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ABSTRACT: This paper presents the influence of vertical ground motions on seismic
response of soil-pile-superstructure systems for tall and short superstructures. The results are
compared with the traditional statement, which is applied horizontal ground motion only. An
advanced multi-surface soil plasticity model is implemented in a 3D finite element model to
reveal large deformations in soil under strong ground motions. Nonlinear horizontal and ver-
tical site response analysis is conducted to achieve free-field response and compare with
numerical analyses. Ground motion selection is utilized by using V/H ratio, source distance
and magnitude criteria and more than 98 records are selected to implement in the nonlinear
time-history analysis. The influence of coupling horizontal (HC) and vertical components
(VC) on pile-cap displacement is presented in term of bending moment variation for pile
group. The results indicates that the lowest effects of VCs on maximum bending moment ratio
in the pile group can be visible for a period ratio between 0.83 and 1.7.

1 INTRODUCTION

Most of previous studies on seismic response of pile foundations have ignored the effects of verti-
cal ground motion (Vertical Component-VC) and they have considered only the Horizontal Com-
ponent (HC) of ground motions for soil-pile-superstructure systems consequently. According to
Eurocode8 (Standard 2005), the influence of VC should be taken into account for bridge that are
located within 5 km from an active fault. Therefore, investigation on the coupling effects of seis-
mic actions on critical damage parameters for bridges, as a soil-pile-bridge system, is required to
achieve more accurate results. Former studies obviously have shown that the suggested spectral
acceleration ratio by some seismic codes for short period ratio have been underestimated for verti-
cal ground motion and V/H ratio in the near-fault regions needs to be modified significantly
(Elnashai and Papazoglou 1997; Elgamal and He 2004; Ambraseys and Simpson 1996). Seismic
response of different bridge types under vertical motion was explored by other researchers, which
have indicated that significance of VC on damage parameters is not negligible. It has been shown
that the PGA ratio and time lag (arrival of PGA for HC and VC) effects on damage parameters
in piers have significant variation, almost 30% for shear capacity due to a large portion of the
created axial load by VC. In addition, the authors studied the response of four scaled RC bridges
columns under VC (Kim, Holub and Elnashai 2011). The influence of VC is not limited to axial
forces in the columns, as bending moments and axial forces of bridge bearing may alter signifi-
cantly (Wang, Dueñas-Osorio and Padgett 2013). In addition, the authors have investigated the
SSI (Soil-Structure Interaction) effects on damage parameters by considering VC in the frame-
work of frequency function at higher modes of structure, which has shown a shift in natural
periods due to the VC. The effects of VC including SSI may change the direction of the created
bending moments to be opposite to those moments under dead loads (Kunnath et al. 2008).
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Studies on seismic response of pile foundations incorporating VC effects have seldom been con-
ducted. Due to complexity in combining SV and P waves and their effects on pile groups and soil-
pile-structure interaction, only a few studies have been reported. Seismic response of pile groups
to P and SV waves was investigated based on a numerical model (boundary integral nature) on a
half-space by (Kaynia and Novak 1992). A macro-element model for piles under simultaneously
applied lateral and vertical quasi-static loads has been presented by (Rha and Taciroglu 2007)
that incorporated frictional forces and gap opening at the pile-soil interface. An analytical study
based on dynamic Winkler foundation for a single pile has shown that the vertical motion of pile
head was smaller than a free-field motion for the corresponding system (Mylonakis and Gazetas
2002). The effects of P and SV waves on inertial interaction for a 3 by 3 pile group was widely
investigated by BEM-FEM model (Zarzalejos et al. 2014). The results have indicated that pile-to-
pile interaction effects on bending moments in piles due to kinematic interaction are not negligible
for P and SV waves. In addition, for the small incident angles (lower than critical one), the benefi-
cial role of SV waves compared with vertical waves; cause a significant reduction in yield bending
moment for piles. In this paper, a 3D FE model is employed to investigate the coupled effects of
VCs and HCs of a strong ground motions on the critical damage parameters in pile and super-
structure. Seismic response of soil-pile-superstructure system under coupled components (VCs
and HCs) are explored by demonstrating the variation of engineering demand parameters with
intensity measures for selected-strong-motion.

