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Abstract

Piled foundations are widely used to limit the movement of foundations in expansive clays. These piles are subjected to
large uplift forces as the clay swells (and downdrag forces when it shrinks). The appropriate method to estimate these forces
is not well understood, and estimates from various methods presented in literature result in large variations. The uplift force
generated in piles by soil heave was derived from strain measurements in full-scale field tests where a pile was installed in
a highly expansive soil profile and flooded for several months. The results were compared to available theoretical estimates
to comment on the most appropriate procedure to estimate the generated tension in the pile. The results showed that the
use of an elastic solution related to the expected soil heave combined with a limiting shaft friction estimated from total
stress capacity methods provided the most appropriate match to the measured results both in terms of the magnitude of the
developed tension in the pile and shape of the tension profile along the depth of the pile.
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Résumé

Les fondations sur pieux sont largement utilisées pour limiter le mouvement des fondations dans les argiles expansives.
Ces pieux sont soumis a d’importantes forces de soulevement lorsque I’argile gonfle (et a des forces de retrait lorsqu’elle
se rétracte). La méthode appropriée pour estimer ces forces n’est pas bien comprise, et les estimations obtenues a partir de
diverses méthodes présentées dans la littérature donnent lieu a de grandes variations. La force de soulévement générée dans
les pieux par le souléevement du sol a été calculée a partir des mesures de déformation effectuées lors d’essais en grandeur
réelle sur le terrain, ot un pieu a été installé dans un profil de sol trés expansif et inondé pendant plusieurs mois. Les résultats
ont été comparés aux estimations théoriques disponibles afin de commenter la procédure la plus appropriée pour estimer la
tension générée dans le pieu. Les résultats ont montré que I'utilisation d’une solution élastique liée au soulévement du sol
prévu, combinée a un frottement limite de I’arbre estimé a partir des méthodes de capacité de contrainte totale, a fourni la
correspondance la plus appropriée aux résultats mesurés, a la fois en termes d’ampleur de la tension développée dans le pieu
et de forme du profil de tension le long de la profondeur du pieu. [Traduit par la Rédaction]

Mots-clés : fondations sur pieux, argile expansive, essais sur le terrain

1. Introduction : o o :
Expansive clays are located in arid and semi-arid regions

Expansive clays, also known as swelling clays, are clays that
undergo a large volume change as a result of a change in
moisture content. They predominantly consist of clay min-
erals of the smectite group. During wet periods, as the water
content of the soil increases, the clay expands causing sur-
face heave (upward vertical movement); during dry periods,
the soil dries out and shrinks, and large surface cracks are of-
ten visible. This cyclical change in volume causes significant
potential for distress to roads and infrastructure founded in
these areas. Large cracks often appear as a result of differen-
tial movement if the foundations are not adequately designed
to resist this movement.

around the world; notable deposits are located in Sudan,
South Sudan, Tanzania, India, and Australia (Morin 1971).
South Africa and Texas, USA are also known to have prob-
lems associated with expansive clays (Jones and Holtz 1973;
Williams et al. 1985).

Piled foundations are widely used to limit the movement
of foundations in expansive clays. The piles are socketed be-
low the active zone where moisture changes and thus volume
changes are negligible, preferably in a stable nonexpansive
layer to reduce uplift of the structure; this is shown in Fig. 1.
The expansive clay in the active zone swells, thus applying
an uplift force to the pile. This is resisted by the length of the
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Fig. 1. Problem definition of piles in expansive soils.
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pile in the anchorage zone. To appropriately design the piles,
the expected heave forces applied by the expansive clay on
the pile shaft need to be understood.

Limited experimental data on the uplift force generated in
long piles by expansive clays are available to check against
theoretical relationships; where this does exist, this is usu-
ally the result of laboratory or centrifuge studies, for exam-
ple Challa and Poulos (1991) and Fan et al. (2007), or a back-
analysis of working piles where uplift has been recorded, for
example Collins (1953) and Meintjes and Pellissier (1994). This
study was therefore undertaken to provide detailed experi-
mental measurements of the uplift force generated in piles
by soil heave in full-scale field tests, and compare this to avail-
able theoretical estimates to comment on the most appropri-
ate procedure to estimate the generated tension in the pile.

2. Background

Several procedures exist to estimate the uplift force gener-
ated on a pile due to soil heave; these can be grouped into
total stress, frictional or effective stress, and elasticity meth-
ods, and are outlined below.

2.1. Total stress methods

Total stress methods use the undrained shear strength to
directly estimate the shaft friction. The uplift force is calcu-
lated using the average pile-soil adhesion over the surface
area of the pile (eq. 1) where « is the pile shaft adhesion fac-
tor, ¢, is the undrained shear strength of the soil, D is the pile
diameter, and H is the depth of the active layer; this has also
been called the « method following the total stress method
used by Skempton (1959). The recommended value of « is 0.45
(Elsharief et al. 2016; Byrne et al. 2019);

(1) F, = ac,rDH

2.2. Frictional methods

Frictional or effective stress methods to estimate uplift
forces consider the shaft friction generated by movement
of the soil against the shaft. This has also been called the
B method (Chandler 1968; Burland 1973). Collins (1953) as-
sumed that tensile forces are developed in the pile due to
the shaft friction between the soil and the pile. For rough
bored piles, the slip surface occurs in the soil, and the shear
strength between the soil and the pile can be assumed to
equal the shear strength of the soil. For sufficient movement,
the full shear strength is mobilised (assuming full slip, use
residual shear strength values), and the shaft friction, f, is
given by

f=d+o,tang’

@ .
oy, = Ko, =Kyh

where ¢ is the cohesion intercept, ¢’ is the effective internal
angle of friction, y is the unit weight of the soil assuming a
deep water table, and h is the depth from the soil surface. K
is the coefficient of lateral stress. Collins (1953) highlighted
that K varies from 0.5 to 2.0, but the expected long-term value
is expected to be 1.0. Poulos and Davis (1980) recommended
that for a soil swelling from an initially unsaturated state, the
use of total instead of effective overburden stress in eq. 2 is
recommended.

