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optimal design of the bridge for scouring needs proper scouring analysis using the
experimental approach as well as modelling. Without having research-based
knowledge of such analysis, it becomes extremely difficult to accurately predict
the scouring effects ultimately leading to severe pier damages. This research work
is focused on the scouring analysis for a bridge located on Kabul River near Peshawar,
Pakistan. The analysis was carried out experimentally, and the results were compared
with those obtained from the Hydraulic Engineering Centre, River Analysis Simulation
(HEC-RAS) modelling. Although the actual pier shape was circular and for the sake of
comparison, an analysis was carried out both for circular and square piers. The data for
modelling was collected using Geographic Information System (Arc GIS) and was then
used in hydraulic modelling software. In experimental analysis, a total of 10 numbers
of experiments were performed using varying discharges and depths of flow. Upstream
scour depth results were then compared with hydraulic modelling results. Results
showed that square piers result in more scour depth as compared to circular piers. The
same trend was observed for scour hole dimensions. A comparison of experimental
results with hydraulic software (HEC-RAS) revealed that the later gave slightly larger
scour depth values under similar conditions. But this difference was decreasing with
the increase in discharge.
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1. Introduction

Bridges are critical structures that require a substantial investment to construct and play a vital
role in economic development. The devastation of bridges is inevitable not only in the
underdeveloped countries but in the developing countries as well.

Bridge construction is a serious issue which not only requires heavy investment but also needs
proper attention to the serious issue of bridge failure that is mainly due to scouring.

Pier scouring is an essential factor in bridge hydraulic design. But the measurement of the bridge’s
pier scour in the field, especially during flood season, is very difficult. Therefore, Khan et al., [1]
experimentally measured various sized and shaped pier for scours in the laboratory. Contour maps
were also drawn for the affected area surrounding the piers for checking the extent and damage of
possible scouring. It was concluded that the scour depth for the pier with square shape was larger
than for circular piers and that scouring increases with increase in size of the pier.

FHWA (2005) The Federal Highway Administration evaluated the risk posed due to scouring for
all highway bridges crossing over water and found that scouring can be due to the stream’s instability,
degradations or/and aggradations, clear water or live bed contraction scour and local scour at piers
and abutments. This manual provides “Interim Procedures", guidelines and equations for scour
evaluation [2].

Sediment scour around pier and abutment is a serious issue and needs to be addressed. It
depends on the shape and size of the pier and many other flow and pier geometry parameters. It is
caused by a change in kinetic energy caused by the change of direction in the flow due to manmade
construction. It is a very complex phenomenon and its accurate prediction is very difficult. Scour is
the arrangement of scour hole around the pier because of the disintegration of soil by the streaming
water. The scour opening relies upon the shape and size of the pier, flow depth, the approach of
stream and sediment attributes [3].

Scouring is an important phenomenon as it is directly or indirectly contributing to 60% of the
bridge failures. Scour depth is caused by several factors including sediment carrying capacity, flow of
river, contraction, variation of the flow path and the pier’s geometry. Although scour can be
evaluated using theoretical models but due to the uncertainty of numerous parameters, the
deterministic approach cannot be adopted [4].

In France, an experimental study was conducted on the collapse of the Wilson Bridge at Tours in
1978 and the results were compared with the numerical 3D finite-element model. The purpose was
to assess the vulnerability of a given bridge with one scoured pier and propose a monitoring
technique for the evolution of scouring. This investigation has been carried out for the effect of
scouring natural frequency of a single pier [5]. Bridge collapse can often be induced by the
accumulation of scour during multiple flood events because scour is time-dependent and a single
maximum flood event cannot provide complete information about scouring [6]. The response of the
structure depends upon sediment composition scour depth [7].

The experimental approach was applied in this study because we can investigate various factors
affecting scour in a controlled environment and the same can be used for modeling as well [8].
Besides, Delft3D-FLOW modelling software has been used to investigate the wave flow impact on the
bridge piers of Gaadhoo Kao channel [9]. It has been concluded that the hydrodynamic impact can
be efficiently reduced by the introduction of bridge piers.

