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Abstract: This study explores the transverse response of bridge piers in riverbeds under a
multi-hazard scenario, involving seismic actions and scoured foundations. The combined
impact of scour on foundations’ stability and on the dynamic stiffness of soil-foundation
systems makes bridges more susceptible to earthquake damage. While previous research
has extensively investigated this issue for bridges founded on piles, this work addresses
the less explored but critical scenario of bridges on shallow foundations, typical of existing
bridges. A comprehensive soil-foundation structure model is developed to be representa-
tive of the transverse response of multi-span and continuous girder bridges, and the effects
of different scour scenarios and foundation embedment on the dynamic stiffness of the
soil-foundation sub-systems are investigated through refined finite element models. Then,
a parametric investigation is conducted to assess the effects of scour on the dynamic prop-
erties of the systems and, for some representative bridge prototypes, the seismic response
at scoured and non-scoured conditions are compared considering real earthquakes. The
research results demonstrate the significance of scour effects on the dynamic properties of
the soil-foundation structure system and on the displacement demand of the bridge decks.

Keywords: scour effects; soil-foundation interaction; shallow foundations; bridge piers;
seismic response; soil-structure interaction

1. Introduction

Bridges are critical transport infrastructure assets whose failure has severe conse-
quences in terms of losses and casualties. Scour and earthquakes pose significant threats to
bridge safety [1-4]. Many bridges with underwater foundations are located in earthquake-
prone countries, and scour not only directly affects the stability of these bridges but also
makes them more susceptible to damage from earthquakes [5-7]. Bridge scour refers to
the erosion of soil surrounding the supports of a bridge, such as its abutments and piers,
caused by the movement of water [8,9]. This phenomenon has a detrimental impact on
the bridge’s structural integrity by diminishing its foundation bearing capacity and by
decreasing the overall stiffness of the soil-foundation-structure (SFS) system. The stiffness
reduction results in a different response of the structure to other dynamic loads, such as
earthquakes. Current codes lack comprehensive guidance for assessing and designing
bridges to withstand the combined effects of earthquake and scour hazards. However,
many researchers have investigated the issue. For example, Wang et al. [10] investigated the
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dynamic behaviour and seismic performance of different types of reinforced concrete girder
bridges, such as multi-span, simply supported, multi-span continuous, and single-frame
bridges, under various scour conditions. They observed that scour can have a significantly
different impact on the period elongation, and on the seismic response for different types
of bridges, while enlarged shaft foundations can be effective in protecting bridges in earth-
quake and flood-prone areas. Prasad and Banerjee [11] evaluated the seismic performance
of reinforced concrete bridges pre-exposed to various flood intensities and scour scenarios
by means of nonlinear time history analyses. They concluded that the damageability of the
bridge piers increases nonlinearly for increasing scour depth, and that even a low-intensity
flood causes a significant degradation of the seismic performance. Yilmaz et al. [12] nu-
merically assessed the performance of two real California bridges under the multi-hazard
condition of flood-induced scour and earthquake by means of fragility analysis. The results
showed that flood events can increase the seismic vulnerability and risk of bridges, yet
larger-diameter foundations tend to reduce the impact of scour hazard on bridge seismic
performance. Guo et al. [13] performed time-dependent fragility analyses to box girder
concrete bridge systems to investigate their seismic performance under combined seismic
and scour hazards over their whole service life. Song et al. [14] developed an analytical
approach to assess the potential of earthquake damage for bridges with scoured founda-
tions, showing that relatively low scour depths may cause foundation damage during
an earthquake, even for bridges designed to provide satisfactory seismic performance.
Fialko and Alipour [15] investigated the significance of non-uniform scour on the seismic
performance of bridges. They concluded that for increasing scour depth scenarios, the
amount of seismic energy experienced by the structure decreases, while the increasing
flexibility of the foundation support results in an increasing displacement demand to other
components of the structure. Han et al. [16] investigated the seismic response of a single-
pylon cable-stayed bridge founded on a pile group under various scour scenarios, and they
concluded that for increasing scour depths, the bending moment on the piles increases,
whereas the bending moment demand on the pier decreases, and that the failure mode of
the bridge moves from the pier to the piles and the abutments. Zaky et al. [17] assessed the
influence of scour on the seismic performance of the piled-foundation Bogacay Bridge in
Turkey. They concluded that increasing scour width leads to a significant increase in pier
displacement demands, especially in the transverse direction of the bridge. Moreover, they
observed that the internal forces of the pier decrease significantly because of the migra-
tion and spreading of plastic hinging from piers to piles due to scouring. Foti et al. [18]
provided an overview of conventional approaches to assess the performance of scoured
bridges against seismic actions, including an application to an SFS system with caisson
foundations. They concluded that advanced modelling of the impact of scour is essential,
because of the drawback of the simplified conventional approaches” applicability to capture
the decreasing foundation capacity for increasing scour geometries. A significant number
of experimental studies have also investigated the problem by performing tests on real
systems or scaled models (see, e.g., [19-21]).

Most of the aforementioned numerical and experimental studies focused on the case of
bridges with pile or caisson foundations. However, many existing bridges are characterised
by piers on a shallow foundation, which has received less research attention, despite these
bridges” higher vulnerability to flood-induced scour. Guo [22] investigated the seismic
performance of bridges with scoured shallow foundations by evaluating the changes in the
impedance functions and used these in the seismic analysis of a simplified SFS system.

Other studies considering shallow foundations have only investigated the dynamic be-
haviour of bridges affected by scour and not the seismic response. Malekjafarian et al. [23]
provided an experimental demonstration of a mode-shape-based scour-monitoring method
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by analysing the scaled model of a multi-span bridge prototype with shallow foundations.
Antonopoulos et al. [24] proposed a numerical strategy for evaluating the non-dimensional
impedance functions for shallow foundations simply resting on the ground surface under
various levels of local scour. These impedance functions were employed in an extensive
parametric study to evaluate the impact of scour on the fundamental vibration frequency
of SFS systems. Tubaldi et al. [25] illustrated the outcomes of a free-field full-scale experi-
mental campaign, where operational modal analysis was performed to evaluate the effects
of scour in terms of changes in the dynamic properties of EuroProteas, a prototype struc-
ture with a shallow foundation simply resting on the ground surface. Various modelling
approaches were also presented to estimate the effect of scour on the dynamic behaviour of
EuroProteas, by also considering the influence of the embedded depth of the foundation.