2 MODELLING

A three-dimensional plasticity constitutive model with the vanished elastic region was intro-
duced by (Borja and Amies 1994) for non-liquefied soils. Despite of other bounding surface
models, their model cam be calibrated by a few practical parameters. This model has been
developed and validated with1D nonlinear site response analysis and then it has been imple-
mented to investigate the soil-structure interaction effects for underground structures under
HCs of ground motions (Zhang, Esmaeilzadeh Seylabi and Taciroglu 2017). In this study, a
3D FEM model is implemented to obtain free-field response of soil deposit under cyclic and
seismic loads. C3D8, 8-node linear brick elemnts are used to model soil deposit which is
located in the middle area and surrounded by four infinite element blocks (CIN3D8) serving
as non-reflecting boundaries (Figure 1).
1D nonlinear site response analysis is applied by DEEPSOIL (Hashash et al. 2016) to validate

accuracy of constitutive law under a ground motion, Bam (2003), and 5% damped spectral accel-
erations for horizontal and vertical components of Bam input motion are selected. Free-field sur-
face response shows that the adopted constitutive model has a good agreement with
DEELSOIL, which is according to the extended loading-unloading Masing rules (Figure 2).
Structural and material characteristics of piles and superstructures shows in Table 1. Fontaine-
bleau sand with properties: dry unit weight 15.84; Poisson’s ratio 0.25, relative density 80% and
friction angel 39 is implemented in this study. Structural and material characteristics of piles and
superstructures shows in Table 1. Fontainebleau sand with properties: dry unit weight 15.84;
Poisson’s ratio 0.25, relative density 80% and friction angel 39 is implemented in this study.

Figure 1. FEM Model
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Many researchers have investigated on capability of the FE models for soil-pile systems
under typical HCs but the rare studies have discussed for the same systems under P-waves.
Two different numerical methods are implemented to investigate the FE model efficiency
under vertical ground motions. Firstly, a simplified analytical solution is based on frequency
domain which confirmed that infinite elements are able to observe SV and P-waves for far-
field regions without reflection. In addition, an adopted site response analysis for vertical
ground motion is implemented (Tsai and Liu 2017) which, investigates on constrained modu-
lus degredation and damping ratio curves for compressional wave propagation. Accordingly,
a simple vertical cyclic load was applied to the base of the model for different series of

Figure 2. Free-field motion- 1D nonlinear site response analysis and constitutive model results under

the horizontal component of the earthquake

Table 1. General soil properties
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frequency and amplification for the soil surface was obtained by FE model. Then, to compare
the obtained motion amplification from FE model, an analytical solution was applied, as
shown in Eq. 1, (Kramer 1996; Kjørlaug and Kaynia 2015).

F ωð Þj j ¼
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cos2ðHω=VpÞ þ ξðHω=VpÞ
� �2

q ð1Þ

Where Vp denote P-wave velocity, H is soil layer depth ωis the angular frequency of vertical exci-
tation and ξis hysteresis damping ratio for soil. The computed amplifications from Eq. 8 were
compared with FE model and, the accuracy of applied infinite boundary elements were validated.
It should be noted that the above-mentioned analytical solution is only capable of considering

a uniform damped soil deposit with constant hysteretic damping ratio. Therefore, to validate soil
nonlinearity effects in the numerical model, a site response analysis is required for vertical
ground motion to explore stiffness degradation and hysteretic damping curves. A common engin-
eering practice is to substitute the P-wave velocity with the shear wave velocity in site response
analyses. However recent studies (Bozorgnia and Campbell 2016; Bradley et al. 2014; Stewart
et al. 2016) have indicated that free-field motions are different for vertical and horizontal compo-
nents of strong ground motions because of different nonlinear behaviour for horizontal and ver-
tical directions. In this study, a general procedure is presented to conduct equivalent-linear site
response analysis in the nonlinear framework for vertical direction to validate FE numerical
model that is capable of exploring stiffness degradation and hysteretic damping curves.
It is not very precise under general conditions when P-wave velocity is substituted by shear

wave velocity in the dynamic site response analysis. In other words, it would be ideal to use
stiffness degradation and damping ratio curves, which are obtained for horizontal excitations,
in the vertical site response analysis. Two significant modifications are required to replace Vp

with Vs in the dynamic site response analysis: modification of shear stiffness degradation-damp-
ing ratio curves and modification of Vp in the soil profile. Since dry sand is used in this study,
replacing the “constrained modulus degradation,M=Me, vs normal strain” curves with “shear
modulus degradation, G=Ge, vs shear strain” has adequate accuracy for an equivalent-linear
site response analysis in the vertical direction by considering soil nonlinearity (Tsai and Liu
2017). Me, constrained modulus, can be simply obtained from Ge for corresponding depth:

