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Abstract—High level and high velocity flood flows are 

potentially harmful to bridge piers as evidenced in many toppled 

piers, and among them the single-column piers were considered as 

the most vulnerable. The flood flow characteristic parameters 

including drag coefficient, scouring and vortex shedding are built into 

a pier-flood interaction model to investigate structural safety against 

flood hazards considering the effects of local scouring, hydrodynamic 

forces, and vortex induced resonance vibrations. By extracting the 

pier-flood simulation results embedded in a neural networks code, 

two cases of pier toppling occurred in typhoon days were re-

examined: (1) a bridge overcome by flash flood near a mountain side; 

(2) a bridge washed off in flood across a wide channel near the 

estuary. The modeling procedures and simulations are capable of 

identifying the probable causes for the tumbled bridge piers during 

heavy floods, which include the excessive pier bending moments and 

resonance in structural vibrations. 
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I. INTRODUCTION 

ECENTLY, there are many reports on bridge failure by the 

rapid flood flows [1,2]. Some cases may be suspected of 

scouring effects. Sometimes debris flows along the river 

can increase flow density and flow pressures. Some piers and 

foundation structures may fail by excessive bending moments 

after hydrodynamic forces increase.  

The hazard of scouring will depend on various geometries 

and sizes of hydraulic structures as it may reduce the stiffness 

of a bridge pier and its foundation until a failure occurs. Some 

of these failures may be related to the resonance between 

vortex frequencies and structural frequencies. The structural 

frequency is affected by the deep scouring too. 

 

II. METHODOLOGY 

Fig.1 and Fig.2 provide and overview of methods and 

procedures applied in this study, where DM  = moment 

demand;  0M  = moment capacity;  stf  = Strouhal frequency; 

0f = structural frequency. 
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Fig. 1 Scope and methods of this study 

 

Fig. 2 Back propagation by neural networks  

III. BRIDGE DYNAMICS 

A long bridge structure crossing a river is a 3D MDOF 

system (Fig.3). The modeling and analysis for a bridge 

response to flow-induced forces requires a general 

understanding of key principles in structural dynamics. Only 

those related to simplified design methods applicable to 

regular bridge structures are reviewed in the following. 

 

R
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Fig. 3 Bridge dynamic model 

    

  A. Mass Calculations 

 Assuming a regular span of deck is simply supported on a 

pier bent, the pier and deck are modeled as a two-dimensional 

MDOF system. To capture higher mode effects, more discrete 

mass locations and associated DOFs are to be modeled. A 

simplified SDOF system is appropriate when the pier column 

responds to external loading mainly in a flexural mode [3]. 

The generalized mass of the pier and deck in the SDOF system 

(Fig.4) is 

3
1

* Lm
mm c+=    (1) 

where *m = generalized mass of pier; 1m = deck mass; cm = 

distributed pier mass; L   =  total pier length. 

 

Fig. 4 Simplified pier and deck model 

   Given a mass *m , a structural frequency 0f  is then 

determined by the pier column stiffness based on an effective 

moment of inertia eI that accounts for the cracked column 

cross-section.  

The calculation for eI  depends on axial load ratio and 

longitudinal reinforcement ratio. For typical circular column 

cross-sections, usually the typical column reinforcement ratio 

is between 1 and 3% and axial load ratio is between 10 and 

30%. Thus, an average ge II = 50% is assumed, where gI  is 

the gross moment of inertia of the section [4]. 

  

 

 C. Bending Moment Capacity 

The reinforced concrete material model is from Mander et. 

al [4], as shown schematically in Fig.5, where strain ε and 

stress σ must satisfy respectively the compatibility and 

equilibrium conditions for a given cross-section. 

 

Fig. 5 Concrete and reinforcing steel behaviors 

In this study, 21.0
' =cf

2
cmTons  and 2.4=yf

2
cmTons  

are assumed for pier column under investigation. Some of the 

moment-curvature analysis results including moment 

capacities 0M  are shown in Fig.6 for circular sections and 

elliptical sections. 