From the analysis of the literature, it is evident that further research is needed to
investigate the influence of scour on the dynamic behaviour and seismic response of
bridges with shallow foundations. Building on the previous work carried out by the same
authors of this study [24], this paper aims to fill this knowledge gap. In particular, the main
novel aspects of this study are as follows: (1) a more complex and realistic superstructure
model was considered, by including more degrees of freedom for the superstructure
compared to the model of [24], where the superstructure is treated as an sdof system;
(2) impedance functions were derived by considering different values of the embedded
depth of the foundation, as opposed to zero embedment in [24]; and (3) analysis of the
seismic response of bridge prototypes was carried out, whereas [24] only investigated the
variation in fundamental frequency.

Section 2 illustrates the investigated SFS system, and the modelling approach for the
estimation of the foundation impedance functions, the dynamic behaviour, and the seismic
response of the SFS system for different scour scenarios. Section 3 presents the impedance
functions for the various scour and embedded depth cases considered. Section 4 presents
the result of an extensive parametric study investigating the effect of scour on the SFS
system, for a wide range of superstructure mechanical and geometrical properties and
soil conditions. Section 5 investigates the seismic response of some representative bridge
prototypes by means of time history analyses. Section 6 ummarises the main findings of
the study and future works needed.

2. Model Description

The substructuring approach is a well-established methodology for addressing seismic
soil-structure interaction problems. It is based on the superposition principle, and it
only requires linear or linear equivalent behaviour for the soil system. By considering
degraded shear moduli and enhanced damping properties for the soil, consistently with
the shear strains, and by assuming that the foundation remains in the elastic range (as
required by modern seismic codes), the substructure approach has already been largely
used in the literature to perform soil-structure interaction analysis of both linear and
nonlinear structures (e.g., [26,27]), by assuming that inertial effects do not significantly
modify the soil shear strain in the soil. The approach consists in analysing, separately,
the soil-foundation system, from which the impedance functions and the foundation
input motion are obtained, and the superstructure, restrained through compliant supports
simulating the soil-foundation impedances and subjected to the foundation input motion.

This section describes the modelling approach followed to estimate the impedance
functions of a massless rigid strip foundation rigidly resting on a homogenous elastic soil
domain for various embedded depths and scour scenarios. The modelling approach, devel-
oped from the previous work of the authors [24], considers a more complex superstructure
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model and a shallow foundation with different embedded depths rather than one simply
resting on the ground surface.

A substructure approach is employed, where the SES system is divided into two parts,
the soil medium and the superstructure. Firstly, the foundation impedance functions for
the soil-foundation system are derived numerically by analysing a massless rigid strip
foundation resting on a homogeneous elastic soil domain in Abaqus [28]. Then, the derived
impedance functions are used to analyse the in-plane dynamic behaviour and seismic
response of a bridge pier, modelled as a multiple-degrees-of-freedom (MDOF) system.

2.1. Soil-Foundation System and Impedance Functions

The frequency-dependent impedance functions governing the dynamic response of
the soil-foundation system in the frequency domain are described by the following set
of equations:

P((,U) ke, +id;, 0 0 ZUO((D)
Q(w) = 0 Kyx +idyy ery + idxry up(w) (1)
M(w)/bf 0 k;/}/x + idryx kryry + idryry (Po(w)bf

where wy and 1 are the displacement amplitudes along the z and x directions of the master
node (i.e., the node at the foundation centroid at the level of the soil-foundation interface),
and ¢ is the rotation amplitude. Subsequently, P and Q denote the developing forces along
the z and x directions at the master node, respectively, whereas M denotes the overturning
moment. The frequency-dependent quantities k;j and d;; = c;jw are the real and imaginary
parts, respectively, of the impedance functions, describing the foundation response in the
i-th direction due to the excitation in the j-th direction. Figure 1 illustrates forces and
displacements along the various directions.
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Figure 1. (a) Forces and (b) displacements of the strip foundation.

The frequency-dependent impedance functions are derived by considering a plain-
strain finite element (FE) model of the soil domain developed in Abaqus [28] for the various
investigated embedment depth and scour scenarios. The soil beneath the foundation is
assumed to be homogeneous and described by the shear modulus G (the shear modulus
can be the secant one resulting from the shear strain level attained in the soil during the
propagation of seismic waves), the shear wave velocity Vs, the density ps, and the Poisson’s
ratio v. The ratio between the height and width of the foundation is assumed to be fixed
and equal to hf/ bf = 0.3, whereas the Poisson’s ratio v = 0.4. The assumed values are
representative of many real bridges with shallow foundations built on sandy soil. Further
details about the FE modelling strategy can be found in [24]. The Abaqus model was
developed considering a Young’s modulus value of E = 162.41 MPa for the soil, and a value
of p = 1600 kg/m? for the density. However, it is worth pointing out that when results
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— Finite Elements of

#

the Soil Domain

are presented in non-dimensional form, the values considered for these parameters are
not important.

A rigid body constraint Is applied to the set of nodes at the Interface between the soil
and the foundation. For the embedded cases, the soil located adjacent to the bridge pier
over the foundation is disregarded, assuming that its contribution in terms of mass and
stiffness is negligible with respect to that of the soil below the foundation. On the contrary,
the soil located on the lateral sides of the foundation is assumed to be perfectly bonded
to the foundation itself and contributes to the translational and rotational response of the
soil-foundation system.

The impedance functions are evaluated with a steady-state analysis, by subjecting the
master node to a harmonic unit amplitude displacement along a direction (while restraining
the others) and by measuring the corresponding reaction forces along the various directions.
It must be mentioned that the modelling approach was validated in a previous study by the
authors [24]. The validation was based on a comparison between the impedance functions
derived numerically in Abaqus (Figure 2a) and those obtained by Hryniewicz [29] for a
model with zero embedded depth and no scour, and for a Poisson’s ratio v = 0.25.

__——— Finite Elements of

- ; :
the Soil Domain

—— Simulation of no embedded foundation
through rigid body constraint applied to a
set of nodes on the top of Soil Domain

i

\—— Master node

Simulation of embedded
foundation through rigid
body constraint applied to a
set of nodes of the Soil

Domain

F Master node

(@ (b)

Figure 2. Rigid body constraint used to simulate the massless rigid strip foundation for the case
of (a) no embedment and (b) embedded foundation.

