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Abstract

This paper presents a new method for testing the behaviour of soils placed under tensile load
and demonstrates its suitability for testing a number of soil types under various conditions
including saturation, compaction and stabilisation. Validation of the results obtained for the soils
at relatively low saturation has been conducted using the established Brazilian (indirect) test for
measuring the tensile strength of brittle materials. A fair comparison has been found and the
results highlight the limited applicability of the Brazilian method to soils at very low water contents
at which the tensile failure criterion has been assumed using this methodology. Optical
characterisation of the performance of both testing methods has also been conducted using
Digital Image Correlation. The consistent, accurate measurement of directly induced tensile
strains using the proposed new method has been confirmed, verifying its capability to apply a
direct tensile stress in the absence of shearing, a problem commonly associated with other
tensile testing methods. The developed technique has then been used to investigate the water
content — tensile strength relationship for compacted, unsaturated soils and offers significant
advantages in the characterisation of clay soils subjected to variable climatic loading.
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1 Introduction

There is increasing effort being put into the ability to predict the future performance of earthworks
and to target resources towards resilient, sustainable maintenance. This is particularly focused in
the context of adaptations to our changing climate. The implications of climate on shrink—swelling
behaviour are becoming central to the effective management of infrastructure slope assets. It
was reported by Jones and Jefferson (2012) that damage due to shrink—swell has cost the UK
economy £3 billion in the last 10 years, surpassing that of any geo-hazard. Increased
understanding of the changes in performance of engineered fills is vitally important given the
wide variety of earthworks assets e.g., embankments, dams, landfill liners and other earth
structures. Progressive deterioration of legacy infrastructure leads to serviceability failure and/or
serious instability issues. Spatial distribution analysis has indicated that unstable slopes alone
with moderate to significant hazard potential constitute up to 10% of the area of Great Britain and
that 7% of the transport network is located within this area (Dijkstra and Dixon, 2010).

Desiccation induces shrinkage that when constrained, due to non-uniform moisture gradients or
the presence of any restraining internal soil texture/structure or frictional boundary effect will
generate tensile stresses. When these stresses exceed the tensile strength of the material,
cracking is initiated (Corte and Higashi, 1960; Groisman and Kaplan, 1994; Peron et al., 2009).
Variability in soil — water content, which governs shrinkage, is primarily the result of seasonal
fluctuation in precipitation/evaporation. In addition, soil — water content is affected by the
transient demands of vegetation and the infiltration potential of the soil surface. All of these
influences are governed by climate. Predicted climate change scenarios are recognised to have



the capacity to more frequently bring about conditions conducive to desiccation cracking because
of the tendency towards the increased occurrence of warmer and drier summers (particularly in
the South East of the UK) and rainfall events of shorter duration and higher intensity (Hulme et
al., 2002; Jenkins et al., 2010). Cracking in geomaterials is a widely researched phenomenon
due to its ability to rapidly alter the soil hydraulic properties (Anderson et al., 1982; Albrecht and
Benson, 2001; Philip et al., 2002; Romkens and Prasad, 2006; Zhan et al., 2006). The rapid,
preferential transmission of water through the full depth of a crack (which can be on the order of
metres) is potentially a significant mechanism for strength reduction in earthworks that could lead
to earth structure failure. Tensile failure is also reported in clay barriers, where differential
settlement of waste material causes cracking and a reduction in liner performance as an effective
hydraulic barrier (Jessberger and Stone, 1991). Chemically modified/cement stabilised materials in
road and rail line sub bases can also undergo tensile cracking induced by traffic generated cyclic
stresses.

Tensile strength plays a vital role in the understanding of soil cracking as it becomes increasingly
unsaturated. Tensile strength is the product of real cohesion (natural or artificial cementation
between particles) and apparent cohesion due to suction (Lakshmikantha et al., 2012).

Tensile strength is often over looked and is difficult to determine using the traditional suite of
standard laboratory tests. Therefore, the ability to characterise the tensile strength/stiffness
behaviour of geomaterials is of great importance to engineering geologists and geotechnical
engineers.

There exist a number of methodologies available for the characterisation of the tensile strength of
geomaterials. These can be separated broadly into two categories; direct and indirect tests.
Direct tests are classified as using an applied axial tensile load and indirect tests as exploiting
the application of non-tensile loading (e.g. compression) such that the specimen fails in tension.
Direct tests include modification of triaxial testing apparatus (Tang and Graham, 2000; Heibrock
et al.,2005; Zeh and Witt, 2007) and modification of direct shear testing apparatus (Nahlawi et
al., 2004; Tamrakar et al., 2005; Trabelsi et al., 2012). Indirect tests include the Brazilian tensile
test (Frydman, 1964; Krishnayya and Einsenstein, 1974), Hollow Cylinder Triaxial test (Alsayed,
2002) and beam bending (Thusyanthan et al., 2007). Each of these approaches has advantages
and limitations. The Brazilian tensile test is only suitable for relatively stiff material and therefore
cannot be reliably used to test saturated clay soils that exhibit plastic behaviour. Hollow Cylinder
tests require complex specimen preparation due to their hollow geometry. The preparation of
beam bending specimens is relatively simple; however, results are sensitive to specimen and
loading geometry in addition to strain rate. Modification of a standard triaxial testing system, such
as that by Zeh and Witt (2007), requires complex specimen preparation in which a textile fabric
drain is placed down the centre of the specimen, risking damage in the process. Direct testing of
rectangular, bow tie or dog bone shaped prisms involves less complex specimen preparation but
there is the potential for squeezing of low stiffness material by shear keys and loading jaws
leading to uneven stress distributions and inaccurate measurement.

