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Civil Engineering structures subjected to both compressive and tensile forces. The behavior of square
Department, University helical piles models (5 x 5) mm, embedded in expansive soil overlaying a layer of
of Baghdad, Baghdad, Iraq well compacted sandy soil, (single and group of helical piles) were investigated and

compared with ordinary piles. Model tests are performed with helical pile length 150,
200, and 300 mm and helix diameters 15 and 20 mm. Helical piles with one helix and
double helix were considered. The pattern of helical piles group models consists of four
piles in a square arrangement. Thirty-six models of helical pile groups embedded into
the expansive soil were performed. It is found that the pile length, number of helix,

and helix diameter have a great effect on the amount and rate of uplift movement

of helical piles embedded in expansive soil. The deeper helical piles with higher L/D
ratios showed greater pullout capacity comparing to the shallower piles. The maximum
upward movement of helical piles group is less than that of single pile.
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Introduction

Expansive soil exhibit significant volume changes due to soil moisture content changes.
Foundations constructed on this soil are subjected to considerable damage due to swell-
ing [8]. Soils with high plasticity properties experienced large volume changes during
swelling and shrinkage strain characterizations. Helical piles are an effective foundation
system in expansive soil and bedrock. Helical pile foundations are used for both new
construction and repair of existing foundation in areas with expansive soils [4]. Screw
piles show good promise as a one of type anchor requiring very simple installation tech-
niques [6].

The square shaft helical pile is a deep foundation used for new foundations and under-
pins existing foundations. Favorable performance history and economic viability have
made it a standard of practice in many parts of the United States where it is considered
a long side its deep foundation cousins: the drilled cast in place concrete pier, the driven
pile and the micro piles. In addition to underpinning light structures, today it is used for
new foundations and to underpin multiple stories heavily loaded commercial and indus-
trial structures. Problem soil sites with expansive clays, collapsible soils or high ground
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water conditions are especially well suited for the square shaft helical screw pile [7]. The
use of square shaft helical pile foundations in swelling soils is a standard of practice in
Colorado. Since 1986 it is estimated approximately 130,000 square shaft helical piles
have been installed for both remedial repair and foundations for new construction in
swelling soils, including the high expansive steeply dipping bedrock areas. There are no
documented failures or adverse performance of correctly specified and installed square
shaft helical piles [1]. Helical piles represent an efficient deep foundation system used in
a wide range applications varying from anchors for transmission towers to foundations
for bridges and large industrial installations. Helical piles are made of a steel shaft either
a solid square shaft or circular pipe with one or multiple helices attached to it. They are
installed by employing rotational force applied through a drive head. The piles could be
installed to any depth and at any angle provided that the soil conditions are tolerable and
the pile is designed to withstand the applied torque from a suitable drive head [2].

For the helical pile group systems under similar conditions, the average efficiency
factor close to unity, indicating that detrimental effects given by the superposition of
individual stress and displacement bulbs are reliable. It also means, and confirms, that
individual pile failures rather than block failures are the main shearing mechanism that
takes place underneath the systems during soil plasticization [5]. Hanna and Ghaly [3]
examined the shape of the group (square, triangular, rectangular), spacing, depth, sand
density and angle of shearing resistance. They introduced the concept of a transition
anchor which is a phase of behavior where the anchor neither behaves as a shallow or
deep one. They have shown that this concept is applicable to both single and groups of
anchors. The present work aims to investigate the behavior of model single helical piles
embedded in expansive soil overlaying a layer of sandy soil. The parameters considered
in this study are the length of helical pile, number of helix and helix diameter. Also, the
present work aims to study the behavior of model of group of helical piles embedded in
expansive soil overlaying a layer of sandy soil considering the length of helical pile, spac-
ing between piles, number of helix and helix diameter.

Material properties

Expansive clay

The disturbed expansive soil used in this study was brought from Al-Anbar city/Bush-
ayrah Valley, 35 km southern Al-Waleed Military Base from a depth of three and a half
meters from natural ground level. In order to increase the permeability of the soil and
to facilitate and accelerate saturation process, several trial mixes of expansive soil-sand
were performed. A ratio of expansive soil to sand of (4/1) was selected. At this ratio, the
soil remains highly expansive and its permeability is increased. The results of laboratory
tests are shown in Table 1.