The total uplift force, F,, is calculated as the integral of the
shaft friction from the soil surface to the bottom of the active
layer. For constant pile diameter and soil properties, this is
calculated as

(3) E,=0.57D(2¢H+KyH?tang¢’)

where D is the pile diameter and H is the depth of the active
clay layer.

Blight (1984) also used this method to evaluate the shaft
friction due to heave which could then be used to calculate
the tensile force in the pile. Their tests showed an increase
in shaft friction in wet tests compared to that induced under
natural moisture content (NMC). This was attributed to in-
creased lateral stress in the wet soil due to swelling pressure
from the clay. To account for this, their recommendation was
to use K = 1 for saturated conditions and K = 0.5 for soils at
NMC.

2.3. Elastic solution

Poulos and Davis (1980) describe an approach to solve for
the tension developed in a pile in a swelling clay using an
elastic method which calculates the tension in the pile by ap-
plying a specified movement of the soil as induced by soil
heaving. A numerical analysis or the use of developed soft-
ware (for example, Poulos 1989) is required to solve for the
tension in the pile.

Xiao et al. (2011) and Fan et al. (2007) developed an elastic
method that uses the movement of the soil against the pile
to determine the axial force, P, in the pile as a function of the
depth, z. The solution is shown in eq. 4 and has been devel-
oped with the sign convention that upward movement of the
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soil or pile is negative, and tension in the pile is negative. A
linear heave profile with depth from the surface to the depth
of the active zone is assumed in the free-field soil, as shown in
Fig. 1. The soil movement against the pile is then determined
using the shear deformation of the soil. This solution was vali-
dated against model testing reported by Fan et al. (2007), and
showed similar results to the elastic method of Poulos and
Davis (1980). An update to this method is presented by Jiang
et al. (2020) who consider the linear variation of the shear
modulus of soil, G, with depth (as opposed to the constant
modulus used by Xiao et al. (2011) and Fan et al. (2007)). This
had the effect of lowering the location of the maximum ten-
sile force induced in the pile, but did not significantly affect
the magnitude of this maximum; for the sake of simplicity,
the formulation with constant shear modulus is used in this
analysis;

—EpA;, (aCq cosh (az) + aC; sinh (az) + so/H) ;
0<z<H
—EpA;, (aCs cosh (wz) + aCy sinh (az)) ;

H<z<lL

where E is the modulus of elasticity of the pile, A;, is the pile
cross-sectional area, a? = 27 [ApAp¢ [ = In(rmfto); rm = 2.5L(1
—v); Ap = Ep/Gg], so is the magnitude of the surface heave, and
the coefficients are calculated as

So

Ci=——
! oH

S
Cy = Csy + —2 sinh («H)
oaH

C; =Ci + S0 cosh (eH)
oaH

_ cosh(al)
~ sinh(ol)

The coefficients presented by Xiao et al. (2011) for use in
eq. 4 are not the same as those presented by Fan et al. (2007);
neither of the sets of coefficients in either paper results in
the ability to reproduce their own results in the figures and
parametric studies in these papers. It is expected that there
are unintended errors in the reproduction of the coefficients
in both papers. The coefficients presented above have been
recalculated; full details of the derivation are provided in the
supplementary information.

The benefit of this elastic method is that it provides a
closed-form solution, and is able to provide a simple predic-
tion with a direct relation to the in-situ soil profile and prop-
erties of the expansive clay and the ability to provide a corre-
lation between the amount of heave and the tensile force in
the pile as would be expected in practice. Methods to deter-
mine a predicted value for heave at the soil surface include
those of Van der Merwe (1964) and Jennings (1962).

3. Field tests

Full-scale field tests were conducted by installing an instru-
mented bored concrete pile in an expansive soil layer and

‘Canadian Science Publishing

Fig. 2. Expansive potential of the clays on site plotted accord-
ing to the activity chart of Van der Merwe (1964). [Colour on-
line|
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measuring the strain generated in the pile over time. Two
piles were installed: one was kept at natural moisture con-
tent (NMC), and the other was surrounded by a berm with
infiltration wells in the clay and flooded to induce swelling
in the clay. The piles were drilled through the depth of the ex-
pansive soil layer, and anchored in the soft rock stratum be-
low. The site characterisation, pile instrumentation and field
installation are detailed below.

3.1. Site location and characterisation

The field tests were conducted on the site of an existing clay
quarry in the Free State province of South Africa between the
towns of Kroonstad and Vredefort. Clays are excavated on site
by shallow surface mining to a depth of approximately 6 m
and stockpiled for further processing. This site was selected
due to the large open area, presence of a known, thick ex-
pansive clay (>6 m) from the surface and absence of nearby
infrastructure likely to be impacted by the testing.

The site is located in an alluvial plain underlain by lavas
of the Klipriviersberg Group; this group consists of basic ig-
neous rocks (basalt and andesite). The transported and resid-
ual soil layers in this region are predominantly clayey. The
expansive nature of the soil is likely due to a combination of
active material transported from the weathering of the adja-
cent basic igneous rocks as well as the in situ weathering of
the underlying basic rocks.