The research presented in this paper describes the development of the Newcastle Direct Tensile
Test (NDTT) methodology that is based on a simple reversible modification of existing standard
geotechnical laboratory equipment. The results have been validated against those obtained
using classical tests for (brittle) geomaterials. The Brazilian test was developed for the
assessment of brittle materials and has been shown to be applicable for soils in limited, low
saturation conditions (Frydman, 1964; Krishnayya and Einsenstein, 1974). Furthermore, full-field
strain distribution across specimens has been monitored using Digital Image Correlation (DIC)
during testing to investigate the generation of inferred tensile stresses. The application of this
technigue to assess tensile strain development has been established in direct (Divya et al., 2014)
and indirect (Stirling et al., 2013) tensile testing.

2 Method
2.1 Materials



Three soils at a range of moisture contents were selected for testing in order to assess the direct and
indirect tests across a range of applications. These consisted of commercially available kaolin-—
bentonite-sand (KBS) mixture, remoulded glacial till and cemented silty sand. Table 1 shows the
classification properties of these materials; liquid limit, LI, plastic limit, P1, plasticity index, PI, optimum
moisture content (at which maximum dry density is achieved) and the Particle Size Distribution (PSD)
coefficients of uniformity (Cu) and curvature (Cz).

Table 1 Material classification parameters (conducted in accordance with BS 1377 Parts 2 and 4).

Plasticity ~ *Optimum  *Maximum Dry PSD

L (%) P, (%) Index Moisture Density (Mg/m3) Cu Cz

(%) Content (%)
KBS 34 16 18 16 1.76 173 6.1
Glacial till 45 24 21 15 1.82 96 1.2
Cemented silty sand 23 11 12 11 2.00 18.7 5.8

*Conducted using the 2.5 kg rammer method (British Standard Institute, 1990b).

The KBS soil was used in evaluation of the NDTT loading jaw design and the applicability of indirect
testing on specimens at relatively high water content through the use of Digital Image Correlation. The
composition by dry weight was kaolin 47.5%, sodium carbonate activated bentonite (mainly sodium
and calcium montmorillonite) 2.5% and sharp sand 50%. The kaolin mineralogy is described as
kaolinite with minor amounts of mica, quartz and feldspar or illmenite, chemical analysis by X-ray
fluorescence showed SiO2 50% and Al203 35% by dry mass (IMERY'S, 2008). An artificial, cemented
soil comprising silica sand 67.5%, kaolin 27.5% and CEM-1 5%, was used to demonstrate the range
of applications for which the direct test may be used and to aid in the comparison of test methods.
The remoulded glacial till represented a common engineering fill material used in the construction of,
among other applications, infrastructure slopes. As this material originates from a natural deposit,
XRD analysis was conducted. The following composition was established: quartz 63.5%, feldspar 7%,
phyllosilicates/clay minerals including undifferentiated mica species 18.2%, kaolinite 7.1% and
chlorite/smectite 0.7%.

2.2 Direct tensile testing

The fundamental principle behind the apparatus is that direct tensile stresses are measured via a
simple, easily reversible modification to the standard direct shear strength test, BS1377-7 (British
Standard Institute, 1990c). In this way, the means of both generating and measuring load are already
established. The rig chosen for modification was a conventional Wykham Farrance 60 mm square
direct shear testing rig.

Several designs of jaws/platens have been proposed by previous authors including internally or
externally glued fixings (Heibrock et al., 2005) and friction based designs such as truncated cylinders
(Tamrakar et al., 2005) and truncated triangular prisms (Rodriguez, 2002; Kim and Hwang 2003;
Trabelsi et al., 2012). In order to induce tension, a pair of loading jaws was designed between which
the soil specimen is mounted. No adhesive was used in an effort to avoid the introduction of any
additional media as it is thought that this may influence the measurement of tensile stress and
complicate the quick and easy production of test specimens. A friction based system was selected
and is shown in Fig. 1. Specially designed rigid PVC jaws that grip the specimen (Fig. 1a) were
constructed and mounted together into the standard direct shear carriage (Fig. 1b). An interior jaw
angle of ~ 20° was used in accordance with Arslan et al. (2008) and Kim and Sture (2008), as
reported by Divya et al. (2014). This angle is recognised to be greater than the potential dilatancy of
any material tested in this work and is thought to prevent the relative displacement of soil particles
with respect to the confining jaw surface resulting in a uniform distribution of compressive stress.
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Fig. 1 Tensile test equipment (a) loading jaws and (b) schematic of testing rig (Stirling et al., 2014).

