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In many earth-retaining problems, it is necessary to consider additional earth pressures
produced by strip loads acting on the soil surface behind the wall. Therefore, this paper
consists of a set of experiments on a small-scale model of a sheet pile wall adjacent to strip
footing in sand. The effectiveness of discrete vertical reinforcement (model piles) inclusions
in the active zone to reduce lateral wall deflection was studied. The investigations were
carried out by varying the distance between sheet pile wall and strip footing, pile length, pile
spacing and pile diameter. Also, the position of the pile row relative to the strip footing and
the length of excavation in front of the sheet pile wall are considered. Test results indicate
that this type of reinforcement significantly increases the stiffness of the soil and decreases
the lateral deflection of the sheet pile wall produced by the pressure of strip load. A series of
finite element analyses were performed using three-dimensional model. Bending moment
graphs and lateral deflection of the sheet pile wall were presented and discussed.
Apilall Ui glia 3Ly 5 s g dgle y 25 (8 A ghaal) Agm gl il e glad &gyl g Aglama Al 3 Cnl 130 sl
e Ayl Jagian ) Agn gl 3 03 (o paTs y Allaill Aikaial b 4 gae (s luake Agina ¢ lgud) Apud ) il pealing
Al 3 5 L) A el aladid day 9 O A sl i) iladl gl (G & jlie Jae a3y . 5 slae Akl 52c
foo il sl g gm0l g Aghay 5 520l (g ilanall (0 g dum sl S0t il oLl e 5 33l Jal gull gl
i 1) a5y 3 haaall isdl Bee SIS 5 il S g bl ga b g Ao Sl pludl Ll (o Adlaall g gl )
ibiad) Joal gl B A sasaddl ualiall 6l aladialy Sl N (g ki gz dgad e (G ALYy A sl
o3 b Akl 5 Aland) ol il AdBlay e @5 My lede Jsandl 5 A ddand) Al aa Ll

nNE
RJ

Use of discrete vertical reinforcement in active zone to improve

Adaal Qo gl 58l adli g Slisieg Jglaa

Keywords: Sheet pile wall, Strip footing, Reinforced sand, Lateral deflection

1. Introduction

In many practical situations, loads due to
roadways and other influences resting on the
surface in the vicinity of the wall increase the
lateral pressures on the wall. This increase in
the lateral earth pressure will affect the
behavior of the wall. Therefore, for earth
retaining, it is necessary to consider additional
earth pressure produced by the surcharge
strip load acting on the soil surface behind the
wall. Some of the methods that are currently
used in the determination of the strip load
generating lateral earth pressures are the
elastic analysis, the simple “45° load
distribution”, the conventional Coulomb earth
pressure analysis, and the method proposed
in Beton Kalender [5]. The distributions of
earth pressure obtained from these methods
differ significantly from each other and may
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lead to either very conservative or unsafe
solutions.

Several investigators have studied using
vertical elements as soil reinforcement to
resist the lateral earth pressure. This method
of reinforcement is meritorious and superior,
when compared with other methods for
different reasons such as: increasing the
bearing capacity of the subgrade by confining
the soil, decreasing the lateral pressure
transmitted from foundations, easily used
adjacent to existing foundations without any
impediments, constructed by using small
machine without any effects on the adjacent
structures, and vertical reinforcement can be
constructed inside the structures.

Bassett and Last [4], and Verma and Char
[20] reported the possibility of using vertical
reinforcement for increasing the bearing
capacity of the subgrade soil. Mahmoud and
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Abdrabbo [15] studicd the behavior of strip
footings supported on sand rcinforced by
utilizing vertical reinforcing elements made of
aluminum strips. It was rcported that this
type of reinforcement increases the bearing
capacity of the subgrade and modifies the
load-displacement behavior of the footing.
Abdrabbo and El-Hansy [1] investigated
the methodology used in strengthening the
loaded footings. In this research they studied
the plate loading tests on sand to investigate
the effect of the length of vertical reinforcing

elements, distance between reinforcing
elements and the edges of the footing, number
of reinforcing elements, and the

characteristics of sand. It was found that the
length of the element below foundation level
should be equal to twice the footing width. The
element should be placed as close as possible
to the footing with an adequate number of
reinforcing elements.

Georgiadis and Anagnostopoulos [11] used
a model sheet pile wall embedded in sand to
investigaute the effect of surcharge strip loads
on wall behavior. The results of an
expe.imental program were compared with
different methods of computing lateral earth
pressure. From the results, the bending
moments along the sheet pile wall increase
with the increase of the surcharge load and
the decrease of the strip load distance to the
excavation. ;

In the conventional design of retaining
walls and bridge abutments, the lateral earth
pressure due to live load surcharge is
estimated by replacing the actual highway
~ loads with a layer of backfill. According to

John and Richard [13] based on the -lastic
theory to determine soil pressures within a
soil mass due to loads on the surface, values
of equivalent height of soil heq are not constant
for all wall heights. Shorter walls must have a
larger heq than higher walls. The values for heq
recommended by a previous study were given
and applied on for both retaining walls and
abutments without distinction.

Timothy et al. [19] presented the results of
finite element analyses of shear strain
localization that occurred in non-cohesive

soils supported by a geo-synthetically
reinforced retaining wall. Results of the
analysis strain localization

suggest that

develops from the toe of the wall to the ground
surface, forming a curved failure surface. The
results  demonstrated “the potential of the
enhanced finitc clement method for capturing
a collapse mechanism characterized by the
presence of a failure surface through earthen
materials.

El Sawwaf and Nazir [10] investigated the
behavior of vertical anchor plates embedded in
reinforced . "n-cohesive soil. Steel rods with
different lengths and diameters placed
vertically or inclined at different locations were
used to reinforce the sand. The test results
indicate that this type of reinforcement
significantly increases the stiffness of the soil
and the pullout resistance of shallow anchor
plates.

