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Abstract
A scheme based on field measurements of vibrations is proposed for estimating the scour depths of a multi-span balanced

cantilever bridge resting on foundations embedded in soft soil. Field measurements of ambient vibrations using velocity

sensors indicated elongated periods of vibration in the transverse direction at the pier tops due to scour underneath. The

modal properties were identified using the Eigensystem Realization Algorithm. The unknown spring constants of the

central hinges were determined to represent the deteriorated performance of the bridge superstructure under no-scour

benchmark conditions from a finite element model incorporating soft soil conditions. A single set of spring constants

compatible with the measured natural frequencies was thus identified for the transverse movement of the central hinges.

The strong dependence of the transverse bending mode of the pier and weak dependence of the longitudinal bending mode

of the pier on scour phenomena were clearly observed. The observed relationships between the scour depth and natural

frequency were sensitive to soft soil conditions in both modes. The estimated spring constants representing soft soil were

used to assess the unknown scour depths in the pier foundations suffering from scour. Independent bathymetric surveys

verified the general applicability of the proposed scheme for estimating the scour depths around bridges of this type within

reasonable limits.
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1 Introduction

Scour, which constitutes the local removal of riverbed

material around a foundation due to water flow, is an

important consideration in the design, operation and

maintenance of bridges constructed over water bodies (see,

e.g., [1–3]). Alluvial rivers that flow from the great

Himalayan range that form the Bengal Basin [4–7] are

known for inducing significant scour effects around the

foundations of hydraulic structures (see, e.g., [8]). Scour

particularly affects foundations in riverbeds (which typi-

cally comprise thick strata composed of fine-grained sedi-

ments) in these types of active river basins susceptible to

atypically large hydraulic loads through high-velocity tur-

bulence. In an optimal design, the safety of bridge foun-

dations can be assured by either reducing the size of the

foundations to reduce flow disturbance or increasing the

foundation embedment depth (see, e.g., [9, 10]). However,

a reduction in the foundation size also shortens the bridge

span, and increasing the foundation depth often leads to

restrictions associated with the limits of practical con-

struction. Accordingly, the construction of balanced can-

tilever bridges (Fig. 1) with short and medium spans is

common throughout the Bengal Basin [11]. The installation

of a mechanical hinge joint (Fig. 1a) at the center of a

balanced cantilever span, also known as the central hinge

& M. S. I. Choudhury

sichow00@gmail.com

Y. Matsumoto

ymatsu@mail.saitama-u.ac.jp

A. F. M. S. Amin

samin@ce.buet.ac.bd

1 Department of Civil and Environmental Engineering,

Saitama University, Saitama-Shi, Saitama 338-8570, Japan

2 Department of Civil Engineering, Bangladesh University of

Engineering and Technology, Dhaka 1000, Bangladesh

123

Journal of Civil Structural Health Monitoring (2018) 8:617–634
https://doi.org/10.1007/s13349-018-0300-9(0123456789().,-volV)(0123456789().,-volV)

http://orcid.org/0000-0002-5628-9005
http://crossmark.crossref.org/dialog/?doi=10.1007/s13349-018-0300-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13349-018-0300-9&amp;domain=pdf
https://doi.org/10.1007/s13349-018-0300-9


([12]; Fig. 1b), is often economical for the construction of

longer spans. The deflections and rotations induced by

static forces and time-dependent forces are accommodated

by two pot bearings at that joint. Consequently, such

bridges require regular monitoring in terms of the perfor-

mance of the central hinge and the scour depth [13, 14] to

satisfy the necessary design conditions during their service

life.

However, endeavors to repair and rehabilitate the

Meghna Bridge (see also Sect. 2) and the Gumti Bridge in

Bangladesh and the Yamuna Bridge in Kalpi, India, have

been extensive, time-consuming and often repetitive

[11, 12, 15–19]. These repairs have, on several recent

occasions, involved unavoidable bridge closures in busy

corridors because insufficient information was known

about the deteriorated performance of the central hinges.

Furthermore, scour often remains either undetected or

unassessed. The evolution of scour around foundations

increases the flexibility of the structures as a consequence

of the increase in the free height, leading to elongated

periods of vibration (see also [20, 21]) that could greatly

threaten the fatigue life. To ensure safe operations and

reduce maintenance efforts for this class of bridges that are

currently in service, the development of a simple scheme to

compare the natural frequency (f ) with benchmark data

involving changes in the free height due to scouring (c.f.

[22] and the references cited therein) in soft soil and to

characterize the condition of the central hinge would be

extremely valuable. Using such a scheme, decisions could

be made in regard to initiating time-critical maintenance

when safe access to piers is impossible during peak mon-

soon flows (e.g., through traditional bathymetric surveys or

visually inspecting the foundations by deploying divers for

free height assessment) due to strong currents and turbu-

lence [23]; other remote sensing measures also possess

their own advantages and disadvantages [13, 14, 23–27]. In

this way, the possibility of sudden and catastrophic bridge

failure due to scour [13, 14, 21, 28–33] can perhaps be

reduced.

In this regard, a novel idea for applying such devices to

estimate the scour depth is presented here based on the

wide availability of portable vibration-based sensors suit-

able for gathering field data under all-weather conditions.

At approximately the same time that the research described

in this paper began, Foti and Sabia [34] proposed concepts

for scour monitoring based on the acquisition of data from

versatile vibration sensors installed at designated locations

on existing simply supported, pre-stressed reinforced con-

crete bridges resting on piers to observe the structural

system’s dynamic responses. The measurement results

were compared with the simulations of finite element (FE)

models for various foundation embedments in ‘no-scour’

and ‘with-scour’ scenarios. In addition, Elsaid and Seracino

[35] reported the effects of scour on the movements of a

bridge deck without any underwater instrumentation using

a scaled laboratory model of a two-span continuous bridge.

Furthermore, Lin et al. [36] investigated the effects of

scour with different water levels on the structural dynamic

characteristics in a scaled laboratory experiment with an

independent single-pier model set in an indoor water

channel. It was reported that the embedment depth of the

bridge column has a primary effect on the natural fre-

quency rather than the water level. Subsequently, Chen

et al. [37] proposed a scour evaluation method for the

foundation of a cable-stayed bridge based on ambient

vibration measurements of the superstructure; the impor-

tance of considering the soil stiffness was credited to Lin

et al. [36]. In contemporary contribution, Zarafshan et al.