Crucially, the jaws are made to separate in a uniaxial manner at an adjustable, constant rate. To
achieve this, the jaws are placed within the carriage that is propelled by the motor; however one jaw is
restrained by a brace (restrained jaw, Fig. 1a). Hence, the carriage jaw is made to move along
greased bearings relative to the restrained jaw. As the carriage jaw is propelled, load is transferred
evenly through the cross-section of the specimen to the restrained jaw. A brace element allows the
load to be transmitted to the load gauge positioned at the opposite end of the rig. The specimen
possesses a mirrored isosceles trapezium plan cross-section (38 x 54 x 50 mm (78.3 ml volume)) that
aids the constraint of the specimen and induces failure at the centre due to the reduced cross-
sectional area.

The natural soil was prepared by air drying to residual moisture content before being passed through
a 5 mm sieve. This process is known to alter the natural PSD of the natural glacial till material;
however, it was deemed impractical to test soils whereby individual grains constituted greater than
2% of the total volume of the specimen. This procedure is in accordance with the preparation of direct
shear (shearbox) specimens (BS1377-7:1990) sub-section 7.7.2 where the maximum particle size is
given by H/ 10 where H is the specimen height taken as perpendicular to the shear plane (British
Standard Institute, ( 1990c)). Following drying, de-ionised water was then added to bring the soil to
predetermined water content and the bulk specimen was then wrapped in uPVC film and left to
equilibrate for at least 24 h. After this period, a sub-specimen of soil was weighed so that when using
the purpose built steel press, a specimen of the desired density was produced. This process allowed
the rapid production of specimens with consistent water contents, densities and dimensions.

Where required, subsequent drying of specimens was achieved through air drying until the desired
water content was reached as determined by gravimetric means. Some volume change resulted from
this process, although it was considered negligible. Specimens were then re-sealed for 24 h to allow
an even re-distribution of water within the specimen prior to testing. Cemented soil specimens were
sealed and allowed to cure in a temperature controlled room (at 22 °C, 55% humidity) for 7 and 21
days before being air dried in the same way.

Direct tensile testing was conducted on all the soil types listed in Table 1. Specimens were placed in
the loading jaws and a constant strain rate applied. Load transmitted through the specimen was
recorded continually until the two halves of the specimen were completely separated and the load



reading returned to residual values. It must be noted that non-zero stress values are recorded post
specimen failure indicating, as in any mechanical system, a level of internal system
friction/inefficiency.

A range of displacement rates are available by using an existing direct shear rig. A series of constant
applied rates were used in production of the presented results and are expressly stated in the results
section as these are specific to each study undertaken. The effect of strain rate on measured tensile
stresses using the direct apparatus was investigated and it was found that lower rates (e.g., 0.24
mm/min) produced a higher repeatability than higher rates (e.g. 1.22 mm/min) in addition to a lower
degree of data scatter in drier specimens (Davies, 2012). However, little difference was seen with
respect to the overall tensile strengths recorded. The testing conditions are provided in Table 2.

Table 2 Specimen conditions used during direct tensile testing.

. Water Content ~ Water Number of Mean Dry
Soil type . . .
at compaction Content specimens Density
(%) tested (%) (Mg/m?®)
KBS 23 23-5 53 1.65
Glacial Till 23 23-2 35 1.56
Cemented Silty Sand 15 13-1 8 1.87

Specimen preparation required approximately 20 min of operator time per specimen, although when
created in large batches this substantially reduces. The tensile test itself took approximately 25 min
per specimen from mounting to recovery for post-testing moisture content checks. Initial fitting of the
tensile test adaption to the shear box equipment takes approximately 5 min and a similar length of
time was required to remove the apparatus and return the shear box to its original use once testing
was concluded.

2.3 Indirect tensile testing

In the absence of a standardised tensile strength test for soils, the Brazilian test was used as a means
of comparing results obtained from the developed NDTT. The application of the Brazilian test to
determine the tensile strength of any material requires a number of assumptions: that the material
behaves with biaxial linear elasticity in two-dimensions and is homogeneous and isotropic in terms of
its strength and elastic properties. It is these assumptions that rule this method inappropriate for use
on saturated soils. However, as discussed by Frydman (1964), when soils are in an appropriately
brittle condition, the method may be justified. The aforementioned three soil types were used for the
purposes of Brazilian testing. In order to best meet the assumptions of the Brazilian test, the soils
were tested at low water contents where elastic behaviour is most pronounced.