Model piles

Large number of steel helical piles models with length ranging from 150 to 300 mm and
square solid section with dimension (5 x 5) mm was manufactured from high resist-
ing steel as shown in Fig. 1. Helices are spaced on the shaft at a minimum distance of
three times the diameter of the lower helix. The soil disturbance is minimized when each
helix tracks through the same continuous helical groove cut into the soil. When spacing
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Table 1 Physical properties of expansive soil
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Test name Standard Soil property Value
Specific gravity (ASTM D-854) Specific gravity (Gs) 2.78
Atterbeg limits (ASTM D-4318) Liquid limit (LL)% 102
Plastic limit (PL)% 43
Plasticity index (P1)% 59
Grain size analysis (ASTM D-422) (Clay + silt)% 799
Sand% 20.1
Gravel% 0
Unified soil classification system (USCS) CH
Standard compaction and (3/4) (ASTM D-1557) Maximum unit weight (kN/m?) 134-13.1
energy of standard Optimum moisture content (OMC)% 18-19
Swelling pressure (ASTM D-3084) Swelling pressure (kPa) 260

Fig. 1 Different types of helical piles used in the models

between helices is more than three times diameter of helices, the helices work as indi-
vidually and the failure may be bearing. On the contrary, if distance between helix plates
less than three times helix diameter the cylindrical failure will be occur.

The experiment program is carried out on single pile with different length, helix diam-
eter and number of helix. While, the pattern of helical piles group models consists of
four piles in a square arrangement with a square pile cap. A gap separated the pile cap
from the surface of the bed of the soil as shown in Fig. 2. Thirty-six models of helical
pile groups embedded into the expansive soil with different lengths, helix diameters, pile
spacing and number of helix plates to investigate the effect of these parameters on the
upward movement of both pile and soil.
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Fig. 2 Installation of four helical piles in the expansive soil inside container. a Before putting the cap, b after
putting the cap

Soil container

Steel container for soil was manufactured using a 4 mm thickness plate with internal
diameter 40 cm and height 60 cm. The base of container is supported by four steel rigid
legs and contains a hole with diameter 2.5 cm connected to control valve. This valve is
connected to the tank base to perform the saturation process of soil from bottom to top
of soil. The water level in the tank must be usually kept 10 cm more than the surface of

soil. Figure 3 shows the containers used in models tests.

Methodology

The soil bed was prepared on a dry density of 1.335 gm/cm® which corresponds to a
water content of 2% dry of optimum, from the compaction curve of 3/4 Standard Proc-
tor for the expansive soil. Four sand drains were formed around the pile using thin
walled steel tube (10 mm diameter and 300 mm length). The sand drains were spaced

50 mm from the pile (center to center). A group of four helical piles in a square pattern

o f el
Fig. 3 a Soil mixing process. b Storing the soil in two plastic bags
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and three different spacing (3, 4, 5 dh) where dh is diameter of helix plate. The caps of
helical piles are square shape and their dimensions are changed according to spacing
between helical piles. After installation of helical piles group in expansive soil, each heli-
cal pile is connected with cap tightly. Also, as in single helical pile, there is a gap of (10)
cm between cap and surface of expansive soil.

The following procedure was followed to prepare the soil bed in the container to be

ready for performing model tests:

1. The soil bed was prepared on a dry density of 13.10 kN/m? which corresponds to
a water content of 2% dry of optimum, from the compaction curve of 3/4 effort of
Standard Proctor for the expansive soil. A soil dry weight corresponding to the dry
density of 13.10 kN/m? was prepared by mixing thoroughly the required amount of
the dry sand passing sieve No. 40 with the required amount of oven dry soil. After
that the water corresponding to 2% dry of optimum (18.62%) was added gradually
to the soil, care was taken to distribute the water evenly and to prevent the develop-
ment of clay lumps.

2. The mixture was kept in completely sealed plastic bags for 1 day to insure homoge-
neous water migration within the soil as shown in Fig. 3.

3. Representative water content samples were taken for water content measurements.

4. The inside of the soil containers was coated with lubricating oil to minimize the fric-
tion effect between the soil and the inner surface of container.

