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Abstract. Water infrastructure such as bridge piers and other water structures can inhibit and
change the behavior of the surrounding flow, which varies in terms of velocity, flow pattern,
angle of curvature and compressive forces on the piers. Bridge collapse due to stability failure
of bridge piers is the most common cause. This study aims to simulate the flow around the
bridge piers in sub-critical flow conditions by analyzing the flow characteristics and
compressive force due to the flow pressure that occurs and knowing its effect on the bridge
piers. This study simulates the flow around bridge piers under sub-critical conditions, using
three types of pier cross-sections: rectangular, capsule, and air-foil-shaped. The results show
that the water level, flow velocity, and flow pressure vary depending on the pier cross-sectional
shape and channel depth, with air-foil-shaped pier proving to be the most effective in receiving

flow-induced compressive forces.

Keywords: Water level, Flow pattern, Flow velocity, Flow pressure, Bridge piers, Meandering
River.

1 Introduction

Floods caused by surface runoff can vary in terms of velocity, volume, and level of
hazard, often resulting in economic losses, health issues, casualties, and damage to
infrastructure, particularly bridge failures [1]. Among the most frequent causes of
bridge collapse is the failure of pier stability due to excessive flow pressure [2].
Bridge piers located at the center of a river influence the flow characteristics by
constricting the flow area, thereby increasing local flow velocity. Elevated velocities
lead to higher pressure and frictional forces acting on the piers, which can degrade
structural integrity over time [3] and reduce the overall stability of the bridge. For this
reason, it is essential to analyses the stresses acting on bridge piers to support more
effective structural designs and mitigation strategies [4].

This study aims to simulate the flow around bridge piers under sub-critical flow
conditions by analyzing the flow characteristics—specifically velocity, flow patterns,
and compressive forces—and evaluating the performance of different pier shapes [5]
in straight and meandering river scenarios. The goal is to identify the most effective
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pier geometry for resisting flow-induced stress and improving bridge resilience
against hydraulic forces.

2 Materials and Methods

In this study, some hypothetical data were used to support the research. The channel
dimensions were determined by reviewing the pier dimensions [6] and estimating the
channel size that would not affect the flow conditions around the bridge piers.
Channel illustration is shown in Fig. 2. Research data is shown in Table 1.

Table 1. Flow condition data on the simulation to be executed

Description Skenario
Discharge, Q (m3/s) 240
Time, t (s) 180
Time step, dt (s) 0.05
CFL 0.3
Slope, So 0.00034
Manning, n 0.035
Froude, Fr 0.19
Type of flow Sub-critical

The pier models used in this study are made of concrete [7] formed in 3 models,
namely piers with rectangular cross-sections Fig. 1 (a), capsules Fig. 1 (b), and air-foil
shaped Fig. 1 (c). The pier is 2 meters wide and 4 meters long for the rectangle, 4.4
meters for the capsule, and 4.8 meters. These pier models will be placed 20 meters
upstream and right in the middle of the channel.

vy

(a) (b) (c)
Fig. 1. Sketches of pier
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Fig. 2. Horizontal review point

There are 4 review points taken as presented in Fig. 2. To facilitate the
implementation of the study, a flow chart was made according to the straight and
winding river, and 4 review points were also used, which are located 1 meter in front,
left, right, and behind the pier.

Layer 3

H Layer 2

23H

113H Layer 1

Fig. 3. Vertical review point

In this experiment, 3 review points were used vertically as shown in Fig. 3. These
review points were taken to see the pressure difference at each depth. The first layer
shows the review surface at the bottom of the channel, the second layer shows the
review surface at the center of the flow depth, and the third layer shows the review
surface at the flow surface.

In this research, the initial steps involve conducting a literature review, defining the
problem statement, and gathering data [8] on river conditions and dimensions. After
obtaining the data to be used, then input data and calculate the conditions in the
software used. In this research, iRIC software is used with the Nays2DH solver for
analyzing river velocity and flow patterns, for pressure analysis using the Nays2DH
and NaysCUBE solver. After the data is inputted in the software then the program can
be run. The results produced by the software are tabulations in excel .csv format,
colormap, arrows, and graphs. From the results obtained by the software, an analysis
of the different conditions that occur such as differences in the shape of pillars [9] on
straight and winding rivers, as well as pressure analysis carried out on straight rivers.

