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ABSTRACT: In this paper, the influence of inelastic soil behaviour on the seismic perform-
ance of bridge piers supported by caisson foundations is assessed. The results of an extensive
parametric study, performed assuming a linear elastic and an elastic-plastic soil behaviour, are
compared, showing the strong influence of the inelastic soil response. The geometrical proper-
ties of caissons and piers are varied; the systems are subjected to seismic records capable of
mobilising the shear strength of the soil. 3D dynamic analyses are performed in the time
domain and in terms of effective stresses but assuming undrained conditions. The role of soil
constitutive modelling is assessed by comparing the deck drift and the forces transmitted by
the superstructure to the caissons, both computed under the assumption of linear elastic and
elastic-plastic soil behaviour. The results clearly indicate for which systems the linear elastic
assumption is satisfactory and when, conversely, soil non-linearities should be considered.

1 INTRODUCTION

In common practice, seismic performance of deck-pier-caisson-soil systems is often evaluated
referring to either fixed-base pier models or to the substructure approach. In the first case, soil-
structure interaction effects are ignored, while in the second one they are considered in a simpli-
fied manner assuming a linear behaviour for the structure and the soil, this latter described by a
lumped-parameters system through dynamic impedance functions. This approach does not
permit to evaluate permanent displacements, rotations and settlements accumulated at the end
of the earthquake, while overestimating peak displacements and forces during seismic shaking.
However, recent post-earthquake surveys have highlighted that inelastic soil behaviour is typic-
ally involved during strong-motion earthquakes. In this context, caisson foundations contrib-
uted to the survival of long-span bridges (e.g. Gerolymos & Gazetas, 2006). Developing of
plastic deformations was deemed beneficial for the superstructure as they limited forces trans-
mitted to the bridge piers (Gazetas, 2015). Hence, consequent accumulation of irreversible
strains and displacements has to be evaluated abandoning the substructure method.
This paper is addressed to assess the influence of soil constitutive modelling on the seismic

performance of caisson foundations supporting long-span bridge piers. A parametric study is
performed to this aim in which several deck-pier-caisson-soil systems, differing in geometric
and mechanical properties, are subjected to three seismic inputs recorded during recent
strong-motion earthquakes. All the systems are designed to have the same safety factors
against bearing capacity under static and pseudo-static conditions. Therefore, foundation soil
of all systems is characterised by the same initial stress state, this allowing a proper compari-
son of their seismic performance. In the analyses, caisson construction was reproduced
through a simplified procedure, imposing a volumetric contraction to the foundation volume
before activating the concrete elements to attain active limit conditions; this to simulate the
stress relief induced by shaft excavation. 3D non-linear dynamic analyses were performed in
the time domain with the finite element method. Cyclic soil behaviour was firstly described
using the elastic-plastic model Hardening Soil with Small-Strain Stiffness (HS small; Benz
et al., 2009). The same analyses were then carried out adopting a linear viscous-elastic model
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in which operative values of shear modulus G and damping ratio ξ were assigned to the foun-
dation soils, as provided by preliminary 1D free-field ground response analyses performed
with the linear-equivalent method. Influence of soil constitutive modelling on the seismic per-
formance was assessed by comparing the computed values of peak deck drift, urel, and bending
moment at the base of the pier, Ms. This permitted to detect the range of properties for the
systems and the soil for which the substructure method provides an acceptable assessment of
seismic performance, though not giving any permanent displacement, and that for which
influence of soil plasticity must be accounted for (Gaudio & Rampello, 2019).

2 PARAMETRIC STUDY

Problem layout is depicted in Figure 1. A bridge pier of height hs with a hollow rectangular cross
section is supported by a cylindrical caisson foundation with diameter D and height H. The cais-
son is embedded in a 5-m-thick gravelly sand layer underlain by a 55-m-thick slightly-overconso-
lidated layer of silty clay. The foundation soil is representative of an alluvial deposit, for which
caisson foundations are typically adopted. Pore water pressure regime is assumed to be hydro-
static with water table located at the depth zw = 5 m. Seismic input is applied at the bedrock
depth (Z = 60 m) along the x-direction in terms of an acceleration time history. The bridge pier
is assimilated to a linear viscous-elastic single degree of freedom system, characterized by stiffness
ks and lumped mass ms = mdeck + 0.5∙mpier representing the mass of the deck and of the upper
half of the pier. The remaining mass of the pier is applied at the top of the caisson via a vertical
stress σz (0.5pier), to reproduce the stress state into the soil. Table 1 lists the adopted parameters
for the foundation soil where γ is the unit weight, c′ the effective cohesion, φ′ the angle of shear-
ing resistance, OCR the overconsolidation ratio and k0 the earth-pressure coefficient at rest.
Small-strain shear modulus G0 was computed using the empirical relationships proposed by
Hardin & Richart (1963) for the gravelly sand and by Rampello et al. (1995) for the silty clay.
In the 3D analyses, non-linear and irreversible soil behaviour was described trough HS small,