In the present study, the model considered in [24] is expanded by considering var-
ious embedded depths of the foundation for the estimation of the impedance functions
(Figure 2b). In particular, three more different embedded depths and three scour layouts
are considered (see Section 3), for a total of 12 models.

The scour hole is assumed to have a fixed triangular shape (Figure 3), which is defined
by the portion of the foundation base that is undermined (2s). The assumed shape is based
on flume tests (see [30] for further details).

_— Fiex 9=15° Pier 9 ~30°
Scour hole

(@)

(b)

Figure 3. Geometry of the considered triangular scour hole for a (a) non-embedded and (b) embedded
foundation.
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The numerical analyses carried out in [25] suggest that the dynamic behaviour of
structures with shallow foundations affected by scour is not significantly affected by
the scour hole shape (e.g., rectangular or triangular), as long as it results in the same
portion of the foundation being undermined. However, experimental studies carried out
by Ciancimino et al. [20] on a model with a caisson foundation have proven that the scour
hole shape and the type of scour (i.e., general rather than local) have a strong influence
on the dynamic response of bridge piers. Nevertheless, a thorough investigation of the
influence of the scour hole shape on the dynamic impedances of the foundation, albeit very
interesting, is out of the scope of the present study.

2.2. Superstructure

Figures 4 and 5 illustrate the bridge pier and the analytical model of the SFS system
considered in this work for studying the transverse response of the overall SFS system. To
the authors” knowledge, this is the first study that investigates the influence of scour on the
transverse dynamic behaviour of bridge piers with shallow foundations by considering a
multiple-degrees-of-freedom (MDOF) model for describing the superstructure.

CS3 —(—————@F e —— —— ) y
5 =g
b,
2, . .
Cs1
C82 ~———————- 5 B — €S2 Q !
s i
(a) (b)

Figure 4. (a) Considered bridge pier; (b) geometry of the system components.

P hto!al

_ e
1 Koox = Kooe + e |

Kir, = Kir + idyy

Figure 5. SFS system modelling.
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The model is suitable to capture the transverse dynamic behaviour of piers in multi-
span continuous bridges (sufficiently far from the abutments that may interact with the pier
in carrying the lateral forces if equipped with fixed restraints in the transverse direction)
and to predict the longitudinal and transverse response of piers in multi-span simply
supported bridges where each pier is responsible for its relative tributary mass (i.e., the
mass of one span).

The SFS system consists of a rigid foundation with mass i, a flexible pier with mass
my, lumped at the top and bottom nodes, a rigid pier cap with mass m, the bridge bearings
with stiffness k;, (in the case of isolated bridges), and the top mass, representative of the
deck inertia m . The dofs of the system are constituted by the transverse displacement of the
bridge deck, the transverse displacement and rotation of the pier head, and the transverse
displacement and rotation at the bottom of the foundation. The soil-structure interaction is
taken into account by the previously estimated impedance functions. The pier is treated as
an Euler-Bernoulli beam element, having the following stiffness matrix Kj:

12 _6 _12 _ 6
3 2 2
kll k12 k13 k14 hl—’6 4hP 6h% th
K. — kot ko ko3 koa| gl B By %)
P ks ks ks k| -2 & L §
31 32 33 34 hS h2 h3 h2
4 4 4 P
kg ki kaz kas _6 2 6 4

=
=

where E and I are the elastic modulus and second moment of area of the cross-section of the
pier, respectively. The equation of motion of the system can be expressed in the frequency
domain, as follows:

[KS + Kp(w) +iCs — wZM}U(w) = W MRily(w) 3)

where

— T
U = [ud Ue @c Ug q)f} 4)
collects the Fourier transform of the system generalised displacements, namely the dis-
placement of the deck centroid (1), the displacement (u.) and rotation (¢.) of the top
of the pier, and the foundation base’s translation (i) and rotation (¢y). Furthermore,
in Equation (3), %y denotes the Fourier transform of the ground displacement due to the
free-field motion. Matrices M, C, Kg, and Kr denote the mass, hysteretic damping, and
contribution to stiffness matrix of the superstructure and the foundation, respectively, and
R is the load influence vector. They latter are defined as follows:

—ky, —kp(he + hy) 0 0
ky + k11 ky(he + hg) + k12 ki3 2k13h s + kg
kb(l’lc + hd) +kn ky (l’lc + hd)z + ko ko3 Zkzghf + koy (5)
ka1 k3z k33 2ksghf + kas
2k31]’lf + k4p Zkgzhf + k4o 2k33hf + kg3 4k33h]2( + 2k34]’lf + 2k43hf + kay
0 0 O 0 0
0 0 O 0 0
Kr(w) = |0 0 0 0 0 (6)
0 0 0 kux+idx  kxay+ idxry
000 ery + idxry kryry + idryry

Cs = 2¢Ks (7)
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mg 0 0 0 0
0 me+2 ml 0 0
M=1|0 mhl mk 0 0 ®)
0 0 0 SE4mp mphg 4 mghy
0 0 0 mphy+mghe 2mph% +meh? |
R=1[1101 o}T )

The natural frequency of the system can be estimated based on the Frequency Response
Function (FRF). This can be obtained by evaluating the amplitude of U under unit harmonic
excitations with different frequencies. The peaks of the FRFs of the components of U allow
us to identify the fundamental frequency of the SFS system.

3. Soil-Foundation System Impedance Functions

This section illustrates the impedance functions of the soil-foundation system ob-
tained following the modelling approach described in the previous section for four dif-
ferent embedded depths and various scour scenarios. The following values of the ratio
of the embedded depth (24y) over the foundation width (2by) are considered: (i) df/bf =0,
(ii) df/ b = 0.3, (iii) df/bs = 0.7, and (iv) ds/bs = 1.0. The scour hole scenarios are based
on a triangular shape, illustrated in Figures 3 and 6. They are hereafter labelled as (i)
“NS”, i.e., no scour, (ii) “TS1/4”, i.e., one-fourth of the width of the foundation scoured,
(iii) “TS3/8”, i.e., three-eighths of the width of the foundation scoured, and (iv) “TS1/2”,
i.e., half the width of the foundation scoured. The impedance functions are expressed in
non-dimensional form as a function of the non-dimensional frequency ap = wby/ Vs, where
w is the circular frequency of the excitation, and V5 is the soil shear wave velocity.