 

Fig. 6 Moment-curvature for pier columns (steel ratio =1.5%) 

IV. HYDRODYNAMIC EFFECTS 

 A. Drag  Force 

The distribution of hydrodynamic pressure is as shown in 

Fig. 7. The hydrodynamic force is computed by the product of 

hydrodynamic pressure and frontal area of the immersed pier 

column. In this study, the water level is assumed at 90% of 

pier height. The average pressure avgP  is calculated based on 

empirical drag coefficient DC [5, 6], 

2

2

1
avgDavg VCP ρ=    (2) 
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where unit of ρ   = flow density in 







3m

Tons
, avgP  = pressure 

in 







2m

kN
; avgV  = average flow velocity in 








s

m
. 

 

Fig. 7 Hydrodynamic drag force on piers 

    B. Vortex Shedding 

   The phenomenon of vortex shedding is characterized by the 

Strouhal frequency stf  as 

D

VSt
f st

⋅
=    (3) 

where St = Strouhal number; V =  flow velocity; D = pier 

width . The Strouhal number is St a function of Reynolds 

number Re. This study considers  St  = 0.292 for 10
6
 < Re < 

10
7
 [7]. 

The velocity distribution over flow depth is as represented 

by a parabolic curve (Fig. 8). The vortex shedding frequency 

will vary as flow velocity. The occurrence of resonance 

between vortex shedding frequency and pier structural 

frequency is based on Vavg in an average sense [6,8]. 

 

Fig. 8 Velocity distribution around pier structure 

V. EFFICIENT SIMPLE MODEL 

    A. Scour Depth 

Local scour at pier base depends on bed material gradation, 

flow characteristics, and geometry of pier and foundation 

[9,10]. 

The effect of scouring on pier column force will be 

considered in a simple model composed of deck mass, pier 

column, pile cap, and foundation as given in Fig. 9. 

 

Fig. 9 A model to consider pier force due to scouring 

Assume a maximum flood level at 90% of pier height and 

an average scour depth of 2 m below the column base.  

In normal flood condition, the hydrodynamic force is 

eavgeavgD APAPF ⋅=⋅⋅= 2
2

1
 (4) 

Adding the 2-m scouring effect, it increases to 










+
+=

29.0

2
1

0L
APF eavgSC  (5) 

where 0L is total length of the pier; eA  = frontal area for 

hydrodynamic force. For simplicity, the average pressure does 

not change by scouring. 

A circular pier has 2 m in diameter and 8 m in height. The 

flow has a velocity of 4 m/s and density of 1.0 3cmg . From 

drag force equation, bending moment results are as follows: 

510786.9 −×=avgP 2cmTons −⋅ , 

470,7=SCM cmTons ⋅ , 

764,6=DM cmTons ⋅  

where DM = bending moment without scouring effect; SCM  = 

bending moment adding scouring effect. 

These results show that the scour can cause the 

hydrodynamic forces to increase significantly. The shear 

capacity against flow force is assumed adequate for ordinary 

pier columns.  

    B. Effect on Structural Stiffness 

The scour depth affects the total length of pier column and 

in turn affects the structural frequency. A simple model to 

include this effect is given in Fig.10. 
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Fig. 10 A model for pier structural frequency due to scouring 

The pier column stiffness changes from 1k  to '
1k , and 

foundation stiffness also reduces to '
2k . The SDOF model 

assumes that 2m = 0 and '
2k  = '

1k . 

VI. NEURAL NETWORK SETUP 

The flow parameters involve uncertainties in scour depth, 

flood level, flow velocity and others. Furthermore, the 

structural parameters also have some variations in cross-

sections, pier lengths and others. To predict the probability of 

failure of any pier in flood, neural networks [11] are set up 

using more than 200 cases to train and refine. The prediction 

capability is only limited by the size of training data. The 

training algorithm is as shown in Fig.11. 

 

Fig. 11 Training algorithm of neural-networks 

The activation function (F) for back propagation in this 

study is a bipolar sigmoid function as shown in Fig.12. 

 

Fig.12 Bipolar sigmoid function 

The results after training are presented in Fig.13 and Fig.14. 

The moment prediction is accurate for all ranges while the 

frequency ratio prediction is accurate in range of 0.7 to 1.2.  

 

Fig. 13 Correlation for moment ratio: neural-networks vs. exact 

data (circular piers) 

 

Fig. 14 Correlation for frequency ratio: neural-networks vs. exact 

data (elliptical piers) 

VII. CASES OF PIER FAILURE IN FLOOD 

 
A. Case 1, A Bridge in Flood around Mountain areas 

As shown in Fig.15, a natural reservoir is built up by 

incident of land slides in a mountain side. The reservoir 

collects rainfalls and debris until it breaks up. This situation 

will cause a high velocity flash flood with debris in the river 

downhill [2]. 