[38] reports the change in frequency of vibration of a dri-

ven rod system to detect the presence of scour. A
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Fig. 1 The effect of scour on the global dynamic behaviors of balanced cantilever bridges with a central hinge (shown schematically). a A bridge

with a central hinge. b Details of a typical central hinge joint
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computational methodology was proposed employing

Winkler spring reaction model for soil (c.f. [39] and the

references cited therein) to calibrate the developed system

for a riverbed. The system was tested both in laboratory

and field to detect and measure scour through change in

vibration frequency of rod due to increase in its can-

tilevered length (free height, Fig. 1, see also [40]). Ana-

lytical approaches based solely on numerical models have

also been used to theoretically investigate the effects of

scour on the dynamic properties of simply supported

bridges, as seen in Ju [41], Zheng and Yu [31], Feng et al.

[42], Prendergast et al. [20, 21], and Kong and Cai [43];

however, these researchers assumed ideal joint and bearing

behaviors. Moreover, early reports of vibration measure-

ments [34, 35] were not sufficiently elaborate to include the

joint performance in the assessment procedure. Neverthe-

less, to obtain a reasonable assessment of the scour depth, it

is necessary to consider the interactions among the various

components of the substructure and superstructure of a

bridge using a rational model, wherein the behaviors of the

joints and the fixity of the foundation under field conditions

are adequately represented in the model based on the field

conditions. The dynamic dependencies between each

component, which can vary widely among the bridge forms

[37], must be considered in any scour depth assessment

scheme.

Moreover, when no theoretical or field verification has

been performed, it is worthwhile to confirm the influences

of the deep, soft soil strata considered in the model on the

estimated scour depth using a vibration-based approach

(see Prendergast et al. [21, 44], Feng et al. [42], Chen et al.

[37] and Kong and Cai [43] for hard soil types, which result

in less foundation flexibility than the soft soil types [45]

encountered in the Bengal Basin, which can lead to sub-

stantial scour). Wang et al. [13] noted that scour depth

estimates using dynamic properties obtained from field

measurements of the vibrations of bridge superstructures

remain in their infancy because their sensitivity and relia-

bility in regard to scoured soil-pier behaviors (which

should be different between hard soil and soft soil types)

lack direct field validation. The absence of any such

approach forces maintenance engineers to use either

bathymetric measurements of riverbed profiles (often

containing loose rubble exhibiting less active confinement

of the foundation) and to conduct inspections away from

the bridge piers or to wait until the next dry season, thereby

leaving the bridge under threat of scour. However, the

actual fixed location of the embedded foundation offered

by the confined soil strata [8] under scour remains

unevaluated [18].

In consideration of the above background, ambient

vibration measurements were taken using velocity sensors

at the pier tops and central hinges of the 13-span, 930-m-

long Meghna Bridge, a pre-stressed concrete (PC) box

girder balanced cantilever bridge resting on soft soils in the

alluvial fan of the Bengal Basin in Bangladesh. The mea-

surements were collected under normal rainy season

flooding conditions during the active southwest monsoon

without any underwater instrumentation. Measurements

were obtained at the scour-prone outer bank spans and

compared with the benchmarks. The natural frequencies of

the dominant modes were identified by applying the

Eigensystem Realization Algorithm (ERA [46]) to the

acquired data. The effects of the soil conditions were

considered in an FE model developed with general purpose

software [47] using the parameters estimated from the bore

logs [45]. To separate the scour effects from the perfor-

mances of the bridge and central hinge, benchmark mea-

surements were utilized to assess the unknown spring

constants of the deteriorated central hinges. The deter-

mined spring constants were applied to derive an estimate

of the scour depth from the relationship between the natural

frequency and the scour depth in the vibration modes that

are sensitive to scour. Bathymetric survey data collected

simultaneously and away from the bridge centerline were

utilized for independent verification.

2 Scour and vibration of the Meghna Bridge

The basic geometry of the Meghna Bridge extracted from

the original design report and drawings is illustrated in

Fig. 2 [45]. Throughout its service life following its con-

struction from 1987 to 1991, the Meghna Bridge has pre-

sented a historic problem of scour around its outer bank

pier foundations (Fig. 2a). Furthermore, each of the central

hinges (see also Fig. 1) for the nine river spans of the

bridge has deteriorated during its service life due to a lack

of maintenance [11, 15, 17, 18]. Moreover, there are no

records about the maintenance or monitoring performed on

the bridge. Consequently, it is prudent for the authors to

utilize field vibration data at certain locations on the piers

of this bridge with scour holes to estimate the scour depth

below the pile cap (Fig. 2b, d) by taking advantage of the

symmetry of the bridge geometry and the asymmetry at the

scour locations (Fig. 2a).

2.1 Advantages of the geometrical symmetry
in the study

The symmetrical geometries (Fig. 2a) of the bridge spans

and the pier heights (between piers P1 and P10 about the

central hinge at E5 along a distance of 783 m of its total

length of 930 m) above the pile caps together with the fact

that scour features are located only around the outer bank

piers result in unique pairs of conditions (i.e., ‘no-scour’
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and ‘with-scour’ scenarios), thereby facilitating a com-

parative assessment of the applicability of this approach

with its utility for more general cases encountered else-

where (first assumption). To investigate the effects of scour

on the natural frequency of the bridge structure, three pairs

were selected based on the equivalent structural forms of

the sections (SECs). Pair-I, which consisted of SEC3 (no-

scour) and SEC8 (with-scour); Pair-II, which consisted of

SEC4 (no-scour) and SEC7 (with-scour); and Pair-III,

which consisted of SEC5 (no-scour) and SEC6 (with-

scour), were selected for the analysis (see also Fig. 3). The

terms, e.g., scour depth, pier height and free height (the

embedment depths under ‘no-scour’ and ‘with-scour’

conditions), mentioned throughout the paper, are illustrated

in Fig. 2b. The geometric properties of the box girder, pier

and pile caps are shown in Fig. 2c, d and used to develop

the FE model (Sect. 3). Furthermore, in the assessment, the

limiting behaviors of the hinges for each of the pairs can be

assumed to be similar based on the symmetry of the bridge

(second assumption).