Samples of clay were taken from the stockpiles of exca-
vated material on site and sent for preliminary grading and
indicator tests. These stockpiles had been created from ma-
terial excavated several years earlier, and were thus only able
to give a general indication of soil classification as a result of
potential changes due to weathering and exposure. Figure 2
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Fig. 3. Simplified borehole logs with the expansive material
highlighted. [Colour online]
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presents the activity chart as per Van der Merwe (1964), indi-
cating potential expansiveness based on the plasticity index
(PI) of the whole sample and clay fraction; both samples fall
within the high expansive region. These results confirmed
the suitability of the material on site for the intended field-
testing.

Two rotary core boreholes were drilled in the vicinity of
the intended pile installation area to confirm the soil pro-
file and determine the depth to the underlying rock strata.
The simplified soil profile is shown in Fig. 3. The extent of
the shattered and slickensided alluvial material gives an in-
dication of a 7 m thick expansive layer in BH1, reducing to
~4 m in BH2. This was underlain by presumed residual mate-
rial. A very soft rock was encountered at 15.5 m in BH1; BH2
was stopped at 15 m depth where minor zones of soft rock
were encountered. There was no free water in the boreholes;
an attempt was made to take undisturbed samples; how-
ever, the soil was too stiff to allow penetration of the sample
tubes.

Samples of soil from within the SPT sampler were col-
lected from BH1, and the suction was measured using a WP4C
Dewpoint Hygrometer. There is likely some change from the
true in situ condition due to disturbance and fluid from the
drilling process; the collection of samples from the core of

the SPT sample aimed to minimise this. Suctions of 1 and
0.43 MPa were measured at depths of 1.95 and 6.45 m. No
suction was measured in samples taken below 6.45 m; this
shows a change from negative to positive soil water pressure
at a depth approximately coinciding with the transition from
an expansive transported clay to residual sand.

The completion of the initial site characterisation showed
an expansive layer thick enough to generate measurable up-
lift forces in a pile installed in this profile, plus an inactive
area below and soft rock that would act as a socket preventing
free movement of the pile. Further detail of field test design
is described in the following section.

3.2. Pile instrumentation

Two instrumented piles were installed for the investiga-
tion of tension developed in bored concrete piles due to soil
heave. The test piles were located in a large flat area that
was free of large vegetation that would significantly influ-
ence the soil moisture regime. One pile was kept at natural
moisture conditions as a control, i.e., the “Dry Pile”. A berm
was constructed around the second pile, and this area was
flooded to induce accelerated heave of the expansive soil.
This pile was called the “Wet Pile”, and was located in the
area with a thicker expansive soil profile to the east of the
site near to where BH1 was drilled as the thicker expansive
clay would generate larger tensile forces in the pile. Stone-
filled infiltration wells with a depth of 6 m and diameter
of 100 mm were installed within the berm area to facilitate
quicker and more complete saturation of the expansive clay
layer.

The dry pile was located a minimum of 50 m away from
the boundary of the wet test area to be beyond the presumed
radius of influence of the flooded area. An array of soil sur-
face monitoring points was installed around the piles to mon-
itor the change in soil surface level over time; the array is set
up to include monitoring of other piles not reported in this
paper.

A schematic representation of the pile design and instru-
mentation showing the idealised soil profile for each pile is
presented in Fig. 4. The pile diameter was 450 mm; a thin-
ner pile than would conventionally be installed for a deep
foundation was chosen to generate a more extreme tensile
response through the depth of the pile. The total length of
the pile was 16.5 m; using preliminary predictions of the
expected tensile force generated by the expansive soil, the
anchorage provided by the residual sandy layers and a 1 m
socket in the very soft rock was sufficient to prevent free
movement of the pile.

The piles were instrumented with pairs of vibrating wire
strain gauges (VWSGs) at six levels (12 gauges total per pile);
these levels were 1, 3, 5, 7 and 9 m from the top, and 2 m
from bottom (14.5 m from the top). The gauges used were
Geosense VWS 2100 embedment gauges. A higher instrumen-
tation density was provided in the region in the expansive
clay as this is where the greatest rate of change in pile tension
was expected. The gauges were mounted in-between two lon-
gitudinal reinforcement bars using short bars placed across
the longitudinal bar to maintain the position and verticality
of the VWSG.
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Fig. 4. Schematic representation of the pile instrumentation showing idealised soil profile (vertical scale 4x horizontal scale).
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3.3. Field installation

The piles were cast on 29 and 30 January 2020 (wet and dry
pile respectively); this was towards the end of the wet season
when the soil would be expected to be at its maximum natu-
ral heave in an annual cycle. The installation was conducted
after a period of heavy rainfall on site.

One month after the pile installation had been completed,
i.e. once concrete could be presumed to be at full strength,
the area within the berms around the wet pile was flooded
and data logging of the instruments was started. The wet pile
area was kept flooded for six months (up until the end of
September 2020) with periodic checks to top up the water
level by pumping from the nearby quarry. Thereafter, the sur-
face was allowed to naturally dry out. Monitoring was contin-
ued for a further five months.

3.4. Soil and concrete properties

A soil sample obtained from the bored pile drilling spoils at
3 m depth for the wet pile was taken to confirm the expansive
potential characterisation and determine the soil properties
needed for further analysis and investigation. The fresh ma-
terial showed higher expansive potential than the stockpiled
material and classified as having very high expansive poten-
tial (see Fig. 2). The soil grading and indicator properties are
shown in Table 1. The soil sample was sent to two laborato-
ries for independent confirmation of the results; despite wide

variance in the clay fraction, the overall characterisation of
the soil was consistent.