5. After thorough mixing with water, the soil lumps are spread inside the model con-
tainer at maximum dry unit weight of (13.1 kN/m?®) in form of six layers. Each
layer has a compacted thickness of (5 cm) and contain (9.95 kg) of soil to give the
total depth and weight of expansive soil inside the model container of (30 cm) and
(59.7 kg). Special compaction technique is proposed to obtain desired unit weight
of soil (15.54 kN/m?®) in specified thickness (5 cm). This need to make simulation
between the method of soil compaction in standard Proctor test and method of soil
compaction inside the model container of experimental work, since; same compac-
tion energy must be used to keep the maximum dry unit weight the same value and
prevent any change in soil properties which may causes missing in test results.

New manual metal rammer manufactured with predetermined weight and dropping
height to compact the expansive soil inside the model container and new compaction
elements proposed in order to give the same compaction energy of standard proctor
compaction test. Table 2 shows the elements of standard compaction test and com-

Table 2 Compaction elements for standard and proposed method

Elements Standard method Proposed method 3/4 energy of pro-
posed method

Hammer weight 25kg (5.5 1b) 5kg 5kg

Height of hammer fall 03m(12in.) 1.15m 1.15m

Number of compacted layers 3 6 6

Number of blows/layers 25 66 50

Container volume (m?) 0.0009422 0.037699 0.037699

Compaction energy (kJ/m?) 595 595 446

Page 5 of 20
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paction method that followed in this study. The soil is compacted using new manu-
factured rammer and the thickness of each layer is checked carefully after compac-
tion. The process of compaction is continued until the expansive soil bed reached the
desired thickness of (30 cm).

6. Each layer was scratched by a spatula in order to provide a good contact with the
compacted layers (Fig 4a).

7. The density of each layer was checked by using an oedometer ring which has con-
stant dimension of 50 mm diameter and 19 mm height. The water content of each
layer was checked also (Fig. 4b).

8. At the end of compaction, the final thickness of soil bed was 300 mm corresponding
to a dry density of (1.335 gm/cm?) and water content of (18.62%) which is 2% less
than the optimum moisture content9-four sand drains were formed around the pile
using thin walled steel tube (10 mm diameter and 300 mm length) as shown in Fig. 5.
The sand drains were spaced 50 mm from the pile (center to center). The sand used
was passing sieve No. 40 and prepared at a relative density equal to 80% to decrease

soil saturation period.

Fig. 4 a Scratching each layer after compaction. b Measurement of soil density

Fig. 5 Sand drains around helical pile before and after filling with sand

Page 6 of 20
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The following steps were followed for pile installation after the completion of the soil
bed compaction in the container:

1. Two types of T shaped and circular plate (pile cap) were manufactured from galva-
nized steel. By fitting these tools on each other on the upper part of helical pile and
apply torque to install the pile into soil to the required depth. Enough care and con-
trol should be taken to keep the helical pile in vertical line as shown in Fig. 6.

2. A circular plate (cap) was then fixed on the upper part of helical pile. After that, a
dial gage was fixed vertically for measuring uplift movement of helical pile as demon-
strated in Fig. 7.

3. The valve of water tank is opened and the water seeping from bottom to top of
expansive layer. This stage represents the beginning of test. Recording the dial gage
reading is started too. The water level in the tank must be 10 cm greater than the top
surface of expansive soil at the starting stage. This level of water was controlled dur-
ing the test as it must not be greater than the soil surface at the end of saturation.

4. The reading of dial gage was recorded with time until equilibrium state was reached.

5. The same procedure mentioned above is used for single pile and pile group models
tests (Fig. 8).

Fig. 6 Tools of helical pile installation in the soil

>

Fig. 7 Manufactured frames of uplift movement measurement of helical piles

Page 7 of 20
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Fig. 8 Group helical piles after driving and fixing square cap

Special pull-out loading frame was manufactured for measuring pile pull-out capacity
as illustrated in Fig. 9. A load cell with its indicator was attached to measure the applied
tension force on the pile, and two dial gauges were fixed above the pile cap using two
magnetic holders to indicate the upward displacement of the pile due to applied force.
Pullout load test is carried out on single helical pile embedded in expansive soil and

Fig. 9 Model pile pullout test system during testing
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sandy soil bed at different lengths and helix plates diameters. After conforming satura-
tion and completing uplift movement test, the loading system instrument is prepared
and pullout load test is carried out by the following procedure:

1. The pullout load test system is prepared by equipping mechanical jack, connected
from the top with steel support in testing frame and connected from the bottom with
load cell system. The load cell system is equipped with helical pile head by special
instrumentation and attached to a digital load indicator.

