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Abstract: This research presents an experimental study on the scouring mechanism at semi-integral bridge piers. Based
on laboratory experiments, this study focuses on the relationship between scour depth in complex pier groups and com-
bined piles bridge and various parameters including the variation of inflow velocity, distance, and time. 1 200 data were
collected for flow velocity and scour. The flow pattern and scour were analyzed for different flow discharges and flow
depths. The results showed that the scour development with respect to time was greater for higher flow depth and bigger
flow discharge at semi-integral bridges. In addition, the equilibrium scour depth increased with the approach flow depth
around piers at semi-integral bridges. Velocity distribution also affected the scour development. It decreased when ap-
proaching the bridge but increased from upstream to downstream of the flume.
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INTRODUCTION

Bridges play a vital role in the transportation of goods and
services. Bridges, which are built by the modern system, are
more cost-effective. Semi-integral bridges are popular in Ma-
laysia (Fig. 1). In these simple or multiple span bridges, the
superstructure is cast integrally on top of the substructure and
discontinuous to other parts of the substructure (England et al.,
2000). The advantage of this type of bridge is reduction in
initial construction cost, long-term maintenance expenses,
substructure design, resistance to accidental and seismic load-
ings, torsional restraint of deck at support, faster construction,
reduced tolerance requirements, and greater end span ratio
ranges (Akib et al., 2011a, b, ¢, d; Biddle et al., 1997). This
advantage has made semi-integral bridges an alternative solu-
tion; many of these bridges have been constructed in Malaysia
during the past few years.
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Fig. 1. Schematic view of semi-integral bridge.

However, this new system is relatively unknown in account
for the effect of design factors on natural hazards and local
weather as well as environmental condition. An example is the
effect of floods on bridges. There are reports of surface run-off
due to flood that exceeded the capacities of most rivers in Ma-
laysia back in the 1920s (Fig. 2). Therefore, investigating of the
effect of flood on semi-integral bridges is important. One of the
most destructive effects of floods is scouring.

The flow pattern and mechanisms of scouring are very com-
plicated, and the complexity of flow increases with the devel-
opment of the scour hole (Ghodsian and Vaghefi, 2009). The
basic mechanism causing local scour at piers is the down-flow
at the upstream face of the pier and the formation of the horse-
shoe vortex at the base of the pier. The down-flow is believed
to be the primary cause of scour at piers. The horseshoe vortex
that develops due to the separation of flow at the edge of the

scour hole upstream rolls to form a helical flow, which is simi-
lar to the ground roller downstream of a dune crest. The horse-
shoe vortex is a consequence of scour, not the primary cause,
pushing the down-flow inside the scour hole closer to the pier.
Separation of the flow at the sides of the pier also creates so-
called wake vortices. These vortices are unstable and shed
disorderly from each side of the pier. They act as small torna-
does lifting the sediment from the bed to form a scour hole
downstream of the pier (Akib et al., 2014; Akib et al., 2012;
Heidarpour et al., 2010; Zarrati et al., 2006;). Fig. 3 shows the
flow and scour pattern at a circular pier.

Fig. 2. Scour at (a) Sungai Muda Bridge, Malaysia, (b) Sungai
Jeniang Bridge, Malaysia.
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Fig. 3. Flow and scour pattern around a circular pier.
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For live-bed scour, scouring ceases when equilibrium is re-
established between the material inflow and outflow. For clear-
water scour, scouring ceases when the horseshoe vortex scour
shear stress equals the sediment particle at the scour hole shear
stress, thereby reducing the transport rate from the base region
(Lagasse et al., 2007; Picek et al., 2004; Pagliara and Car-
nacina, 2010).

Bridge scour is an unusual changing movement that varies
with factors such as water depth, flow angle and intensity, pier
and abutment’s shape and dimension and material properties
(Deng and Cai, 2010). Factors that influence the size of the
local scour depth at piers (Lagasse et al. 2001) include: ap-
proach flow velocity, flow depth, pier width, gravitational
acceleration, pier length if skewed to the main flow direction,
size and gradation of the bed material, angle of attack of the
approach flow to the pier, pier shape, bed configuration, and ice
or debris jams. Dey (1997) adds the time of scouring as an
additional parameter. Furthermore, Oliveto and Hager (2005)
argue that the principal parameter influencing the scour process
is the densimetric particle Froude number.