The in situ moisture content was measured from samples
taken from the auger spoils at 1 m intervals up to a depth
of 6 m; the corresponding bulk density was calculated on
material clods using the wax density method, and the resul-
tant void ratio and degree of saturation were calculated. The
specific gravity of this material was determined using a py-
cnometer. The results of these characterisations are shown
in Table 2. A series of consolidated undrained triaxial tests
were conducted at effective stresses of 100, 200, and 300 kPa
to establish the effective stress parameters of the soil; these
results are also included in Table 2

The drying soil water retention curve (SWRC) and the
shrinkage curve (SC) of the upper clay profile were measured
on samples 15 mm in diameter and 10 mm in height in the
WPA4C. Saturated samples were prepared to a target dry den-
sity of 1450 kg/m? (average in situ value); the small sample
size was chosen to limit the impact of shrinkage cracks on
volume measurements. The results are shown in Fig. 5. The
best-fit curves according to the forms suggested by Fredlund
and Xing (1994) and Fredlund et al. (2002) for the SWRC and
SCrespectively are shown in the figures. The in situ condition
is shown on the shrinkage curve; the measured soil suctions
on site were lower than 1 MPa, and thus do not plot on the
scale of the shown SWRC. The shrinkage curve plot shows
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Table 1. Grading and indicator properties of soil characterised from borehole

drilling spoils.

Soil property Unit Lab A* Lab BY
Gravel % 3.2 0
Sand % 28.2 26
Silt % 33.6 20
Clay % 35 54
Liquid limit (LL) % 76 82
Plastic limit (PL) % 39 42
Plasticity index (PI) — 37 40
Linear shrinkage % 14.5 23.5

*Classifications according to ASTM D422-63e2 (2007).

fClassifications according to SANS 3001-GR1 (2013), SANS 3001-GR3 (2014), and SANS 3001-GR10 (2014).

Table 2. Soil properties.

Soil property Symbol Unit Mean CV (%)
Specific gravity Gs g/cm® 2.66 —
Moisture content — % 21.5 15.4
Bulk density Y kg/m? 1762 3.1
Void ratio % 0.84 10.1
Degree of saturation Sr % 68.3 10.9

Consolidated undrained triaxial tests

Cohesion intercept d kPa 5 —
Friction angle ¢’ ° 26 —
Young’s modulus at 0.1% strain E; MPa 34.9 —
Young’s modulus at 1% strain E; MPa 10.8 —

Fig. 5. (a) Soil water characteristic curve (primary drying) and
(b) shrinkage curve of site material. [Colour online]
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that the in situ material is in the region where large changes
in volume are likely to occur as the moisture content changes.
From the SWRC, the in situ estimation of the degree of satu-

ration of 68.3% shows that this is near the point of inflection
of the curve showing high potential for changes in suction as
the moisture content changes. The suctions measured on site
were far lower than expected from the laboratory measured
SWRC; this is expected to be due to the soil in the field not
being on the primary drying curve, and additional influences
from the drilling resulting in lower estimates of true suction
in the profile.

The 28-day and long-term strength and stiffness properties
of concrete samples cast from the same batch of concrete as
used in the piles are shown in Table 3. These reference sam-
ples were cured in water at 22 °C up to the day of testing. The
concrete in the piles experienced approximately the same
temperature for the first 28 days, after which limited strength
gain would take place (as is noted in the similar strength and
stiffness short and long-term results in Table 3). It was as-
sumed that the clay surrounding the concrete below ground
level would prevent the concrete from drying out, at least for
the first 28 days, which would allow for strength gain similar
to that of the water cured test specimen. The concrete sur-
faces at ground level were covered with plastic sheets to pre-
vent drying out. It would thus be expected that the strength
and stiffness of the reference concrete specimens would give
a good indication of the in situ pile strength and stiffness.

Continuous surface wave (CSW) tests were conducted to de-
termine the small-strain stiffness, G, of the in situ soil pro-
file; CSW tests are described in further detail by Matthews
et al. (1996) and an overview of the test procedure and com-
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Table 3. Strength and stiffness properties of concrete.

Property Symbol Unit 28 days 7.5 months
Compressive strength oc MPa 31.4 34.9
Tensile strength ot MPa 2.0 2.0
Stiffness Ep GPa 26.5 27.8

Fig. 6. Small-strain stiffness results from CSW tests. Note: due
to the large difference in the magnitude of the stiffness in
the upper and lower layers, the same result has been plotted
on two different horizontal axes so that the variation in the
upper layers can still be distinguished. [Colour online|
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parison to other surface wave testing is given by Stokoe et al.
(2004). The test provides a shear wave velocity profile from
processing of the ground surface measurements induced by
avibrating energy source; elastic theory is then used to derive
the stiffness profile. CSW tests provide the mass stiffness of
a ground profile. These tests were conducted on the wet and
dry test areas in December, i.e., two months after the wet area
had been kept flooded for six months. The results are shown
in Fig. 6; the average result up to 10 m depth was 37 and
41 MPa on the wet and dry sites respectively. It is interest-
ing to note the similarity in the small-strain stiffness results
on the two sites; it is expected that the intact stiffness of the
wet and dry clay will be different, but due to the fissuring the
small strain stiffness of the soil mass will be similar. It is the
mass stiffness of the soil profile that influences the soil-pile
interaction.