Brazilian test specimens were formed from soils manually compacted into 100 mm diameter cylinders.
The same dry densities as specimens tested in parallel using the direct method were chosen to allow
for a fair comparison. Likewise, the same water content at compaction was used for each specimen
type i.e., specimens tested indirectly and directly possessed the same dry density. The compacted
soil was allowed to air dry until considered suitable for dry cutting. Disc specimens were cut to a
thickness-to-diameter ratio of 0.5 (within the ASTM recommended 0.2-0.75 range). At this point, half
of the discs were then wrapped in plastic film and left to equilibrate for 24 h. The remaining discs of
each soil type were allowed to continue drying for a further 7 days until residual water content was
reached before being wrapped and allowed to equilibrate. Cemented soil cylinders were wrapped
immediately after compaction and left to cure for 7 and 21 days prior to air drying, in the same manner
as specimens produced for direct testing. As in production of direct testing specimens, two curing
times were chosen to provide two specimen sets of differing tensile properties due to cementitious
bonding. Cemented soil discs were cut and tested within a 4 h interval.

The Brazilian test method adopted herein is that of the ASTM D3967 -08 (ASTM, 1984) whereby the
disc shaped specimen is diametrically loaded upon its circumference via the use of flat platens. As
recommended by the ASTM (1984), a constant rate of loading such that the specimen fails between
1-10 min was employed. This was back-calculated from tensile strengths obtained during preliminary
testing. On average, all tests took 7-8 min from initial loading to failure. Compression loading was



provided using an Instron 5585H universal testing machine fitted with platens conforming to section
5.2.1 of ASTM D3967-08. The specimen specific loading rates are provided alongside the general test
conditions in Table 3. Mean water contents stated represent those established immediately following
the completion of each test.

Table 3 Brazilian test conditions.

Mean Curin Loadin # Tests
Test . water Mean dry density .. 9 9 conducted
Material 3 time rate
# content (Mg/m>) (days)  (kN/min)
(%)

1 KBS 7.4 1.65 - 0.12 3
2 KBS 15.2 1.65 - 0.06 4
3 Glacial till 57 1.56 - 0.20 3
4 Glacial till 17.9 1.56 - 0.12 4
5 Cemented soil 1.0 1.87 21 0.10 3
6 Cemented soil 13.1 1.87 7 0.06 4

Specimens were loaded until brittle failure was observed by way of vertical fracture across their
diameter. Following ASTM guidance, tensile strength was calculated from P, the load corresponding
to failure and the thickness, t and diameter, D, of the specimen according to ot = 2P/1Dt.

The failure load is defined as the maximum applied load measured and was recorded immediately
prior to the abrupt loss of stiffness where it is no longer possible to maintain a constant loading rate. It
is important to note that up until this failure load, the specimen is believed to be fully intact and may
therefore be assumed to behave linear elastically.

2.4 Digital Image Correlation

Digital Image Correlation (DIC) is an optical method that uses surface deformation tracing and
registration to distinguish changes in an applied speckle pattern and correlate them to measurements
of strain in 2D. The theory behind DIC was first suggested by Chu et al. (1985) and has subsequently
been applied to many areas of material testing. The non-invasive technique was employed to
measure the full strain field across the surface of KBS specimens during direct tensile testing due to
the pale kaolin-based soil providing the perfect contrasting colour on which to apply the necessary
speckle pattern required (Fig. 2). This was carried out to investigate the development and distribution
of strains during loading. However, it is necessary to assume specimens to be homogenous when
considering the extrapolation of surface strain to any depth internally.

Fig. 2 Specimen showing speckle pattern and tracking markers.

The DIC hardware setup and specimen preparation is crucial in the recovery of useful and accurate
strain data. In direct tensile testing, two high resolution cameras were positioned symmetrically 300
mm above the specimens on a tripod and profile bar approximately 150 mm apart. Telephoto lenses
of 28 mm focal length and a 2 mm relative aperture were fitted to the cameras. To prepare specimens
for monitoring, a black-on-white speckle pattern was applied to the upper surface of the specimens
using fine aerosol paint. This pattern was both non-repetitive and isotropic (Correlated Solutions,
2010). Additional LED (cold source) lighting was set up to ensure sufficient contrast of the speckle
pattern was maintained. To minimise the effects of motion blur, exposure was set to a minimum (26
ms) with the aperture increased to compensate for the reduced light input. Following full calibration,



the images were captured automatically at a frame rate of 5 frames per second (200 ms intervals)
during testing.

After testing images were captured they were then analysed using VIC-3D software to generate
contour plots of the 2D strain field (Correlated Solutions, 2010). An area of interest was then defined
on the pre-deformation, reference image consisting of a subset of 45 x 45 pixels and used for all
analyses due to the consistent speckle pattern. Since fracture is expected to occur across the centre
of the specimen, two analysis ‘seed points’ were used to ensure a continuous analysis across as
much of the specimen surface as possible including post-fracture.

