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The testing program for compacted Vicksburg silty clay consisted of over 40 tensile
tests on specimens having different molding water contents and compaction efforts. Other
tests included Q, compaction, Atterberg limits, and suction potential. Comparisons were
also made with tensile strengths previously determined for Vicksburg silty clay using the
double punch, split cylinder, and hollow cylinder tests.

A major finding of the laboratory investigation was that of all methods used to deter-
mine tensile properties, the highest strength and stiffness was obtained from the direct
tensile device., Strengths obtained from the hollow cylinder test were comparable to the
direct tensiomn éest provided that the maximum stress at the interior wall of the cylinder
was used as the basis of comparison. Research by other investigators are cited that show
similar trends. A model is proposed that relates the strength derived from capillary ten-
sion to a fracture law. Using Griffith theory, the tensile strength 1s related to the cohe-
sion intercept obtained from Q tests. The predicted correlation between compressive and
tensile strengths was supported by the experimental data. Further, the strengths from com-
pression and tension tests were correlated with water content relative to optimum, and dry
density; however strength did not correlate with suction potential, If similar results are
found for other clays, it would appear that the tensile strength of unsaturated soil carnot
be viewed as a special case of the effective stress law in which the suction potential is
simply treated as a negative pore pressure,




PREFACE

l.aboratory investigation of the tensile properties of compacted par-
tially saturated soil and its influence and role in the cracking of embankment
dams was authorized by the Office, Chief of Engineers, US Army, under Civil
Works Investigation Study (CWIS) Work Unit 31211, "Material Characterization
and Analysis of Cracking in Embankment Dams." This investigation was con-
ducted at the US Army Engineer Waterways Experiment Station (WES) during the
period January 1981 to August 1984,

The laboratory testing was performed by Mrs. U. Sanders, Mr. D. A.
Leavell, and Dr, J. F. Peters, Soils Research Center (SRC), Soil Mechanics

(-
Division (SMD), Geotechnical Laboratory (GL), WES. The uniaxial tension test 2
device, laboratory testing procedures, data analysis, and theoretical concepts }:‘

5
were developed by Mr. Leavell and Dr. Peters. Suction tests in support of :;

-~

this research were performed by Dr. L., D. Johnson, SMD.

This report was prepared by Mr. Leavell and Dr., Peters under the direct
supervision of Mr. G. P. Hale, Chief, SRC, and the general supervision of
Mr. C. L. McAnear, Chief, SMD, and Dr, W, F. Marcuson TII, Chief, GL.

The Director and the Commander and Director of WES during the prepara-
tion and publication of this report were COL Allen F., Grum, USA, and
COL Dwavne G. Lee, CE, respectively. Dr. Robert W, Whalin was Technical

Director.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENT :E
N
Non~SI units of measurement used in this report can be converted to -
SI (wetric) units as follows: g’
{
Multiply By To Obtain E;
inches 2.54 centimetres :
Fahrenheit degrees 5/9 Celsius degrees or Kelvin* i
.\'
tons (force) per square foot 95,.76052 kilonewtons per square metre ;:
Fod
9
pounds (force) per square inch 6.89476 kilonewtons per square metre e
pounds (force) per cubic foot 0.15709 kilonewtons per cubic metre
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* To obtain Celsfus (C) temperature readings from Fahrenheit (F) readings,
use the following formula: C = (5/9)(F - 32). To obtain Kelvin (K)
readings, use: K = (5/9)(F - 32) + 273.15,
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UNTAXIAL TENSILE TEST FOR SOIL

PART I: INTRODUCTION

Background

Test methods

1. Over the years different test configurations and methodologies have
been used to determine the tensile strength of soil (Haefeli 1950; Al-Hussaini
and Townsend 1973). However, most of this work did not consider the uniaxial
stress-strain response of so0il in tension. Also, the most common test methods
involved loading configurations that created inhomogeneous stress conditions
from which the tensile stress at failure had to be computed indirectly. These
indirect tests suffer the disadvantages of (a) requiring a stress analysis for
determining strength that in turn requires the stress-strain properties of the
material and (b) creating mixed compression and tension that invokes a complex
mode of failure.