Cone penetration tests (CPTs) were conducted to determine
the in situ undrained shear strength, ¢, of the soil; these were
conducted on the wet and dry test areas eight months after
the active flooding of the wet area was stopped. The CPT re-
sults are shown in Fig. 7. The water table in the wet test area
was encountered at 4 m below ground level; this is a perched
water table introduced by the prior flooding, and not natu-
rally occurring. No water table was encountered in the dry
test area. The classification of the soil behaviour type using
the cone resistance and friction ratio according to Robertson
(2010) criteria was predominantly clay and silty clay for the
full depth of both profiles. The undrained shear strength was
estimated using the procedure recommended by Robertson

(2009); these results are also shown in Fig. 7. A layer of very
dense/stiff soil was encountered between 13 and 14 m in the
dry profile, and below 14.25 m in the wet profile; the shear
strength results are therefore only shown to a depth of 14 m.
The shear strength results show a large degree of similarity,
except in the region in the wet profile which had been pre-
viously flooded and allowed to dry out, i.e., above 4 m. The
portion of the profile that remained saturated had a similar
strength profile to the dry site. This indicates that the dry pro-
file can be used to get an indication of the undrained shear
strength of the soil to be used in further analysis.

4. Results

The monitoring data obtained from site from the start of
the flooding for a period of eleven months is reported in this
section; recordings of all instrument data were taken at 15-
minute intervals. The ambient weather data, results from pe-
riodic surveys, and the VWSG data are discussed, together
with the processing of the VWSG data to obtain the shaft fric-
tion and axial load in the piles.

Figure 8 presents the recorded daily rainfall and mini-
mum and maximum daily temperature data together with
the dates of key events on site. The soil surface movement was
measured by periodically surveying the position of installed
monitoring pegs. The initial position of the pegs and bench-
marks on site was measured using GPS survey relative to the
nearest trig beacon. Thereafter, all levels were measured us-
ing 2 independent readings from 2 positions (4 readings) rela-
tive to a stable benchmark, and the average of these was used
as the final level. Sub millimetre readings were able to be
measured for each monitored point. The measurement inter-
vals varied depending on when access was able to be gained to
site and lockdown restrictions; these are shown on Fig. 8. The
measured movement of the soil surface monitoring points
closest to the installed piles determined from surveys of the
site is shown in Fig. 9; the difference between the two read-
ings appears larger in the dry site, although this is only due
to the magnified scale in this figure. It is evident that very lit-
tle movement was observed on the dry site, while substantial
heave was observed on the wet site. After the initial drying
out and reduction in the surface swell up until June, the soil
surface movements in the dry test area are largely stable over
the dry period from June to September. At the end of the test
period there was an average of 59 mm of swell around the wet
pile; the change in rate of swell when the surface was allowed
to dry out is immediately evident. Using the Van der Merwe
(1964) heave prediction method, the expected surface heave
for the soil profile in the wet site is 160 mm (excluding the top
0.5 m of the profile). Despite the expected worst-case scenario
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Fig. 7. Estimated undrained shear strength from CPT results
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Fig. 8. Ambient weather data (daily rainfall and minimum & maximum temperatures) and key site events. [Colour online]
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of continued flooding of the soil surface, this expected heave
was not achieved. The lower measured swell on site could be
due to the swell not reaching its maximum value during the
study period, limited moisture ingress in the soil profile or
potentially an overestimation of the Van der Merwe method.
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The frequency readings of the VWSGs were converted to
strain using the following relationship:
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where Apue is the change in microstrain from the initial read-
ing, F is the frequency reading in Hz, F; is the initial fre-
quency reading, and Gy and By are the gauge and batch fac-
tors, respectively (3.718 and 0.958 for the installed VWSGs).
Due to the depth of the gauges below ground level, thermal
compensation had a marginal effect on the results; the results
are therefore presented without any thermal compensation.
Positive axial strain is indicative of induced axial tension, and
negative strain is compression.

The axial strains, ¢,, and bending strains, ¢y, in the pile
were calculated according to eq. 6. The axial strains were con-
verted to axial stress using the long-term stiffness modulus of
the concrete (Table 3), and then to axial load by assuming a
uniform circular cross-section of the pile. The shaft friction
was calculated by dividing the difference in the pile axial load
at the strain gauge locations by the surface area of the pile be-
tween the gauge depths. The assumption of a uniform cross-
section was deemed to be appropriate after inspection of the
bored holes before the pile was cast which showed smooth,
vertical sidewalls. The core drilling showed high percentages
of core recovery in the initial site investigation giving confi-
dence in stable sidewalls throughout the depth of the profile.
Slight overdrilling was noted at the base of the wet pit at the
transition to the soft rock; this was below the level of the low-
est VWSG pair, and would thus not impact the axial load and
shaft friction calculations.

€a = (Sleft + gright) /2
(6)

&b = (Elefe — Eright) /2

The results of the axial and bending strain in the dry pile
over the investigation period are shown in Fig. 10. The left
VWSG at 3 m depth lost data from mid-July to the end of
October; the recovered readings from November onwards
matched the trends expected from prior to the loss and was
in accordance with the expected behaviour from the other
gauges. A linear interpolation was used to estimate the miss-
ing readings; this result is shown in a dashed line in Fig. 10.
With the exception of the gauges at 3 m, the induced bend-
ing strains were within £10~pue¢. The higher bending at 3 m
depth is observed near the transition from the expansive to
non-expansive soil profile and is expected to be as a result
of uneven shrinkage around the pile, and not an anomaly of
the gauge readings. Assuming uniform movement of the soil
around a uniform pile, there should be no bending induced
in the pile. To remove these bending effects, half the recorded
bending strain was added to the recorded axial strain to calcu-
late an effective axial strain; this only resulted in a significant
difference at 3 m depth, and the result is shown in a dotted
line in Fig. 10. It is evident in these results that changes in am-
bient temperature had as much impact on the shrinkage and
swell of the soil surface as the rainfall; this explains why the
construction of foundations has a marked impact on swelling
of active clays, as the transpiration surface which contributes
to shrinkage in the clay during the dry season is lost.