 

Fig. 15 Case 1: a bridge in flood around mountain areas 

Debris and sludge come along during the high flood such 

that the flow density and flow pressure force rise much higher 

than normal. The increase in moment demand by deepening 

scour may overcome the pier’s capacity. Furthermore, the 

vortex shedding frequency may rise to near the pier’s 

structural frequency. 
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Fig. 16 Case 1: the bridge failure in flood 

As shown is in Fig. 16 is a bridge with several spans 

washed off completely. The pier column is circular with 2 m 

in diameter, 10 m in height, and 1.5% of reinforcing steel. A 

maximum scour 2 m is assumed. 

Neural networks are applied to examine all likely conditions 

of pier failures. The simulated results for case 1 are given in 

Table 1 and it shows (highlighted rows) that 

1. Piers may fail by resonant vibrations from vortex 

shedding for a moderate flow velocity of 5 to 6 m/s. 

2. Piers may fail by excessive bending moment when a 

flow has a high velocity (12 m/s) and large density 

(1.6 g/cm
3
). 

TABLE I 
CASE 1: FAILURE CONDITIONS OF A BRIDGE IN FLOOD 

 

Note that large-size drifts and  floating objects may produce 

high impact force at the flooded deck, which is not included in 

this study. 

 B. Case 2, A Bridge in Flood near Coastal areas 

As shown in Fig.17 is a stream near the estuary to the coast. 

Contrasted with Case 1, flood water here flows at a lesser 

speed and carries less debris. However, the streambed in such 

area usually consists of mainly fine sandy materials. As a 

result, a large scour depth is highly likely to cause a near-

resonance from vortex induced vibration. 

 

Fig. 17 Case 2: a bridge in flood around coastal areas 

 

Fig. 18 Case 2: the bridge failure in flood 

 

The pier column in Fig.18 has an elliptical cross-section 

with 1.7 m in nose diameter, 3.2 m in section depth, 8.5 m in 

height, and 1.5% of reinforcing steel. 

TABLE II 
 CASE 2: FAILURE CONDITIONS OF A BRIDGE IN FLOOD 

 

Simulated results are given in Table 2 which shows 

(highlighted rows) that the elliptical pier may fail due to 

vibrations from vortex shedding at low to moderate flow 

velocity of 6-7 m/s. For such elliptical piers, failure by 

excessive bending due to high density flow is not likely, 

however.  

    C. Case 3, An example of Thai Bridge in Flood 

A flood incident caused the collapse of bridge pier columns 

around a hillside in Thailand. It was reported that land slides nearby 

had been observed. 

 

Fig. 19 Case 3: the bridge failure in flood 

The pier columns in Fig.19 have circular cross-sections 

with 2 m in diameter, 6 m in height, and 1.5% of reinforcing 
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steel. However, this structure is simplified as single pier 

regarding to its total stiffness and mass against flood. 

TABLE III 

CASE 3: FAILURE CONDITIONS OF A BRIDGE IN FLOOD 

 

Simulated results are given in Table III which shows 

(highlighted rows) that the pier may fail due to vibrations from 

vortex shedding at low to moderate flow velocity of 4-5 m/s. 

For capped multi-circular piers, failure by excessive bending 

due to high density flow is not likely to occur.  

VIII. CONCLUSIONS AND SUGGESTIONS 

In this study, the failure of bridge piers in floods under 

effects of hydrodynamic force and scouring has been 

investigated. Based on a simplified model, the pier structures 

can be checked against failures by excessive bending moments 

and/or resonant vibrations.  

In summary, the numerical simulations provide the most 

probable flow conditions that lead to the bridge failure in high 

floods. These conditions result from a proper combination of 

flow velocities, flow density, and vortex shedding, given a 

certain pier structural configuration. The neural networks 

developed can be an efficient tool for scanning similar pier 

structures for safety against flood induced rapid flows. 

To avoid the failure by excessive bending moments or 

resonant vibrations in a high flood, piers of circular cross-

sections are not recommended. The elliptical piers with aspect 

ratio of about 2.0 have shown their efficiency against high 

flow pressures, but the possibility of failure by vortex induced 

vibration during a high flood still exists. 
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