3 Result



20 I. Wijatmiko et al.

3.1. Validation of Simulation

Prior to flow simulation, it is necessary to validate the model to ensure the accuracy
[10] of the simulated model. Model validation is carried out by comparing the
calculated values and iRIC NaysCUBE modelling results in a pierless channel. The
validation test results are shown in Table 2.

Table 2. Validation of flow simulations

Parameter Calculation Result Simulation Result error (%)
h(m) 4,002 4,023 0,52%
V (m/s) 1,199 1,218 1,54%
Fr 0,191 0,194 1,27%
Average 1,11%
3.2. Simulation Results

After the simulation is carried out, the simulation data will be obtained in the form of
.csv, images, and simulation videos [11]. The simulation data that will be used in this

study are water level and flow velocity.

3.2.1. Water Level

The water level around the pier is measured with the help of iRIC Nays2DH and
NaysCUBE software. From the results of the water level measurement, the average

water level is 3.80 meters

3.2.2. Flow Velocity

3.2.2.1. Straight River Velocity Comparison
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Fig. 4. Velocity graph of a straight river
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Velocity(ms-1) (magnitude)
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Fig. 5. Velocity on straight rivers of rectangular piers, airfoil shaped, and capsule

Based on the observed point, the flow velocity around the capsule pier is higher than
the other piers because the shape of the capsule pier is aerodynamic [12] so that the
minimal front part inhibits the flow of water so that water can flow faster around it,
the increase in velocity is also caused by morphological changes, namely the
narrowing that occurs on the right and left sides of the pier, due to constant discharge
(Q) [13] and reduced cross-sectional area (A) so that the velocity (V) increases.

3.2.2.2. Velocity Comparison of 30° Meandering River
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Fig. 6. Velocity graph of 30° meandering river: (a) Point A; (b) Point B; (c) Point C;

(d) Point D.

Fig. 7. Velocity on 30° meandering rivers of rectangular piers, airfoil shaped,

capsule
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In a 30° meandering river, the direction of incoming flow is not perpendicular to the
width of the river because the centrifugal force that occurs causes a large difference in
flow velocity in the cross section. The air-foil shaped pier [14] has an advantage
because its shape is always symmetrical to the flow direction, which means that the
interaction of the water flow will always be the same without the influence of the
flow.

3.2.2.3. Velocity Comparison of 45° Meandering River
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Fig. 8. Velocity graph of 45° meandering river: (a) Point A; (b) Point B; (c) Point C;
(d) Point D.

In a 45° meandering river, the direction of incoming flow is not perpendicular to the
width of the river because the centrifugal force that occurs causes a large difference in
flow velocity in the cross section. In this condition, the air-foil shaped pier has an
advantage because its shape is always symmetrical to the flow direction.
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Velocity(ms-1) (magnitude)
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Fig. 9. Velocity on 45° meandering river of rectangular piers, airfoil shaped, and
capsule

3.2.2.4. Velocity Comparison of 60° Meandering River
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Fig. 10. Velocity graph of 60° meandering river: (a) Point A; (b) Point B; (c) Point C;
(d) Point D.
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Velocity(ms-1) [magnitude)
0.00 1.00 2.00 3.00 4.00

Fig. 11. Velocity on 60° meandering river of rectangular piers, air-foil shaped, and
capsule

In a 60° meandering river, the direction of incoming flow is not perpendicular to the
width of the river because the centrifugal force that occurs causes a large difference in
flow velocity in the cross section. In this condition, the air-foil shaped pier has an
advantage because its shape is always symmetrical to the flow direction, which means
that the interaction of the water flow with the air-foil shaped pier will always be the
same without the influence of the angle of incidence of the flow.

Table 3. Color scale of flow velocity

Color Scale Velocity (m/s)
Dark Blue 0.00 - 1.41
Light Blue 1.41-2.83
Green 2.83-4.24
Yellow 4.24 -5.65

Red 5.65 —7.06
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Fig. 12. Graph of average flow velocity: (a) in front of the pier; (b) behind the pier
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Fig. 13. Rectangular pier flow velocity simulation results in sub-critical flow
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Fig. 14. Capsule pier flow velocity simulation results in sub-critical flow
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Fig. 15. Air-foil shaped pier flow velocity simulation results in sub-critical flow
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From the simulation results that have been carried out, the flow velocity measurement
results are obtained with a color scale as in Table 3. The simulated flow velocity
results are shown in Fig. 13 for rectangular piers, Fig. 14 capsule piers, and Fig. 15
for air-foil shaped pier. The average value of flow velocity at the front and back of the
pillar can be seen in Fig. 12.