TS1/4
— d,lb,=03 o
Qrs1/4 —— Ors3s

@rs3/8 @512
@512

(a) (b)

d./b,=10 Ors1/4
—— rs3/8
@512

dlb.—07 Or1s1/4
—— @rs38

@512

(c) (d)

Figure 6. Scour scenarios investigated for different embedded depths: (a) df/ bf =0, (b) df/ bf =0.3,
(C) df/bf =0.7, and (d) df/bf =1.0.
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Figures 7-10 illustrate the variation in the real and imaginary parts of the non-
dimensional impedance functions as a function of the non-dimensional frequency 4, for
each embedded depth and scour scenario considered. Figures 11-14 provide an alter-
native comparison of the impedance functions where the effect of the embedded depth

is highlighted.
0.7 0.09 0.9
0.06 0.75 1+
0.6 +
0.03
- ——NS d/bf=0 . 0.45 1
—e—TSU4 dfbi=0 03
S ——Tsysamb=0 | oss & )
01T ky, /G —e—TS12 dEbi=0 kryry /nG
0 t t t t t -0.06 0 t + t + }
1.6
: e 14 1

1.8 2.4 3 4 0 0.6 1.2 1.8 24 3 a

Figure 7. Comparisons of impedances for embedded depth df/ bf =0 and for different scour scenarios.

0.05 1.6
1.4
0 1.2
-0.05 1
—&—NS df/bf=0.3 ol 08
03 T —e—TS1/4 df/bf=0.3 : 0.6
02 + —e—TS3/8 df/bf=0.3 015 0.4
01 4k /mG  —STSV2dbE03 Kyr, /TG 02
0 : : : : : 0
6 3.5
s | dyy/mG 31 dy /TG '
J 1
4 2.5
2 4
3
154

0 0.6 1.2 1.8 24 3 4 0 0.6 1.2 1.8 2.4 3 a 0 0.6 1.2 1.8 24 3 a,

Figure 8. Comparisons of impedances for embedded depth d¢/bs = 0.3 and for different scour

scenarios.



Infrastructures 2025, 10, 75 10 of 25

05 3
04 1
03
02
0.1

-01
-02

—&—NSd/b=0.7
08 4+ —eTSI4d/b=07
—o—THK3/8 d/bf= 0.7
——T51/2 d/bf= 0.7

: -1.2
0 0.6 12 18 24 3 0 0 06 1.2 18 24 3 0 06 12 18 24 3

Figure 9. Comparisons of impedances for embedded depth d¢/bs = 0.7 and for different scour
scenarios.

| kr,.ry /TG

~o—NSd/b;=1.0
~o—TS1/4 d/b=1.0
-1 4 ——T5384/b=1.0
——T512d/b=1.0

I
T

0 0.6 1.2 18 24 3 0 0.6 12 1.8 2.4 3 0 0.6 12 1.8 24 3

Figure 10. Comparisons of impedances for embedded depth d¢/bs = 1.0 and for different scour

scenarios.



Infrastructures 2025, 10, 75

11 0f 25

02 t k,,/7G 03
0+ : ' } ' — .04
6

== NS df/bf=0

5 T ——e—NS df/bf=0.3
4 | =—e—NS d/bf=0.7
= NS df/bE=1.0

3 : I I 3
T T T T T

0 0.6 12 1.8 24 3 4

Figure 11. Comparisons of impedances for the NS case and for different embedded depths.

0 0.6 12 18 24 3 4y

0.1 0.6
0.08
0.06 0.5
! 0.04 04
0.02
0.3
—o— TSV/4 df/bf=0 0
——TS14 dfbf=0.3 | .0.02 02
——TISIAA0.7 | 04
——TS1/4 df/bf=1.0 .06 0.1
} } } +— -0.08 0
3 0.05 0.9
0.8
0.7
0.6
, 0.5
0.4
0.3
0.2
0.1
0

0 06 12 18 24 3 4

Figure 12. Comparisons of impedances for the TS1/4 case and for different embedded depths.
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o TS3/8 df/Bf=0
—o— TS3/8 df/bf=0.3
—a— TS3/8 d/bf=0.7
—o—TS3/8 df/bf=1.0

06 12 18 24

w +
1)
>

06 12 18 24 3 4y

Figure 13. Comparisons of impedances for the TS3/8 case and for different embedded depths.

0.05 0.3
0.04 0.25
0.03 0.2
0.02
—e—TS12dfbf<0 | (0 015
—eo— TS1/2 df/bf=0.3 o1 4
0.2 1 —o— TS1/2 df/bf=0.7 0
01 Tk /mG —*—TSI2dpbf=1.0 | 001 1 0.05 1 kryry /TG
0 + + + t + -0.02 0 t t t t t
1.6 0.02 0.25
d.. /G 0 0.2 dryry/nG
1.2 + -0.02
-0.04 0.15 +
0.8 - -0.06
-0.08 01 1
0.4 -0.1 0.05 |
-0.12
0+ t t t t -0.14 0 + ! + } }

0 06 12 18 24 3 4, 0 0.6 1.2 1.8 24 3 4 0 06 12 1.8 24 3 4

Figure 14. Comparisons of impedances for the TS1/2 case and for different embedded depths.

With regards to the cases with an embedded depth higher than zero, which are not
considered in [24], in general there is also a significant reduction in the absolute terms
of the real and imaginary parts of the impedance functions for increasing levels of scour
width/foundation width ratio. An exception is the translational component ky, for the case
corresponding to dy/ by = 0.3, which increases with increasing scour width and depth for
dimensionless frequencies higher than 1.9. That means that the lateral displacement of a
foundation with a low embedded depth on a soft soil with a high excitation frequency is
more significant in the case of no scour than in the case of scour. Furthermore, there is a
dramatic decrease in the terms ery and d xry of the scour cases for the various embedded
depths with increasing 4y compared to the no-scour cases. This can be explained by the
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fact that the scoured foundation tends to behave as a foundation with no embedment
due to the removal of the lateral soil contribution. A minor effect of the embedment
level on the impedance functions of the scour cases can be observed in Figures 12-14.
In more detail, the impedance functions of the system and their sensitivity to scour are
significantly affected by the embedment depth. However, when increasing the level of
embedment from dy/bs=0.3 to 1, the results are only mildly affected, leading to lower

values of the components ery and d xry and higher values of the components k; ,, and dry,y.

yTy
It is noteworthy that the scour hole geometry changes significantly with the embedment

depth (Figures 3 and 6).