an elastic-plastic constitutive model with isotropic hardening and a Mohr-Coulomb failure criter-
ion. The model input parameters are given in Table 1: G0

ref and m were calibrated against the

Figure 1. Transversal section of a bridge considered in the parametric study.

Table 1. Mechanical properties assumed for the foundation soils and adopted in the HS small model.

Soil

γ c′ φ′ OCR k0 G0
ref m γ0.7 Eur

ref νur E50
ref Eoed

ref

(kN/m3) (kPa) (°) (-) (-) (MPa) (-) % (MPa) (-) (MPa) (MPa)

Gravelly sand 20 0 30 1.0 0.5 145.7 0.61 0.024 174.9 0.2 58.3 58.3

Silty clay 20 20 23 4.4÷1.5 1.1÷0.7 65.7 0.75 0.045 58.2 0.2 19.4 19.4
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small-strain shear modulus G0 provided by the above-mentioned empirical relationships, while
the shear strain γ0.7 and the unloading-reloading modulus E‘ur

ref were obtained to best-fit the
shear modulus decay and damping ratio curves assumed for the gravelly sand (Seed & Idriss,
1970) and the silty clay (Vucetic & Dobry, 1991), assuming a plasticity index IP = 25 %. Typical
values were assumed for the remaining model parameters: a Poisson ratio νur = 0.2 and elastic-
plastic moduli E′50

ref = E′oed
ref = E′ur

ref/3. In order to allow the relative sliding at the soil-caisson
contact to be reproduced, interface elements characterised by a purely attritive Mohr-Coulomb
failure criterion and a friction angle δ = tan-1[2/3tanφ‘] were adopted in the analyses.

The three seismic inputs adopted in the analyses were recorded during high-intensity earth-
quakes occurred in Italy and Turkey. Table 2 lists the main properties of the acceleration time
histories, where F is the scaling factor, which multiplies the horizontal acceleration, adopted
to reach the Arias intensity IA of the record of Tolmezzo, here taken as a reference, amax, inp is
the peak acceleration, Tm is the mean period (Rathje et al., 1998), expressing the frequency
content of the ground motion, and TD is the significant duration (Trifunac & Brady, 1975).
With respect to the first input, the second one differs in the mean period, while the third one
differs in the significant duration. Figure 2 shows the Fourier amplitude spectra (a) and time
histories of the Arias intensity (b).
In the parametric study 14 different deck-pier-caisson-soil systems were considered, character-

ized by two caisson diameters, D = 8 and 12 m, three caisson slenderness ratios, H/D = 0.5, 1
and 2, and three pier heights, hs = 15, 30 and 60 m. Geometric, mechanical and dynamic proper-
ties of the systems are given in Table 3. The flexural stiffness ks and masses mdeck and mpier repre-
sent simple and continuous-spanned highway and railway bridges, with span length ranging
between 40 and 110 m. These were selected to obtain given values of the static and pseudo-static
safety factor against bearing capacity, FSv = 5.5 and FSe = 0.7, respectively, these reproducing
conditions usually encountered in common practice (FSv) and promoting the activation of plastic
strains in the foundation soil close to the caisson (FSe), following Zafeirakos & Gerolymos
(2013). Safety factors were preliminary evaluated to design the model setup using classical bear-
ing capacity formula (Brinch Hansen, 1970; Froelich, 1936); pseudo-static loadings were com-
puted using a site-specific spectrum with the equivalent period of the systems, Teq, evaluated by
the empirical relationship of Tsigginos et al. (2008). Then, bearing capacity of the systems was re-
evaluated via the FE analyses by progressively reducing the strength parameters cʹ and φʹ by a
factor γM until a plastic mechanism was activated. For all the systems, the analyses provided
values of γM = 1/MF = τf/τm ≅ 3 in undrained conditions, that correspond to an average degree
of strength mobilisationMF ≅ 33 %.