The highest velocity occurs in the top layer and is right at the side end of the pillar. The
flow velocities near the surface are higher than those at the bottom of the stream due to
the effect of friction. At the bottom of the channel, the water flow experiences friction
with the channel bottom, which causes energy loss and decreases the flow velocity. In
contrast, near the surface, the effect of friction with the bottom is reduced, allowing the
flow to move faster. In addition, turbulence and pressure effects can also affect the
velocity distribution in the flow.

3.2.3. Flow Pattern

According to the results of data analysis, the highest Froude number in a straight river
is on the right and left side of the pier because there is a pier in the middle of the river
which causes the same narrowing on the right and left side of the pier, while in a
winding river the highest Froude number results are on the left side of the pier
because the pier is located on a high velocity line on the outside of the corner so that
there is a slight change in direction due to the pier.

Fig. 17. Velocity distribution of a meandering river with piers

Based on the simulation results, differences in flow patterns occur due to differences
in morphology and also differences in forces that occur, in winding rivers there will
be differences in the location of the vortex depending on the direction of flow. In the
three variations of pier shape, the more stable flow is found in the capsule shape pier
because it has aerodynamic properties so that the flow passing through the capsule
pier is more stable when compared to the other two piers.
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3.2.4. Effect of Flow on Piers

From the simulations that have been carried out, there are four main characteristics of
the flow that are the main focus of the review, water level, flow velocity, flow pattern,
and flow pressure. The compressive force will be obtained from multiplying the flow
pressure value by the area of the field of review in Equation 1, then compared to the
force due to the pier's self-weight in Equation 2. The results of the calculation of the
force due to self-weight are presented in Table 4, the results of the compressive force
calculation are presented in Table 5, and Fig. 18 shows the compressive force that
occurs at the front and rear of the piers.

V=P.b.H (1)
F= Yeoncrete - A.H. g (2)

Table 4. Calculation of force due to self-weight

A H Force
. conc 3
Pier Yconcrete (kg/m ) (mz) (m) (kN)
Rectangular 8.00  8.00 1506.4
Capsule 2400 7.84  8.00 1476.2
Air-foil shaped 7.52  8.00 1416.0
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Fig. 18. Compressive force graph: (a) hydrodynamic pressure in front of the pier (b)
hydrostatic pressure behind the pier

Table 5 shows the compressive forces acting on each pier model. It is evident that
rectangular piers experience the highest compressive forces, especially at the front-
facing side. Conversely, the air-foil shaped pier has significantly lower compressive
force values across all review points, indicating better hydrodynamic performance
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3.2.5. Pier Effectiveness

The effectiveness of the pier model is calculated by comparing the magnitude of the
force due to the pier's self-weight and the compressive force that occurs due to the
flow pressure with Equation 3. The effective values of the pier model are presented in
percentages in Table 6.

As shown in Table 6, the effectiveness percentage of the air-foil shaped pier is
consistently higher, especially in the rear positions. This highlights the shape’s ability
to withstand flow-induced pressure more efficiently compared to other designs

From the calculation results, it is concluded that the higher the percentage value of
effectiveness, the pillar is considered more effective in resisting the compressive force
that occurs.

Pier Effectiveness = Compressive Force / (Pier self — Weight) x 100% 3)

From the calculation of pier effectiveness, it is found that the pier with an airfoil
shaped cross section is the most effective pier model in resisting compressive forces
due to the flow that occurs. This is judged by the total percentage of the effectiveness
of the pier shape on the air-foil shaped pier getting the largest percentage value.

The superior performance of the air-foil shaped pier can be attributed to its
streamlined geometry, which minimizes flow separation and reduces the formation of
vortices on the downstream side. This results in lower hydrodynamic pressure acting
on the pier surface [15]. In contrast, the rectangular pier—due to its sharp edges—
creates higher turbulence and flow separation zones, increasing the compressive force
acting on both the front and rear sides of the pier.

