
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=trbm20

Download by: [37.27.216.205] Date: 02 February 2017, At: 09:30

International Journal of River Basin Management

ISSN: 1571-5124 (Print) 1814-2060 (Online) Journal homepage: http://www.tandfonline.com/loi/trbm20

The effect of pile spacing and arrangement on
bed formation and scour hole dimensions in pile
groups

Nina Solaimani, Ata Amini, Hossein Banejad & Pezhman Taherei Ghazvinei

To cite this article: Nina Solaimani, Ata Amini, Hossein Banejad & Pezhman Taherei
Ghazvinei (2017): The effect of pile spacing and arrangement on bed formation and scour
hole dimensions in pile groups, International Journal of River Basin Management, DOI:
10.1080/15715124.2016.1274321

To link to this article:  http://dx.doi.org/10.1080/15715124.2016.1274321

Accepted author version posted online: 12
Jan 2017.
Published online: 02 Feb 2017.

Submit your article to this journal 

Article views: 8

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=trbm20
http://www.tandfonline.com/loi/trbm20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/15715124.2016.1274321
http://dx.doi.org/10.1080/15715124.2016.1274321
http://www.tandfonline.com/action/authorSubmission?journalCode=trbm20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=trbm20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/15715124.2016.1274321
http://www.tandfonline.com/doi/mlt/10.1080/15715124.2016.1274321
http://crossmark.crossref.org/dialog/?doi=10.1080/15715124.2016.1274321&domain=pdf&date_stamp=2017-01-12
http://crossmark.crossref.org/dialog/?doi=10.1080/15715124.2016.1274321&domain=pdf&date_stamp=2017-01-12


RESEARCH PAPER

The effect of pile spacing and arrangement on bed formation and scour hole
dimensions in pile groups
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Center, AREEO, Sanandaj, Iran; cInstitute of Infrastructure Engineering and Sustainability Management (IIESM), Universiti Teknologi MARA (UiTM),
Selangor, Malaysia

ABSTRACT
Pile scour is the main cause of bridge failure. A physical model used in this research to study scour
around a group of piles in clear-water conditions. The study examined changes in stream bed,
volume and area of scour holes due to changes in pile spacing and arrangements. For this purpose,
width, length and depth of scour hole variation and also changes in channel bed formation owing
to pile groups, their arrangement and spacing were studied. An experimental channel with a
length of 10 m, a width of 0.83 m and a depth of 0.5 m was used. The channel bed was covered
with medium-sized uniform sediments for 0.9 mm. The discharge and flow velocity were adjusted
to clear-water conditions. In each experiment, the channel bed changes and the scour hole were
recorded and analysed. The results showed that the piles’ arrangement and their spacing affected
the area and volume of scour hole so that with increasing pile spacing, despite the scour depth,
volume and area of the scour hole increased. The channel bed formation and movement of
sedimentation areas and scour was also affected by the arrangement and spacing of piles. The
results of this study can be used by engineers to optimize the design of bridges and determine the
zones around piles for scour protection.
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1. Introduction

Scour is one of the most important issues in river engineering.
Ignoring the role of hydraulic factors in bridges design
destroys a lot of bridges all over the world every year. The
development of scour at the bridge foundation is one of the
most important factors in bridges failure. The most important
concerns in hydraulic design of bridges are the prediction of
formation, development and final status of scour hole. Deter-
mining the correlation between the parameters affecting the
dimensions of scour hole and the maximum depth of scour
and figuring out the function dominating on them are
among the most important issues in hydraulic engineering.
Using this method, mathematical relationship between the
scour hole, as the dependent variable, the parameters affect-
ing the phenomenon can be calculated. In recent decades,
extensive research studies were carried out in the field of esti-
mation of scour depth and the understanding of the scour
mechanisms at the bridges’ foundation. The design and con-
sequently the stability of these structures directly depend on
the estimation of the maximum scour depth in various stream
bed and flow conditions. Therefore, an accurate estimate of
the maximum scour depth around pile groups is inevitably
discussed in engineering. Unlike a simple pile, scouring in
pile groups has been less studied. Hannah (1978) conducted
a study on scour in binary piles. The results showed that
when piles are exactly next to each other, S/D = 1 (S is
centre-to-centre the pile spacing and D is the pile diameter),
the depth of scour at the front pile equals to the scour due to
an equivalent simple pile with the width of the two piles. With
increasing pile spacing, the effect of reinforcing factor can be
seen in the first pile. The reinforcing factor effect reaches its
maximum in S/D = 2.5 and exists up to S/D = 11.