2. The split cylinder (Brazilian) test is an example of an indirect
test that is simple, quick, and easy to use. Total stress tensile strengths
for soils have been obtained from the split cylinder test by Uchida and
Matsumoto (1961), Hudson and Kennedy (1968), Townsend et al. (1969), Narain
and Rawat (1970), Satyanarayana and Rao (1972), Al-Bussaini and Townsend
(1974), Ramanathan and Raman (1974), Krishnayya and Eisenstein (1974),
Krishnayya et al. (1974), Moore (1975), and Bail et al. (1982). Researchers
have also used other indirect tests such as the double punch test (Fang and
Hirst 1973; Al-Hussaini and Townsend 1974) and beam (flexure) test (Leonards
and Narain 1963; Satyanarayana and Rao [972; Ajaz and Parry 1975 and 1976;
Ajaz 1980) to measure tensile strengths. A major disadvantage of these tests
is that they employ a combination of tensile and compressive stresses with nco
direct way of measuring strains. With the exception of the flexure test by
Ajaz and Parry (1975 and 1976), the tensile stress at failure is computed
indirectly using linear elasticity, making its application to soil question~
able und the develnpment of an actual stress-strain relationship imposeible.

3. The hollow cylinder test has been used to determine tznsile stresses

and strains in soil (Al~Hussaini and Townsend 1974; Bai et al. 1982). The
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tensile strength at failure is assumed to be the tensile stress at the speci-
men's mean radius with this stress being computed from Lame's solution of
stresses In a thick-walled pressure cylinder. However, it is well known that
the stress field through a cylinder wall is not uniform; to estimate the maxi-
mum tensile stress, the stress-strain response of the material must be known.
The hollow cylinder test has the advantage that all stresses are tensile and
the average stress in the specimen wall is directly related to the inner and
outer pressure acting on the specimen.

4. The direct tensile test has the advantage that it is the only test
where, in principle, all induced stresses and strains are homogeneous and can
be computed from direct measurements without making assumptions on the mate-
rial's stress-strain response. In practice, the test has the drawback that it
is virtually impossible to apply a tensile stress to the specimen ends without
inducing a nonuniform stress field. Thus, the major challenge in designing a
direct tensile loading device is in developing a suitable end-gripping tech-
nique. Tschebotarioff et al. (1953), Hasegawa and Ikeuti (1964), and Ajaz and
Parry (1974 and 1975) overcame some of the problems associated with this test
and were able to give the complete stress-strain response for some compacted
soils. Although similar tests were performed by Andrei (1961), Satyanarayana
and Rao (1972), Lushnikov et al. (1973), and Bai et al. (1982), only ultimate
tensile stresses were reported.

5. Tschebotarioff et al. (1953) appears to have been the first to carry
out a systematic study of tensile strength for compacted soils. Stress-strain
data were ob:ained from compacted clay specimens having a shape similar to the
briquette used for testing mortar mixes in tension but with unwieldy dimen-~
sions: the length of the specimen being 132 c¢m with a reduced rectangular
center section having dimensions of 15.2 by 7.6 by 40.7 cm. The specimen was
tested horizontally and loaded through metal supports that encased the edges
of its oversized bell-shaped ends. The center section ot the specimen was
supported by ball-bearing rollers to eliminate sagging. Axial deformations
were obtained from extensometers attached to the reduced center section of the
specimen.

6. The apparatus developed by Hasegawa and lkeuti (1964) used compacted
clay specimens that were 19 cm long with a reduced center section 2.0 by
2.0 by 5.0 ecm. This test was also performed on a horizontal specimen; however

loading was applied through small metal plates that were embedded in the




PCEL LWL

enlarged ends. The specimen was supported by a bed of mercury and had two
small ceramic markers mounted in the gage length that were monitored with a
cathetometer to determine displacements. It was found that most tests failed
near the location of the embedded metal loading plates making their gripping
technique only partially effective.