Since the scouring is a natural phenomenon and thus is very unpredictable, therefore a thumb
rule for its prediction cannot be ascertained. Therefore, several experimental studies have been
carried out to capture each aspect of scour depth. Time and flow dependency of scour depth were
observed [10]. The results of the study analyzing sediment impact on pier scour showed that the
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gravel’s size has affected circular and square pier scour depths. For both shapes, the scour depth was
observed to be increasing with an increase in sediment size [11]. Sediment in suspension also has a
great influence on scour depth. It was revealed in a study carried out to see the effect of suspended
sediments. A reduction of 50 % in scour depth was observed when suspended sediment was ignored
[12]. To understand the phenomenon of scouring, the experimental approach is normally used
because its investigation in the field is very difficult and challenging. Due to the recent flood of 2010,
the researchers diverted their focus towards bridges’ pier and abutment scouring.

Clearwater scours for cylindrical, square and diamond were investigated both experimentally and
numerically. This study is carried out to check the predictive capability of the URANS morph dynamic
model for the diamond pier for which sediment transport is driven by shear layer from pier sharp
edges. It was concluded that this model cannot resolve horseshoe vertex, significantly under predicts
both scour depth and its rate at nose pier [13]. A study on the time development of local scour around
a complex pier was conducted using a small-scale model in a laboratory. A total of 15 numbers of
experiments were conducted. Based on these experimental results, empirical formulas for scouring
cavity time development and relation between scour depths and scour cavity volumes were obtained
[14]. Melville et al., [15] studied pier scour depth and relevant variables including flow intensity, flow
shallowness, Euler and Reynolds number, sediment coarseness. Much emphasis was on the basic
mechanism of local scour.

Many researchers predict scour depth using Artificial Intelligence modeling like Muzzammil et al.,
[16]. They used Gene Expression Programming (GEP) using laboratory data to predict pier scour
depth. Mathematical models (1D and 2D) were applied by Moussa [17]. Results showed that the 2D
model of the non-uniform cross-section gives the more accurate result as compared to the 1D model
especially for sharp-nosed piers normal to the flow. Time to equilibrium is among the most important
variables that are affecting pier scour. Since the scour varies with time of flow, therefore it is
important to study the temporal variation. For this purpose, a semi-empirical model was developed
by Yanmaz and Selamoglu [18] to estimate the time to equilibrium scour depth. Results showed that
this empirical equation was very effective.

In summary, the researchers have calculated pier scour using different numerical and hydraulic
software as well as experimental analysis due to its importance in bridge design, but a very common
hydraulic software i.e. HEC-RAS is rarely used for scouring and its results are not validated through
experimental analysis. Therefore, in this research study, an attempt is being made to estimate pier
scour depth in the laboratory and compare the results with the one obtained from HEC-RAS
modelling for a bridge located on Kabul River near Peshawar.

2. Materials and Methods

This research is carried out in two steps. In first step the scour depth is measured experimentally
while in the second step, the same is calculated using HEC-RAS. Experimental as well as HEC-RAS
modelling is discussed in detail below.

2.1 Experimental Setup

Firstly, the pier scours depth was measured experimentally in the Civil Engineering Department
(hydraulic laboratory), UET, Peshawar. Before performing the experiments, similitude analysis was
carried out for small scale modeling using geometric similarity. After selecting the appropriate size of
the pier and other flow parameters, sieve analysis was carried out on sediment samples collected
from the site. Then the experimental setup was prepared as discussed below.
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2.1.1 Open channel flume

The rectangular flume used for experiments is 15.8 m long, 0.3 m wide and 0.37 m deep as shown
in Figure 1 below. Centrifugal pump is used to supply water to the channel from the underground
tank and is re-circulated. A point gauge is installed for the measurement of flow depth and scour
depth. Rectangular notch installed in the channel is used to measure the discharge. Pier models of
circular as well as a square shape were used for experiments.

Fig. 1. Rectangular Flume in Hydraulic Laboratory

2.1.2 Channel bed preparation

To install the pier, a bed was prepared in the form of a test section which was made by installing
glass at the start and end of it and filling the space between them with sediments obtained from
sieve analysis having a dso of 0.5 mm. The test section was 0.1 m high, 3.0 m long and 0.3 m wide.
Pier model of 3 cm was installed at the centre after filling the test section with sediment and levelling
it. The test section with filled sediment is shown in Figure 2 for the circular pier and in Figure 3 for
the square pier.