The aim of this study is to gain more
understanding about the behavior of the sheet
pile wall embedded in non-cohesive soil
reinforced by utilizing the vertical steel model
pile in active zone adjacent to the strip footing.

2. Laboratory model tests
2.1 Model tank, footing and sheet pile wall

Tr.. experimental model consists of a tank,
the footing, the sheet pile, a loading system,
and a settlement-measuring device. The test
tank, having inside dimensions of 1000 mm x
310 mm in plan and 600 mm in depth is made
of steel with the front wall made of 20 mm
thick glass and is supported directly on the
steel base. The sides of the tank were braced
with vertical and horizontal stiffeners so that
no deflection occurs during the loading
process. The glass side allows the sample to
be seen during preparation. The inside walls
of the tank are polished smoothly to reduce
any niction with the sand as much as
pussible.

The rigid footing was made of a steel plate
of 50 mm width, 20 mm thickness and 305
mm length. To over come the potential error
due to friction on the sides of the tank, the
length of the footing was made little smaller
than the inside width of the tank to minimize
any friction between the metal and the sides of
the tank especially during the experimental
operation:
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The sheet pile wall consists of a flexible
steel plate, which is 600 mm in length, and
305 mm in width and embedded 500 mm into
the sand bed. The thickness of the sheet pile
was 1.92 mm. Table 1 shows the details of the
sheect pile section.

A rigid loading frame was used to apply
the vertical load to the model strip footing
through a hydraulic jack and a 4.5-kN proving
ring. Two dial gauges were used to measure
the settlement of the footing at each
incremental load. Also, dial gauges 0.01 mm
mounted in the center of the sheet pile wall at
different elevations under the ground surface.
These dial gauges were used to measure the
lateral displacement of the model sheet pile
wall at each increment of the load.

2.2. Backfill material and reinforcement

The sand used in this research is medium
to coarse sand, dried and sorted by particle
size. Three tests were carried out to determine
the specific gravity of the soil particles and
producing an average value of 2.657. The
maximum and the minimum dry unit weight
of the sand were found to be 19.35 and 15.97
kN/m3 and the corresponding values of the
minimum and maximum void ratios were
0.375 and 0.663, respectively. The particle
size distribution was determined by using the
dry sieving method and the results are shown
in fig. 1. The effective size (Dio), the mean
particle size (Dso), the uniformity coefficient
(Cu), and the coefficient of the curvature (C)
for the sand are 0.22 mm, 0.45 mm, 2.636
and 1.25, respectively. Using the Unified Soil
Classification  system, the @ sand was
determined to be SP (poorly graded sand). The
moisture content of the fill sand was about
2.31% during the testing period. In all
experiments, the bulk density of the sand was
maintained at 18.24 kN/m3. The
corresponding relative density of the sand was
approximately 60 %. By using the direct shear
test, the angle of the internal friction O of the
sand estimated to be about 36.5¢°.

In this investigation, the reinforcement
was used in a vertical form of soil reinforce-
ment. The type of this reinforcement
technique was the vertical steel model piles. A
smooth steel model pile, with a diameter of 6,

9, 12 mm and a total length of 50, 100, 150,
and 200 mm was placed in a position between
the strip footing and the shect pile wall to
model the vertical reinforcement.

2.3. Expe. :mental setup and test program

The procedures for the preparation of the
experimental model are quite similar to those
of Selvadurai and Gnanendran [17]. The
model sheet pile wall was installed vertically
using a special guide system, which holds the
sheet pile wall vertically during the
installation. A sand layer with thickness
equals to 50 mm was placed and observed
through the front glass wall up to a height of
500 mm. The unit weight of the sand and its
required relative density was controlled by
pouring a pre-determined weight of sand into
the testing tank to fill each layer, and then the
sand surface was leveled and compacted.
Special wooden plates and reference markers
on the front glass wall were used to form the
required sand level. The model footing was
then placed at a specific position on the
surface of the compacted sand. The model
steel piles were installed vertically between the
footing and the sheet pile wall by using a
special guide system, which held the piles
vertically during the installation.
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Fig. 1. Grain size distribution curve of the sand
used in the tests.
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Table 1
Details of the shect pile section

Typc of | Esteel Steel yield Section area  Moment of EA EI
tr inertia, l.
S.P.W. kN/m? Mg cm?/m D% kN/m kN. m?/m
. kN/m?2 cm4/m
section
Steel 210 x 106 430 x 103 19.20 0.059 40.32 x 10+ 0.124

The guide system was initially clamped in
the tank edges and then the piles were pushed
by hand to the designed place and spacing
through holes with diameters made almost
equal to the pile diameter. No visible
movement in the sand surface was observed
during the installation process. The difference
in the relative density of the sand, which
occurred during the pile installation due to the
difference in the pile lengths or pile spacing,
was considered small and thus was neglected.
Finally, the sand in front of the sheet pile wall
was carefully excavated by using suction of 50
mm steps down to the required depth.

The dial gauges were placed in position at
the footing center and along the sheet pile
wall. The load was applied incrementally.
Each load increment was maintained constant
till the vertical displacement of the strip
footing stabilized. Fig. 2 shows a typical
configuration of the model sheet pile wall
adjacent to strip footing on reinforced sand.