In addition to using the DIC system to map the full-field strain development on the ‘bowtie’ specimen
surface during testing, the mechanical behaviour of the loading jaws was recorded. Displacement of
the jaws themselves was tracked relative to markers placed in strategic locations (across jaws and
within the captured field of view) shown in Fig. 2. These markers have been tracked in post-
processing giving an indication of jaw separation behaviour.

The DIC technique was also used to evaluate the validity of the indirect tests conducted on KBS disc
specimens. A configuration similar to that adopted to monitor direct testing was setup comprising a
camera separation of 249.0 mm with a distance of 276 mm from the specimen position and with an
exposure of 42.5 ms; image capture was conducted at an interval of 500 ms.

3 Results

3.1 Direct testing

The stress—strain results for tests conducted on the KBS material at 1.22 mm/min are presented in
Fig. 3. It can be seen that stress increases somewhat linearly with evidence of softening immediately
prior to reaching peak stress. Beyond the ultimate strength, the specimens are found to fail in the form
of a tear across the neck of the specimen. In dryer specimens (below plastic limit), the stress is shown
to drop more sharply. However, in wetter specimens (above plastic limit) a strain softening behaviour
is apparent post-failure. This is shown by the gradual decrease in stress with continued strain until
returning to the residual system value. These specimens exhibit a less well defined brittle fracture and
eventually divide following a period of minor neck thinning.
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Fig. 3 Tensile stress—strain results for KBS soil at varying moisture contents.

The results for tests conducted on the glacial till, also at a strain rate of 1.22 mm/min are shown in
Fig. 4. This material exhibits greater tensile strengths than the KBS mix. Although similarly, the tensile
stress—strain relationship can be seen to be approximately linear with specimens at the drier end of
the moisture content range failing in a very well defined brittle manner. Hardening behaviour is
observed immediately prior to peak stress in specimens at lower water content. However, a more



pronounced difference in tensile behaviour due to the influence of water content is captured than in
the homogeneous KBS material.
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Fig. 4 Tensile stress—strain results for glacial till at varying moisture contents.

In addition, specimens of glacial till were tested in order to establish the relationship between soil--
water content and tensile strength as the soil dries (shown in Fig. 5). These tests were conducted at a
displacement rate of 0.24 mm/min. The plot shows an exponential increase in tensile strength with
reduction in water content and progressively larger variation in tensile strength measurements at
lower water contents. However, a fairly clear relationship can be seen despite these variations.
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Fig. 5 Tensile strength as a function of water content for the glacial till.

This is consistent with the work by many researchers (e.g., Nahlawi et al., 2004; Zeh and Witt, 2007).
According to the two-part classification of tensile strength by Lakshmikantha et al. (2012), strength
experienced at relatively high water content is likely attributable to real cohesion with an increased
influence of suction with progressive de-saturation. The change in water content over the
experimental range is unlikely to be influential in the real cohesion component of tensile strength but



instead be subject to the generation of suctions up to the order of 10 MPa. At the bounding moisture
contents of cemented soil testing, higher tensile strengths were measured than at low contents
though the mechanisms through which these strengths are generated also relate to the formation of
hydrated cement minerals such as calcium silicate hydrates and calcium aluminate hydrates.
Therefore, if the specimens were re-wetted, one would not expect the same reductions in strength as
in the untreated clay soils.

A total of 50 tests conducted on the KBS material were monitored with DIC and the images analysed
using VIC 3D software. A specimen analysed at 20% water content with a displacement rate of 1.22
mm/min is presented in Fig. 6. It may be seen that tensile strain is initiated at approximately 120 s into
the test and originates at the lower vertex. After 180 s a band of tensile strain is seen to have
developed across the central portion of the specimen between the vertices of the carriage jaw.
However, at 228 s a secondary tensile strain localisation is seen to have formed at the lower vertex of
the restrained jaw. It is this concentration that is seen to develop into the site of eventual fracture after
240 s. Fracturing manifests itself as gaps in the contoured data where correlation is not possible due
to disintegration of the speckle pattern. The final fracture formation is shown in the photograph at 258
s (Fig. 6h). This series illustrates the localisation of tensile strain across the centre of the specimen
though the influence of jaw vertices on the initiation of fracture in a wet of optimum specimen is
highlighted. Little compressive strain is seen to have developed adjacent to the jaw interior suggesting
that the clamping effect is well distributed outside the central specimen area.
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The same displacement rate was applied to a specimen at 10% water content and is presented in Fig.
7. Beginning at 300 s into the test, strain is observed to develop across the specimen in a similar
manner to Fig. 6. However, additional strains are seen adjacent to the restrained jaw interior. This is
thought to be associated with the alignment of the specimen within the jaw space and is discussed
later with the aid of data obtained using tracking markers. At 336 s, tensile strain is found to have
localised about the narrow section of the ‘bowtie’. Importantly, this behaviour is shown to develop
symmetrically about the axis of loading. From 342 s fracture is observed to propagate towards the
centre of the specimen until full separation is achieved at 360 s.
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The difference in x-displacement between the two jaws for a series of tests on the KBS soil was
calculated using tracking data taken at the top (1) and bottom (2) marker pairs shown in Fig. 2.
Tracking at the top and bottom was undertaken to investigate the parallelism of the motion of the
carriage jaws and the true rate of applied strain. Direct tension was induced in specimens compacted
at 22% water content using a motor rate of 1.22 mm/min. Representative tracking results are
presented in Fig. 8 alongside the constant, idealised motor displacement.
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From the tracking data recorded during the testing of a specimen at the as-compacted water content,
it can be seen that the displacement of both sides of the carriage jaw is identical to the input motor
speed for the majority of the test. This confirms that the applied motor rate is being translated into
specimen strain and that the jaws are parting in a perfectly uniaxial manner. The relatively weak,
saturated material showed little resistance to the separation of the loading jaws and is noted to fit
within the jaws with very little spare space i.e., full soil-jaw contact from the start of jaw motion.
Specimen failure correlates to approximately 400 s where the tracked displacement is seen to deviate
from that of the motor speed. The final portion of the tracking data shows an increased displacement
rate. This is brought about by the softening of the soil linkage between the two jaws after failure and
displacement recovery. The plot shows that the jaws are behaving correctly throughout the test up to
the point of failure. There is very little misalignment in the path of the jaws and the specimen is
undergoing the desired strain rate.