At distances greater than 11D, S/D > 11, scouring depth at
the front pile is equal to the value of a single individual pile.
Ataie-Ashtiani and Beheshti (2006) investigated scour in the
pile groups and in side-by-side pile arrangement with the spa-
cing of S/D = 0.5, 1, 2, 4 and 6. They concluded that by
increasing the spacing between the two piles, scour depth
reduced. However, on the whole, the two side-by-side piles
with various S/D are of more scouring than single pile.
When S/D = 0.25, the maximum depth of scour was 50%
more than a single pile. Beg (2010) examined the develop-
ment of the scour hole around two side-by-side piles at differ-
ent spacing. The results showed that in the case of piecing
together the piles, S/D = 1, scour depth is 1.95 times greater
than that of single piles separate from others. Beheshti and
Ataie-Ashtiani (2004) examined the effects of pile spacing
on the maximum depth of scour at bridge piles. The results
showed that by increasing the spacing between the piles,
the amount of scour reduces. Ferraro et al. (2013) showed
that scour depth around a group of piles emerged from the
water surface can be predicted fairly through the available
empirical methods.

Sanei and Mohammadnezhad- Ardeshiri (2010) evaluated
the effect of the cylindrical piles’ diameter on the character-
istics of scour hole including maximum scour depth, hole
volume and scour depth. The results indicated that 90%
increase in pile diameter resulted in about 70% of scour
depth. However, in this case, the scour hole volume reduced
by 85%. Azhari et al. (2012) studied the effect of channel arc
angle and the spacing between the piles in pile groups and
found that increasing the angle and spacing between the
piles led to scour increase. Movahedi et al. (2012) showed
that when the piles are at S/D = 0, 0.5 and 1, the scour
holes interfere with each other and form a hole at upstream
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pile. However, when the spacing are at 2D and 4D, at the
beginning of each pile, scour holes and scour ridges were sep-
arated and had no interference. The results showed that by
increasing the spacing between the piles, scour depth
decreased and in S/D = 6, it approaches the single pile. Fur-
thermore, using integrated foundation as a pile cap caused
reduction in scour depth by 55% in front piles. Two sym-
metrical holes were formed at the downstream of the location
where the maximum scour depth was transmitted to the
downstream and away from the piles.

Sheppard and Rena (2005) at the manual for estimating the
scour depth at the Florida Department of Transportation,
studied the increase in pile spacing at a non-uniform mode.
In a non-uniform mode, only the spacing of the piles in per-
pendicular or parallel direction were changed according to
flow, and the spacing was assumed to be constant in the
other direction. Amini et al. (2012) examined the pile groups
in submerged and non-submerged modes to examine different
arrangements and provided relationships for calculating scour.
Their results showed that when the pile spacing are > 3.5D,
each pile had individual scour holes and ridges with no inter-
actions with each other. While piles are completely bonded to
each other in comparison with cases where there is a gap
between the piles, more scouring was seen in the front and
back of piles.

Gaudio et al. (2012) and Tafarojnoruz et al. (2012) used a
3D laser scanner to acquire scour pattern around a protected
pier. Their results illustrated that scour area around a pier
protected with some countermeasures, for example, a pro-
tected pier with a collar, is greater than the unprotected
pier. Amini et al. (2014) and Amini and Thamer (2016)
found that in a complex pier with a pile cap the scour hole
dimensions are greater than that in a simple pier. Few studies
have been conducted about the scour hole geometry and
dimensions, even in single piers. Diab et al. (2010) found
that the area and volume of scour in single piers were affected
by scour depth. Having tested the various forms of a single
pier, Das et al. (2014) found that the geometric characteristics
and the size and width of the scour area were in proportion to
the equivalent width of piles. The researchers offered empiri-
cal equations for the area and volume of the scour hole. So far,
the area and volume of scour in pile group has not been
studied. In this study, using experimental data, the effect of
the pile spacing changes on streambed formation, the area
and the volume of local scour hole were investigated. The
results can be used by engineers and designers and help the
safety of bridges through determining the best intervals for
piles.