3cm

Circular pier

Upstream side Downstream side

N
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)

Glass Gravels & Sand D 50 Glass

Fig. 2. Circular pier installed in the test section

122



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences Penerbit

Volume 74, Issue 1 (2020) 119-132 Akademia Baru

Square pier
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Fig. 3. Square pier installed in the test section

2.1.3 Experimental procedure

Channel bed smoothens after pier installation and pier scour depth measurements were taken at
the required points. These points were widespread on upstream (u/s), downstream (d/s), and both
sides of the pier. Water then passes through the pier model in the channel. The discharge was
measured using a rectangular notch and verified by using the volumetric method. Each experiment
was run for 45 minutes. The scour depth, as well as width and length of the scour hole, were
measured at all pre-selected points after draining out the water. The same procedure is repeated for
all other experiments. The results are tabulated and discussed in the section to follow.

2.2 HEC-RAS Analysis

HEC-RAS (2001) was also used to evaluate scour around the piers of Pashtun Garhi Bridge in
Nowshera. It is a one-dimensional model simulating sediment transport for moveable boundary
conditions both for steady and unsteady flow conditions. The readers are referred to as HEC-RAS
manual 5.0.3 for further details. HEC-RAS required geometry and flow data of the river. Geometry
data contain several x-sections upstream and downstream of the bridge, the distance between them
and the roughness coefficient of the river and flood plain while flow data contain the discharge for
different return periods. Several x-sections depend on river variability. The x-sections in this study
were generated using Arc GIS software. These x-sections, after putting in HEC-RAS, are shown in
Figure 4 below.
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Fig. 4. River and its x-sections plotted in HEC-RAS along the river reach

2.2.1 HEC-RAS Input Data

HEC-RAS needs flow data, manning roughness for the channel as well as flood plain and river
geometry. Figure 5 shows a typical cross-section which required the distance measured from one
side of the river and elevation at that point. Besides this, the roughness coefficient, the distance
between Left Over the Bank (LOB), Right Over the Bank (ROB) and centre of the two-consecutive x-
sections were entered.

et Edit Options Plot Help
iver. [pashtun - | gl [ ] ot otons | & I KeepPrevids Pots _Cloar Prew
cach [1 | River sta:[2 =181

Scouring
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Fig. 5. Typical Cross-Section data inserted in HEC-RAS

2.2.2 Pashtun Garhi bridge input data into HEC-RAS

The bridge under study is modelled in HEC RAS. The total length of bridge is 4.2-kilometre
containing thirteen circular piers each of 0.5 m diameter and 14 spans. Each span is 30 m long
between the pier centres. It has two abutments with stone pitching. Weir coefficient is taken as 1.4
and submergence 0.98. The width of the bridge is 8 m. The lower chord of bridge deck is at 294.5 m
elevation while the high chord is at 297 m. All these dimensions are shown in Figure 6 below. For
bridge scouring along with the geometric information as mentioned above, some other factors were
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entered into HEC RAS model. These factors include Ki (shape factor), correction factor for angle of
attack K, bed condition correction factor ks. Values of Ki, K, and K3 were taken as 1.0, 3.5 and 1.1
for circular shape, zero angle of attack and clear water condition respectively. K4 was also taken as
1.0. Median size sediment Dso used was 0.55 mm.

2.2.3 HEC-RAS application procedure

The river x-sections for HEC-RAS were obtained from the DEM model using QGIS. The other
information about bridge geometry and flow required for HEC-RAS were obtained in a site visit to the
bridge. After starting a new project in HEC-RAS, the data collected from the site visit and QGIS was
entered. It includes geometry data as well as flow data. A geometric shapefile was created for the
roughness coefficient of 0.04 was used for the left of channel, right of channel and main channel
sections for all the sections of the reach. After entering all the river data, the bridge is inserted into
HEC-RAS. The bridge edit button enables, entered data of bridge including bridge length, width deck
level, also upstream and downstream sections were defined as shown in Figure 6 below. Reach
boundary conditions were defined as normal flow in which the slope of the river was required. The
slope calculated from the selected x-sections was found to be 0.001. After the hydraulic analysis is
done, some data required for contraction scour, pier scour and abutment scour are automatically
taken by HEC-RAS except some factors like Dsg, K1, and K,. The value of Dsg for Kabul River was used
while other factors were obtained from HEC-18. After putting all the data, HEC-RAS is run and depth
of contraction scour, pier scour and abutment scour were obtained.
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Fig. 6. Bridge deck along with piers modelled in HEC-RAS