A total of 25 tests were conducted to study
the effect of soil improvement by utilizing
vertical piles on the behavior of both the
cantilever sheet pile wall and the strip footing,
as shown in fig. 2. Initially the behavior of the
sheet pile wall adjacent to strip footing on
non-reinforced sand was conducted to provide
the necessary reference data for the purpose
of comparison. Then, several arrangements of
the reinforcing piles, the depth of excavation
and the distance between the sheet pile wall
and strip footing were investigated in seven
series of tests. The varied conditions include
the distance between the sheet pile wall and
the strip footing, the depth of excavation H,
the pile length L, the pile spacing S, the pile
diameter D and the distance between the pile
row and the strip footing X. The sand relative
density D, = 60%, was kept constant through
the research. Table 2 summaries all the tests

program with both the constant and the varied
parameters illustrated.

3. Results and discussion

Load-settlement curves were obtained for
the test model. The ultimate lateral capacity of
the sheet pile for non-reinforced and
reinforced sand (qu non-reinforced) and (qu
reinforced) was obtained from the load-lateral
deflection curves. The behavior of the sheet
pile due to reinforced soil is represented by
using a non-dimensional factor called the
Sheet Pile Capacity Ratio (SPCR) to assist in
comparing the test results. This factor is
defined as the ratio of the ultimate lateral
capacity of the sheet pile with soil
reinforcement (qu reinforced) to the ultimate
lateral capacity of the sheet pile in tests
without soil reinforcement (qu non-reinforced).

SPCR = qu reinforced | qu non-reinforced. (1)

At the same time and from dial gauge
readings along the sheet pile wall, the lateral
deflections (Su) were measured. Another factor
to consider is the efficiency of the
reinforcement on the lateral deflection
characteristics of the sheet pile wall. The
Lateral Deflection Reduction Factor at ground
surface (LDRF) is used and defined as:

LDRF = (SH) reinforced | (Su) non-reinforced. (2)
The results of the model tests for each

parameter are given in tables 3-4 and
discussed in the following sections.
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Table 2
Model test program

Series  Constant parameters Variable parameters
I tests on non-reinforced sand, 1{/B=5.0 a/B=2,4,6

1 H/B=5, a/B=4, S/B=1, L/B=2, D/B=0.18 X/B=0.5,1,2,3

2 H/B=5, a/B=6, S/B=1, L/B=2, D/B=0.18 X/B=0.5,1,2,3

3 H/B=5, a/B=4, S/B=1, X/B=2, D/B=0.18 L/B=1,2, 3,4

4 H/B=5, a/B=4, L/B=2, X/B=1, D/B=0.18 S/B=0.5, 1, 1.67, 2.5
5 H/B=5, a/B=4, L/B=2, X/B=2, D/B=0.18 S/B=0.5, 1, 1.67, 2.5
6 H/B=5, a/B=4, L/B=2, X/B=2, S/B=1.0 D/B=0.12, 0.18, 0.24
7 D/B=0.18, a/B=4, L/B=2, X/B=2, §/B=1.0 H/B=3,4,5,6

Note: see fig. 2 for definition of variables
Footing width (B) is kept constant = S0mm.

Table 3
Summary of model test results for non-reinforced sand (series I)
Series H/B a/B qu (kN/m?) S (mm)
I 5 2 25.20 3.81
4 27.90 3.26
6 34.40 2.23
: B
Sheet PW. a2 sjes] Rigid
TIT :
yyy

Di € een S.P.W, a
strip footing: a/B=2,4,6.

600 mm

Depth of excavation: H/B=3,4, 5, 6.
Pile length: L/B=1,2,3,4.
Pile spacing: S/B=0.5, 1.0, 1.67, 2.5.

Pile diameter; D/B =0.12, 0.18, 0.24. el
AT e Lu=1000mm g

Distance between pile row and Elevation
strip footing: X/B=0.5,1,2, 3.

Rigid strip

Dial gauge (1| footing

O O 0O 0 O
nu unmwn wnv

Sheet P.W.
Plan

Fig. 2. Schematic diagram of the model test configuration.
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Table 4
Summary of model test results for reinforced sand (series 1-7)
Series H/B a/B S/B L/B D/B X/B qu (kN/m?) Sy (mm) SPCR LDRF
1 5.0 40 1.0 2.0 0.18 0.5 34.82 2.89 1.25 0.886
5.0 40 1.0 2.0 0.18 1.0 36.05 2.47 1.29 0.759
5.0 40 1.0 2.0 0.18 2.0 39.28 2.17 1.41 0.666
50 40 1.0 20 0.18 3.0 42.88 1.99 1.54 0.611
2 5.0 6.0 1.0 2.0 0.18 0.5 43.42 1.89 1.26 0.851
5.0 6.0 1.0 2.0 0.18 1.0 46.68 1.53 1.36 0.688
5.0 6.0 1.0 2.0 0.18 2.0 03:15 1.42 1.55 0.638
5.0 6.0 1.0 2.0 0.18 3.0 65.08 1.21 1.89 0.545
3 5.0 4.0 1.0 1.0 0.18 2.0 31.84 2.50 1.14 0.768
50 40 1.0 2.0 0.18 20 39.28 2.17 1.41 0.666
5.0 4.0 1.0 3.0 0.18 2.0 45.10 1.77 1.62 0.544
5.0 4.0 1.0 4.0 0.18 2.0 47.40 1.60 1.70 0.492
4 50 40 05 20 0.18 10 44.71 1.99 1.60 0.610
5.0 4.0 1.0 2.0 0.18 1.0 36.05 2.47 1.29 0.758
5.0 4.0 167 20 0.18 1.0 33.26 2.56 1.19 0.785
50 40 25 20 0.18 1.0 31.95 2.63 1.15 0.807
5 50 40 05 20 0.18 20 47.80 LT 1.71 0.543
50 40 1.0 20 0.18 20 39.28 2:17 1.41 0.666
5.0 4.0 1.67 20 0.18 2.0 35.20 2.49 1.26 0.763
5.0 4.0 2.5 2.0 0.18 2.0 32.80 2.56 1.18 0.785
6 5.0 4.0 1.0 2.0 0.12 2.0 36.60 2.41 1.31 0.740
5.0 4.0 1.0 2.0 0.18 2.0 39.28 2.17 1.41 0.666
5.0 40 1.0 2.0 0.24 2.0 40.80 1.82 1.46 0.558
7 3.0 40 1.0 2.0 0.18 2.0 55.32 1.58  mmeees mmmess
4.0 4.0 1.0 2.0 0.18 20 48.88 1.85 = eeeeem mmeees
5.0 40 1.0 2.0 0.18° 2.0 39.28 2.17 1.41 0.666
6.0 40 1.0 2.0 0.18 2.0 . 33.21 273  smeee= meeee-
3.1. Behavior of the sheet pile wall embedded < ol
in non-reinforced sand S ¢ FiT| TeMBee
£50f | caB=4
; el <-aB=6
From the results of the experimental %
model strip footing tests on non-reinforced £407
sand adjacent to a sheet pile wall, the g
variations of the horizontal displacement of %30 i
wall with vertical stress of strip footing (q) for » IR
s ' 4 : y »n 1 X
different footing locations are shown in fig. 3 20 ¢
(series 1I). The above-mentioned figure shows o
that at the same vertical stress q, increasing S101
the distance (a) between the sheet pile wall t 1
and a strip load decreases the lateral > 0 st S B
movement of the wall. In addition, the sheet 0.0 1.0 2.0 3.0 4.0 5.0