2.2 Soil profile and scour

The soil profiles along the centerline of the bridge at each

of the pier locations P3 through P8, which are relevant to

this study, are shown in Fig. 3. The bore logs [45] show the

existence of soft materials down to depths of 40 m. The top

three layers of soil with thicknesses from approximately

15 m to 18 m at the different piers consisted of sand. The

middle portion of the soil consisted of a layer of silty soil

approximately 15 m thick. The remaining soil layers con-

sisted of very dense sandy soil to very dense sand. The

modulus of deformation for each of the different soil layers

(Sect. 3) beneath the Meghna Bridge was calculated from

the standard penetration test (SPT) values for each of the

pier locations (Fig. 3).
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Fig. 2 Geometric configuration of the Meghna Bridge. a Schematic

elevation, where EX: expansion joint and central hinge at location X,

AY: abutment at location Y , PZ pier at location Z, and A, B, C and D:

typical sensor locations for a typical river span. Three pairs, namely,

Pair-I, Pair-II and Pair-III, are selected based on the symmetry of the

superstructure. b Scour depth, pier height and free height in section

A-A (see also Tables 1 and 2). c Box girder cross section. d Sec-

tion X-X shows the top view of the pile foundation
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Minimal documentation is available for the scour around

the Meghna Bridge because of the presence of sustained

turbulence around the pier holes. The scour depths at the

foundations of the piers could never be documented due to

this turbulence; instead, they have been sensed through

bathymetric measurements away from the piers, strongly

warranting the application of an alternative and more

reliable method. Meanwhile, a conservative modification to

the original hydraulic design was subsequently adopted for

P6–P9 to account for hydraulic loads that were more severe

than expected during the construction [48]. Stone pitched

collars (falling aprons) were constructed for deployment

upon the initiation of scour at the toe of the apron [49–51].

As a result, the locations of scour phenomena shifted away

from the pier foundations. This deployment increased the

free height (Fig. 2b) due to a decrease in the effective

confinement as the bed materials below the apron were lost

due to scour. Repeated mitigation efforts were subse-

quently necessary to protect the aprons. Finally, three dif-

ferent organizations (Survey-I, Survey-II and Survey-III)

reported scour depths at P6, P7 and P8 after performing

bathymetric surveys using an echo-sounding technique in

2012; those scour depths form the basis of the current

study. The measurements varied with the distance from the

bridge centerline (see also Fig. 14), and the average scour

depths estimated from Survey-I, Survey-II and Survey-III

are summarized in Table 1. These recorded scour depths

are used in Sect. 8 to independently verify the proposed

vibration-based scheme and discuss the results objectively.

Table 2 summarizes the pier heights and the increases in

the free heights (based on bathymetric survey) at P6, P7

and P8 (under ‘with-scour’ conditions) compared with

those at P5, P4 and P3 (under ‘no-scour’ conditions).

2.3 Central hinge performance

At the time when the ambient vibration measurements were

acquired, the states of the pot bearings of the central hinges

(Fig. 1a, b) significantly deviated from an ideal state due to

excessive traffic loading and insufficient maintenance.

Much of the rubber cushion inside the pot bearings suffered

from aging, wear and tear, creating gaps between the pot

bearing surface and the frictionless sliding surfaces at the

hinge joints (Fig. 1b, Table 3). This deterioration of the

central hinges transformed the bridge into a ‘true’ balanced

cantilever section through the creation of these gaps and

created free cantilever ends. Moreover, the direct transfer

of the vertical force by the hinges at the cantilever end

occurs only after the displacement/rotation exceeds the gap

during vibration. To account for this, two different

boundary conditions were used in the FE model, and the

outputs of the vibration records were matched to ascertain

the actual phenomena (i.e., free conditions or closed con-

ditions) occurring at the time of taking the measurements

(Sect. 3).

3 Methodology for estimating the scour
depth

No underwater instruments were used to estimate the

scour depth in contrast to Gorin and Haeni [23], Hayes

and Drummond [25], Millard et al. [26] and De Falco and

Mele [27]. Furthermore, fewer sensors (4 sensors on the
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Fig. 3 The soil profiles at different SECs along the Meghna Bridge.

Standard penetration test (SPT) values are also shown. The pile cap

bottom is the datum. Three pairs, namely, Pair-I, Pair-II and Pair-III,

represent the comparisons between the locations SEC3 and SEC8,

SEC4 and SEC7, and SEC5 and SEC6, respectively, based on the ‘no-

scour’ benchmark and ‘with-scour’ conditions. The nomenclatures

and notations used throughout the paper are also given in Fig. 2

Table 1 Scour depths measured

using echo-sounders [52]
Scour depths, m

SEC8 SEC7 SEC6

Min.-max. Mean Min.-max. Mean Min.-max. Mean

Survey-I 9.5–15.8 11.0 5.8–11.8 6.4 – –

Survey-II 10.5–11.6 11.13 5.0–8.5 6.5 –

Survey-III 9.5–14.5 12.0 3.6–9.75 6.7 2.6–5.6 4.1
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deck, Fig. 2a) than were used by Foti and Sabia [34] or

Chen et al. [37] were employed on the bridge deck to

estimate the scour depth. Symmetric pairs of piers

(Sect. 2.1) were used as a benchmark for the first time to

estimate the scour depth of a real scoured balanced can-

tilever bridge with deteriorated central hinges based on

the vibration data. For real balanced cantilever bridges

with deteriorated central hinges and scour phenomena, the

sensitivity of the natural frequency to scour is not fully

known, and there is a lack of evidence that can be utilized

to estimate the scour depth. Therefore, a framework for

estimating the scour depth from the natural frequency was

investigated in this study.

A schematic representation of the methodological frame-

work implemented for the estimationof the bridge scour depth

as an advancement in structural health monitoring (SHM) is

shown in Figs. 4 and 5. The outcomes of this study following

the methodology proposed herein are presented in Sects. 4, 5,

6 and 7. Additionally, the scour depths estimated from the

vibration records following the proposed methodology are

verified and discussed with independent bathymetric survey

results (Table 1) in Sect. 8.

3.1 Consideration of physical conditions

A reliable FE model representing the actual conditions of a

bridge in service is required as a baseline for comparison.