3. Results and Discussion
This section demonstrates the experimental as well as HEC-RAS modelling in detail.
3.1 Experimental Results

Experimental results are summarized in tabular form (Table 1) and are presented in figures below
including scour depth and scour hole dimensions. The figures revealed variation in these quantities
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with variation in discharge and the pier’s shape and size. Since maximum scours occurred at the u/s
side, that value will be used. During the experiment, it was observed that initially there was rapid
scouring and was decreased as time elapsed. The duration of the experiment was 45 minutes. Five
experiments were carried out for circular and the same number of experiments were conducted for
the square model with the later giving higher results.

Table 1
Result obtained from experimental analysis for pier scouring
Pier Shape y Discharge  Time Scour depth Scour Scour
(cm) (liter/sec) (minute) Up- Down- Left Right Length  Width
stream  stream (cm) (cm) (cm) (cm)
(cm) (cm)
Circular Pier | 6.2 4.9 60 6.1 6.5 5.7 6.6 22.7 22.5
Circular Pier | 5.9 4.5 60 4.7 2.5 3 3.4 18.3 17.7
Circular Pier | 5.9 4.5 45 4.4 2.4 2.8 2.3 18 19.4
Circular Pier | 3.5 3.6 60 35 35 4.3 4.3 17.3 18
Circular Pier | 3.5 3.6 45 3.2 3.5 3.5 4.3 16.9 17.6
Square Pier 5.9 4.9 60 7 5.7 4.8 5 27.3 24.2
Square Pier 5.9 4.5 60 6.2 4 5.2 4.9 26.2 23.1
Square Pier 5.9 4.5 45 5.6 5.5 5.1 7 24.4 21.6
Square Pier 3.5 3.6 60 54 29 4.4 4.6 22.8 20.8
Square pier 3.5 3.6 45 4.7 3.9 5.7 5.6 18.8 19.9

3.1.1 Plots for scour depth at circular pier

The results obtained were plotted against the discharge of its relationship with scouring depth.
Circular and square pier comparison is shown in Figure 7 below. Similarly, scour hole dimensions
were also drawn for both pier model and different discharge and its comparison is shown in Figure 8
for the length of the scour hole and Figure 9 for the width of the scour hole.

Scour depth (cm)
O FRLP N W PS> ool OON ©

—o—Circular pier —#l=Square pier

4.9

4.5

4.5 3.6 3.6
Discharge (liter/Sec)

Fig. 7. Comparative graph of scour depth of square and circular piers along with

variant discharge

Figure 7 reveals that the square pier resulted in higher scour depth as compared to a circular pier.
The figure also shows a direct relation between scour depth and discharge. The same trend was
shown by Khan et al., [1].
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3.1.2 Comparison for scour hole length for both types of model

Figure 8 shows that the length of the scours hole increases with an increase in discharge for
both types of pier models.
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Fig. 8. Comparative graph of length of scour hole of circular and square piers along with
variant discharge

3.1.3 Comparison of scour hole width for both type of analysis

Figure 9 shows the direct relationship between the length of the scour hole and discharge for
both types of pier models.
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Fig. 9. Comparative graph of a width of the scour hole of circular and square piers along
with variant discharge
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3.2 HECRAS Results
3.2.1 Water level in bridge

As discussed in the HEC-RAS application procedure above, all the required data for x-sections as
well as bridge and pier geometry were entered into HEC-RAS. After performing the simulation for a
given flow and boundary conditions, the results were obtained. Since we were interested in Bridge

hydraulics only, therefore Figure 10 below shows the water level in the bridge for all the discharge
conditions.