7. The test devised by Ajaz and Parry (1974) used a specimen that had
a fairly complicated geometry but, generally speaking, had the same shape as
those previously mentioned, i.e. enlarged bell-shaped ends with a reduced
center section. The specimen was positioned vertically to eliminate any need
for support of the center section. An optical device was used to measure dis-
placements in the strain controlled tests. For load controlled tests, lead
shot was embedded in one face of the specimen and monitored radiographically
to determine the uniformity of the strain field throughout the specimen.
Failure always occurred in the reduced section of the specimen where the
strains were confirmed by radiographs to be uniform.

8. Direct tensile triaxial tests performed by Conlon (1966), Bishop
and Garga (1969), and Parry and Nadarajah (1974) allowed specimens to be
tested in either a drained or undrained condition. While this testing tech-
nique eliminated the end-gripping problem and allowed accurate measurement of
tensile stresses, there was no provision for measuring accurate strains.
Failure laws

9. Despite the large number of investigations carried out on tensile
strength, relatively little systematic theory has been developed on the fail-
ure of soils in tension. The majority of the tensile tests performed involved
measurement of total stresses rather than effective stresses, making it ditti-
cult to develop a comprehensive theory. This deficiency comes in part from
the interest in determining the tensile strength of partially saturated com-
pacted materials. Thus, deficiencies in understanding tersile strength paral-
lel deticiencies in understanding partially saturated materials.

10, Various resecarchers have attempted to predict the tensile strength
of soil using tailure criteria such as Mohr-Coulomb, Griffith, and modified
Grittith as summarized by Jlee (]968) and Obert and Duvall (1967). Most have
found that Mohr-Coulomb overpredicts tensile strength, whereas Griffith pre-
dicts evcessive curvature in the compressive region of the strength envelope.
A more applicable approach outlined by Lee (1968) used the Griftith criteria

with moditications by McClintock and Walsh, and Brace (moditied Criftith
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theory). Bishop and Garga (1969) and Shen (1982) used the modified Grittith
failure criteria to predict the failure of blue London clay ard lateritic

clay, respectively, and found it to work quite well.

Purpose and Scope

11. The purpose of this study was to determine the uricxial stress-
strain response of compacted partially saturated soil in total stress tension
and how this response compared to unconsolidated-undrained (Q) triaxial com-
pression test data. The nature of this study required the development ¢t an
apparatus to test soil in uniaxial tension as well as special testing proce-
dures and techniques. A chronology of the test's developmental phase,
detailed description of the equipment, and testing procedures are presented.

The test results are compared with published data for both direct and indirect

tensile tests for soil.
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PART II: EXPERIMENTAL PROGRAM

Description of Equipment

12. The direct tensile test equipment developed for this study consists
of two gripping jaws, a rigid base, a slide table, a linear variable displace-
ment transformer (LVDT), a load cell, and a loading mechanism. One of the
gripping jaws is rigidly attached to the base while the other is attached to
the slide table. The slide table provides a precise alignment of the pulling
force along the longitudinal axis of the specimen. The LVDT is mounted along
a reduced section of the specimen at a gage length of 5.0 cm and provides a
means of measuring axial displacements. The load cell is attached to the jaw
that i1s mounted on the slide table ensuring that the load measured is that
which is actually applied to the specimen. Loading of the specimen is accom-
plished through a deadweight pulley system; however other loading systems
frneurmatic or displacement) are readily adaptable to the device. The assem-

hied test device with its loading system is shown in Figure 1.