To build such a model, the effects of wear and tear (i.e.,

effects on the stiffness of the girder, pier, foundation and

end conditions at the hinge locations) on the bridge must be

based on physical visual inspections. Based on the gaps

observed in the central hinges (Table 3), the boundary

conditions for both ends of the cantilever portions of each

SEC need to be addressed for two separate instances:

(i) free conditions when the gap is open due to low-am-

plitude vibrations, and (ii) closed conditions when the gap

is transiently closed after the net displacement due to

vibration exceeds the gap value (Table 3). The stiffness of

the superstructure will be lower in the open state than in the

closed state due to contact between adjacent surfaces and

the subsequent transmission of the vertical force. In the first

analysis case, the boundary conditions in the model were

free, thereby representing each SEC as an isolated SEC. FE

modal analysis was performed for each SEC under ‘no-

scour’ benchmark conditions, and the foundations affected

by scour were identified through comparison with the

measurements. In the second case, when vibrations

occurring at a higher amplitude close the gap (Table 3), the

highly nonlinear phenomena occurring in three dimensions

need to be considered ideally in the model to represent the
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Field vibration
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'With-scour' condition
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Final central hinge
spring constant

Modal analysis Comparison of
natural frequencies
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Comparison of
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'No-scour' conditionScour simulationNo Match

Updated
FE Model

Modal analysisInitial
FE Model

Estimation of
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Fig. 4 Scour depth estimation scheme for each of the pier locations. The matching scheme for estimating the compatible central hinge spring

constants and the obtained values are illustrated in Fig. 5

Table 3 Gaps measured between the top and bottom surfaces of pot

bearings and frictionless sliding surfaces under neutral conditions

(i.e., when the bridge is not in service)

Central hinge E2 E3 E4 E5 E6 E7 E8 E9

Gap (mm) 55 60 57 60 60 65 65 65

The averages of the top and bottom gaps are documented in this study

for each of the central hinge locations

Table 2 Pier heights and free heights under ‘‘with-scour’’ conditions

Pair Pier/SEC Pier height (m) Free height (m)

Pair-I P3/SEC3 24.7 34.7

P8/SEC8 45.8

Pair-II P4/SEC4 27.0 36.9

P7/SEC7 43.4

Pair-III P5/SEC5 29.2 39.0

P6/SEC6 43.1
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actual physical condition. For the sake of simplification to

meet the specific objectives of this study, linear springs

were assigned at both ends of the cantilever portion of each

SEC to account for the effects of adjacent sections in the

modal analysis of a section. However, the spring constants

of damaged central hinges are unknown. Therefore, the FE

models must be tuned with a unique stiffness value com-

patible with the vibration measurements representing the

actual field conditions. Furthermore, under ideal condi-

tions, the movement of the bridge in the y-direction

(transverse direction or direction of river flow) is restricted,

and relative movement in the x-direction (longitudinal

direction or direction of car movement) is allowed within a

certain limit based on the limit of the central hinges

(Fig. 2). However, due to the severe damage to the pot

bearings, these ideal movements are affected when trans-

ferring the vertical (z-direction) load. Consequently, to

quantify the movements of individual sections at the cen-

tral hinge locations, springs are also assigned to the y-di-

rection in the model. Thus, the y-direction is used in this

study (see Sect. 7.1 for the results) to estimate the scour

depth based on Feng et al. [42], Ju [41] and Elsaid and

Seracino [35] in contrast to Prendergast et al. [21], who

considered the x-direction. Springs in the x-direction and

z-direction represent the longitudinal and vertical

restraints, respectively.

3.2 Outline of the scheme

The scour depth estimation scheme for each pier location is

shown in Fig. 4. The natural frequencies obtained from the

FE model through modal analysis were compared with the

natural frequencies identified from field vibration records

through the ERA [46] under the ‘no-scour’ benchmark

condition. The spring constants were estimated for the

central hinges under the ‘no-scour’ condition (for SEC3,

SEC4 and SEC5) by matching the natural frequencies

obtained from the FE model with those from field mea-

surements using the scheme shown in Fig. 5. The presented

flow chart schematically represents the connection of E4

with SEC4 and SEC5 (Fig. 5), as an example case. This

approach taking only two segments and one central hinge

with the y-direction stiffness at a time greatly reduces the

need to address the unknowns of all central hinges simul-

taneously. The estimated spring constants for the central

hinges under the ‘no-scour’ condition were used in the FE

model for SEC6, SEC7 and SEC8 under ‘with-scour’

conditions, and a comparison was performed between the

natural frequencies obtained from the FE analysis and ERA

(Fig. 4).

3.3 FE model for representing the bridge
geometry and soft soil conditions

The FE model of the different SECs of the Meghna Bridge

was developed using the ANSYS software [47] to interpret

the measurement results (Fig. 6). The geometry, soil pro-

file, material properties and boundary conditions of the

bridge were considered realistically in the model with the

objective of deriving reasonable numerical results.

Young’s moduli of the concrete were 2.753 9 107 kN/

m2 for the deck and box girder, 2.279 9 107 kN/m2 for the

pier and 2.549 9 107 kN/m2 for the pile. The density of the

concrete was 2403 kg/m3, and Poisson’s ratio was 0.2. The

single-cell, variable-depth continuous PC box girder of the

rigid frame (Fig. 2c) was modeled using FEs. The

BEAM188 element [47] was used to model the deck and

box girders (Fig. 2c) in addition to the pier. The variations

in the cross sections of the bridge piers (6.5 m 9 3.2 m for

P2–P9; 6.5 m 9 2.7 m for P1 and P10; Fig. 2d) were

considered in the model. Piles with lengths from 40 to

45 m and a diameter of 1.5 m were modeled using the

BEAM188 element. The variation in the thicknesses of the

pile caps with cross-sectional areas of 11.0 9 11.0 m2

(between 4.2 m at the center and 3.7 m at the edge for

SEC3 and SEC8 and between 4.0 m at the center and 3.5 m

at the edge for SECs 4–7; see Fig. 2d) was modeled using

the SOLID185 element [47].

The BEAM188 element is described as a 3D linear finite

strain beam element which is capable to include shear-

deformation effects [47]. The BEAM188 element is

defined by two nodes in 3D having six degrees of freedom

at each node, i.e., three translational degrees of freedom in

the x-, y- and z-directions and three rotational degrees of

freedom about the x-, y- and z-axes. The pile cap was

modeled as a SOLID185 element, which is an eight-node

andS4 from
 SEC5

S4 from
SEC4

Re
vis

e

Yes

Match

S4 from SEC4

No

S4 from SEC5

Assume central hinge
spring constant S4 for E4

Final
S4

Fig. 5 Flow chart for the matching scheme to estimate the central

hinge spring constants in the y-direction. Sample spring constant

estimation flow chart, where S4 denotes the spring constant for E4, as

an example
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3D structural solid element having three translational

degrees of freedom in the x-, y- and z-directions at each

node [47]. To create a rigid region among the pier, pile cap

and pile, a master–slave node scheme, which connects

elements with different degrees of freedom, was used. In

this study, the BEAM188 elements (with translational and

rotational degrees of freedom) were coupled with the

SOLID185 elements (with translational degrees of free-

dom) to transmit the beam’s rotation into the solid parts of

the structure, thereby preventing rigid body motion.