Bridge analysis Plan: Plan 04 04/07/2018

04 }
310

,,,,,,,,

,,,,,,,

,,,,,,,

Elevation (m)

0 500 1000 1500 2000 2500

Station (m)

Fig. 10. Water level in the bridge along with the varying discharges

Figure 10 shows that even for the maximum discharge of 10,000 cumecs, the high flood level is
well below the lower deck level and is safe. But here we are interested in bridge pier to scour. The
scour depth at the pier will be the sum of contraction scour as well as local scour at piers.

3.2.2 Ccouring at bridge using HEC-RAS

The data to calculate contraction scour depth and local scour depth at piers, and an abutment is
entered. In HEC-RAS, pier scour depth is taken as the sum of local scour and contraction scour depth.
The contraction scour was calculated using clear water or live bed contraction scour equation [8].
Similarly, local scour depth was calculated using Colorado State University (CSU) equation [19]. The
CSU equation required only pier nose shape (K1), the angle of attack for flow (K;) the bed condition
(K3), Dsoand Dgsof sediment size of bed material. After doing hydraulic design function analysis in

HEC-RAS, the scour depth is calculated as shown in Figure 11, while its comparison is shown in Table
2 below.
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Fig. 11. Scouring computation across piers along discharge variation involving variant factors

3.2.3 Comparison of experimentally measured pier scour depth and calculated scour depth from HEC-
RAS

Results in Tables 2 above show comparison of experimental pier and HEC-RAS calculated pier
scour depth. Results show that the HEC-RAS results are closely related to the measured scour depth.
It also shows that HEC-RAS calculated pier scours depth for circular pier are very close to
experimental results as compared to the square pier scour depth. It also shows that as the discharge
goes on decreasing, the results become much closer. To further explore the comparison of HEC-RAS
and experimental results, data obtained is plotted in Figure 12 to Figure 14 below.

Table 2
Comparison of HEC-RAS and experimental results for different pier shapes scour depth
Experiment Pier Shape Time Discharge Scouring (m)
(minute) Experimental HEC-RAS Experimental HEC-RAS

(Liter/sec) (m3/sec) (m) (m)
1 Circular 60 4.9 498 6.1 4.60
2 60 4.5 458 4.7 4.46
3 45 4.5 458 4.4 4.46
4 60 3.6 368 3.5 4.22
5 45 3.6 368 3.2 4.22
6 Square 60 4.9 498 7 4.64
7 60 4.5 458 6.2 4.54
8 45 4.5 458 5.6 4.54
9 60 3.6 368 5.4 4.3
10 45 3.6 368 4.7 4.3

3.2.4 Comparison plots for scour depth estimated using HEC-RAS
Data shown in Table 2 above is plotted in Figure 12 to Figure 14 below. Figure 12 shows a

comparison of HEC-RAS results for both pier models. It shows almost the same trend as shown by
experimental results.
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Fig. 12. HEC-RAS scour depth comparison for square and circular piers along with variant
discharge

Figure 13 shows a scour depth comparison for the square pier calculated using HEC-RAS and
measured using experimental analysis. The results showed that initially for higher discharge the gap
between the HEC-RAS and experimental scour depth is greater but as the discharge goes on
decreasing, the gap between the two results also reduces. But it was shown that the gap between
the two results for the square pier is greater as compared to a circular pier.

—4—Experimental Scour depth =m=HEC-RAS Scour depth

Length of scour hole (m)

498 458 458 368 368
Discharge (m3/sec)
Fig. 13. Comparison of Experimental & HEC-RAS square pier

Figure 14 shows the comparison of HEC-RAS and experimental scour depth for the circular pier.
The results show that the results are much closer to one another.
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Fig. 14. Comparison of Experimental & HEC-RAS square pier

4. Conclusions

The following conclusions were drawn from the results.

Experimentally, scour depth and scour hole dimensions for the square pier were greater than
the circular pier model. The same results were also shown by Khan et al., [1].

HEC-RAS results show close relation with experimental results, especially for low discharges.
HEC-RAS and experimental results were closely related to the circular pier as compared to the
square pier.
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