Akib et al. (2011) concluded that local scour on a double-
row pile integral bridge is higher than on a single-row pile
integral bridge in a two-stage channel. Martin-Vide et al.
(1998) examined the problem related to the interaction of two
widths (pier and piles) that were set at different elevations with
respect to the riverbed; a width-weighting method was recom-
mended due to greater scouring when the riverbed is closer to
the base of the pier.

The definition of time to scour equilibrium, adopted for a
given test, plays an important role in the results obtained. The
definition of time to equilibrium scour depth can affect the
results so that the same experiment carried out under the same
experimental conditions for a different timeframe can yield a
different conclusion. Several researchers have come up with
different definitions of time to equilibrium scour depth (Link,
2008).

In another study Melville and Raudkivi (1996) investigated
local scour pattern at piers on slab footings and caissons. Fur-
thermore, local scour around piers on piles has also been stud-
ied by a number of scholars (e.g. Ataie-Ashtiani and Beheshti,
2006; Ataie-Ashtiani et al., 2010; Coleman, 2005; Sheppard
and Glasser, 2004; Tafarojnoruz et al., 2012;).

Many studies have been carried out to determine the maxi-
mum scour depth at bridge piers under clear water scour condi-
tions. Researchers have studied the effect of flow intensity,
flow shallowness, sediment coarseness, time, and velocity
distribution on scour development (Diab et al., 2010; Hager and
Unger, 2010; Jahangirzadeh et al., 2012; Karami et al., 2012;
Mashahir et al., 2010; Tafarojnoruz et al., 2010).

Since using of semi-integral bridges is still relatively new,
design parameters need to be established. One of these parame-
ters is the effect of floods on semi-integral bridges. This is the
prime concern for bridge designers since scour is one of the
main causes of bridge failure.

In the present study, the effects of time on scour depth at
semi-integral bridge piers and combined piles are investigated.
In addition, the velocity distribution for semi-integral piers is
examined. The scour depth with respect to distance is also
presented. This research presents the experimental study on
scouring mechanism at semi-integral bridge piers and these
results can be used by researchers or engineers in future works.

MATERIALS AND EXPERIMENTAL SETUP

The experiments were conducted at the Hydraulic Laborato-
ry of the University of Malaya. Experimental investigations
were conducted in a flume of 16 m in length, 0.6 m width and
0.6 m depth flume of a fixed slope (Fig. 4).

Fig. 4. Flume and bridge model in hydraulics laboratory.

At the end of the canal, there was a basin in which a triangu-
lar weir measured the flow discharge with an accuracy of 0.1
L/s. An adjustable tail gate was set up on the downstream of the
canal to measure the water depth. The flow velocity compo-
nents (U) were measured near stream bed (z = 0.5 cm) by a
three axis electronic current velocity meter with an accuracy of
+1 cm/s. The velocity sampling raster is illustrated in Fig. 6.
The depth of scouring (ds) around piers and piles was measured
and recorded by sand surface meter with an accuracy of £0.5
mm.

In order to measure time developing scour depth around
piers and combined piles, sand surface meter was mounted on
piers and recorded scour versus time.

At the end of each test, the water was carefully drained off
from the flume to prevent any disturbance in the scour patterns.
Then, the scour pattern and scour holes profiles around piers
and piles were measured by a laser bed-profiler (LBP) with
maximum error of £1 mm in width and £0.1 mm in depth. LBP
recorded scour depth for each 1 cm in length and 1 mm in
width in sampling area. In this sampling area, LBP recorded
scour depth for 31200 points. The scour sampling area is illus-
trated in Fig. Sc. Finally, the scour contours were simulated
using SURFER software.

All experiments involved the same time intervals for scour
developing until final measure after 24 hours. Control block
was used to control the initial sand level as the sampling area. It
was positioned at the three quarter of the flume length from the
upstream. The sampling area was filled with sand of 0.2 m
depth. The recess was filled with uniform sediment with the
mean particle sizes of 0.8 mm and specific gravity of 2.65.
Based on the study of Raudkivi and Ettema (1983), experiments
can be run successfully for non-ripple forming sediments (dso >
0.7 mm). The standard deviation of grain sizes was ¢, = 1.25 <
1.30 to eliminate the effect of non-uniformity of the bed mate-
rial on scour depth (Raudkivi, 1998; Zarrati et al., 2010).