2. Materials and methods

The characteristics of laboratory flumes used in this study,
characteristics of sediments, the arrangements of pile groups,
and the spacing between them and the experiment conditions
are described below.

2.1. Flume

The experiments were conducted using laboratory flume with
glass walls, 10 m long, 0.83 m wide, 0.5 m high and 0.001 of
slope, located in the hydraulic laboratory of Bu-Ali-Sina Uni-
versity in Hamadan, Iran. The flume details are shown in
Figure 1. Water was transferred from the main tank to the

flume in a closed system by an electro-pump. In order to
remove the entering turbulent flow, a network of obstacles
such as filters and brick lattice screens were used (Figure 1
(a)) so that the velocity distribution perpendicular to flow
was relatively uniform on test area. The longitudinal and
transverse distributions of velocity were recorded using a
micro Moline. Also, 3 m downstream of flume inlet, a gentle
slope with coarse sediments and a length of 1 m was formed.
At 5.5 m distance from the beginning of the flume, the test
area was filled for a length of 3 m using uniform sediment
with a thickness of 0.2 m.

To maintain the stability of these sediments during the
experiments, a brick wall (without mortar) was built closely
after the sediments (Figure 1(b)). In addition to stabilization,
the brick wall also provided the drainage of sediments layers.
At the end of the flume, two tiers of walls were constructed in
the direction of flow, and a stilling basin was created for the
deposition of sediments. The pond is shown in Figure 1(c).
The stream flow and water depth were controlled by a regu-
lating slice gate set at the end of the flume. To achieve a flat
bed, prior to each experiment, an firm plate and a laboratory
pointgage were mounted at a constant height on the channel
walls to control the smooth surface of the bed (Figure 1(d)).
The test area was at the central axis of the laboratory flume
and at the distance of 5.5 m lower than the flume inlet.

2.2. Experiments and models

In each experiment, by a recycling system, flow entered the
flume through the pipe. Ultrasonic flow meter was used to
measure the flow and the amount was adjusted at 45.5 l/s.
With regard to the discharge of the flow and by adjusting
the slice gate, the water depth (yw) was fixed in 0.2 m in all
experiments. To ensure uniform flow, the discharge was
measured with micro Moline using the transverse and vertical
directions in different sections of the flume. The maximum
depth of scour and scour hole dimensions in each experiment
were measured using point gage with 0.1 mm of accuracy. It
was mounted on a moveable plate with parallel and perpen-
dicular directions to the flow. The deepest scour was
measured with an hour interval.

After the experiments and having drained the water in the
flume, data records were performed in three-dimensional
coordinate system in the direction of X, Y and Z (length,
width and depth). In this study, to draw and gain volume
and the area of scour around the pile groups, Civil3D2015
software was used. This software is one of the most common
software to calculate the volume and area for data in labora-
tory scale. In this software, the data entered in MS-Excel
spreadsheet in m in three dimensions (X, Y and Z) can be
added as groups. Then the volume and holes’ area were
extracted. For pile modelling, plicae pipes with a diameter
of 40 mm were used. The centre-to-centre pile spacing (S)
were 1–5 times of the diameter of piles (S/D = 1–5). The
plan and section of pile arrangements and the situation of
the sediment and the water flow are shown in Figure 2.

The equivalent width of the piles, De, which is defined as
the total width of piles perpendicular to the flow (De = nD,
n is the number of piles perpendicular to the flow) was chosen
less than 12% of flume width to avoid scour caused by the
flume section contraction (Melville and Coleman, 2000).
The maximum ratio of equivalent width to median sediment
diameter was considered to be nD/d50 ≈ 60 so that the effect
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of sediment size would be negligible on local scouring (Mel-
ville and Coleman 2000, Amini et al. 2013). In this study, a
total of 15 tests were performed. The definition of the vari-
ables used in this study is presented in Figure 2.