To model the soil layers, soil springs were considered

around the piles according to their depths (Fig. 6) using

Winkler model [39] in an approach similar to Zarafshan

et al. [38], Lin et al. [36], Chen et al. [37] and Prendergast

et al. [21, 40, 44, 53]. In this study, for the sake of sim-

plicity while ensuring reasonable accuracy, soil springs

were placed at an interval of 0.5 m based on the thick-

nesses of the soil layers. The soil spring constant of each

soil layer was determined based on the SPT value (Fig. 3).

The calculation of the modulus of the horizontal subgrade

reaction for the pile foundation shown below from

Eqs. (1)–(7) is based on the formulations of the Japan Road

Association [54] and also recommended in Feng et al. [42].

First, the modulus of deformation of each different soil

layer was calculated by the empirical Eq. (1):

E0 ¼ 2800N; ð1Þ

where E0 is the modulus of deformation of soil (kN/m2)

and N is the SPT value of the soil layer. Then, the modulus

of the horizontal subgrade reaction was calculated based on

the following empirical Eq. (2):

kH ¼ kH0
BH

0:3

� ��3
4

; ð2Þ

where kH is the modulus of the horizontal subgrade reac-

tion (kN/m3) and kH0 is the coefficient of the horizontal

subgrade reaction (kN/m3) corresponding to the value

obtained by a plate bearing test with a rigid disk of

diameter 0.3 m. kH0 was evaluated in terms of the modulus

of deformation of soil by Eq. (3):

kH0 ¼
1

0:3
aE0; ð3Þ

where / is the coefficient of the subgrade reaction and / is

unity under ordinary conditions. BH is the equivalent

loading width of the foundation (m), and it can be obtained

via Eqs. (4) and (5):

BH ¼
ffiffiffiffi
D

b

s
for a pile foundationð Þ ð4Þ

BH ¼
ffiffiffiffiffiffiffi
BD

p
for a pile capð Þ; ð5Þ

where D is the diameter of the pile or the thickness of the

pile cap (m), B is the length of the pile cap (m), and b is the

characteristic value of the foundation (m-1) calculated by

Eq. (6):

(a) (b)

Kh

Girder

Pile cap

Kv

Pile

Master-Slave
node scheme

Pier

Fig. 6 Soil profile along with central hinge arrangement in the FE

model. a Schematic representation of the soil spring elements and

structural elements, where kh represents the horizontal spring stiffness

and kv represents the vertical spring stiffness. The soil profiles at

different SECs shown in Fig. 3 were used to derive the spring

constants. b Typical FE model considering central-hinge and soil-

structure behaviors
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b ¼
ffiffiffiffiffiffiffiffiffi
kHD

4EI

4

r
; ð6Þ

where EI is the flexural stiffness of the foundation (kN-m2).

After substituting b; BH and kH0 in Eq. (1) through

Eq. (6), the following equation can be obtained for the

horizontal subgrade reaction modulus of the pile

foundation:

kH ¼ 1:208E1:103
0

ffiffiffiffiffi
EI

p

D

� �� 6
29

ð7Þ

For the pile foundations of the Meghna Bridge, with E, I

and D values of 2.549 9 107 kN/m2, 0.249 m4 and 1.5 m,

respectively; Eq. (7) can be expressed as follows:

kH ¼ 0:260E1:103
0 ð8Þ

The horizontal spring constants (kh) were calculated

based on the kH profile, and the average end area formula

[55] can be expressed as follows:

Kh;i ¼
BL

6
2kH;i þ kH;i�1

� �
or

BL

6
2kH;i þ kH;iþ1

� �
; ð9Þ

where B is the projected pile width (m), L is the nodal

spacing (m), kH;i is the modulus of the horizontal subgrade

reaction at the ith node (kN/m3), and Kh;i is the horizontal

spring constant at the ith node (kN/m).

The vertical spring constants along the surfaces of the

piles were calculated based on the following formula:

Kv;i ¼
Kh;i

2ð1þ mDÞ
p
2

� �
; ð10Þ

where Kv;i is the vertical spring constant at the ith node

(kN/m) and mD denotes Poisson’s ratio of the soil.

The COMBIN14 linear element [47] was used to model

the soil; this element is defined by two nodes, and it con-

stitutes a uniaxial tension–compression element with up to

three degrees of freedom at each node.

3.4 Field measurements

Four triaxial velocity sensors oriented along the three axes

(x, y and z-axes, Fig. 2) were used for each measurement.

Only one SEC was considered at a time (Fig. 2a). These

sensors were placed along the bridge curbs with a distance

of 43.5 m between two adjacent observation points

(Fig. 2a). The sensors were placed on a device with a

weight of approximately 5 kg equipped with three

adjustable nuts used to adjust the horizontal level. The

sensitivity of these sensors was 23.3 Vs/m, and the range

was ± 100 mm/s. Acquisition systems were used to record

the velocities with a connected laptop computer. The

recordings from different sensors were not systematically

synchronized, as the measurements did not contain the

same time stamp; rather, the operators at each measure-

ment location started recording based on manual signaling

using radio transceivers. Ambient vibration measurements

were conducted on the bridge deck under normal traffic

conditions and by stopping vehicles over the bridge. Under

every type of traffic condition, vibration measurements

were conducted for at least 70 s at a sampling rate of 1024

samples per second at all sensors.

3.5 Eigensystem realization algorithm
for identifying modal properties

To identify the modal properties of the bridge using the

ERA, unsynchronized time history data measured with

different sensors were used. To estimate the modal shapes,

the cross-correlation [56] was computed between the

records from different sensors so that the time lags among

the vibrations recorded with different sensors were

reduced. The ERA was applied to analyze the vibration

time history records. Free vibration data required for the

ERA analysis were extracted by selecting decaying por-

tions in the vibration time history data. For the modal

analysis, state-space system orders from 2 to 50, which

represent the number of modes from 1 to 25 in sequence,

were considered (Fig. 7). In general, an identified system

consists of true modes and noise modes. At each step of the

identification with increasing system order, the poles cor-

responding to the vibration modes identified at the current

system order were compared with the poles identified at the

previous lower system order. Stabilization criteria were

established to develop a stabilization diagram for distin-

guishing true modes from noise modes. The stabilization

criteria for the modal parameter identification used in this

study were as follows: the frequency limit was the relative

frequency difference of 1% between the natural frequen-

cies identified at two consecutive system orders, and the

damping limit was the relative damping difference between

5% and any identified mode with a Modal Amplitude

Coherence (MAC, [46]) value of less than 0.95.

Stable frequencies were finally selected from the stabi-

lization diagram based on the stabilization criteria and the

Fourier amplitude spectrum (Fig. 7).

