 9 show the comparisons of the tensile strength determined by double
punch and split tensile tests. Figure 8 shows only one type of soil with various mold-
ing moisture contents and compactive efforts. However, Figure 9 shows the tensile
strength of soil comparisons with other materials such as concrete, mortar, and bitu-
minous concrete. Good agreement between two tensile strength test results is indi~
cated. Figure 10 shows the typical load-deflection curves for both double punch and
split tensile tests. For all the cases, the similar load-deflection patterns were found
for both double punch and split tensile tests.

SUMMARY AND CONCLUSIONS

1. The double punch test is a simple test and easy to perform. No additional
equipment is needed for the test, which could be tied in with routine CBR or compac-
tion tests.

2. Based on the plasticity theory, a simple equation (Eq. 6) has been developed for
computing the tensile strength of soils. This equation agrees both theoretically and
experimentally with the equation used for the split tensile test.

3. Higher tensile strength existed on the dry side of the optimum moisture condition.

4. When the cracking failure is significant, it is necessary to examine the tensile
strength of the material. The double punch test can be used for both laboratory and
field construction control.
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