Comparing the induced strains (and thus ten-
sion/compression) with the weather and soil movement
(Figs. 8 and 9), the pile initially starts to go into slight tension

‘Canadian Science Publishing

which corresponds to a period of high rainfall and some
swell observed around the pile. The pile then starts to go
into compression as the soil surface settlement increases,
with a relatively stable period with minimal rainfall, temper-
ature changes and strain changes from June to September.
As the temperature starts to increase with no significant
increase in rainfall (September to mid-October), there is a
marked soil settlement and corresponding increase in pile
compression, especially evident at 5 and 7 m depths. After
the heavy December rainfall, the soil surface begins to swell
again, and the recorded compression in the pile stabilises
and then decreases accordingly.

The axial load and shaft friction as a function of depth is
shown in Fig. 11; the boundary conditions of zero axial force
at the top and base of the pile have been included, as well as
the friction derived from this. As the pile goes into greater
compression, the shaft friction transition from negative to
positive coincides approximately with where the expansive
soil transitions to non-expansive soil (4 m; Fig. 4). This con-
firms that the soil settlement that is inducing the compres-
sion is as a result of the shrinking of the expansive clay layer.

The axial and bending strain results of the wet pile are
shown in Fig. 12. The left VWSG at 1 m depth showed un-
reliable results; due to the bending evident in the pile, us-
ing only a single VWSG reading to infer the axial strain was
not possible. This level was thus excluded from the analysis.
The two gauges at 7 m depth showed a sudden disturbance
in early-May; a similar disturbance was noted at 3 m depth in
mid-June and at 5 m depth in early July (evident in ¢, only).

Further inspection showed that these jumps at 7 and 5 m
occurred once one of the strain gauges reached a tensile
strain of 77~ u¢; using the results from Table 3, the maximum
tensile strain that the concrete can withstand is between 72
and 75 pe. These jumps are therefore likely to be the result
of the tensile capacity of the concrete being exceeded. At 7 m
depth both the left and right gauges exceeded this limit, and
it was assumed that the tensile stress in the pile was carried
by the reinforcing bars after this point; the change in slope
of the strain readings indicates this change. At 3 m depth, the
jumps occurred in both gauges at a recorded average tensile
strain of 55 p¢; the overall tensile capacity of the pile is not
exceeded, however, it is possible that this is the result of the
formation of a local crack around the gauge. The modified
measurements without the jumps are shown in dashed lines
in Fig. 12.

Figure 12 shows a clear trend of bending in the pile in one
direction up until the crack at the transition, presumably in-
troduced by uneven swell around the pile. Thereafter mini-
mal bending at the crack depth is noted; however, continued
bending above and below this level is noted. The adjusted
axial strain removing the effects of bending is presented in
Fig. 13; this is more consistent with the expected behaviour
as the full length of the pile remains in tension which corre-
sponds to continued surface swell over this period. The ten-
sile strain limit of the concrete is plotted in this figure; once
the effective axial strain measured by the VWSGs exceeded
this limit, the tensile stress and axial load in the pile was
calculated using the steel stiffness (Est = 200 GPa) and area
properties.
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Fig. 10. Measured axial and bending strain in the dry pile (interpolated data shown in dashed line; adjusted ¢, to account for
bending shown in dotted line in the top figure). [Colour online]
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Fig. 11. Axial load and shaft friction as a function of depth in the dry pile (data derived from the adjusted axial strain is plotted

by the stars, with connected points shown in dashed lines). [Colour online]
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The axial load and shaft friction as a function of depth
is shown in Fig. 14; the change from positive to nega-
tive shaft friction occurs at 5.5 m for the first measure-
ment, but then stabilises between 6.8 and 7.2 m depth
for the subsequent measurements which corresponds to
the expected depth of the expansive clay at this location
(Fig. 3). The increase in swell up until September was lin-
ear; however, the maximum axial load shows a tendency to-
wards a limiting value, with large initial increases in ten-
sion and limited increases in the maximum load, and more
of a “load-sharing” effect with a broadening of the peak
load.
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5. Discussion and analysis

The benefit of being able to accurately predict the uplift
force on piles in expansive clays is twofold: first, to design
the appropriate required structural capacity of the pile, espe-
cially for lightly loaded structures where the pile would be
loaded in tension, and second, to allow an estimate of pile
head movement and design the required length of pile in the
stable soil zone to resist the upward movement with an ade-
quate factor of safety. This is analogous to the approach to de-
sign piles in settling soil with negative skin friction and cor-
responding drag forces and settlement as discussed by Poulos
(2008).
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Fig. 12. Measured axial and bending strain in the wet pile (modified data shown in dashed lines). [Colour online]
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Fig. 13. Corrected axial strain in the wet pile to remove the effects of bending (results derived from previously extrapolated

data shown in dash-dot line). [Colour online]
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The results for the measured tension in the wet pile were
compared to the various prediction methods discussed in
Section 2 as a validation to determine the applicability of the
presented methods. The soil properties used for the analy-
sis are shown in Table 4. The peak undrained shear strength
was estimated from the average value of the CPT estimate
in the upper 7 m of the dry profile. An additional estimate of
the undrained shear strength was made using the remoulded
shear strength which is equal to the measured sleeve friction,
fs, in the CPT profile. Given the large movements in the soil
due to swell, the shear modulus of the soil was calculated at
large strains using a relationship of Gs/Gy = 0.15 at 1% shear
strain (Clayton and Heymann 2001); the resulting soil mod-
ulus (Es) matches the recommended value from Poulos and
Davis (1980) for bored piles based on the soil ¢, and matches
well with the laboratory measurements in Table 1. The field
measurements of stiffness were used in the analysis as these