pile capacity increases by increasing the
distance (a). "
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Fig. 4. Variation of SPCR with X/B (series 1-2).

3.2. The influence of the pile row location on the
strip footing

Two series (1-2) of tests were conducted to
study the influence of pile row location
between the model strip footing and the sheet
pile wall. All variables were kept constant
except distance X was varied.

From the results of table 4, it is obvious
that the inclusion of vertical reinforcement
(model piles) would improve the performance
of the sheet pile wall by increasing the
ultimate capacity and reducing the movement
of the system. The variation of the SPCR and
the lateral deflection reduction factor LDRF
with X/B are shown in figs. 4 and 5,
respectively. It should be mentioned that
increasing the X/B ratio will increase the
sheet pile capacity and decreases the lateral
deflection of the wall. Fig. 4 shows that
installing the row of piles at a distance of X/B
< 1.0 has a slight effect on the sheet pile
response. Although the curves do not show a
peak point which can be considered the
optimal location of piles, it can be concluded
that the greatest benefit can be obtained by
placing the row of piles as close as possible to
the sheet pile wall. However, for practical
reasons, the pile row located at (a/2) is
considered the best location that gives the
maximum gain in the sheet pile capacity.
There is no room for doubt, as shown in fig. 5,
that the closeness of the pile rows to the sheet
pile decreases the lateral deflection of the wall.
This can explained by the fact that these
vertical piles resist the lateral displacement

and increase the lateral confinement of §oil
particles behind the wall. Therefore, installing
the pile rows closer to the sheet pile leads to a
greater soil mobilized lateral resistance behind
the wall and hence, a greater wall lateral
movement resistance.

3.3. The influence of the pile length

One series of tests were carried out on a
sheet pile wall with H/B = 5.0, a/B = 4.0, S/B
= 1.0, and X/B = 2.0 to study the effect of the
pile length on the improvement of the behavior
of the wall adjacent to the surcharge strip
load. In order to appreciate the effect of the
pile length, the sheet pile capacity ratio SPCR,
is plotted in fig. 6 for different pile lengths.
The figure clearly demonstrates the significant
effect of the pile length on improving the sheet
pile capacity. The sheet pile capacity increases
when increasing the pile length. It is clear that
there is an optimum pile length to the footing
width ratio L/B of about 3.0. When L/B > 3.0,
the performance of the pile length becomes
rather minimal and appears that the pile
length has no appreciable effect on the sheet
pile capacity. This can be explained by that
increasing the pile length leading to more
stability for the pile and greater resistance for
the lateral movement of the soil particles
behind the sheet pile wall. For a pile length
ratio higher than 3.0, L/B > 3.0, there is no
appreciable effect on the sheet pile capacity as
the complete confinement condition of soil
particles was achieved.

1.0 T -
i +aB=40
08 1 -alB = 6.0
I
L
061
. [HB=5 SB=1
4 04{1/B=2 DB=018
w s
o I
(=] L
B | o B S T
0.0 1.0 2.0 3.0 4.0
X/B

Fig. 5. Variation of LDRF with X/B (series 1-2).
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Fig. 6. Variation SPCR with normalized pile length LB
(series 3).
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Fig. 7. Variation of LDRF with normalized pile length
L/B (series 3).
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Fig. 8. Lateral deflection along the sheet pile wall
at different L/B ratios.

In the same way, fig. 7 shows the variation
of the lateral deflection reduction factor LDRF
with the pile length. It is obvious that using
the vertical pile with L/B = 1.0, the maximum
lateral deflection of the sheet pile wall at
ground surface is reduced by about 23% with
respect to the case of no reinforcement. For a
pile length ratio higher than 3.0, L/B > 3.0,
the performance of the pile length becomes
rather minimal on the lateral deflection of the
sheet pile wall.

From the dial gauge reading along the free
length of the sheet pile wall, fig. 8 shows the
lateral deflection along the sheet pile due to a
surcharge strip load that equals 23.60 kN/m?
at different L/B ratios. The figure also
demonstrates that increasing the pile length
not only decreases the maximum lateral
deflection at ground surface but also
decreases the lateral deflection along the
length of the sheet pile wall.

3.4. The influence of pile spacing

To investigate the effect of pile spacing,
tests were conducted for a sheet pile wall
adjacent to a surcharge strip load with
a/B=4.0, H/B= 5.0, L/B = 2.0, and D/B=0.18.
For each pile spacing ratio.S/B, the vertical
piles were placed at two different distances
from the footing edge X/B = 1.0 and 2.0.