4. Dynamic Behaviour of SFS Model

This section shows the results of a parametric study in which the previously derived
impedance functions are used to evaluate the effect of scour on the dynamic response of the
considered SFS system for various foundation embedment depths and various geometrical,
inertia, and mechanical properties of the superstructure. The analysis expands the results
shown in [24], where a simplified three-degrees-of-freedom SFS model was considered for
the case of a foundation with no embedment. Similarly to [24], the Buckingham theorem [31]
is applied to reduce the number of parameters that control the natural frequency w of
the SFS system shown in Figure 5. Specifically, @ can be expressed as a function of
14 parameters describing the superstructure, foundation, and soil properties, with three
reference dimensions, namely length [L], time [T], and mass [M] (Table 1):

(:) - f((UO, hPr hC/ hd’ hf’ ﬂ’lp, Me, My, mf’ bf’ p/ VS/ v, kb) (10)

The fixed-base frequency of the superstructure, wy, is controlled by the following
parameters:
woy = f(E, I, hp, hc, ]’ld, My, Me, My, kb) (11)

According to the Buckingham theorem, the number of the dimensionless I1 parameters
is equal to 15 — 3 = 12 for the case of a foundation with no scour and no embedded depth.
Two more parameters must be considered to account for the scour and embedded depth.
The IT parameters obtained by choosing the variables by, p, and Vs as the recurring set can
be expressed as follows:

Moo T T, Ty, Ty, Ty, Ty Ty, Ty, Ty, Ty T T v (12)

It is noteworthy that the number of I1 parameters is significantly increased compared
to in [24]. This is the result of the more complex superstructure model and also the
consideration of the embedment depth of the foundation. In order to reduce the number
of parameters to be varied in the study, some simplifying assumptions are introduced.
The values of the parameters I, 1, I1;,, and 11, ; are assumed to be fixed, and the
bearings are assumed to restrain the relative motion between the top of the pier and the
deck (Il — +o00). Furthermore, the width and depth of the pier cap are assumed as b, = 2by
and I, = d, respectively, while the width and the depth of the foundation are assumed
to be equal. The ratio of the concrete density to soil density is assumed to be p./p= 1.5.
Table 2 reports the values of the IT parameters considered in the parametric analysis. After
introducing the above simplifying assumptions, the non-dimensional parameters that are
varied in the parametric study are I, Iy, I, Ui 11 Iy, Iy i and Ils. The parameter
I1,, varies from 0 to 4, whereas the parameter I}, is assumed equal to either 1 or 5 in order
to compare the behaviour of tall and short piers. Once a value is chosen for I}, the values
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of Hmp, I, and 11, ; are also fixed. Thus, the only parameter that is varied continuously
in the analysis is I1,,.

Table 1. Units and dimensions of the involved parameters.

Symbol Definition Units Dimensions
w natural frequency of the SFS system rad/s [T1]
wo natural frequency of the fixed-base system rad/s [T1]
ky isolator stiffness on the pier kN/m [MT—2]
hy pier height m [L]
he pier cap height m [L]
hy 65% of the deck height m [L]

h f half height of the foundation m [L]
mp pier mass t [M]
me pier cap mass t M]
my deck mass t [M]
mp foundation mass t [M]
ds half embedment depth m [L]

s half width of the scour—foundation interface m [L]
by half width of the foundation m [L]

o soil density t/m3 [ML-3]
Vs shear wave velocity m/s [LT-1]
v Poisson’s ratio - -

Table 2. Assumed values and expressions of the investigated non-dimensional parameters.

Values of Non-Dimensional Parameters

Hk — 0
I, = 1,5
I, = 05
th = 05
th =03
m Ahppe - (4 o . 2
Mo, = 5 = e = 670 = (),
I, = M — 2bs d he _ 2by d he _ %nh[
c my Ahyp n(%)zhp 7d TI,,
M, = 47
M = "™ _ 4b}2hf _ sb}hf B %Hﬂ
mg = my Ahyp - ﬂ(%)zhp — maz T4,
Iy, = 04

de =20,03 071
IT; = 0, 0.25, 0.375, 0.5
v=04

Figure 15 shows the variation in I'l,, for increasing values of I'l,,, corresponding to the
four scour case scenarios investigated for the different values of 11, y and IT;, considered. In
general, the reduction in the vibration frequency of the SFS system due to scour is signifi-
cantly different between the non-embedded and embedded scenarios, and particularly for
taller piers.

The effect of the embedment depth I, ;s generally low, with the exception of the case
corresponding to Il = 0.5 and I}, = 5, where an increase in the embedment depth leads to
an increase in the effect of scour in terms of fundamental frequency reduction.

On the other hand, both I, and II; have a significant impact on the dynamic
behaviour of the SFS system, and increasing I, and ITj, result in a reduction in the ratio
of the natural frequency of the system due to scour. In other words, the taller the structure
or the softer the soil, the higher the reduction in the natural frequency ratio due to scour. It
is also interesting to observe that the reduction in natural frequency due to scour tends to
approach an asymptotic value for high values of I1,.
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Figure 15. Variation in I, for increasing values of Il for various values of I, and IIj,.

In order to better highlight the effect of scour on the SFS system, Figure 16 illustrates
the ratio of the natural frequency of the system with and without scour for increasing
values of Il;. The natural frequency ratio decreases almost linearly for increasing scour
levels, and taller structures are found to be slightly more sensitive to scour effects. The
variation in the frequency ratio with scour for different values of I1,,, above 1 tends to
follow a single master curve. Thus, a self-similar behaviour is observed for low values of
shear wave velocity, for rigid superstructures, and for large foundations. Higher sensitivity
to scour is observed for the case of an embedded foundation corresponding to a foundation
resting on the surface.