In contrast, tracking data for a specimen dried to 5% water content is seen to deviate from the
intended motor speed after approximately 60--120 s. At 120 s the two sides of the carriage jaw show
a brief difference in displacement. This is considered to be the product of specimen re-alignment
occurring when the specimen comes into contact with the interior of either jaw having previously been
free. The freedom of the specimen during the initial portion of the test is a trait of specimens tested in
the drier condition. As part of the drying process, the clay specimens underwent some free, isotropic
shrinkage leading to space between the untested specimen and the loading jaws. The reduced
displacement rate evident at 115--185 s indicates a resistance to jaw separation due to the higher
stiffness of the drier soil state. At 185 s the rapidly increased displacement is the result of slippage
between the specimen and the interior of the jaw. Another alignment event at approximately 210 s
sees the stiffness of the specimen again reduce the rate of jaw separation. Full specimen-loading jaw
contact is observed for the remaining time of the test. However, the even displacement of the jaws
diverges slowly at 305 s. Divergence is indicative of non-uniform jaw separation where one side of the
specimen is either able to slide against the interior jaw wall or fracturing of the specimen has initiated
at one side of the centre section. In the case presented in Fig. 8, fracture has initiated at the top edge
seen as a rate increase at tracker pair 1. The fracture continues to propagate until full separation is
achieved at approximately 460 s when both sides of the jaw rapidly and simultaneously increase in
displacement rate. The period of full specimen contact and therefore loading is found to be relatively
short in comparison to the testing at 22% water content, as would be expected for a more brittle
material. The ability to assess jaw alignment during testing is restricted to the use of tracking
technology, an otherwise complicating procedure in the pursuit of a quick and simple tensile testing
method. However, the facility to directly measure true carriage jaw displacement constituted an
advance in confidence when applying the NDTT method.



3.2 Indirect testing

The average tensile strengths of each soil type under the six saturation conditions are provided in
Table 4. Load and vertical strain data recorded externally using the testing rig load cell and
displacement transducer for representative tests of each specimen condition are presented in Fig. 9.
Load take-up and post-failure data have been removed for clarity.

Table 4 Results of Brazilian tests.

Test _ Mean _Mean Mean tensile Standard
& Material water failure load strength deviation (%)
content (%) (KN) (kPa)
1 KBS 7.4 0.91 116.00 5.74
2 KBS 15.2 0.62 79.20 14.51
3 Glacial till 5.7 1.62 206.77 20.26
4 Glacial till 17.9 0.52 66.24 11.87
5 Cemented soil 1.0 0.71 90.74 3.52
6 Cemented soil 13.1 0.40 50.81 8.84
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Fig. 9 Representative load — vertical strain relationships for all test conditions.

It may be seen that there are two dominant trends in the load-strain behaviour, as indicated in Fig. 9.
Specimens tested at the lower water contents exhibit a relatively stiff response to loading and show a
broadly linear trend. This is with the exception of ‘KBS 7.4%’, the wettest of the low water content
specimens which is seen to deviate from a linear elastic trend beyond 0.6% strain. These drier
specimens were found to fail at higher compressive loads than those specimens at higher water
contents. However, wetter tests show an increasingly softer, plastic response with increased loading.

For the purposes of DIC, high-resolution images were captured of specimens under test condition 1
(Table 4), denoted ‘D’ and test condition 2, denoted ‘W’. The results of individual tests are presented
in Table 5. A clear difference is shown between the average tensile strength magnitudes of the
respective states.