Interestingly, while the capsule-shaped pier also has curved surfaces, its performance
is slightly lower than the air-foil shaped pier, likely due to the difference in tapering
and the angle of curvature [16], which affects how the flow reattaches. These findings
are consistent with prior research, which showed that smooth and tapered geometries
help in stabilizing wake flow [17] and reducing pressure drag.

From a design perspective, the application of air-foil shaped piers in bridge
construction could improve hydraulic performance and structural durability,
particularly in high-velocity or meandering flow environments. This approach aligns
with sustainable infrastructure [18] principles, as it potentially reduces material
fatigue and maintenance frequency due to minimized flow-induced stress

3.3. Relevance to AI and Sustainable Design

The use of iRIC numerical modelling tools in this study demonstrates the integration
of artificial intelligence and simulation-based engineering. By leveraging
computational fluid dynamics (CFD) in complex river geometries [19], this research
contributes to intelligent infrastructure design that enhances structural safety and
sustainability [20], aligning with the conference’s theme: Artificial Intelligence at the
Crossroads: Building Sustainable Future.
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4 Conclusion

Based on the simulation and analysis results, it can be concluded:

. The flow velocity of straight rivers tends to be more uniform and stable, with
maximum velocity on the pillar side and laminar flow resulting in even erosion and
consistent sedimentation. In contrast, in meandering rivers, the flow velocity varies
with higher velocities on the outside of the bend and lower velocities on the inside of
the bend due to centrifugal forces, resulting in more turbulent flow. This causes
greater erosion on the outside of the bend and more sedimentation on the inside of the
bend, as well as whirlpools that cause variations in flow speed and direction.

. In straight and winding rivers, capsule pillars have the best results, namely
more stable flow velocity and direction so that the resulting vortex is smaller.

. The difference in flow direction in quadrilaterals, troughs, and capsules is
due to the interaction of different water particles when they hit the front side of the
pillars that have different side shapes. The wake vortex behind each pillar is also
different so that the flow spreads in different directions forming a different resulting
flow vortex.

. The pressure around the bridge piers differs between the cross-section
models. Square piers exhibit higher pressure due to sharp angles that increase flow
resistance, while capsule and air-foil shaped pier have a more even pressure
distribution with lower average pressure.

. Flow pressure significantly affects the strength of bridge piers, causing
compressive stress that can weaken and damage the pier structure.

. Piers with air-foil shaped cross-sections are most effective in resisting
compressive forces due to flow pressure because their curved shape reduces flow
pressure and adjusts the flow direction.

. Future studies are suggested to incorporate real-world river geometries and
investigate the influence of sediment transport on pier stability to further enhance the
predictive power of numerical simulations.
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Table 5. Calculation results of compressive force due to flow pressure

Pier Review Point Flow Pressure Width _of Review Depth _of Review Compressive Force
(kN/m?) Point (m) Point (m) (kN)
1 150.69 415.7
Front 301.64 200 1.38 §32.1
Rectangular 3 450.25 1242.0
. 1 399.35 109.5
Behind 5 26637 2.00 0.14 73.0
3 133.14 36.5
1 143.77 228.8
Front 287.52 120 1.33 4575
Capsule 3 429.64 683.6
1 400.85 65.8
Behind 5 26739 1.20 0.14 439
3 133.94 22.0
1 142.55 225.0
Front 5 285.50 1.20 1.32 450.6
Air-Foil 3 42770 675.1
Shaped
. 1 399.51 21.9
Behind 5 266.27 0.40 0.14 146
3 133.16 7.3
Table 6. Effectiveness calculation of piers strength
Pier Review Point Force Due to Self Weight of Pier Force Due to Flow Pressure Effectiveness
(kN) (kN) Percentage (%)
1 415.67 28%
Front 832.10 55.2%
Rectangular 3 1506.36 1242.04 82.5%
) 1 109.45 7.3%
Behind 73.01 4.8%
3 36.49 2.4%
1 228.77 15%
Front 457.51 31.0%
Capsule 3 1476.23 683.65 46.3%
Behind 1 65.77 4.5%
2 43.87 3.0%
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