The results obtained for the case of zero embedment depth are quite similar to those
obtained in [24] with a simpler superstructure system characterised by a single degree of
freedom. It must be mentioned that the value of the Poisson’s ratio of the soil in this study
(v = 0.4) is different from the one considered in [24] (v = 0.25), whereas the term I, in this
study is dependent on the pier height (/,) compared to the one in [24], which is dependent
on the total height of the SFS system. However, these differences have a negligible impact
on the results.
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Figure 16. Ratio of the natural frequency of the system with and without scour for various levels of
de, ngr and Hh'

5. Seismic Response of SFS Systems Under Scour Hazard

In this section, the dynamic behaviour and the seismic performance of representative
bridge piers with shallow foundations are investigated under various scour and embedded
depth scenarios. Two different case studies are considered, corresponding to the SFS system
shown in Figure 5, and differing only for the pier height. Table 3 reports the values of
the parameters of the two investigated SFS systems, and Figure 17 shows the variation
in the natural frequency of vibration for increasing levels of scour. The influence of the
soil properties on the systems exposed to scour is also investigated, with three different
values of the shear wave velocity considered, Vs = 300, 500, and 700 (m/s). As expected, the
tall pier has a lower natural frequency of vibration compared to the short pier. Moreover,
there is an almost linear decrease in the natural frequency of the SFS systems for increasing
scour levels, and increasing the embedded depth increases the natural frequency and the
sensitivity to scour only slightly. The seismic behaviour of the two SFS systems is analysed
by performing time history analyses under seven different ground motion records selected
with the Rexel 2.6.1 software [32], whose properties are reported in Table 4. The ground
motions are characterised by an epicentral distance 25 < R < 37, a magnitude 5.5 <M < 6.3,
and a shear wave velocity 360 m/s < Vs < 760 m/s. The scaled records were chosen so that
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the average acceleration elastic response spectrum matches the elastic response spectrum
provided by Eurocode 8 [33] for soil class C and a; = 0.19 g. Figure 18a,b illustrate the
pseudo-acceleration and displacement response spectrum obtained for the single records

for a 5% damping ratio together with the average spectrum and the Eurocode 8 spectrum.

Table 3. Geometry and properties of the examined SFS systems.

Geometry/Property Value
Elastic modulus, E 35 GPa
Pier diameter, d 21m
Pier height, h, 5,15 (m)
Foundation 28y x 2by x 2hy 7 x 7 x 2.1 (m)
Pier cap 2by X he x d 7 x 1.75 x 2.1 (m)
Isolator stiffness, k;, +00
Deck mass, my 610 ton
65% of the deck height, h; 1.75m
Soil density, p 1600 kg /m?

Shear wave velocity, V;

300, 500, 700 (m/s)

25 1
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Figure 17. Vibration frequency estimates of the two investigated SFS systems for various scour and
embedded depth scenarios and (a) Vs =300 m/s, (b) Vs =500 m/s, and (c) Vs =700 m/s.

Table 4. Details of the picked ground motions via Rexel [32].

Earthquake Station ID Date Magnitude M,, Epicentral Distance R (km)
Alkion ST121 25 February 1981 6.3 25
Ishakli (aftershock) ST856 3 February 2002 58 35
Izmit (aftershock) ST3273 13 September 1999 5.8 25
Izmit (aftershock) ST2571 11 November 1999 5.6 37
Cubuklu ST65 20 April 1988 55 34
Adana ST549 27 June 1998 6.3 30
Umbria Marche (aftershock) ST223 14 October 1997 5.6 29

Tables 5-10 report the average peak seismic response of the SFS systems considering
the seven ground motions for all the abovementioned scour and shear wave velocity
scenarios. In addition to the deck displacement and the base foundation displacement
and rotation, the contribution of the pier flexure (u,r = ug — s — @fhiotq) is reported.
In general, the peak deck displacement of the SFS systems increases when increasing the
values of scour width, and so does the contribution of the base rotation, whereas the



Infrastructures 2025, 10, 75

18 of 25

contribution of the base displacement and the pier flexure does not change significantly.
The contribution of the base rotation in the presence of scour is more significant for the
short pier than for the tall pier. When increasing the foundation embedment level, the peak
deck displacement decreases in the case of no scour, whereas in the case of scour, it is not
possible to identify a clear trend. The effects of scour, in terms of peak deck displacement
and the contribution of the foundation rotation, are more significant for low values of V.

Ler e a» e EC8 Elastic response spectrum 045 1
27 Alkion ST21 SF-1.83 04 1
Ishakli( (aftershock) ST856 SF=4.23 /
8 T Izmit (aftershock) ST3273 SF=3.06 035 +
Izmit (aftershock) ST2571 SF=5.94 : /
7T Cubuklu ST6S SF=4.83 /
Adana ST549 SF=0.99 03 T /
~ 6 Umbria Marche (aftershock) ST223 SF=6.58
2 2025 1 N
£s g 1 \
u 4 “ 02 T / ara= ----\—\:
3 0.15 T ’ N e
7
5 o1 4 SN
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1 0.05 + P
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(U f t { 0 t t t i
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Figure 18. (a) Acceleration and (b) displacement response spectra of the ground motion records and
corresponding scale factors (SFs).
Table 5. Average peak response values for SFS system with 1, = 5m and Vs = 300 m/s for different
scour and embedment scenarios.
I, = 0 I, = 0.3
I = II; =0.25 II; = 0.375 II; =05 II;=0 II; =0.25 II; = 0.375 II; =0.5
ug 23.48 3491 37.56 40.84 19.09 32.72 35.80 42.28
ug 1.62 1.89 1.72 1.32 1.48 1.90 1.90 1.95
¢ Morar 8.31 17.45 2222 28.40 4.94 14.90 19.14 26.52
Upf 13.70 15.72 13.79 11.24 12.78 16.13 14.88 14.01
I, =07 I, =1.0
II; =0 II; =0.25 II; =0.375 II; =0.5 II; =0 II; =0.25 II; =0.375 II; =0.5
ug 18.64 32.69 35.87 43.01 18.31 32.85 36.01 42.06
ug 1.31 1.76 1.81 1.63 1.21 1.74 1.78 1.34
¢ horar 481 14.92 19.22 28.10 4.75 14.99 19.30 28.42
Upf 12.63 16.18 14.97 13.53 12.46 16.28 15.04 12.44
Table 6. Average peak response values for SFS system for 1, = 5m and Vs =500 m/s for different
scour and embedment scenarios.
I, =0 I, = 0.3
IIs = II; =0.25 II; = 0.375 II; =0.5 IIs = II; =0.25 II; = 0.375 II; = 0.5
Uy 14.97 18.25 20.43 30.55 13.82 16.86 19.06 23.84
us 0.55 0.59 0.59 0.71 0.54 0.56 0.62 0.74
¢ horal 2.58 5.04 7.27 14.28 1.60 4.07 5.83 9.41
Ups 11.88 12.66 12.62 15.64 11.72 12.27 12.64 13.74
ITy,= 0.7 IT;,=1.0
II; =0 II; =0.25 II; =0.375 II; =0.5 II; =0 II; =0.25 II; =0.375 II; =0.5
ug 13.69 16.82 19.05 25.66 13.60 16.83 19.08 27.90
us 0.48 0.53 0.59 0.68 0.45 0.52 0.58 0.63
¢ Morar 1.57 4.07 5.84 10.75 1.55 4.07 5.85 12.37
Upf 11.67 12.26 12.67 14.29 11.63 12.28 12.69 14.96
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Table 7. Average peak response values for SFS system for i, = 5mand Vs =700 m/s for different
scour and embedment scenarios.