2. The pullout load is applied and controlled by equipping mechanical jack and load
cell. This jack has the ability to move upward and apply pullout load on the load cell,
which is connected to the helical pile head and digital load indicator. The load indica-
tor displays the load values on a screen indicate the pullout load.

3. The pullout load is applied gradually and incrementally. The load increments are
ranged as (3—10) N and the average upward movement of the helical pile under each
increment is measured by using the two dial gauges which were attached to the load-
ing frame.

4. The test is continued up to the point of failure is observed. At this point, the helical
pile is completely pulled out from the expansive soil.

Results and discussion
The results of this study can be divided into two parts:

Results of single helical pile

Three different L/D ratios were used 27, 35 and 53, also single and double helix with
helix diameters 15 and 20 mm were used. In general, the amount and rate of helical
pile upward movement due to soil swelling were reduced when increasing L/D ratios,
decreasing helix diameter and number of helix. The uplift movement of soil surface is
preceded the uplift movement of helical piles and more than 80% of its value take place
during the first 10 days of saturation. The ordinary and helical piles movement is hap-
pened after soil surface movement which represents time lag relation and more than
80% took place during period (20-30) days of saturation. There was a time lag between
the upward movement of helical piles and the soil surface. The results of three models
tests of ordinary pile and 12 models tests of helical piles are presented in Table 3.

As shown in Figs. 10 and 11, increasing L/D ratio for ordinary and helical piles reduces
the pile uplift movement which results from swelling soil. This is occurs due to anchor-
age of long piles in deep soil layer even if this layer is within the active zone of the soil.
The obtained reduction percentages in ordinary piles upward movement 67% when
increasing L/D from 27 to 53 while, for helical piles with single helix and double helix
plates was (82—84%) and (77%) respectively when increasing L/D ratio from 27 to 53. The
ordinary pile showed more resistance than double helix of helical piles for all L/D ratios.
In general, for a given a diameter (D) and expansive soil bed thickness (H), the maximum
uplift movement decreases with increasing of (L/H) ratio due to increasing in its length
and anchorage action of helical pile. A considerable decrease was observed at (L/H = 1),
i.e., the helical pile embedded at full depth. This behavior can be understood as in the
following: the effect of swelling pressure of expansive soil decreases with increasing
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Table 3 Summary of maximum uplift movement of helical piles models

L/D No. of helix Helix diameter (mm) Max. uplift movement (mm)
27 0 0 33
35 24.37
53 1541
27 1 15 36.8
35 21.22
53 6.74
27 1 20 42.56
35 22.66
53 6.85
27 2 15 44
35 29
53 10.29
27 2 20 47
35 303
53 14.55
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Fig. 10 Variation of maximum uplift movement of helical pile with different lengths and helix diameters
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Fig. 11 Variation of ratio (Spmax/H) with (L/D) ratio of helical pile with different lengths and helix diameters

(L/H) ratio. More mobilized pullout resistance of helical pile when the length become
equal the thickness of expansive soil layer where the helical pile becomes instrumental in
reducing uplift movement. The active zone is defined as that zone or depth of seasonal
moisture change, sometimes also called the “depth of wetting” It is the depth or zone
where soil expansion or shrinkage forces adversely affect deep foundation performance.
Swelling soils expand when the moisture content increases and contract or shrink when