The variation of SPCR and LDRF with
normalized pile spacing S/B for different X/B
distances is shown in figs. 9-10 respectively.
The results clearly indicate that decreasing
the pile spacing leads to a significant
improvement in the behavior of the sheet pile
wall. By decreasing the pile spacing, the clear
distances between them becomes smaller
leading to a greater confinement condition for
soil particles behind the wall. As the pile
spacing decreases, the piles become more like
a continuous barrier and the influence of soil
arching becomes more pronounced, so the soil
does not reach the limit state until the soil is
deformed greatly. Therefore, as shown in Fig.
9, decreasing the S/B ratio increases the
sheet pile capacity ratio. The same trend can
be observed for the pile position X/B = 1.0
and 2.0. This increase in the sheet pile
capacity is pronounced for pile spacing ratios
less than 2.0 (S/B < 2.0). At (S/B) > 2.0 the

750 Alexandria Engineering Journal, Vol. 48, No. 6, November 2009



A. Nasr / Use of discrete vertical reinforcement in active zone to improve

improvement in the sheet pile capacity is not
appreciable.

Fig. 10 shows the variation of the lateral
deflection reduction factor with pile spacing
S/B. It is clear that there is a great effect of
pile spacing on the lateral deflection of the
sheet pile. So; the maximum lateral deflection
for the sheet pile wall decreases as the
distance between piles becomes closer. This
can be explained by the fact that closer pile
spacing leads to a higher initial stiffness for
granular soil and a greater pile resistance for
the lateral displacement by the arching effect,
as reported by Chen and Martin [8].
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Fig. 9. Variation of SPCR with normalized pile spacing
S/B (series 4-5).
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Fig. 10. Variation of LDRF with normalized pile spacing
S/B (series 4-5)

Their results reveal that pile spacing is
significant in the formation and shape of the
arching zone for a row of piles embedded in
granular soil under lateral active loading and
lateral soil movement.

3.5. The influence of the pile diameter

The objective of these tests was to
investigate the effect of the pile diameter on
the improvement of the behavior of the sheet
pile wall (series 6). Piles were placed at
constant spacing equal to S/B = 1.0 and at a
distance from the footing edge of X/B = 2.0.
Pile diameters (D) of 6.0, 9.0, and 12.0 mm
were used in the tests. The values of the sheet
pile capacity ratio and the lateral deflection
reduction factor obtained from these tests are
shown in table 4. It can be noticed that the
SPCR increases as the pile diameter increases.
At the same time, increasing the pile diameter
has a greater effect in decreasing the lateral
deflection of the sheet pile wall. This is due to
the fact that as the pile diameter increases its
resistance to the lateral movement becomes
greater and hence, the sheet pile capacity ratio
increases and the lateral deflection of the
sheet pile decreases. However, increasing the
pile diameter leads to increasing the sheet pile
capacity until a pile diameter ratio D/B= 0.18.
At ratio (D/B > 0.18) it appears that the pile
diameter has no appreciable effect on the
sheet pile capacity.

3.6. The influence of excavation depth

In order to study the effect of the
excavation depth H, series of tests with an
excavation depth ratio of H/B of 3.0, 4.0, 5.0,
and 6.0 were carried out using the same a/B
ratio of 4.0, the S/B ratio of 1.0, the L/B ratio
of 2.0 and the X/B ratio of 2.0 (series 7). As
shown in table 4, it is clear that increasing the
H/B ratio decreases the ultimate capacity of
sheet pile and increases the lateral deflection
of the wall. This can be explained by that
increasing the excavation depth will decrease
the embedded depth of the sheet pile in soil
leading to a decrease in the stability of the
sheet pile wall and in the small resistance for
lateral movement. As shown in fig.11,
measurements of lateral deflection along the
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sheet pile wall at a vertical footing stress
q=23.60 kN/m? showed that with the increase
of the excavation depth H, the Ilateral
deflection along the sheet pile increases.
Therefore, it was concluded that increasing
the excavation depth affects the shape of the
lateral deflection along the sheet pile wall and
decreases the effect of vertical reinforcement.
This may be explained by the fact that
increasing the excavation depth decreases the
passive resistance in front of the wall, which
gives the stability for the sheet pile. Therefore,
the contribution of vertical reinforcement in
increasing the stability of wall becomes
relatively less and hence, the improvement is
not significant. This observation was
consistent with that reported by Timothy et al.
[19].

4. Numerical analysis

Numerical study using the Finite Element
Method (FEM) was carried out to examine
conditions, which  have not been modeled
experimentally. The FEM can be particularly
useful for identifying the patterns of
deformations and stress distribution in the
soil at all loading stages. Three dimensional
~analysis using elasto-plastic soil models and
the commercial software package COSMOS/M
professional version 2.6 (2000) were carried
out.

Lateral deflection, (mm)

4.0 3.0 2.0 1.0 0.0
s e S e O 0
*-HiB=3.0
O-HB=40
+HB=50 o _
-0-HB=6.0 £
100 E
=23.60 kN/m? £
. 150 &
Qo
a
XB=2 1LB=2,S8B=1, 200
a/B=4, D/B=0.18
250

Fig. 11. Lateral deflection along the sheet pile wall at
different H/B ratios (series 7).

All the finite element calculations were
based on 8-node isoperimetric - three-
dimensional solid elements ' with = three
translation degrees of freedom. The total
length, width, and height of the mesh were
taken 1000, 310, and 500 mm respectively as
modeled in the experimental work. The
unequal-spaced nodes used in both the
horizontal and vertical directions, did not
affect the element output results as stated in
the user’s manual of the program.