Table 2. Main properties of the scaled seismic inputs.

Record

F amax, inp IA Tm TD

(-) (g) (m/s) (s) (s)

Tolmezzo E-W 1.00 0.316 1.17 0.50 5.220

Assisi E-W 2.00 0.332 1.12 0.24 4.295

Adana E-W 1.05 0.292 1.17 0.62 12.990

Figure 2. Fourier amplitude spectra (a) and time histories of Arias intensity (b) of the seismic inputs

considered in the parametric study.
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3D non-linear dynamic analyses were performed with the finite element code Plaxis 3D
(Brinkgreve et al., 2013) using the numerical model described by Gaudio & Rampello (2016).
After the drained staged of caisson construction and caisson and superstructure activation,
dynamic calculation was performed in terms of effective stresses but assuming undrained condi-
tion. The hypothesis of undrained soil response was verified following Zienkiewicz et al. (1980),
as a low soil permeability (k = 10-5 and 10-9 m/s for the sand and clay layers, respectively) and a
high frequency content of the seismic inputs (predominant frequency fp = 1.49 ÷ 5.55 Hz) were
considered in the analyses. A consolidation analysis was then carried out to allow the earth-
quake-induced excess pore water pressures to dissipate. A total of 42 dynamic analyses were per-
formed where 14 systems (Table 3) were subjected to three input motions each (Table 2).

3 INFLUENCE OF SOIL PLASTICITY ON THE SEISMIC BEHAVIOUR

It is well known that inelastic and dissipative soil behaviour implies a reduction of the inertial
forces transmitted to the superstructure. Figure 3 shows the peak values of the horizontal
acceleration computed at the deck level in the 3D analyses, amax, deck, compared to the spectral

Table 3. Geometric, mechanical and dynamic properties of systems considered in the parametric study.

D H/D hs ks mdeck mpier ms Teq

(m) (-) (m) (MN/m) (Mg) (Mg) (Mg) (s)

8 0.5 15 10.1 1278.0 196.7 1376.4 3.22

1 30 11.8 1500.3 217.2 1608.9 2.95

60 6.2 698.6 1018.9 1208.1 3.59

2 15 102.4 2115.4 112.0 2171.4 1.26

30 46.9 1804.8 422.6 2016.1 1.80

60 20.8 1162.4 1065.0 1694.9 2.47

12 0.5 15 106.4 3445.1 113.2 3501.7 1.76

30 37.7 3173.5 384.8 3365.9 2.76

60 19.8 2159.0 1399.3 2858.6 3.62

1 15 169.3 4160.5 134.6 4227.8 1.43

30 78.7 3806.0 489.2 4050.6 2.06

60 29.9 2841.1 1454.0 3568.1 3.05

2 30 411.2 4986.9 904.2 5439.0 1.26

60 192.3 2374.3 3156.8 4132.7 1.61

Figure 3. Peak horizontal acceleration at the deck level and free-field elastic spectra computed at the

ground surface with the linear-equivalent (L.E.) method.
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accelerations obtained by 1D free-field response analyses performed with the linear-equivalent
method: this comparison was made to observe the decrease of acceleration transmitted to the
deck caused by soil plasticity. Results are plotted as functions of the ratio T/T0, where T0 is
the fundamental period of the soil column obtained from 1D free-field analyses carried out
adopting the HS small model. It is worth mentioning that this definition of T0 allows the
period shift caused by the accumulation of plastic strains in free-field conditions to be taken
into account. Values of the period T0 = 1.15 s, 1.03 s and 1.33 s were calculated for the input
of Tolmezzo, Assisi and Adana, respectively. The deck-peak values amax, deck are plotted at
the equivalent period T = Teq computed from the 3D dynamic analyses (Gaudio & Rampello,
2019). If the inelastic soil behaviour is not involved, and disregarding the kinematic effects,
here of minor relevance, data points would lay on the relevant spectrum. However, this only
occurs for high values of the ratio T/T0 (> 2), that is for flexible systems (tall piers and shallow
caisson foundations). Conversely, for values of T/T0 of 0.8 to about 1.5, that is when dynamic
soil-system coupling is not negligible, the peak values of amax, deck are lower than the relevant
spectral accelerations. Maximum differences are observed for the seismic inputs of Tolmezzo
and Adana, whose mean period is close to the second eigen-period of the soil (T1 ≈ 0.50 s),
while for the Assisi input the deck acceleration plot on the relevant elastic spectrum, this indi-
cating a minor influence of soil plasticity.
Influence of soil plasticity on the seismic performance of the system then depends on the