3.6 Application of central hinge spring constants
in the scour depth estimation

Table 4 presents the spring constants derived after trials

following the schemes presented in Figs. 4 and 5 by

matching the natural frequency of a particular mode (ob-

tained from the ERA, Sect. 3.5) between the FE model and

measurements.
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The ‘Updated FE Model’ with the final central hinge

spring constants (Table 4 and Fig. 4) was utilized to derive

the generic relation between the scour depth and natural

frequency by simulating scour phenomena and removing

soil springs at an interval from the initial riverbed level to

estimate the scour depth.

Fig. 7 Sample of a stabilization

diagram for observation point A

at SEC3

(a) (b)

(c)

(d) (e)

Fig. 8 Evidence of scour observed in free vibration signals and their

Fourier spectra. a Sample vibration records of SEC4 under ambient

conditions, b sample free vibration data for SEC4, c sample free

vibration data for SEC7, d Fourier spectrum of the sample free

vibration signal for SEC4, and e Fourier spectrum of the sample free

vibration signal for SEC7

Table 4 Estimated spring

constants for the central hinges
Central hinge E2 E3 E4 E5 E6 E7 E8

Directions Estimated central hinge spring constants (kN/m)

x 44,000 54,500 65,000 96,272 148,582 243,893 242,107

y 1649 1656 4674 4796 4674 1656 1649

z 1500 350 700 6460 2115 160 100
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4 Evidence of scour in the vibration
measurements

Examples of typical velocity records under ambient condi-

tions are shown in Fig. 8a for ‘no-scour’ and ‘with-scour’

conditions from SEC4 and SEC7 (Pair-II) as a visual com-

parison to provide preliminary evidence (Fig. 8b, c and see

also [15]). The free vibration response reflects the dynamic

properties of a structure with a decaying oscillation in the

absence of any external forces. The observed free vibration

data with a duration of approximately six seconds obtained

from field vibration measurements at the superstructure

above the pier show that scour increases the period of the

signal under the ‘with-scour’ condition compared with that

of the signal under the ‘no-scour’ condition due to a reduc-

tion in the stiffness. This observation agrees with Prender-

gast et al. [20, 21]. In addition, a natural frequency shift was

observed in the Fourier spectra obtained for the free vibra-

tions under the ‘with-scour’ condition relative to that under

the ‘no-scour’ condition; this phenomenon was also due to a

loss of stiffness (Fig. 8d, e). The following sections are

devoted to transforming these lines of evidence into infor-

mation regarding an estimation of the scour depth.

5 Modes identified from the field vibration
records

Modal analysis was performed on the data in three

orthogonal directions obtained from each sensor to obtain

the natural frequencies. Subsequently, modal analysis was

performed on the synchronized data obtained from multiple

sensors for each SEC to estimate the mode shapes. How-

ever, the modal properties (particularly the phases) iden-

tified from synchronized time history data are not always

accurate, because synchronization performed by cross-

correlation techniques [56] cannot completely synchronize

the time histories. In this context, the identified mode

shapes were used only to select the natural frequencies of

stable vibration modes.

The stable natural frequencies obtained from the vibra-

tion time history of each sensor were matched with the

natural frequencies obtained from the synchronized time

history data, and the corresponding mode shapes were

identified. Figure 9 presents the three principal vibration

modes selected based on the dominant direction in all data

sets. The transverse bending mode of a pier (TBP) repre-

sents the bending of the pier in the transverse direction, the

longitudinal bending mode of a pier (LBP) represents the

bending of the pier in the longitudinal direction in addition

to the bending of the girder in the vertical direction, and the

vertical bending mode of girders (VBG) represents the

bending of the girders in the vertical direction only.

6 Effects of scour on the natural frequency

The natural frequencies of the principal vibration modes

obtained from the field vibration data are tabulated for the

three pairs of SECs in Table 5. The comparisons between

SEC4 and SEC7 (Pair-II) and between SEC5 and SEC6

(Pair-III) show that the natural frequency of the TBP

appeared to be lower for SEC7 and SEC6 under the ‘with-

scour’ condition than for SEC4 and SEC5 under the ‘no-

scour’ condition by 15.7% and 7.7%, respectively. Feng

et al. [42], Ju [41], and Prendergast et al. [21] reported

through FE analysis; Elsaid and Seracino [35] reported

through laboratory experimentation; and Bao et al. [57]

reported through both laboratory experimentation and FE

analysis that the natural frequencies of transverse and

longitudinal bending modes tend to decrease due to a

reduction in the flexural stiffness with an increase in the

scour depth. In addition, through laboratory experimenta-

tion, FE analysis and the field testing of a single pile

foundation, Prendergast et al. [44] reported that reductions

in natural frequencies occur with increasing scour depth.

The difference between the natural frequencies observed

for Pair-II and Pair-III may indicate that the free height

(including scour) from the girder bottom increased due to

scour such that the stiffnesses of SEC7 and SEC6 might

have decreased (Table 5). A transverse bending and torsion

mode of a pier (TBTP) instead of a TBP was identified for

SEC3; a comparison with SEC8 was, therefore, not pos-

sible. Usually, when a vibration mode cannot be identified

zLBP

Sc
ou

r d
ep

thx

Pile

TBP

y

VBG

Fig. 9 Mode shapes identified from the analysis
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from field measurement data but the mode can be found in

the FE model, it can be taken that these modes are not

excited during the measurement. The presence of external

and internal disturbances, i.e., noise and water vehicle

movement near the measurement location, might be a

reason for exciting TBTP mode only at SEC3. Further-

more, the natural frequencies for TBTP and TBP modes in

the measurements might be close enough due to any

unknown local condition at SEC3 for identification.

In the case of the LBP mode for Pair-I, the natural

frequency of SEC8 (with-scour) was lower than that of

SEC3 (no-scour) by approximately 12.8% (Table 5). This

trend characterizing the relationship between the scour and

the natural frequency for Pair-I is similar to that observed

in the TBP for Pair-II. However, for the LBP mode for both

Pair-II and Pair-III, the natural frequencies of SEC7 and

SEC6 were higher by approximately 2.7% and 3.9% than

those of SEC4 and SEC5, respectively. For the VBG mode,

the natural frequencies of both SECs for Pair-I were the

same, and for Pair-II and Pair-III, the natural frequencies

for SEC7 and SEC6 were higher than those for SEC4 and

SEC5 by approximately 7% and 2.3%, respectively. The

VBG results indicate that this mode is not associated with

scour; rather, the results are dominated by the dynamic

behavior of cantilever part only. The contribution from the

substructures should be minor on VBG results.