Table 5 DIC test IDs and results.

Test ID Water Tensile
content (%) strength (kPa)
D1 8 112.26
D2 6 113.14
D3 9 122.62
W1 16 60.83
W2 14 94.44
W3 15 86.10
w4 16 75.40

Beyond the clear difference in strength, DIC has provided evidence for the contrasting manner in
which tensile strains are developed during application of vertically compressive load. Representative
contour plots showing full-field strains immediately prior to failure (< 500 ms) are provided in Fig. 10.
The apparent near-perfectly circular geometry of test D2 (Fig. 10a) indicates little to no platen-disc
contact deformation and the generation of a narrow, constrained region of tensile straining. Although
approximately four regions of elevated xx strain may be discerned, it is not possible to definitively
determine the location of failure initiation. However, the alignment of these regions suggests at least a
horizontally centralised failure initiation. In contrast, the plot showing test W2 (Fig. 10b) displays a
high level of disc distortion in the lead up to failure. This is manifested as apparent flattening of the
disc at platen contacts. The broadening of this contact area results in similar broadening of the
diametric tensile region. This acts to relieve the focused stress associated with the platen-disc point of
contact and so the position of elevated tensile strains in this case is away from the loaded
circumference. A similar behaviour was observed by Stirling et al. (2013) in the comparison of strain
generation between the use of circular (ASTM, 1984) and flattened rock disc geometry testing (Wang
and Xing, 1999). Strain magnitudes of approximately double that seen in D2 were generated before
failure, although as was presented in Table 5, ultimate tensile stress was observed to be consistently
lower in the tests nearer to saturation.

(a)

HE  EEEN

(b)
Fig. 10 xx strain distribution immediately prior to failure in Brazilian specimens tested at (a) 6% and
(b) 14% water contents.



As described by Frydman (1964), when performing Brazilian tests on soil discs, appreciable
deformation occurs at the point of loading in the form of flattening; a plastic behaviour. It was
proposed that elasticity still be assumed throughout due to plastic deformation being confined to the
loaded circumference and not dominating the centre of the disc where the critical tensile stress is
generated and indirectly calculated.

Acknowledgement of expected disc deformation is required to assess the validity of the classic
relationship. Frydman (1964) concluded that the tensile stress generated in the centre of the
deformed disc is given by Eq. (1). The term g(ox) acts to factor the standard expression for tensile
stress by relation to the half width of the flattened, loaded area of the disc, a, and the half distance
between these flattened areas, yi.

2P 1
Ox = g(ax) ﬁ
_ D . zyll T f 2
where, g(oy) = —%{Zf—Sme—T ogtan <Z+E>}
f=tan?! 2 3
where, = "

It follows that as the ratio between the width of the flattened area and the distance between them
increases, the non-factored condition is approached. Frydman (1964) asserts that should this ratio be
< 0.27 then it is appropriate to assume g(ox) = 1 within the accepted accuracy of the test.

The high rate photography used in the DIC process enabled dimensions of the discs immediately prior
to failure (< 500 ms) to be recorded. Widths were measured at the upper and lower loading points and
averaged while the distance between the flattened ends of the discs was extracted from platen
displacement data. The geometric data relating to the Frydman criterion is presented in Table 6.

Table 6 Frydman Brazilian test validity data.

Water  Flattened area width (mm) Distance between

TestID content flattened areas, Yv@
(%) Upper Lower Mean, 2a 2y; (mm)
D1 8 7.68 12.45 10.07 1.24 0.12
D2 6 11.88 12.32 12.10 0.93 0.08
D3 9 13.39 12.76  13.07 1.68 0.13
w1 16 29.01 28.98 29.00 6.02 0.21
w2 14 16.99 15.69 16.34 2.44 0.15
W3 15 2253 1945 20.99 3.39 0.16
w4 16 25.19 23.02 24.10 4,78 0.20

The ratio y1/a used to describe the degree of soil disc deformation can be seen to correlate well with
the water content of each specimen, where lower ratios are found for drier specimens showing more
brittle behaviour. It is noted that all test ratios remain below the 0.27 value and therefore the classic
tensile strength expression stated in the ASTM and ISRM standards has been used. However, the
full-field strain data has demonstrated the great influence water content has on the plastic deformation
of the disc and the validity of calculated tensile strength values is considered questionable.