The finite element mesh of reinforced sand
with 6 discrete vertical piles is shown in
fig.12. The mesh consists of 12870 brick
elements with 15263 nodes. The upper plane
of the mesh was left free, the other side
boundaries and the bottom planes were fixed.

4.1. Material properties

Three dimensional 8-node isoparametric
vertical solid elements have been used in the
analyses to simulate the model piles and the
sheet pile wall. The model pile and the sheet
pile wall were assumed linear elastic, with
elastic modulus (E, = 210 x 10® kN/m?) and
Poisson's ratio (v = 0.3). The sand was
assumed to have associative characteristics,
following Drucker-Prager’s model [9] (elasto-
plastic soil model) with an associative flow
rule. The material parameters involved in the
models can be easily determined from
standard laboratory tests by using a well-
defined procedure and many of these
parameters have a broad database. In using
this material model, small strains assumption
is made as stated in the user's manual of the
program. The dilatancy angle (y) of the sand
was (y=¢0-309). The friction angle of the
footing-soil interface was taken at 6= (0.50 to
0.75) ¢, where (¢) is the angle of the internal
friction of the sand. The friction coefficient
between the pile and sand, (n) used in defining
the gap-friction elements, is p=tand. In the
analyses, no-tension analysis was applied to
the sand in which the minimum principal
stresses were kept positive for each element.

‘The iterative procedure was based on the

modified Newton Raphson method.

Thin friction 3D brick elements were
inserted between the footing and the sand, the
sheet pile wall and the sand, the model pile
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Pile Footing
'T?ZB‘\ =50mm
1 —20mm
H Sheet pile meps-
wall
g
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(=]
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v Soil soil 10 l
o X ~ |
O% 1000 mm -
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Plan Soil =

AN

410mm

=50mm 340mm

Fig. 12. Mesh used in finite element analysis for reinforced soil with 6 piles.

and the sand from all sides in order to
consider slippage at the soil-structure
interface. The frictional elements had the
same material constants of those of the
surrounding sand layer except for y= 00,
where (y) is the angle of dilatancy.

4.2. Loading and output

Load increments are used in all the load
stages applied in the tests. In general, 10
increments are given. The iterative procedure
in the analysis was based on the modified
Newton Raphson method. Closer intervals are
used at higher loads to reflect the nonlinear
response better. At each load step, the main
outputs in FEM solution were the load-
deformation behavior, stresses at nodal
points, and the type of behavior at every node,
whether elastic or plastic. Since the outputs
are in the form of stresses, and as the sheet
pile cross-section is considered, the bending
moment along the sheet pile wall was
calculated as:

Alexandria Engineering Journal, Vol. 48, No. 6, November 2009

Mz = 02z I2 / X. (3)

Where, Mz is the bending moment about the
Z-axis, ozz is the output stress from the solid
element in the Z-direction, I is the sheet pile
cross section moment of the inertia about the
Z-axis, and x is half the thickness of sheet pile
wall. Complete results of finite element
solution for the effect of vertical reinforcement
on the behavior of the sheet pile wall adjacent
to the strip load for different cases is
introduced in this part.

4.3. Results of numerical analysis

Results of the finite element analyses are
shown in figs. 13 - 19. Figs. 13 and 14 show
the effect of the surcharge load magnitude for
non-reinforced soil on the lateral deflections
and the bending moments along the sheet pile
wall when placed at a distance of 200 mm
from the edge of a 250 mm deep excavation
respectively. As - expected, both figures
demonstrate that the lateral deflections
(x-direction) and the bending moments along
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the sheet pile wall incrcase with increasing the
surcharge load. It is clear from fig. 15 that the

upper part of the sheet pile wall is the most

affected when the surcharge locad increases.
Therefore, at the surcharge load equal to 40
kN/m?2, most of the sheet pile length was
influenced. As shown in FIG. 14, decreasing
the surcharge load from 40 to 26.67 kN/m?
decreases the maximum bending moment by
about 29%. According to Georgiadis and
Anagnostopoulos [11], the shape of the
bending moment diagram for the model sheet
pile wall made of aluminum and set in dry
sand at a surcharge load equal to 12 kN/m?
which is found compatible with the finite
element results of the present work. -

Lateral deflection (mm)
2 1

4 3 0
ey e O —r—r—1~ ()
50
100
150
200
Without reinforcement 250
H/B =5,a/B=4 300
-0- Surcharge strip load = 13.34 kPa 350
-~ Surcharge strip load = 26.67 kPa 400
-+ Surcharge strip load = 40 kPa 450
500
Fig. 13. Deflection along the sheet pile at different
surcharge strip load.
Bending moment (Nm/m)
0 20 40 60 80 100
[T o A A A A At S S S, s s . . . . s i
50 -0~ Surcharge strip load = 13.34 kPa
-t Surcharge strip load = 26.67 kPa
100 -0~ Surcharge strip load = 40 kPa
. 180 - Georgiadis results q = 12 kPa
£
E 200
£ 250
& 300
o
350
400
450 Without reinforcement
500 HB=5 aB=4

Fig. 14. Bending moment along the sheet pile at
different surcharge strip load.

Depth (mm)

The soil reinforced by using vertical piles
with §/B=1, L/B = 2.0, D/B = 0.18 and X/B
(pile row location) was variable. By using the
finite element method, the effect of the pile
row location (X/B) on the lateral deflections
and bending moments along the sheet pile
wall was studied. The variation of the lateral
deflections and bending moments along the
wall are shown in Figs. 15 and 16 and that the
surcharge strip load equals 26.67 kN/m?
placed at a/B = 4.0 and H/B = 5.0.