Can. Geotech. J. 59: 2119-2134 (2022) | dx.doi.org/10.1139/cgj-2021-0079

Aug Sep Oct Nov Dec Jan Feb

Date

are expected to have a better match to the bulk behaviour of
the soil.

The predicted axial load and shaft friction in the expansive
layer of the soil from the total and effective stress methods
is shown in Fig. 15a using both the peak and remoulded es-
timates of the undrained shear strength. These methods as-
sume that the neutral plane occurs at the transition from the
swelling to the stable soil, and that the shaft friction above
this plane is fully mobilised. Only a single prediction is possi-
ble with these methods, and a prediction of the tensile load
as a function of the soil heave is not possible. The shape of
the increase in load and friction with depth for the effective
stress method did not show a good match to the measured be-
haviour in Fig. 14. In contrast, the assumption of a constant
shaft friction from the total stress method shows a reason-
able comparison, particularly as the soil started to swell. The
use of the remoulded undrained shear strength shows a bet-
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Fig. 14. Axial load and shaft friction as a function of depth in the wet pile, plotted using effective axial strain from Fig. 13
(modified data are plotted by the stars, with connected points shown in dashed lines; axial load in the grey block calculated

using steel properties). [Colour online]
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Table 4. Soil properties used in analysis.

Soil property Symbol Unit Value Reference
Cohesion intercept d kPa 5 Table 2
Effective friction angle ¢’ ° 26 Table 2
Unit weight y kN/m3 17 Table 2
Peak undrained shear strength Cu kPa 206 Fig. 7
Remoulded undrained shear strength fs kPa 91 Fig. 7
Poisson Ratio v — 0.3 Assumed
Small strain shear modulus Gs MPa 39 Fig. 6
Shear modulus of soil Gs MPa 5.85 Gs/Gop = 0.15 at 1% shear

strain*
Elastic modulus of soil Eg MPa 15.2 Es =2Gs(1 +v)

*Clayton and Heymann (2001).

ter match to the measured shaft frictions and peak axial load
than the peak undrained shear strength.

The predicted load and friction using the measured soil sur-
face movements and the elastic solution presented in eq. 4
are shown in Fig. 15b for three selected dates of 16 March,
4 May and 14 December using an active depth of H = 7~m.
The average soil surface swell on these dates were 7, 30, and
59 mm, respectively (Fig. 9). These results are based on an as-
sumed linear swell profile from zero at the transition from
expansive to swelling clay, to the measured value at the sur-
face (see Fig. 1), and additionally assume that there is no pile-
soil slip that occurs. The result in Fig. 15b was found to be
highly sensitive to the shear modulus of the soil G;. It is appar-
ent that as the soil heave increases, this method significantly
overestimates the tension developed in the pile; the maxi-
mum measured tension was 355 kN, whereas a maximum
tension of 934 kN is predicted at the date of the latest sur-
vey. The required shaft friction needed to develop this load
far exceeds that which was measured (compare the shaft fric-
tion in Fig. 15b to that in Fig. 14). It could therefore be argued
that due to the large amount of swell, there is slip occurring
between the soil and the pile, and a limiting value of shaft
friction needs to be applied. A second observation from the

shaft friction predicted by the elastic analysis is that with an
active depth of 7 m, the transition, i.e. neutral plane, does not
occur at the boundary of the expansive clay and residual soil,
but rather within the clay profile. Detailed inspection of the
result shows that this transition occurs at a depth of 5.5 m.

To incorporate the effect of relative slip between the pile
and the soil, the elastic results were modified to apply a lim-
iting maximum shaft friction in the expansive clay. This is
the same modification made by Poulos and Davis (1980) to ac-
count for soil slip. To do this, the elastic solution as presented
in eq. 4 was used to calculate the required shaft friction as
shown in Fig. 15; where the required shaft friction exceeded
the chosen limiting value, the shaft friction was set to the
limiting value. The required resistance in the stable soil zone
to ensure that the boundary condition of zero load at the pile
toe is met was then iteratively calculated.

An estimate of the limiting shaft friction can be made using
the acy-value, or ofs-value; this gives 92.7 kPa and 40.95 kPa,
respectively. An alternative method making direct use of
CPT data is recommended by Eslami and Fellenius (1997) us-
ing the effective cone resistance, qpz( = q. — u), multiplied
by the shaft correlation coefficient, Cs. The expansive clay
layer classified in both the Silty clay - Stiff clay (Zone 3)
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Fig. 15. Predicted axial load and shaft friction due to swelling (a) using total and effective stress methods and (b) using elastic
solution. [Note: the axes in (a) and (b) are scaled differently for better reading of the results.] [Colour online]
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and Silty sand - Sandy Silt (Zone 4) in the Eslami and Fel-
lenius (1997) profiling chart. The recommended value of Cs
for these materials is 2.5% and 1%, respectively. Using an av-
erage of the two values, the limiting shaft friction is esti-
mated as 56.2 kPa. The maximum shaft friction in the final
measurement in Fig. 14 is approximately 50 kPa; the esti-
mated value of limiting shaft friction of 56.2 kPa was there-
fore used in further analysis. The required constant friction
in the resistance portion of the pile needed to ensure the
boundary condition of zero load at the pile tip was then
calculated.