period ratio Teq/T0, being more pronounced for values Teq/T0 ≈ 1. This outcome is confirmed
by the contours of (Δu-Δp)/pʹ0 depicted in Figure 4a and c, where Δu and Δp are the excess
pore water pressure and the mean total stress computed at the end of seismic shaking pro-
duced by the input of Tolmezzo, while pʹ0 is the initial mean effective stress; they refer to the
stiffest (H/D = 2, hs = 30 m, Teq/T0 = 0.86) and the most flexible (H/D = 0.5, hs = 60 m, Teq/T0

= 3.37) systems amongst those with D = 12 m. Since dynamic analyses were performed assum-
ing undrained conditions, this quantity would be null if soil behaviour is described by a linear
elastic model. Therefore, the ratio (Δu – Δp)/p‘0 detects the volumetric-deviatoric coupling

Figure 4. Contours of excess pore water pressures due to volumetric-deviatoric coupling computed at

the end of the seismic shaking, normalised to the initial mean effective stress, and time histories of dimen-

sionless caisson settlements, for the stiff (a–b) and flexible (c–d) system (D = 12 m); input of Tolmezzo.

2578



occurring when soil plasticity is involved; it also provides the reduction of shear strength, Δqf,
caused by the excess pore pressures Δu:

Δqf

M � p00
¼

Δu� Δp

p00
ð1Þ

where M is the slope of Mohr-Coulomb criterion in the q-p′ plane.
For the stiff system, higher values of (Δu – Δp)/p‘0 were computed, reaching 1.0 near the

edge of the caisson base and 0.4 under the base. On the contrary, almost null values were com-
puted for the flexible system, this indicating a minor influence of non-linear and irreversible
soil behaviour. Volumetric-deviatoric coupling results in cumulated caisson settlements as
depicted in Figures 4b and d; the settlement calculated for the stiff system (w/D ≈ 0.54 %) was
indeed about twice the one computed for the flexible system (w/D ≈ 0.30 %).

4 COMPARISON WITH COMPANION 3D VISCOUS-ELASTIC ANALYSES

The results of the non-linear analyses were compared to companion analyses in which the foun-
dation soils were assimilated to a linear viscous-elastic medium. In these analyses, soils were
assigned operative values of the secant parameters (shear modulus G and damping ratio ξ) com-
puted in preliminary 1D free-field site response analyses carried out with the linear-equivalent
method. Figure 5 shows some results obtained for the same systems considered in Figure 4.
The results were calculated adopting both the HS small and the linear viscous-elastic model;
they are plotted in terms of time histories of deck-drift ratio urel/hs and normalized bending
momentMs/Ms, lim. The deck drift ratio urel/hs is defined as

urel

hs
¼

udeck

hs
�

ucaisson head

hs
¼ tan θþ

uflex

hs
ð2Þ

where udeck and ucaisson head are the horizontal displacements evaluated at the deck level and
at the top of the caisson, respectively, θ is the angle of rigid rotation of the caisson and uflex is

Figure 5. Time histories of the deck drift ratio and normalised bending moment at the top of the cais-

son (D = 12 m) evaluated through the HS small and linear viscous-elastic model, for the stiff (a – b) and

flexible (c – d) systems, subjected to the input of Tolmezzo
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the flexural displacement of the pier, that is the displacement related to its stress state. In the
moment ratio, Ms, lim represents the moment for which bearing capacity is attained under the
superstructure weight and the horizontal load Qs = Ms/hs. The limit moment was evaluated
via undrained pushover analyses: Ms, lim = 710.5 and 134.5 MN∙m were computed for the stiff
and the flexible systems, respectively.
For the rigid system (Teq/T0 = 0.86, Figures 5a-b) the linear viscous-elastic model pro-