It may be seen from these figures that the
presence of vertical reinforcement reduces the
lateral deflections and bending moments along
the sheet pile wall. Since the lateral deflection
and bending moment are the main causes of
failure of the sheet pile wall, using vertical

reinforcement has improved the overall
behavior of the sheet pile wall.
Lateral deflection (mm)
1.5 1.2 0.9 0.6 0.3 0
¢ 0
-D:;: =0.5 50
-O- =1.0
- XIB = 2.0 100
*XIB = 3.0 150 _
200 €
q=26.67 kN/m’ E
250 s
ot 300 &
(=]
' 350
& 400
HB=5LB=2,S/B=1, b 450
a/B=4,D/B=0.18 A:500
Fig. 15. Deflection along the sheet pile a
different X/B ratios.
Bending moment (Nm/m)
0 10 20 30 40 50 60
e T e e
50 £ O-XB=0.5
100 \ O-XB=1.0
1 - XB =20
= X XX/ = 3.0
H 200
= 250
& 300
(=]

H/B=5,L/B=2,S/B=1,
a/B=4, D/B=0.18

500 X

Fig. 16. Bending moment along the sheet pile at
different X/B ratios.
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It should be mentioned that the closeness
of the pile row to the sheet pile wall (X/B
increases) caused a significant decrease in the
lateral deflections and bending moments along
the sheet pile wall. The percentage decreases
in the maximum lateral deflections and
bending moments along the sheet pile wall of
about 49% and 43% for X/B increased from
0.5 to 3.0 respectively.

As shown in fig. 17, a comparison between
the theoretical and experimental results is
made in the form of a variation of the
maximum lateral deflection of the sheet pile
wall at ground surface with X/B ratio. It is
clear that increasing the (X/B) ratio will
decrease the maximum lateral deflection on
the sheet pile wall for theoretical and
experimental results. The closeness of the pile
row to the sheet pile wall (X/B increase), will
improve the behavior of the sheet pile by
reducing the lateral earth pressure from the
soil and the additional earth pressure due to
surcharge strip load. This can be attributed to
that the pile row will resist the lateral earth
pressure by a greater confinement condition
for soil particles before it influences the sheet
pile wall.

Theoretical investigation was performed to
study the influence of the pile length on the
lateral deflections and bending moments of
the sheet pile wall at the surcharge strip load
equal 26.67 kN/m2. The length of the vertical
piles was varied from L/B = 0.0 (no
reinforcement) to L/B = 4.0. Fig. 18 shows the
variation of maximum lateral deflection of the
sheet pile wall with the L/B ratio. Not
surprisingly, the figure indicates that the
length of the vertical reinforcement has a
major influence on the decrease in maximum
lateral deflection.

It is obvious that the maximum reduction
in lateral deflection is noticed at L/B varied
from 1.0 to 3.0. When the L/B ratio is higher
than 3.0, (L/B > 3), the maximum lateral
deflection of the sheet pile wall decreases with
minor value. This can be attributed to the
maximum lateral surcharge pressure on the
sheet pile wall by using an elastic solution
observed at a depth of about B to 3B under
ground level (Georgiadis and Anagnostopoulos
[11]). The results of the theoretical study are
in good agreement with the experimental

results. In the same way, as shown in fig. 19,
increasing the L/B ratio decreases the
maximum bending moment along the sheet
pile wall. It is obvious that using vertical pile
reinforcement with the L/B equal to 2.0 is
adequate to reduce the maximum bending
moment drastically. At L/B = 2.0, tae
maximum bending moment reduces relative to
the case of a non-reinforcement by about 36%
to 58% with respect to the pile row location.
The additional series of finite element analyses
were conducted to examine the scaling effect
and to give useful data pertaining to prototype
scale. The size of the footing, fill's thickness,
piles dimensions and mesh boundary
dimensions were increased 20 times to
simulate prototype scale behavior (i.e., footing
width = 1.0 m, width of mesh = 20 m, depth of
mesh = 10 m, and pile diameter = 0.2 m). The
properties of the sand fill, piles, and sheet pile
remain the same as in the original model scale
studies.

2.0
[ -8 Theoretical results
16 1 -O- Experimental results
q=26.67 kN/m?
1.2 1

sheet P.W. (mm)

(=] o
- @
" d—r

Maximum lateral deflection for

..................

e
o
L

o
N
(2]
&

Fig. 17. Maximum lateral deflection versus X/B for
experimental and theoretical results
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Fig. 18. Maximum lateral deflection versus L/B for
different X/B ratios
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Fig. 19. Maximum bending moment versus L/B for
different X/B ratios

The pile row location X/B was varied and

the other parameters were kept constant at
S/B=1.0,D/B=0.18, L/B =2.0, H/B = 5.0,
and a/B = 4.0. The results of ultimate lateral
capacity of the sheet pile with soil
reinforcement expressed in the non-
dimensional form, SPCR, for these series of
analyses are summarized in table 5.
The results of these series of tests exhibited
that increasing X/B ratio increases the sheet
pile capacity ratio for any scaling model. The
difference between SPCR calculated from
experimental model tests and that calculated
from FEM (prototype scale) is ranged between
7% to 10% in" all cases. Although analyses
conducted so far may not be comprehensive
enough to cover all possible ranges of scaling
parameters of soil reinforcement with vertical
piles, results from these limited numbers of
finite element analyses seem to indicate that
the predicted results are not too sensitive to
the size effects (at least for the parameters
examined in this study).