The results of the predicted axial load with the inclusion of
a limiting shaft friction using the elastic method are shown in
Fig. 16 in comparison to the measured site data. The results of
the original elastic results from Fig. 15b are also included for
ease of comparison. The larger the length of exceeded shaft
friction (see Fig. 15b), the greater the difference made by the
revised solution. For the first date shown, the revised result is
equivalent to the original result as the limiting shaft friction
was not exceeded. The figure shows that for the first predic-
tion (16-Mar), the elastic method shows an excellent match
to the measured data both in terms of magnitude and shape
of the profile; the predicted and measured friction transition
also match excellently. For the later predictions, the magni-
tude of the elastic predictions match the magnitude of the
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Fig. 16. Predicted axial load on wet pile using modified elas-
tic solution in comparison to measured results and original
elastic solution. [Colour online]
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measured axial loads well (within 10% for the final measure-
ment made), although the measured data shows the location
of the neutral plane occurring deeper in the soil than what
is predicted by the elastic method. This potentially indicates
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that there is a slightly thicker expansive clay than was origi-
nally anticipated, and that over time, as the water had more
time to infiltrate deeper in the soil, the deeper expansive clay
also started to expand and contributed to the uplift force gen-
erated in the pile.

Considering the behaviour of the dry pile (Fig. 11), it is in-
teresting to note that despite significantly lower movement
in the soil around this pile compared to the pile in the flooded
area and also the presumed thinner layer of expansive mate-
rial compared to the wet pile location, the induced axial force
(maximum compression of 450 kN, Fig. 11) is greater than
that of the wet pile (maximum tension of 355 kN, Fig. 14).
The axial load in the pile from theoretical estimates would
be the same as shown for the total stress (eq. 1) and effec-
tive stress (eq. 3) in Fig. 15a, with an induced axial compres-
sion instead of tension. There may be a slight difference due
the bulging of the pile in compression resulting in increased
shaft friction; this is expected to be nominal. The observed
shaft friction around the upper portion of the dry pile is ap-
proximately 125 kPa. To achieve a shaft friction this high,
the total stress method would need to be applied using the
peak undrained shear strength with an «-value of 0.6. This
large induced shaft friction and corresponding compression
is interesting especially for the potential that this could add
to the required capacity of piles installed in expansive clays
where shrinkage as well as heave could reasonably be ex-
pected. Longer-term monitoring of this pile is planned to ob-
serve how the axial load changes over several seasons of nat-
ural moisture content changes in the soil and resultant soil
movement.

6. Conclusion

A large-scale field trial was conducted to measure the ax-
ial loads in a bored concrete pile installed in a highly expan-
sive clay and socketed in a stable layer beneath the active
zone. Swelling of the soil was accelerated by flooding the soil
surface. The results showed a large initial increase in the in-
duced tension, with smaller increases over time, even though
the soil swell largely continued at the same rate. The reduc-
tion in the increased tension over time was expected to be
due to larger soil movements exceeding the available shaft
friction which tended to a constant value with depth in the
swelling clay. Cracking of the pile was deemed to occur at the
base of the top of the active clay layer. The assumption of a
uniform strength profile consistent with total stress methods
showed a better match to the inferred shaft friction from the
strain measurements in the pile than an increasing strength
profile from effective stress methods. The total stress meth-
ods provide a conservative estimate of the expected uplift
force assuming that the neutral plane occurs at the transition
from the expansive to stable soil; the use of the remoulded
undrained shear strength provided a closer match to the mea-
sured load than the peak undrained shear strength. The elas-
tic prediction method for induced tension, modified to allow
for a maximum mobilised shaft friction and thus incorporate
pile-soil slip, showed an excellent match to the measured re-
sults, and allows for predictions of tension as a function of
soil heave.

List of symbols
Ap cross-sectional area of the pile
A cross-sectional area of the steel in the pile
Cu undrained shear strength of soil
d effective cohesion of soil
C1,2,3,4 coefficients for elastic pile force solution
Cs shaft correlation coefficient
pile diameter
e void ratio
Ep, modulus of elasticity of the pile

Es modulus of elasticity of the soil
Est modulus of elasticity of the steel
f shaft friction

fs measured sleeve friction in CPT
F frequency reading from VWSG
Fy uplift force acting on pile

Go small strain stiffness of soil

Gs shear modulus of the soil

h depth of soil from the surface

H thickness of active soil layer

K coefficient of lateral stress

L length of pile

P axial load on pile

PI plasticity Index

Pg vertical swell pressure

qc cone resistance (CPT)

qE effective cone resistance (CPT), g — u

Tm maximum effective radius around the pile
o pile radius

So heave at the soil surface

Sy degree of saturation

u measured pore pressure (CPT)

z depth of soil from the surface

o shaft adhesion factor

o simplification factor (eq. 4), o® = 27 [ApAp¢
o, horizontal effective stress

o, vertical effective stress

o compressive strength of concrete

ot tensile strength of concrete

¢’ effective internal angle of friction

y unit weight of soil (kN/m?)

v poisson ratio of soil

Ap pile to soil stiffness ratio, A, = Ep[Gs

e effective parameter of the pile radius, ¢ = In (my/ro)
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