SEMI-INTEGRAL BRIDGE DETAIL

The semi-integral bridge model is a complex structure con-
sisting of piers and piles. The model was made of Perspex
material. Vertical depth scales were used to measure the scour
depth at the piers and piles. Cylindrical Perspex pipes with
diameter of 5 cm were used as pier models. According to
Chiew and Melville (1987), the pier diameter should not be
more than 10% of the channel width. The ratio D/ds, = 62.5 >
50 was used to exclude the effect of the grain size on the scour
depth, where D is the pier diameter and ds, is the median size of
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the riprap grain. Fig. 5 shows the semi-integral bridge model
with one row of piers and two row piles. Five discharges
(0.0106 m™/s, 0.0117 m’/s, 0.0134 m’/s, 0.0154 m’/s and 0.0174
m’/s) and five flow depths (18 cm, 20 cm, 22 cm, 24 cm and 26
cm) were applied by adjusting the valve on the main inlet pipe
respectively. The water flow depth values were selected based
on the recommendation of Chiew and Melville (1987) to elimi-
nate the pier’s effect on the rate of scour.

(Y) (Flow depth) > 3.5 x pier diameter (D), (Chiew and
Melville, 1987).

Moreover, the discharges were selected to reach the U/U,, =
0.9 and satisfy clear water condition (flow intensity = the ratio
of the approaching flow velocity to the critical velocity for
incipient motion for bed sediment movement (U/U,.)).
Throughout the experiments, the developments of scour around
piers and piles were monitored.
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Fig. 5. (a) - Semi-integral bridge model; (b) - Pier and pile cross section; (c) - Plan of Pier and pile.
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Dimensionless depth of scour, ds/D versus time at the
semi integral piers with Q=0.0106 m%/s

Dimensionless depth of scour, ds/D versus time at the
semi integral piers with Q=0.0117 m%/s
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Fig. 7. Effect of time on local scour at piers sides (right and left).

RESULT AND DISCUSSION
Effect of time on scour depth around semi-integral bridge
piers

The time development of scour depth was obtained for the
semi-integral bridge piers (Fig. 7). For the flow discharge of
0.0106 m’/s and 0.0117 m’/s (Figs. 7a and 7b), the scour depth
was still increasing after 24 hours. For the flow discharge of
0.0134 m’/s (Fig. 7c), the time when the scour depth reached
the equilibrium state varied for the left and right side of the
pier. At the right side, the equilibrium state was reached after
410 minutes. For the left side, the scour depth was still increas-
ing after 24 hours. As flow discharge increased, the equilibrium
state tended to occur at same time (Fig. 7d). The equilibrium
state occurred earlier in case of flow discharge 0.0174m’/s with
flow depth 26 cm (Fig. 7e). It reached the equilibrium state
after 310 minutes.

For flow discharge 0.0134 m’/s and 0.0174 m’/s (Figs. 7c
and 7e) at pier C on the left side and right side, the differences
in scour depths were 14 mm and 24 mm. This is due to the
backwater effect: when the velocity increases, it must transport
the sediment bed to the downstream bridge. Thus, due to the
energy losses and the bridge crossing, the scour development
was affected. There was fluctuation at the lower flow discharge
due to the bed forms that occurred during the experiments.

Effect of time on scour depth around combined piles

The scour developments were also measured at combined
piles. The scouring process around combined piles took place
after the scour depth around the piers and pile cap reached an
equilibrium state. Thus, there was no scouring around the com-
bined piles in the initial stage.

The development of scour was averaged for each flow dis-
charge. At the first pile, the scour depth reached the equilibrium
state after a period of 510 minutes. The lowest discharges
yielded the longest time to scouring (Fig. 8a). It took about 210
minutes before scour holes formed at the combined piles. The
depth of scour increased over time for every point.