Iy, =0 M, =03
II; =0 II; =0.25 II; = 0.375 II; =0.5 II; =0 II; =0.25 II; = 0.375 II; =0.5
Ug 13.42 14.78 16.46 19.27 12.73 14.27 15.33 17.40
ug 0.29 0.30 0.30 0.31 0.29 0.30 0.32 0.36
¢ horar 1.30 2.44 3.69 6.02 0.81 2.01 2.87 442
Upf 11.84 12.07 12.50 12.96 11.65 11.98 12.18 12.64
I, =07 I, =1.0
II; =0 II; =0.25 II; =0.375 II; =0.5 II; =0 II; =0.25 II; =0.375 II; =0.5
Ug 12.67 14.25 15.31 18.14 12.64 14.25 15.31 18.78
ug 0.26 0.28 0.30 0.32 0.25 0.27 0.30 0.29
¢ horar 0.79 2.01 2.87 495 0.78 2.01 2.87 5.49
Upf 11.64 11.98 12.18 12.89 11.63 11.99 12.18 13.03
Table 8. Average peak response values for SFS system for 1, = 15m and Vs = 300 m/s for different
scour and embedment scenarios.
I, =0 I, =03
IIs = II; =0.25 II; = 0.375 II; =0.5 II; =0 II; =0.25 II; = 0.375 II; =0.5
Uy 80.18 89.65 106.42 114.58 80.35 82.80 97.26 104.10
ug 0.69 0.62 0.64 0.55 0.90 0.72 0.81 0.88
¢ fhrotal 13.58 24.50 37.64 53.21 8.78 19.51 29.18 40.54
Upf 66.13 64.77 68.49 61.32 70.76 62.73 67.44 62.97
My, =07 M, =1.0
II; =0 II; =0.25 II; =0.375 II; =0.5 II; =0 II; =0.25 II; =0.375 II; =0.5
Uy 80.15 82.78 97.15 102.33 80.03 82.77 97.12 108.60
us 0.83 0.67 0.77 0.70 0.78 0.66 0.75 0.55
¢ fhrotal 8.58 19.54 29.15 4224 8.52 19.54 29.15 47.63
Upf 70.82 62.74 67.40 59.63 70.82 62.74 67.40 60.72
Table 9. Average peak response values for SFS system for i, = 15m and Vs = 500 m/s for different
scour and embedment scenarios.
I, =0 I, =03
II; =0 II; = 0.25 II; = 0.375 II; =0.5 II; =0 II; = 0.25 II; = 0.375 II; =0.5
ug 71.37 74.44 74.34 74.19 70.22 73.50 74.89 73.54
us 0.27 0.23 0.20 0.18 0.33 0.28 0.29 0.30
¢ horat 4.89 8.91 12.25 17.64 2.98 7.36 10.06 13.75
Upf 66.28 65.39 62.00 56.52 66.95 65.93 64.61 59.57
I, =07 I, =10
II; =0 s =0.25 s =0.375 s =0.5 II; =0 s =0.25 s =0.375 s =0.5
ug 70.17 73.50 74.89 73.24 70.14 73.49 74.88 73.91
us 0.30 0.26 0.27 0.24 0.28 0.25 0.27 0.18
@ hiotal 291 7.37 10.06 14.86 2.88 7.37 10.07 16.23
Ups 66.99 65.93 64.62 58.24 67.01 65.93 64.63 57.61

Figure 19 illustrates the seismic response of the two investigated SFS systems under
various scour and embedment conditions for Vs = 500 m/s and for the ground motion
recorded at Cubuklu. In particular, the time histories of the total displacement of the deck
(uy), the displacement of the foundation (u ), and the contribution of the rotation of the
foundation (¢ fhtotal) are compared to each other in order to highlight the effect of soil—-
structure interaction on the response. It can be observed that the tall pier is characterised by
significantly higher deck displacements, and a lower contribution to the response from soil-
structure interaction, compared to the short pier. The peak deck displacement increases
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with increasing scour levels in the case of the short pier, whereas it does not increase
significantly in the case of the tall pier. The general increase in deck displacement due
to scour can be attributed to the period elongation (see Figure 18b), which results in an
increase in seismic displacement demand.

Table 10. Average peak response values for SFS system for i, = 15m and Vs =700 m/s for different
scour and embedment scenarios.

Iy, =0 M, =03
II; =0 II; =0.25 II; =0.375 II; =0.5 II; =0 II; = 0.25 II; =0.375 II; =0.5
Ug 69.91 71.16 72.83 74.95 69.56 70.64 71.68 73.84
ug 0.14 0.13 0.11 0.10 0.17 0.15 0.16 0.18
Pfhiotal 253 462 6.67 10.29 1.54 3.79 527 7.76
Ups 67.27 66.46 66.11 64.64 67.86 66.73 66.29 65.95
=07 Iy, =1.0
II; =0 II; =0.25 II; =0.375 II; =0.5 II; =0 II; =0.25 II; =0.375 II; =0.5
Uy 69.54 70.64 71.67 74.33 69.54 70.64 71.67 74.72
ug 0.16 0.14 0.15 0.14 0.15 0.14 0.15 0.10
@ htotat 1.50 3.80 527 8.54 149 3.80 5.8 9.38
Ups 67.90 66.74 66.29 65.70 67.92 66.73 66.29 65.30
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Figure 19. Seismic response of the examined SFS systems under Cubuklu earthquake for

hy = 5,15m,1ly ;= 1.0, and V5= 500 m/s and various scour and embedded depth scenarios.
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The contribution of the foundation rotation to the deck displacement response in-
creases when increasing the scour level, as expected. The rest of this section investigates,
more in depth, the effect of scour on the seismic response of the two piers and on the
contribution of the various degrees of freedom to the deck displacement.