Page 10 of 20
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moisture content decreases. If the deep foundation is not sufficiently installed below the
active zone, as moisture content changes, heave or shrinkage forces will be applied to the
deep foundation which may cause it and the structure above to move. The presence of
helix plates in active zone help to increase upward movement of helical piles. As shown
in Fig. 12, the maximum upward movement decreases with increasing of L/H ratio due
to increase in its length and anchorage action of helical pile. In general, the uplift move-
ment of the helical piles increases with increasing helix diameter especially when lower
values of L/D ratios of helical piles. It is obvious that the presence of more than one helix
in helical pile result in increased helical piles movement. This is due to forces gener-
ated around helix plates which lead to uplift them. These forces increase with increasing
number of helix. The results of all the models tests performed on ordinary and helical
piles were plotted together in Fig. 13. A relationship between the dimensionless term
(L?*/De * H) and (Sp/Ss) where: L = pile embedment length, De = equivalent pile diam-
eter, H = expansive soil depth and (Sp, Ss) = pile and soil surface upward movement
respectively. This relationship was plotted to produce a practical relationship which pro-
vides the required L/D ratio for ordinary and helical piles to give an allowable or zero
upward movement for the pile due to swelling. A relationship takes into account the
effect of pile length, diameter of pile and helix, number of helix and the thickness of the
swelling soil. The proposed relationship provides values for unloaded piles fully embed-
ded in a very expansive soil. Therefore; in the case of loaded piles the relationship will be
on the safe conservative side.
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Fig. 12 Variation of ratio (Spmax/H) with (L/H) ratio of helical pile with different lengths and helix diameters
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Fig. 13 Proposed relationship for determining helical pile dimensions in expansive soil
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Fifteen model tests were conducted to determine the pullout capacity of steel and heli-
cal piles with single and double helix after complete saturation of expansive soil. Three
different L/D ratios were used 27, 35 and 53 for these piles models. Figures 14, 15, 16, 17,
and 18 show the model tests results for piles pullout load-upward movement behavior. It
was noticed that the deeper piles with higher L/D ratios showed greater pullout capacity.
Also, helical piles showed more resistance to the applied uplift forces than ordinary piles
because of the presence of the helix plates which provides extra anchorage in deep soil
layers. The pullout force increase with increasing diameters and number of helix plates.

Table 4 summarizes the results of the pullout capacity tests and type of failure for ordi-
nary and helical piles. The failure mode of helical piles is examine by cutting the expan-
sive soil after failing helical pile under the pullout load as shown in Fig. 19. The results
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Fig. 14 Pullout load-upward movement curves for steel pile without helix
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Table 4 Summary of the failure load of helical pile models

L/D No. of helix Helix diameter (mm) Failure load (kg) Failure mode
27 0 0 1 Bearing
35 1.86

53 2

27 1 15 112

35 24

53 8.38

27 1 20 1.15

35 245

53 8.65

27 2 15 14 Cylindrical
35 29

53 9.15

27 2 20 15

35 3.1

53 9.9

showed that the helical piles with two helix principally failed by cylindrical surface
occurred in the region between two helix plates. Another failure mode is bearing which
occurred at the base of helical piles which has one helix plate. An increase percentages
in pullout capacity of ordinary, single helix with diameters 15 and 20 mm and double
helix with diameters 15 and 20 mm were 100, 662, 652, 554 and 560% respectively when

Page 13 of 20
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Fig. 19 Failure modes types of helical piles in expansive soil

increasing L/D ratio from 27 to 53. As shown in Figs. 20 and 21, the rate of increase in
pullout capacity of helical piles is more than ordinary piles with increasing L, L/D and
L/H.

Results of helical piles group

The experimental program is carried out on single and group of helical piles with dif-
ferent lengths and square cross section is (0.5 x 0.5) cm. The length of helical pile (L)
is varied as (15, 20 and 30) cm; these lengths of helical piles are taken depending on
(L/H) where (H) denoted that the thickness of expansive soil bed (H = 30 cm), since, the
ratio of (L/H) is ranged as (0.5, 0.67 and 1). Hence, the range of the length to diameter
ratio (L/D) of helical pile varied from 27 to 53. Typical results of the variation of upward
movement with time for different pile spacing and L/D ratios 27, 35 and 53 are shown in
Figs. 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32 and 33. The relation of upward movement of
helical piles with time is approximately similar to all models except that helical piles with
L/D (27) reached 80% of maximum uplift movement during first 20 days while that of
L/D (35) and (53) reached during (20-30) days and (25-35) days respectively. This is due
to the saturation of the upper part of the soil before the lower part that caused to gener-
ate forces about helix plates. Similar to single helical piles, the increase in L/D ratio for
helical piles group reduces the pile uplift movement which result from swelling soil. This
is occurs due to anchorage of long piles in deep soil layer even if this layer is within the
active zone of the soil. The obtained reduction percentages in upward movement of heli-
cal piles group with single helix plate was (87-91%) for spacing (S = 3 dh) when increas-
ing L/D from 27 to 53. Also, for helical piles group with double helix plates and spacing
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Fig. 20 Variation of failure pullout load with length and helix diameter of helical pile
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Fig. 25 Variation of uplift movement with time for pile group of L/D = 27 and double helix (dh =20 mm)
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Fig. 26 Variation of uplift movement with time for pile group of L/D = 35 and single helix (dh = 15 mm)
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Fig. 27 Variation of uplift movement with time for pile group of L/D = 35 and single helix (dh =20 mm)
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Fig. 28 Variation of uplift movement with time for pile group of L/D = 35 and double helix (dh = 15 mm)
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Fig. 29 Variation of uplift movement with time for pile group of L/D = 35 and double helix (dh = 20 mm)
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Fig. 30 Variation of uplift movement with time for pile group of L/D = 53 and single helix (dh = 15 mm)
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Fig. 31 Variation of uplift movement with time for pile group of L/D = 53 and single helix (dh =20 mm)
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Fig. 32 Variation of uplift movement with time for pile group of L/D = 53 and double helix (dh = 15 mm)
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Fig. 33 Variation of uplift movement with time for pile group of L/D = 53 and double helix (dh =20 mm)