The time for scouring to occur started to reduce when the
flow discharge increased. From 210 minutes to 90 minutes, the
scouring process started to begin for flow discharge 0.0117
m’/s (Fig. 8b). The same trend was observed at every point
where the depth of scour increased over time (Fig. 8c). Fig. 8d
shows the scouring process tended to reach equilibrium time
earlier when discharge was increased to 0.0154 m®/s. The
scouring process began after 90 minutes and 50 minutes. The
earliest scouring process started after a period of 40 minutes
(Fig. 8e).
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Dimensionless depth of scour, ds/D versus time at the
semi integral combined piles with Q= 0.0106 m%/s
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Fig. 8. Effect of time on local scour depth at combined piles.
Scour depth with respect to distance

As soon as the tests began, dunes were observed on the ap-
proaching bed. As the sediment transport continued, bed degra-
dation took place, leading to an increase in flow depth and a
corresponding reduction in flow velocity at the upstream. This
affected the scour depth at the upstream. The development of
scour at the upstream was higher than at the downstream. At the
downstream, the sedimentation caused the increase in the base
level and decreased the development of scour. Beds or dunes
formed at the downstream due to the sediment supplied by the
water flow.

To investigate the relationship of the scour depth with re-
spect to its distance and position upstream and downstream, the
scour depth contours with distance were plotted. Scour depth
varied with distance as shown in Fig. 9. The scour depth at the
upstream especially at the front of the semi-integral bridge was
higher compared to the back of the semi-integral bridge that is
at the downstream based on the contours map. This is due to the
mechanism of sediment transport at the upstream. The approach
flow scoured the bed sediment and transported it to the down-
stream. The degradation and aggradations of bed sediment
process occurred in the channel.

At the lower flow rate, the scour depth was higher at the
front pile and decreased at the back of the pile (Figs. 9a-9c).
For the higher flow rate (Figs. 9d and 9e), the scour depth pat-
tern was symmetrical on both sides upstream and downstream.
This shows that the scour depth had not yet reached the equilib-
rium state. Besides the flow rate and the flow depth, sediment
coarseness and particle size also affected the scour develop-
ment.

Velocity distribution for semi-integral piers

Velocity distribution around the bridge also affected the de-
velopment of scour for semi-integral bridge piers and combined
piles. Significant changes in flow pattern at the bridge founda-
tion were found.

Fig. 10 shows the variation of velocity distribution for semi-
integral piers for every discharge with respect to the width of
the flume. As it can be seen in Fig. 10, the velocity before
bridge’s area was lower than at the bridge area, and it increased
as passing through bridge area, as a result of contraction due to
bridge piers and piles. As it can be seen in this figure, the ve-
locity continued to increase from the beginning of the bridge
area to the end of the bridge area and reached its maximum
amount at the end of bridge area.
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Dunes were formed on the approaching and destabilized the
stone, leading to degradation of the layer. This happens due to
the sediment transport capacity exceeding sediment supply or a
lowering of the base level. Sediment supply reach was provided
from the watershed and from any erosion occurring in the wa-
terway. Aggradations took place at the downstream of the
channel. The aggradation raised the base level and increased the
flow velocity gradually from the front of the bridge to the back
of the bridge. This caused the total depth of scour at the down-
stream to decrease.

Fig. 11 shows the pattern of velocity distribution for every
discharge along the flume. The velocity increased from the
upstream to the downstream and passed through every pier in
lines. The maximum velocity was obtained at the last pier. In

each discharge, the velocity increased on the left and right side
of the bridge nearly to equilibrium.

CONCLUSIONS

Based on laboratory experiments, this study examines the re-
lationship between scour depth and various parameters, includ-
ing the variation of flow velocity, distance, and time. Four
types of discharges and four types of flow depths were used.
From the results, the following conclusions can be drawn from
this investigation:

1. The scour time development was greater for higher flow
depth and flow discharge at semi-integral bridges.
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2. The equilibrium scour depth increased with approach flow
depth around complex piers at semi-integral bridges. A
similar trend was given in the plotted data with the re-
search done by Melville and Coleman (2000).

3. Velocity distribution also affects the scour development at
semi-integral bridges. Velocity decelerated when ap-
proaching the bridge but increased from upstream to
downstream.

4. The scour depth varied with distance. The scour develop-
ment at the upstream was higher compared to the down-
stream before it reaching the equilibrium state. When it
reached equilibrium, the scour depths were symmetrical at
the upstream and downstream at semi-integral bridges.
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