Figure 20 shows the ratio of the displacement due to the rotation of the foundation to
the total displacement of the two investigated SFS systems for increasing scour widths and
various embedded depths and shear wave velocities. The ratio increases almost linearly
for increasing scour widths, whereas it reduces significantly for increasing values of shear

wave velocity (i.e., stiffer soil). Moreover, the ratio is higher for the shorter pier, as already
discussed above.
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Figure 20. Contribution of the rotational foundation displacement (¢ th1,441) to the total deck displace-
ment (1) of the SFS systems for (a) Vs =300 m/s, (b) Vs =500 m/s, and (c) Vs =700 m/s.

Figure 21 shows the contribution of the foundation horizontal displacement to the
total displacement of the two SFS systems. As observed for the rocking, this contribution is
higher for the short pier. The displacement ratio decreases linearly with increasing scour
width and increasing values of Vs. However, it is worth mentioning that the contribution
of the foundation displacement (i) to the overall deck displacement (i) is negligible.
Figure 22 illustrates the contribution of the flexural displacement of the pier (1) to the
deck displacement, 1. As expected, the ratio is higher for the taller pier, and it decreases
almost linearly for increasing scour widths and increases for increasing values of V.
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Figure 21. Contribution of the foundation displacement (uf) to the total deck displacement (i4) of
the SFS systems for (a) Vs =300 m/s, (b) Vs =500 m/s, and (c) Vs =700 m/s.
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Figure 22. Contribution of 1,y = uy — 1y — @fhyps to the total deck displacement (i4) of the SFS
systems for (a) Vs =300m/s, (b) Vs =500 m/s, and (c) Vs =700 m/s.

It is also interesting to observe that with the embedded depth 11, ; increasing from 0 to
0.3, there is a dramatic reduction in the rocking phenomenon, whereas for values of I, ;
increasing from 0.3 to 1, there is not a significant change. Thus, the rocking phenomenon
is reduced dramatically by having an embedded foundation, with a minor role played
by the depth of embedment. However, it must be mentioned that for the embedded
cases (I, ;> 0) under severe scour, the higher the embedded depth, the more intense the
rocking phenomenon.

6. Conclusions

This study investigated the effect of scour on the dynamic behaviour and seis-
mic response of bridges with shallow foundations. A multiple-degrees-of-freedom soil—-
foundation-structure (SFS) system, which is representative of the transverse response of
continuous and simply supported girder bridges, was analysed under various scour sce-
narios by considering different embedded depths of the foundation and various soil and
superstructure conditions. Initially, the frequency-dependent impedance functions of a
rigid strip foundation resting on an elastic soil domain were numerically evaluated by
performing analyses in Abaqus for different scour and embedded depth conditions. In
general, increasing the scour width results in a significant reduction in the absolute values
of the impedance functions for the case of no embedment. As for embedded cases, even
though the presence of scour results in a dramatic reduction in the absolute values of the
impedance functions, increasing scour width decreases them only slightly. Furthermore,
the embedment depth did not have a significant effect on the impedance functions for
any of the scour scenarios, except for those related to the rotational behaviour and the
coupling between the translational and rotational behaviour of the foundation under severe
scour conditions.

Subsequently, the dynamic behaviour of the SFS system was investigated in an exten-
sive parametric study considering wide ranges of values of the geometrical, mechanical,
and inertia properties of the soil and superstructure. The following results can be drawn:

There is an almost linear reduction in the vibration frequency of the SFS system with
increasing length of the foundation base undermined by scour.

Higher sensitivity to scour is observed for the case of an embedded foundation corre-
sponding to a foundation resting on the surface. Increasing the embedded depth affects the
results only slightly and yields a significant reduction in the vibration frequency for taller
structures under extreme scour cases.
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In general, the reduction in the natural frequency of the SFS system due to scour is
more significant for tall structures with soft soils.

The variation with scour in the ratio of the natural frequency of an SFS system tends to-
wards a single master curve for low values of shear wave velocity, for rigid superstructures,
or for large foundations.

Lastly, the seismic performance of two case studies with the same foundation and
different pier heights was investigated by carrying out time history analyses under seven
ground motion records and measuring the average peak seismic response of the compo-
nents of the system. Based on the obtained results, the following conclusions are drawn:

In general, the total displacement of the SFS system increases with increasing scour
width and decreasing embedded depth. In particular, this increase is more significant for
SFS systems with softer soils and short piers, for which the total displacement doubles for a
horizontal penetration of scour beneath the foundation equal to half the foundation length.
In the case of tall piers, the increase in displacement due to scour is not significant.

The embedded depth of the foundation only slightly affects the deck displacement
and the sensitivity of the response to scour, when the results are presented considering the
normalised horizontal penetration of scour beneath the foundation.

The relative contribution of the rocking of the foundation to the deck displacement
is more significant for the shorter pier, and it can be of the order of 35% for the case of
soft soils. Scour significantly increases this contribution, which doubles for a normalised
horizontal penetration of scour beneath the foundation of 50%. The response of the taller
pier is dominated by pier bending, with the contribution of rocking of the foundation
being less than 20% for all the cases investigated. In the case of significant scour levels, the
contribution to rocking can reach values of the order of 40%.

The rocking phenomenon is noticeably reduced for embedded foundations. The
embedment level affects the seismic response of the system only slightly.

The contribution of pier flexure to the top displacement, which is higher for the
taller pier and stiffer soil, reduces with increasing levels of scour. This reduction is more
significant for shorter piers and softer soils, due to the increased contribution of rocking.

The results of this study can be used to inform the development of structural health
monitoring techniques for bridges with shallow foundations in flood-prone and seismic
active areas. They also provide a quantification of the impact of scour on the seismic
response of bridges with shallow foundations for different combinations of the mechanical
and geometrical properties of the foundation and pier. The adopted model allows the
investigation of a wide range of scenarios. However, it is worth recognising that in real
case studies, nonlinear phenomena may develop on both the soil and structure side. Thus,
future studies should investigate the problem by also taking into account the nonlinearity
of the soil and the superstructure.
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