4 Comparison

In order to evaluate the consistency of directly measured data with other, recognised methods of
geomaterial tensile strength testing, comparable specimen states were subjected to Brazilian
(indirect) testing. All three soil types, KBS mix, glacial till and cemented silty sand were tested



according to the indirect method ASTM D3967-08. Additional specimens were formed for direct
tensile testing from the same mix to guarantee consistency between the different specimen
types. A comparison of the results obtained from the Brazilian tests and the direct tensile tests is
presented in Fig. 11. The figure shows that the results compare well between the two types of
test. Generally, the direct tensile test does not consistently over or under-estimate the tensile
strength when compared to the Brazilian test across the range of soil and water contents. The
maximum difference in measured strength is 26.6 kPa shown by glacial till at 18% followed by
10.6 kPa for the KBS mix at 15% water content. Cemented soil displays very little difference
between test methods at the high water content. Hence, results exhibit the most uncertainty at higher
water contents and this potential overestimation increases according to an increase in plasticity index.
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Fig. 11 Comparison of results from Brazilian test and NDTT for a selection of soil types at common
percentage water contents.

In addition to comparing the ultimate tensile strengths between the two tests, by establishing the
unconfined compressive strength (UCS) — water content relationship for the glacial till, it has
been possible to evaluate behaviour of direct and indirect tests conducted at ‘high’ and ‘low’
water contents in Mohr space. The UCS - water content relationship was defined by a linear
expression from the data presented in Fig. 12.
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Fig. 12 Unconfined compressive strength as a function of water content for glacial till.

In adopting the Mohr circle plotting convention, strengths obtained from the direct test represent
the minimum principal stress, 3 component while the maximum principal stress, o1, is assumed
to be zero, given the free strain boundary of the test in the vertical direction. Egs. (4) and (5)
provide the principal stresses at the centre of the Brazilian disc where R is the disc radius (Li and
Wong, 2013).

03 = 09 = —P/mRt 1
0, = o, ~ 3P/nRt 2

Representative plots are provided in Fig. 13 and show two moisture conditions, 6% and 19%;
these depict a lower and upper bound of the Brazilian tested specimens. It may be seen that the
coincidence of the direct and indirectly measured tensile strength at very low water contents
defines the curvilinear, tension portion of the Mohr failure envelope (Fig. 13a). However, it was
consistently observed that at higher water contents, Brazilian testing overestimated the tensile
stress at failure (Fig. 13b). This is thought to be due to the plastic deformation produced by the
compression loading of the Brazilian disc where tensile failure is assumed post-shear failure.
Application of the DIC technique, as previously discussed, identified the progressively
broadening region of vertical straining and hence, for specimens of high water content, it seems
unlikely that the initial mode of failure was tensile.
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Fig. 13 Mobhr circle plots depicting direct, Brazilian and UCS tests conducted on glacial till at (a) 6%
and (b) 19% gravimetric water contents.

This analysis may be extrapolated to the KBS mix comparison data in Fig. 11 where a similar
overestimation in tensile strength when tested indirectly is apparent at the higher water content.
However, the cemented silty sand is found to show better consistency between the test methods
at the higher water content than the other soils in Fig. 11. This may be explained by less plastic
deformation during indirect testing brought about by the cemented soil having a lower plasticity and
specimens being compacted and tested at water content considerably closer to the established
optimum.

5 Conclusions

A testing methodology based on the adaptation of conventional direct shear testing apparatus
has been demonstrated to provide a rigorous and repeatable means of measuring the tensile
strength and stiffness behaviour of a range of geomaterials. The test can be used to assess
changes in tensile strength with change in bulk moisture content at the ground surface or within
the very near surface zone, where the majority of drying induced cracking initiates.

The use of artificially mixed material based on kaolin for its uniform composition and pale colour,
allowed controllable and repeatable testing to be conducted with additional evaluation of the test
performance at variable water contents and displacement rates via application of the Digital
Image Correlation technique. The results of this study showed that at relatively high water
contents, jaw-—specimen contact was maintained throughout testing although jaw vertices
influence the location of eventual failure. Conversely, at relatively low water contents, failure was
induced at the constricted section following a period of specimen seating within the jaws. This
technigue has consistently provided evidence of tensile stress development in the absence of
excessive compression/shearing leading to tensile failure of the specimen. Furthermore, a
distinction has been drawn in the behaviour of clay soils with respect to the plastic limit where
brittle crack propagation was observed in specimens < Piand a pronounced ductile trend at > Pi.



Brazilian testing was conducted on the same materials; however, limitations of the test restricted
the conditions under which the materials could be tested. The need for brittle failure in Brazilian
testing not only supports the development of the direct method but also brought about the need
to validate the indirect soil testing. Once more, the DIC technique was able to provide a means of
evaluating the failure conditions. A subsequent analytical procedure indicated the appropriate
use of the classical Brazilian test calculation based upon a geometric ratio yi/a = 0.27. However,
in light of the DIC analysis, it is recommended that this be reduced to 0.20 as an upper boundary.
This in turn reduces the range of applicable specimen saturation conditions to below the plastic
limit of the tested material.

The dependency of water content on tensile behaviour of cohesive soils has been investigated
and an exponential relationship has been identified. There is clear potential for this test to be
used across a number of engineering applications where knowledge of the tensile strength of
soils at the near surface is required, particularly when studying infiltration and stability issues in
engineered and natural slopes as well as landfill capping layers.
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