To achieve the maximum scour depth and to prevent
deformation of the streambed, non-cohesive sediments
with average diameter of d50=0.9 mm and standard devi-
ation as sg =

��������
d84/d16

√ = 1.37 was used, which is less
than its critical amount to form armour layer, sg , 1.4,
(Melville and Coleman 2000, Amini et al. 2010). The
amount of sg represents the uniformity of sediments. At
the beginning of experiments, water flow was established
using a local stream and completely quiet with very low
discharge. Considering that the maximum scour depth
occurs in clear-water condition (Hosseini and Amini
2015), the experiments were conducted in clear-water con-
dition and at V/Vc= 0.75, where V is mean flow velocity
and Vc is the critical velocity necessary for sediment
entrainment.

Critical shear velocity (u∗c) and critical velocity (Vc) were
calculated using the procedure proposed by Melville and
Coleman (2000) for uniform and non-uniform sediment
entrainment. Considering the uniformity of sediment in
this research the following equations were used:

u∗c = 0.0115+ 0.0125d1.450 , (1)

Vc

u∗c
= 5.75log 5.53

yw
d50

[ ]
. (2)

The flow and sediment characteristics in this study are sum-
marized in Table 1.

Bed changes after the end of each experiment were
measured by removing model and draining the water. The
moment of turning on and off the pump were considered
as the start and end of experiments, respectively. Moreover,
the scour trend was measured with 30 min interval and it
was found that the changes in scour depth in 8 h reached
the lowest amount. Moreover, to examine the effect of time

Figure 1. Laboratory flume and its streambed: (a) the porous brick, (b) the streambed slope before test area, (c) stilling basin and (d) the point gauge and the firm
plate for paving the flume bed.

Figure 2. Pile group with 3*2 arrangement and abbreviations used in this study.
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on depth of scour and scour development over time, a num-
ber of tests were carried out with 24 h duration. The scour
depth, which was measured at the duration less than 24 h,
was modified using a correction factor proposed by Melville
and Chiew (1999). This coefficient is provided as follows:

Kt = ds
dse

= exp −0.03
Vc

V
ln

t
te

( )∣∣∣∣
∣∣∣∣1.6

{ }
, (3)

where Kt is time correction factor; ds is scour at the time t and
dse is equilibrium scour depth at the time of te, which is the
time to reach equilibrium depth and is calculated as follows:

te = 30.89
D
V

V
Vc

− 0.4

( )
yw
D

( )0.25
, (4)

where te is in day and the amount ofDwas considered as equiv-
alent width (De). The results of this method were compared
with data recorded from 24-hour tests. The results showed
that 92–98% of the equilibrium depth of scour is produced at
the time duration of 5 h. Scour depth variation over time in
this research are shown in a number of experiments in Figure 3.

3. Results and discussion

3.1. Scour hole

With the start of the experiment, scouring in the pile group
upstream begins. Sediments are freed from the substrate
and transported from upstream to downstream of the
model. In the downstream piles, a sediment dune (hill) was
formed and during the experiment, it was gradually trans-
ported downstream. At the downstream side of the hill, the
two distinct branches with a gentle slope extend in line
with flow. When this hill of sediment develops and moves,
its central part (which was precisely coordinated with the
pile group central axis) moves with a lower speed compared
to the two sides. On the same axis, the top of the moving
dune was at the highest level and formed the hill peak. The
maximum depth of scour was found to occur at the upstream
of the piles at the first row. The depth of the scour at each pile
in a row was identical. The amount of scour at the rear piles
(second, third and fourth rows) was found to decrease,
respectively. Figure 4 shows the 3 * 2 arrangement with

spacing centre-to-centre equal to 4D, after the completion
of the test and drainage of the water. More details concerning
the scour depth variations in terms of spacing are presented
by Amini et al. (2010).

3.2. Streambed changes

In this study, through physical simulation of scouring, the
effect of pile group spacing on streambed changes in various
arrangements was investigated. Equilibrium streambed
changes and sediment transport were extracted from
Civil3D2015 software. A sample of developed scour hole
around pile group and sediment dune formed downstream
of piles are illustrated in Figure 5. In addition to elevation
contours, scour holes and hills’ variation versus pile spacing
are marked with yellow and green lines, respectively.