fq~ﬂﬂ»"Wﬁ4

Figure 1. Tensile testing apparatus and deadweight loading system

Sample/Specimen Preparation

13, sprecimens tested in this studv were first compacted in a brick
shape with dimensicrns 7.0 ¢m high, 5.1 ¢m wide, and 22.9 ¢m long. After com-
paction, a central section 5.0 cm leng was trimmed teo dimensions 3.8 cm wide
huot,e em high.  In oadditicn, tapered notches were trimmed inteo the specimen
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ends to obtain the correct load transfer from the gripping jaws to the speci- ;
men (see Figure A7). Details of sample preparation and specimen trimming are .
presented in Appendix A.
R .
> 14. Material for a test series was batched at a specified water content :‘
:f and allowed to cure for a minimum of 24 hr. Predetermined equal weights were >
! taken from the batched material and stored in seven watertight containers. '
From this preweighed material, a sample consisting of seven layers was 3
compacted in a rectangular mold using the Waterways Experiment Station (WES) ~d
1 pneumatic kneading compactor equipped with a square tamping foot with an area .
i~ of 6.45 cm2. The compacted sample was then trimmed to the configuration :
shown in Figure 2 and allowed to cure in a sealed container for 24 hr before >
1%
o testing. The curing process tended to promote uniform distribution of water .:
3 K4
X throughout the specimen. i
X -
*g
] [
- \:
X N,
. :_‘ ]
"
y ;:
Figure 2., Configuration of tensile specimen upon :ﬁ
completion of the trimming procedure }}i
| Test Procedure -
. 15. Before placement of the specimen in the grips of the testing :[h
device, approximately 5.0 cm of each end was dipped in molten wax (approxi- ?2
P
mately 190°F), which hardens into a thin coating. Each grip was then lined ;\i

4 with filter paper, the specimen was placed in the test device, and the grips B
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were filled with Hydrostone., The filter paper facilitated removal of the
Hydrostone and cleaning of the device at completion of the test. The remain-
der of the specimen (not in the grips) was covered with petroleum jelly,
Finally, the LVDT was installed in the specimen's reduced section at a 5.0-cm
gage length. After placement of the specimen in the testing device, all elec-
tronic equipment was checked for calibration. The specimen was then incremen-
tally loaded (stress-controlled) at l-min intervals with load and deformation
readings being monitored continuously until failure occurred. A somewhat
arbitrary loading program of 2.7 kN/m2 per increment was selected to ensure
that all tests would be comparable even though other loading schemes might
match field behavior better. Figure 3 shows a typical plot of load versus
deformation as monitored during the test. At conclusion of the tensile test,
a water content sample was obtained from the fracture zone that was normally
located in the central portion of the specimen; the water content was used to
determine the amount of water lost during specimen preparation and testing. A

detailed test procedure is given in Appendix A.

Commentary on Test Development

16. The brittle behavior of soil in tension magnifies test design prob-
lems; errors normally considered as acceptable in O tests limit the feasib{il-
ity of the tensile test. These problems include: specimen alignment,
twisting of specimen during loading, stress concentrations caused by the grip-
ping method, specimen repeatability and homogeneity, and difficulties associ-
ated with small strain measurements. Problems in alignment and twisting were
solved through proper equipment design and construction, while stress concen-
trations were reduced by using appropriate specimen dimensions, shape, and
gripping technique. The appropriate specimen shape and dimensions were chosen
based partly on general experience with testing materfals in tension and
partly from trial and error. Uniformity and repeatability of specimens were
obtained through controlled batching, compaction, and trimming procedures.

17. The gripping technique was more problematic because {t was found
that even with the reduction of the central area, the specimen tended to faill
within the end-grips. The cause of the premature faflure in the end-grips was

related to a number of factors that were identified through a developmental
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test program consisting of 33 tests. During this test series, various :“M
restraining materials and gripping configurations were used. A chronology of ;'ﬁﬂ
.

the testing methodology development, consisting of the type of restraining

material used, results and analysis of each test, and the associated correc- s:ﬁ
tive action taken, 1is presented in Table 1., From a mechanical standpoint, the Eﬁ::
optimal gripping technique called for satisfying two conflicting requirements: :.~'
the load must be applied as a uniform stress to avoid a stress concentration R
at the edge of the gripping jaw, and the alignment of the load must be main- fzf
tained precisely. The first requirement implies a flexible load transfer &;&l
medium, whereas the second requirement implies a rigid medium. Other factors :ﬂfj
considered in determining the restraining material are its toxicity, work- ::'

N

ability, availability to most soil laboratories, and ease of preparation and c:\*
cleanup of the test device. Two materials that satisfied these requirements Cf}ﬂ
were wax (e.g. paraffin-microcrystalline mixture) and Hydrostone. :&“