7 Estimation of the scour depth using the FE
model

7.1 Selection of scour-sensitive modes

FE modal analysis was first performed for each SEC con-

sidering the boundary conditions at both ends of the can-

tilever portions as free (Sect. 3.1) representing the

condition when the vibration is just initiated from rest.

Figure 10 shows the typical mode shapes obtained from the

FE analysis along with a comparison of the natural fre-

quencies obtained from the ERA and FE model under free

boundary conditions and considering the effects of the

central hinge as the boundary condition. The percentage

variation in the natural frequencies (D%Þ obtained from the

ERA and FE model were calculated using the following

formula:

Dð%Þ ¼ fERA � fFEM

fERA
x100 ð11Þ

For the LBP and VBG modes, the natural frequencies

obtained from the measurements were higher than the

natural frequencies obtained from the FE analysis by

approximately 3–26% for the LBP and approximately 4–

11% for the VBG, respectively (Fig. 10, Eq. 11). The

discovery of these higher measured natural frequencies

indicates a higher stiffness of the SEC, which may be

associated with the effects of the central hinges and

expansion joint that were neglected in the models at this

stage. In the TBP mode, the natural frequencies obtained

from the measurements were higher by approximately

4.7% and 8.0% for SEC4 and SEC5, respectively, and

lower by approximately - 2.2%, - 14% and - 33.2% for

SEC6, SEC7 and SEC8, respectively, than the natural

frequencies obtained from the FE analysis (Fig. 10,

Eq. 11). The higher measured natural frequencies of the

TBP mode for SEC4 and SEC5 can be adjusted by con-

sidering the effects of the central hinge. However, for

SEC6, SEC7 and SEC8, the lower measured natural fre-

quencies of the TBP mode indicate that these SECs are

associated with other forms of damage (especially scour) in

addition to that of the central hinge and expansion joints.

The natural frequencies of the TBP mode decreased

because of the decrease in flexural stiffness with an

increase in scour depth. This finding shows the potential of

employing the TBP mode for scour detection via compar-

ison with an adequate benchmark.

7.2 Effects of the central hinge on the scour
depth estimation

At this stage, the connection in the FE model between two

adjacent SECs through a central hinge was simulated by

linear springs in the x-, y- and z-directions to increase the

natural frequencies of all vibration modes for SEC3, SEC4

and SEC5 under ‘no-scour’ conditions and compared with

Table 5 Comparison of the natural frequencies of the principal vibration modes

Vibration mode Pair-I Pair-II Pair-III

SEC3 SEC8 % Difference SEC4 SEC7 % Difference SEC5 SEC6 % Difference

f (Hz) f (Hz) f (Hz)

TBTP 0.74 – – – – – – – –

TBP – 0.68 – 0.89 0.75 15.7 0.84 0.77 7.7

LBP 1.87 1.63 12.8 1.84 1.89 - 2.7 1.78 1.85 - 3.9

VBG 2.11 2.11 0 2.01 2.15 - 7.0 2.22 2.27 - 2.3
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the experimental results (Fig. 4). For SEC6, SEC7 and

SEC8, considering the possible effects of scour, only

springs in the x- and z-directions were initially added to

adjust the natural frequencies of the VBG, which may not

be significantly affected by scour. Spring coefficients were

adopted in this study through trials to best fit the natural

frequencies obtained from the experimental observations

(Table 4). Due to the symmetry of the bridge, the estimated

spring constants of the central hinges in the y-direction for

SEC3, SEC4 and SEC5 under ‘no-scour’ conditions were

used for SEC6, SEC7 and SEC8, respectively, under ‘with-

scour’ conditions (first assumption, Sect. 2.1).

Scour was modeled by removing the soil spring step by

step from the pile cap bottom. Figure 11 shows the site-

Mode shapes Free condition With spring constants of central hinge
Measurement

FEM
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Fig. 10 Comparisons of the natural frequencies (Hz) of the TBTP,

TBP, LBP and VBG modes for Pair-I (SEC3 and SEC8), Pair-II

(SEC4 and SEC7) and Pair-III (SEC5 and SEC6) obtained from the

ERA and FE model considering free boundary conditions at both ends

of the cantilever portions of each SEC and considering the effect of

the central hinge as the spring constant
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specific changes in the natural frequencies of the three

principal vibration modes identified for SEC6, SEC7 and

SEC8 due to the increased scour depth at an interval of

0.5 m. Gradual decreases in the natural frequencies of the

TBP and LBP modes were observed with increasing scour

depth. In contrast, the VBG mode did not have a remark-

able correlation with the scour depth, as expected (Fig. 12).

A comparison of the natural frequencies obtained after the

modification of the boundary conditions in the FE model

with the natural frequencies obtained from the ERA is

shown in Fig. 10. Because the effects of the central hinges

were considered in addition to the simulation of scour, the

differences in the natural frequencies were significantly

reduced for all SECs, i.e., to less than 3.5% (Eq. 11). For

SEC6, SEC7 and SEC8, when the natural frequency of the

TBP mode was the closest to the natural frequency

obtained from the ERA, the identified scour depths were

7.5, 10.5 and 12.0 m, respectively.

The small gaps (compared with the deflections induced

by live traffic loading) between the male and female parts

(Table 3) of all central hinges can close under the effects of

vibration. To take this into account, two extreme spring

constant scenarios in the y-direction were considered for all

central hinges (second assumption). Two spring constants

in the y-direction, i.e., 1649 kN/m as Case I and 4796 kN/m

as Case II (Table 4), were selected based on the minimum
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Fig. 11 Comparison of natural frequencies for the three principal vibration modes of a TBP, b LBP, and c VBG with increasing scour depth
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Fig. 12 Changes in the natural frequencies of the TBP mode with

increasing scour depth at SEC6, SEC7 and SEC8. a Case I and b Case

II
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and maximum adopted spring constants of central hinges

E2 through E5 for an estimation of the range of scour

depths through the updated FE model. A similar procedure

was followed to estimate the range of the scour depth.

When the natural frequencies of the TBP mode for SEC6,

SEC7 and SEC8 obtained from the FE model were closest

to the natural frequencies obtained from the ERA, the

identified scour depths were, respectively, 4.5, 8 and 12 m

for Case I and 7.5, 10.5 and 13.5 m for Case II (Fig. 12).

The scour depths estimated for SEC6, SEC7 and SEC8

under the first assumption also lie within the range of scour

depths estimated under the second assumption (Sect. 2.1).