vides peak values of deck-drift ratio urel/hs and normalised bending moment Ms/Ms, lim

much higher than those calculated using the HS small constitutive model, this confirm-
ing that linear elasticity cannot profitably be used for assessment of seismic performance
in this case. Moreover, as expected, linear viscous-elastic model cannot capture the slight
increase in the equivalent period Teq computed during the strong-motion phase (located
in the time frame t = 6 ÷ 11 s).
On the contrary, for the flexible system (Teq/T0 = 3.37, Figures 5c-d) linear viscous-elasticity

provides a fair evaluation of the seismic performance both in terms of peak deck-drift ratio
and normalized bending moment. No permanent displacements were also calculated in the
non-linear analysis, thus making linear elasticity appropriate for evaluating the seismic per-
formance of this system. Furthermore, time histories are adequately reproduced as well, in
that no increase of the equivalent period is observed in the non-linear analysis. At the end of
seismic shanking, time histories computed by both the constitutive models overlap, this con-
firming the capability of the operative values of secant stiffness parameters, derived in free-
field conditions with the linear-equivalent method, of correctly representing soil behaviour for
the case at hand.
The ratio between the peak values obtained with linear elasticity to the ones computed

assuming an elastic-plastic soil behaviour (HS small) was evaluated in terms of deck drift
urel and bending moment Ms, to detect the range of period ratio Teq/T0 where linear elasti-
city can be deemed appropriate for evaluation of seismic performance. For the cases pre-
sented in Figure 5, the ratio│urel│max,elastic/│urel│max,el.-plastic = 1.57 and 1.01 for the stiff
and flexible system, respectively, while the ratio │Ms│max,elastic /│Ms│max, el.-plastic = 2.45
and 1.56. These ratios were evaluated for the remaining systems as well, as shown in
Figure 6 for systems characterised by a caisson diameter D = 12 m subjected to the Tol-
mezzo input. They decrease rapidly as the period ratio Teq/T0 increases, from their maxima,
attained for Teq/T0 ≈ 1, to their minima, approached for Teq/T0 ≈ 2, consistently with the
results shown in Figure 3. Specifically, the maximum displacement ratio is equal to 2.83,
while the maximum moment ratio is equal to 2.65. Again then, dynamic coupling is relevant
for Teq/T0 = 0.8 ÷ 1.5, where average overestimates of linear viscous-elastic soil modelling is
equal to 2.44 for maximum relative displacement urel and about 2.0 for maximum bending
moment Ms at the base of the pier, while it is negligible for Teq/T0 ≈ 2, for which assumption

Figure 6. Ratio between peak values of the deck drift and bending moment obtained using the linear

viscous-elastic and the HS small models (D = 12 m, input of Tolmezzo).
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of linear elasticity provides overestimates of about 1.1 and 1.4 for maximum displacement
and bending moment, respectively.

5 CONCLUSIONS

Seismic performance of caisson foundations supporting long-span bridge piers is usually
assessed through simplified models developed in the realm of linear viscous-elasticity. How-
ever, when subjected to strong-motion seismic events, the irreversible and hysteretic soil
behaviour plays a fundamental role in the seismic performance of these systems, this indicat-
ing that the usually-adopted substructure method cannot be deemed adequate in this context.
The results of the parametric study presented in this paper permitted to detect the range of the
period ratio between the flexible-base system and the soil column, Teq/T0, in which soil plasti-
city effects are remarkable resulting in lower deck-drift ratio and bending moment transmitted
by the superstructure to the caisson. Specifically, for period ratios Teq/T0 of 0.8 to 1.5 a linear
viscous-elastic soil modelling would lead to a large overestimation of the peak deck-drift urel
and bending moment Ms, that result up to about 2.8 and 2.7 times higher the corresponding
values computed assuming an elastic-plastic soil behaviour. The maximum overestimation is
obtained close to the dynamic coupling between the whole soil-foundation-superstructure
system and the soil column, that is for Teq/T0 ≈ 1. For these systems a macro-element
approach could be profitably used as an alternative to 3D FE dynamic analyses to account
for the effects of plasticity strains induced in the foundation soil during seismic shaking. The
results discussed in this paper provide some insights in the limits of assuming an elastic soil
behaviour, as usually done in engineering practice, and also provide a guide for a more con-
scious use of simplified tools as the substructure method.
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