18. Hydrostone and wax were first tried independently as load transfer s
materials but both were unsuitable. Wax permitted too much movement between Tff
the gripping jaws and specimen. As the wax cooled, it shrank nonuniformly E:;i!
away from the specimen ends causing an uneven gripping surface. Upon loading, ;Eé;f
either the specimen ends completely slipped from the wax or failure occurred T
in the grips. Hydrostone, a water-based mixture, allowed the specimen ends to ?i:ﬁ
have access to free water while it cured, thereby reducing soil strength and 2:%:
causing rupture to occur in the specimen ends instead of the gage length. &E&:
Also, there was evidence that stress concentrations resulting from the large .*'4:
difference in stiffness between Hydrostone and soil caused failure of the EEE{
specimen at the edges of the grips. The Hydrostone had the advantage of high i.i;
strength, rigidity, and simplicity of use, and it was therefore decided to ;ii:
mitigate its disadvantages through improved specimen preparation techniques. ?'ﬂ:

19. The combined use of Hydrostone and wax, in addition to a tapered T
notch in the specimen ends, gave acceptable results. A thin wax coating was :EQQE
first applied to the specimen ends, isolating them from the free water in the ;ff;
Hydrostone. Hydrostone was then used to encapsulate the specimen ends, "?5
resulting in a rigid gripping media. Upon curing, the Hydrostone tended to ;zfjg
expand and then clamp the wax to the specimen ends, resulting in the required Eii;{
gripping pressure and alignment. The tapered slots carved in the specimen ";:2
ends redistributed the gripping stresses with minimal movement during loading \D\f
and consequently increased the gripping strength. :}}i-

13
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20. The measured strains were on the order of 1 x 10—4 cm/cm, requiring ¢
a precise measuring technique. Various measuring instruments and methods for M,
mounting these instruments were used as described in Table 1. However, a LVDT
with a range of *1.25 mm press-mounted at a 5.0-cm gage length in the reduced ;
center section of the specimen provided reproducible results with the neces-~ :
N sary precision. )
21, A problem that always exists when measuring small quantities is ‘i
that the desired measurement can be easily obscured by phenomena that are :,
otherwise insignificant. For example, evaporation after completion of the ¢
test setup caused strain from shrinkage of the specimen (see Figure 4). Evap- ;
s oration of water from the test specimen while it was being compacted and .
E placed in the test apparatus is inevitable as indicated by the differences in k
). initjal and final water contents. This water loss tended to affect both the g
e, accuracy of the strain measurements and test reproducibility. In wetter spec- r
imens, the shrinkage strains exceeded strains caused by loading, making inter-
pretation of test results impossible. To eliminate the problem, the surface ;
of the specimen that was not encapsulated in Hydrostone was coated with petro- :
h leum jelly. The petroleum jelly was viscous enough not to penetrate the spec- i
n imen's surface and affect its strength. It can be seen in Figure 4 that after ks
i application of the petroleum jelly, the shrinkage of the specimen stopped, E:
N implying that the specimen's water content was stabilized. :Z
b} '
) )
y Compression Tests ﬁ)
- -:
& 22. The Q tests were performed on cylindrical specimens trimmed from i
A rectangular-shaped samples compacted in the tensile test mold. A series of ;
three specimens was tested from each rectangular~shaped sample using confining k
; pressures of 50, 145, and 290 kN/mz. The specimens were trimmed so that the
i longitudinal axis was perpendicular to the compaction layers. Thus, the maxi- ;
” mum principal stress in the Q test corresponded to the zero stress direction ij
in the tensile test. The specimens were tested under strain control using the '
13 Q test procedures presented in EM 1110-2-1906 (Dept. of the Army, Office of ;
;; the Chief of Engineers 1970). The Q test data can be found in Appendix D. :E
A 3
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PART II1I: MATERIAL TESTED

General Description

R e

23. Vicksburg silty clay was used in the test program so that data
could be correlated to the previous work of Al-Hussaini and Townsend (1974)
and Seed et al. (1960). Note that Vicksburg silty clays used by other
researchers differ slightly from that used in this study. Tensile test

results reported in this report and by Al-Hussaini and Townsend (1974) are for

Y v ¥ ¥ K VGV -T s -

a material having a liquid limit of 34, plastic index of 13, specific gravity
of 2.68, and a gradation of 98 percent passing the No. 200 sieve with 20 per-
cent being finer than 0.005 mm (Figure 5). The materi