Table 5
Summary of results as predicted by FEM with
various scaling of meshes

Sheet pile capacity ratio, SPCR

X/B  Experimental FEM FEM (prototype

model test (model scale) scale, B=1.0 m)
0.0 1 1 il
0.5 1.25 1.32 1.36
1.0 1.29 1.34 1.38
2.0 1.41 1.50 1.55
3.0 1.54 1.61 1.69

5. Scale effects

As in all small-scale model tests,
particularly in sand, scale effects need to be
considered. There are several important
factors that invalidate the use of small-scale
models, which have been constructed in sand
and tested at 1g. These include the highly
exaggerated influence of dilatancy at low
stress present in a small-scale model (Vesic
[21]), side friction on the model container
walls, boundary conditions, and the particle
size of sand relative to footing width, model
pile diameter which is referred to as the
“Particle Size Effect”.

At the beginning with respect to dilatancy
angle, Bolton [6] stated that relative density of
sand has a major effect on dilatancy angle.
Here increasing the relative density will exhibit
far greater dilatancy at low stress (small-scale
model). Georgiadis and Anagnostopoulos [12]
demonstrated that at relative density 60% and
stress levels varying from 1.0 kN/m? to 5.0
kN/m2? - in the small-scale models, the
dilatancy angle varied from 25° to 20°
respectively. At the same time, the angle of
dilatancy calculated as (y = @ - 30) equal to
11.50. Therefore, the stress level has a major
effect on dilatancy angle of the sand
particularly for comparison between small-
scale model data and prototype scale chosen
for numerical model with relatively dense sand
with D; = 60%. Thus, extreme caution is
therefore urged in using data from small-scale
mode. :

The second factor is side friction developed
on the model container walls, Bransby and
Smith [7] pointed out that; with smooth side
walls and relatively wide tank, side friction
does not have a significant effect on the active
earth pressure or the velocity field in the
active state. In this research, the inside walls
of the tank are polished smoothly to minimize
friction with the sand domain as much as
possible. According to Westergaard [22] the
pressure isobars of a strip footing extend
deeply five times the footing width. Azam et al.
[2] conducted that the effect of the bedrock on
the. footing performance becomes negligible
when the soil layer thickness approaches
approximately six times the footing width.
Therefore, for neglecting the effect of boundary
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conditions, the length of the container was
taken 20 times the footing width and the soil
layer thickness was taken ten times the
footing width. Also the longer side in front of
the tank was provided with removable glass
plate because of its relatively high modulus of
deformation, and low coefficient of friction
(Balachandran [3]).

The third factor, one of the most important
effective factors in the test results, is the
“Particle size effect” of sand relative to footing
width (Ovesen [16]; Tatsuoka et al. [18]). The
ratio of the mean particle size to the footing
width, Dso/B, which decreases with an
increase in the footing width could affect the
bearing capacities. Kusakab [14] summarized
test data and indicated that the particle size
effect on the bearing capacity becomes less
marked for a Dso/B ratio smaller than 1/100.
This suggests that the particle size effect in
this study should be small, since the ratio for
the model used was (Dso/B = 0.009). In the
present tests, the 6, 9, 12-mm diameters for
model piles were 13.34, 20, and 26.67 times
grater than the mean particle size (Dso) for the
sand of 0.45-mm, which satisfies the criterion
proposed by Ovesen [16], who recommended
ratios in excess of (15 - 30) to avoid scale
effects.

6. Conclusions

A series of experimental tests and
numerical analyses on the model cantilever
sheet pile walls subjected to the surcharge
strip loads were carried out to investigate the
effect of discrete vertical reinforcement in
active zone on the behavior of the sheet pile
wall embedded in granular soil. The following
conclusions can be derived from the test
results and their analysis:

1- The results of the model tests and
numerical analyses have shown that the
provision of the soil reinforcement (row of
vertical piles) behind the sheet pile wall has a
significant effect in increasing the ultimate
lateral capacity of the sheet pile embedded in
granular soil. The sheet pile capacity
improvement significantly depends on the
location of the pile row relative to the sheet
pile, pile's length, pile's spacing, pile's

Alexandria Engineering Journal, Vol. 48, No. 6, November 2009

diameter and the excavation depth in front of
the wall. '

2- The closeness of the pile rows to the sheet
pile wall decreases the lateral movement and
increases the ultimate lateral capacity of the
wall. The sheet pile capacity improvement
becomes negligible when the piles row is
placed at a large distance away from the wall
(X/B =< 1.0) where X is the distance between
the piles row and the strip footing and B is
footing's width. For practical reasons, piles
row located in the middle, between the footing
and the sheet pile could be considered the
best location for a maximum gain in sheet pile
capacity.

3- A significant increase in the sheet pile
capacity ratio is gained when the pile length is
increased. The optimum pile length to the
footing width ratio (L/B) is about 3.0. When
L/B > 3.0, the performance of the pile length
in improving the sheet pile becomes rather
minimal and it appears that pile length has no
appreciable effect on the ultimate capacity and
lateral movement of the sheet pile wall.

4- As the pile spacing decreases, piles behave
more like a continuous barrier and the
influence of soil arching becomes more
pronounced. Decreasing the pile
spacing/footing width ratio (S/B) leads to an
increase in the sheet pile wall capacity and to
a decrease in the lateral deflection of the wall.
Increasing the sheet pile capacity is
pronounced for a pile spacing ratio less than
2.0 (S/B < 2.0), for ratio (S/B > 2.0) the
improvement in the sheet pile capacity is not
appreciable.

5- Increasing pile diameter improves the
ultimate capacity of the sheet pile wall and at
the same time decreases the lateral deflection
of the wall.

6- Soil reinforcement by utilizing model piles
behind the sheet pile wall is significant in
improving the response of the wall when the
excavation depth (H) is less than or equal to
half of the sheet pile length.

7- The finite element method helped in better
understanding of failure patterns, of the
deflection along the sheet pile and bending
moments along the wall for both non-
reinforced and reinforced sand. The analyses
show better agreement with the experimental
results in that the vertical reinforcement
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between the wall and the footing had a
cor siderable cffect on the behavior of sheet
pile wall.
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