Figure 5 shows that scour holes are conjoined at small spa-
cing of piles, and dumped with spacing. The same result can
be deduced about sediment dunes. Hence, the dunes are con-
joined at short spacing and with spacing; sedimentation is
witnessed between rows of piles instead of scour. In other
words, at a large spacing (S/D > 3), in rear rows, the stream
bed height was observed to be increased in compare with
undisturbed streambed. This is particularly better visible in
the case of arrangements with more rows (m > 3).

3.3. The area and volume of scour hole

To evaluate the effect of longitudinal and transverse uniform
spacing between the piles on the volume and area of the pile
group scour hole, several experiments with four different
arrangements were conducted. The results are illustrated in
Table 2. The final volume of scour (Vse) and its area (Ase)
to any arrangement are presented in Table 2. The spacing
between the piles was from 1D to 5D. Given D = 4 cm as
piles’ diameter, the equivalent diameter of 8 cm was obtained
in the arrangement of two rows of piles perpendicular to the
flow (n = 2, De = nd = 2 × 4). For the comparison of volume
and area of the scour hole, an experiment with a single pile
with a diameter of 8 cm was done in the same circumstances.
The volume and area of this single scour hole were considered
as VSeq and ASeq, respectively.

3.3.1. Scour hole volume
The effect of pile spacing on the volume of scour hole is
shown in Figure 6. In Figure 6 the vertical axis shows theFigure 3. The scour depth variation over time.

Table 1. Flow and sediment characteristics.

d16 (mm) d50 (mm) D84 (mm) V (m/s) Vc (m/s) V/Vc U*c (m/s)

0.02 0.75 0.4 0.31 1.04 0.9 0.55

Figure 4. Scour around pile groups.
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normalized volume of scour hole and the horizontal axis
shows the changes in the pile spacing.

Figure 6 reveals that with spacing increase in all arrange-
ments, the volume of scour increases. This increase is slightly
up to S/D = 3 and changes increase drastically at S/D > 3. This
trend of scour hole volume can result from an increase in the
spacing of the piles. So, in smaller spacing, scour holes can be
adherent and are separated by increase in the spacing. The
separation of scour holes at S/D > 3.5 was reported by
Amini et al. (2012) and at S/D > 4 by Ataie-Ashtiani and
Beheshti (2006). Considering scour hole volume trends
according to pile spacing variation, Equation (5) was
extracted using the fitted curve drawing.

Vse

Vseq
= 0.4e0.34(S/D), (5)

where Vse is the volume of pile group scour hole and VSeq is
the volume of 8 cm simple pile scour hole. The above
relationship is obtained for the best fit curve and with reason-
able correlation coefficient (R = 0.8). Equation (5) shows that
the greater the spacing between the piles, the greater volume
of the hole. Via this relationship, the volume of materials
transferred by scouring caused by pile groups could be
obtained. The volume of removed material due to local
scour is sometimes essential to fill the scour hole after the
flood or the scour event, which puts the bridge at risk.

3.3.2. Scour hole area
The results on changes in the area of the scour hole are shown
in Figure 7. The vertical axis in Figure 7 is normalized scour
hole area and horizontal axis is the normalized pile spacing.

Figure 7 shows that with increasing spacing between the
piles, the scour area increases. This increase is slightly up to

Figure 5. The final status of the scour and the sand dune in various spacings: (a) S/D = 1, (b) S/D = 2, (c) S/D = 4, (d) S/D = 5.

Table 2. Details of the tests and recorded data.