(S = 3 dh) was (70-79%) when increasing L/D ratio from 27 to 53. The helical piles group
with single helix showed more resistance than double helix of helical piles group for all
L/D ratios. The presence of helix plates in active zone help to increase upward move-
ment of helical piles. The results indicate that the amount and rate of upward move-
ment increases with increasing piles spacing. This behavior may be attributed to the fact
that the small spacing between helical piles group (S = 3 dh) will restrain the tendency
for expansion of the confined soil between them leading to a smaller amount of upward
movement of the helical piles. On the contrary, as the spacing between helical piles is
increased (S = 5 dh) the confined soil between helical piles will have more freedom to
expand, thus a large amount of upward movement was observed in this case. The effect
of the helical piles spacing may also be explained in terms of the block action, the ten-
dency for the pile group to act as a unit block increases at small spacing. On the other
hand, as the pile spacing increases the behavior of each pile in a group of piles will be as
an individual pile. It can be noticed that the effect of pile spacing is more pronounced in
deeper lengths rather than in shallower depths. The failure mechanism of helical piles
group is complex. The uplift movement may be resisted by the cylindrical shear between
helices of helical pile or bearing capacity of the single helices in the vicinity of the base
and by shaft resistance mobilized along the helical pile.

Figure 34 relates the maximum upward movement of model pile groups to the maxi-
mum heave of soil surface (Spmax/Ssmax), plotted against the parameter (De*/H * L) for
the specified tested soil taking into account the effect of pile spacing, pile lengths and
diameters and the thickness of the expansive soil layer for helical piles with single and
double helix plates. This relation can provide the safe dimensions and spacing of group
of four piles with a gap separating the pile cap from the top surface of the soil.
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Fig. 34 Design charts for a group of four helical piles with single and double helix plates

Conclusions

1.

The amount and rate of uplift movement of helical piles embedded in expansive soil
decreases with increasing length and increases with increasing helix diameter and
number of helix if helix plates lie in active zone.

The deeper helical piles with higher L/D ratios showed greater pullout capacity and
helical piles showed more resistance to the applied uplift forces than ordinary piles
because of the presence of the helix plates which provides extra anchorage in deep
soil layers.

The pullout force increase with increasing diameters and number of helix plate.

4. A relationship is obtained for the helical piles upward movement that provides the

required dimensions of any unloaded pile fully embedded in high expansive soil for
zero upward movement or any recommended tolerable movements. For loaded piles,
the results obtained from this relationship will be on the safe conservative side.

The amount of the upward movement of model of four helical piles group embedded
in expansive soil increases with the increase of pile spacing, helix diameter and num-
ber of helix for shallower depths, but decreases with increasing the lengths of the
helical piles.

The maximum upward movement of helical piles group is less than that of single
helical pile. As helical piles spacing increased, the maximum upward movement is
approximated to that of single piles.

The design charts presented in this study for single and group of four helical piles
embedded in high expansive soil can provide the required dimensions and spacing
for any unload groups of four helical piles for zero upward movement or any rec-
ommended tolerable relative movements. For loaded helical piles groups, the results

obtained from this design chart will be on the conservative side.
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