Moreover, compared with the free boundary conditions,

the correlation between the measurements and FE results in

Fig. 10 under closed conditions (Sect. 3.1) indicates that

the force causing the dynamic motion of the bridge was

strong enough to close the gaps of the central hinge while

measuring the vibration.

7.3 Effects of the soil condition on the scour
depth estimation

The effects of the soil conditions on the natural frequencies

with increasing scour depth were investigated by compar-

ing the simulations of scour under three conditions, i.e.,

soft soil, hard soil and fixed, using a typical SEC (Fig. 13).

The soft soil condition (on the order of 4.0 9 104 kN/m3)

was based on the soil profile at the site (Fig. 3). The

Young’s modulus of the soil was obtained from Feng et al.

[42] using hard soil (on the order of 2.3 9 106 kN/m3) as a

comparison. Significant differences in the natural fre-

quencies with increasing scour depth were observed under

the soft soil condition compared with the hard soil and

fixed boundary conditions. This finding justifies the need to

consider the soft soil condition in the FE model.

8 Independent verification using
bathymetric surveys

The scour depths measured via the echo-sounding tech-

nique from three independent surveys [52] were compared

for SEC6, SEC7 and SEC8; the estimated scour depth

ranges obtained from the FE analysis are shown in Fig. 14.

The scour depths estimated through the FE analysis con-

sidering the effects of the central hinge range from 12.0 to

13.5 m for SEC8, from 8.0 to 10.5 m for SEC7 and from

4.5 to 7.5 m for SEC6 (Fig. 12); these results are different

from those in each of the three surveys (Table 1).

Due to the remnants of earlier protection measures

(Sect. 2.2) around the P6, P7 and P8 foundations, it is also

valuable to compare the river bed profile transverse to the

bridge axis with the vibration-based assessment results.

The estimated ranges of the scour depth noted from the

bathymetry surveys ranged from 25 to 180 m upstream and

25 to 180 m downstream for SEC8 and SEC7 and from 30

to 100 m upstream and 60 to 160 m downstream for SEC6.

However, the locations of the bathymetric survey data were

not close to the bridge piers due to turbulence (Sect. 2.2).

In general, the maximum scour occurred in the downstream

direction due to the eddy currents of the flowing water

(Fig. 14). However, in the vicinity of the pier, loose rem-

nants from preceding protection measures (Sect. 2.2) ten-

ded to show a spike in the echo-sounding results. However,

the numerical model and vibration data provide scour depth

information at the centerline because the model and the

measured vibration data depend on the stiffness of the

bridge pier foundation system associated with the free

height (Figs. 1, 2b). Moreover, loose stones from the

remnants of earlier mitigation measures do not help in

recovering the ‘no-scour’ design fixity [18]. However,

experimental measurements of the scour depth acquired

through vibration data can provide a measure of the design

fixity [8], whereas echo-sounding bathymetric survey data

indicate the distance to a surface from which a sound wave

is reflected. These could be a possible reason of discrep-

ancy between the estimates of the scour depths obtained in

this study and those from independent bathymetric surveys.

The former is more important from a foundation engi-

neering perspective in relation to assuring the stability of

the bridge. In this context, the approach presented here

provides dependable possibilities for the preliminary

detection of scour using vibration data of bridge
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superstructures. The results and discussion herein support

that the estimated scour depths obtained in the present

study show a reasonable agreement with both field sce-

narios and engineering considerations. The proposed

methodology could be useful for identifying the possible

ranges of scour depth before implementing expensive

in situ techniques. Moreover, an ideal bridge (implement-

ing an SHM scheme) having baseline (i.e., benchmark)

measurements in addition to a scour depth versus natural

frequency relation (Figs. 11, 12) for known central hinge

conditions can adopt this detection approach more easily

and with less computational effort. The gathering of sys-

tematic synchronized vibration data will further enhance

the detection accuracy coincident with reduced data pro-

cessing. The thick arrow lines in Fig. 4 delineate such

interesting possibilities.

9 Conclusions

To the best of the authors’ knowledge, the field testing of

real balanced cantilever bridges with central hinges has yet

to be performed to estimate the scour depth using vibration

data. Accordingly, this study investigated the estimation of

the scour depth based on natural frequencies for an existing

multi-span PC box girder balanced cantilever bridge

exhibiting an actual scour problem in soft soil. The field

conditions were more complicated due to the deteriorated

performance of the central hinges. A systematic assessment

scheme was proposed, verified and discussed for a bridge

resting on pile foundations embedded in soft soil with no

prior SHM data, which constituted the challenge addressed

by this contribution. The following outcomes are noted:

1. The vibration time history data measured from the top

of the piers under field conditions were sensitive to

scour. Scour was found to increase the period of the

free vibration signals in the time history data and shift

the natural frequencies of the signals under ‘with-

scour’ conditions compared with those under ‘no-

scour’ conditions due to a reduction in the stiffness of

the pier-pile system.

2. The results of FE analysis demonstrated that the

natural frequency of TBP was affected by the presence

of scour. Decreases in the natural frequency could be

attributed to increases in the free height from riverbed

level due to increases in the scour depth, which can

reduce the flexural stiffness of the pier. In the

experiment, the TBP showed the signs of the effects

of scour on natural frequency.

3. The scour depth was reasonably estimated from the

natural frequencies of the TBP mode identified from

the vibration measurements at the superstructure in

combination with the FE model results. The effects of

the deteriorated central hinges, through which adjacent

structural SECs were dynamically coupled, were

considered. The estimated scour depths were in

reasonable agreement with the results of independent

bathymetric surveys.

4. The significant effects of the soft soil condition on the

estimation of the scour depth were examined via a

comparison among soft soil, hard soil and fixed

boundary conditions in the considered soil-structure

interaction model.

5. The results demonstrated the possibility of using the

proposed methodology for estimating the scour depth

while considering only a single SEC and a few sensors,

especially for balanced cantilever bridges with central

hinges. The outcomes of the present study supplement

the insufficient evidence regarding the applicability of

scour depth estimation techniques based on natural

frequencies obtained through vibration measurements

at the superstructures of real scoured bridges in the

literature.
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Nonetheless, the field verification of the proposed

approach merits application to other balanced cantilever

bridges with central hinges, preferably those already con-

structed, because of its economic advantage and simplicity

in regards to its structural design and construction. The

proposed approach can be used to estimate the possible

range of scour depths in adverse field conditions before

performing any expensive (or dangerous, due to river tur-

bulence) in situ scour depth measurement techniques. If

possible, future direct field validations could shed light on

the sensitivity and reliability of the proposed scheme.
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