Arrangements
(1) S/D Ase (cm

2) Aseq (cm
2)

Ase/Aseq
(cm2)

Vse
(cm3)

Vseq
(cm3) Vse/Vseq (cm

3)
N m (2) m (3) (4) (5) (6) (7)

2 2 1.5 411.42 522.99 0.79 2281.47 5000.06 0.46
2 2 2 418.5 522.99 0.8 2525.72 5000.06 0.51
2 2 4 745.56 522.99 1.43 4075 5000.06 0.81
2 2 5 793.81 522.99 1.52 5092.22 5000.06 1.02
2 3 1 422.88 522.99 0.81 2928.13 5000.06 0.59
2 3 1.5 548.22 522.99 1.05 3174.75 5000.06 0.64
2 3 2 556.6 522.99 1.06 3432.44 5000.06 0.69
2 3 4 1188.79 522.99 2.27 7328.95 5000.06 1.47
2 3 5 1280.03 522.99 2.45 9582.97 5000.06 1.92
2 4 1.5 458.79 522.99 0.88 3521.99 5000.06 0.7
2 4 3 983.33 522.99 1.88 7136.31 5000.06 1.43
2 4 5 1552.26 522.99 2.97 15581.2 5000.06 3.12
2 5 1.5 597.34 522.99 1.14 4878.57 5000.06 0.98
2 5 3 753.68 522.99 1.44 8056.67 5000.06 1.61
2 5 5 2139.94 522.99 4.09 18935.87 5000.06 3.79
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S/D = 3 when the scour holes are adherent and at 3 < S/D
changes increase drastically. In addition, the scour hole area
compared to its volume varies with less intensity in pro-
portion to the pile spacing. Using the best fitted curve draw-
ing for area variations according to changes in uniform pile
spacing, Equation (6) was extracted with R= 0.8 as follows:

Ase

Aseq
= 0.6e0.29(S/D), (6)

where Ase is the area of scour hole in pile groups and ASeq is
the area of scour in 8 cm single pile. Equation (6) can be used
to determine the area of riverbed scour in the presence of the
pile. As the pile spacing increases, the area of the scour hole
increases. Equation (5) and (6) are applicable for different
spacing, arrangements and diameters of pile group. In
Equations (5) and (6), VSeq and ASeq can be calculated
using equations for a single pile volume and area presented
by other researchers such as Diab et al. (2010) and Das
et al. (2014).

Due to a lack of experimental data on scour hole dimen-
sions in pile group obtained by other researchers, unfortu-
nately there is a problem in attempting to evaluate the
equations presented herein. Therefore the proposed method
was only applied using data obtained in this research and
the results are shown in Figure 8(a,b). Figure 8 shows that
few calculated scour depths are over- or under-predicted.
Upon further analysis, it was found that these values occur
with larger values of S/D. However, Figure 8 confirms that
the proposed equations predict local scour area and volume
at pile group relatively well.

4. Conclusions

In this study, streambed changes, the volume and the area of
the scour hole in the pile groups due to changes in the pile
spacing and arrangement were investigated using laboratory
simulation. The mechanism of scour in various arrangements
was explained. The results of this study can be expressed as
follows:

(1) The scour mechanism and sediment deposition in pile
groups were strongly depended on pile spacing and
arrangement.

(2) The arrangement of pile groups was effective on the
scour hole and dune dimensions. Dune was sometimes
combined with scour hole and caused increases in the
streambed height around the rear rows of pile.

(3) With an increase in pile spacing, the volume and area of
scour hole was increased. This increase was slightly up to
S/D = 3, and at S/D > 3 trends drastically increased.

(4) The volume of the scour hole relative to its area experi-
enced more rapidly changes due to an increase in pile
spacing.

Figure 6. Changes in scour hole volume versus pile spacing in various
arrangements.

Figure 7. Changes in scour area versus pile spacing in various arrangements.

Figure 8. Application of proposed method: (a) scour hole volume and (b) scour
hole area.
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(5) The volume and area of scour holes can be estimated
using empirical relationships to determine how changes
in the river bed happen due to the scour caused by
group of piles.

In future research, field studies and more laboratory inves-
tigations with variable water depth and sediment size are nes-
sesary to verify the presented data. The results of this study
could be used by engineers to design bridges more appropri-
ately in case of safety and economicaly. In addition, the
assessment of the the scour hole area and volume around
the pile group can be useful for scour protection enhance-
ment. The estimated volume of scour holes can provide the
volume of materials needed to reinforce and filling the riv-
erbed due to scour aroung pile groups.
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