Me ¼
2Ge 1� �ð Þ

1� 2�ð Þ
ð2Þ

Therefore, reduction curves of constrained modulus, which are similar to G=Ge and ζ ,
as shown in Figure 3a, were used in the FE model to predict the vertical response of
vertical ground motions due to the above-mentioned explanations. Amplification ratio

Figure 3. (a) Constrained modulus degradation and damping ratio curves for soil profile for different

depths (b) site amplification ratio under vertical component- Bam earthquake (2003)
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(the normalized free-field response per input motion) for vertical ground response is pre-
dicted by the numerical study, which is almost consistent with the equivalent-linear ana-
lysis (Figure 3b).

3 GROUND MOTION SELECTION FOR NONLINEAR TIME-HISTORY ANALYSIS

The high-frequency content of VCs may coincide with vertical period of superstructures in the
higher modes and large amplification maybe visible for short period of superstructures (Elna-
shai and Papazoglou 1997; Kim, Holub and Elnashai 2011). It should be noted that 98% of
ground motions recorded have V/H ratios lower than 2, as evident from the dataset that
includes 21,000 ground motions recorded by the Pacific Earthquake Engineering Research
Center (PEER), Next Generation Attenuation project database (NGA), strong motion data-
base http://peer.berkeley.edu/smcat.
The design line based on seismic codes for VCs as shown in Figure 4a, have suggested to

use 2/3 of PGA(H) for vertical records. All 21000-recorded motions from all earthquake
around the world have collected here and it should be noted that more than 95% of these
record has different value for V/H ratio. Therefore, for complex superstructures, especially
bridges, in the high seismic zone an exact study is required to explore seismic response under
both horizontal and vertical components. To ground motion selection for nonlinear time his-
tory analysis, there are some assumptions in this study.
There is no time interval between VCs and HCs when the source distance is less than 10 km.

For some reasons such as such as, earthquake magnitude, site conditions, wave path, source
distance, and fault distance cause the VCs to arrive earlier than the HCs and there is a time
interval between the ground motion components. For source distance less than 5 to 10 km,
there’s a negligible effect for time interval as investigated by other researchers (Collier and
Elnashai 2001; Kalkan and Graizer 2007). The significance and distribution of source distance
on V/H ratios for high magnitude earthquakes are more visible for 1084 selected data (from
50 earthquake events), as shown in Figure 4b, when comprehensive dataset on Figure 4a was
filtered by PGA(H)≥0.1g and magnitude earthquakes more than 6. It is observed that more
than 80% of the records have V/H ratios lower than 2, for source distance less than 15 km and
6≤Mw≤7.5, as shown in Figure 4b by the coloured cube.
The variation of engineering demand parameters for structural elements in the pile and

superstructure with IM for strong VCs are almost vague; hence, the selection of strong events
with high PGA in the vertical direction are aimed in this study. To investigate soil-pile-super-
structure interaction effects under strong coupling of VCs-HCs of ground motions, the PGA
for HCs was limited to a minimum 0.5g, and a subset of 1084 records have been limited to 95
(≈9% of the subset) strong ground motions. According to this, a few near-field region ground
motions have been characterised by V/H ratios more than one, and due to consistency with

Figure 4. (a) V/H peak distribution with source distance for 21,000 records; (b) statistics of magnitude

and source distance with peak V/H for PGA(H) ≥ 0.1g according to 1084 records
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rest of the strong records, 5 records were selected with the ratio V/H≥ 0.5. The earthquake
events includes: Loma Prieta-Corralitos (LPC); Victoria- Cerro Prieto (VCP); Northridge-01-
Sylmar - Olive View Med (NSO); Landers-Lucerne (LL); Christchurch- Heathcote Valley
School (CHVS). Predominant periods of the selected ground motions include a wide range of
values to generalise outcomes of this study.

4 PILE FOUNDATION- COUPLING EFFECTS

4.1 Pile-cap displacement-bending moment

Investigation on optimal damage parameters with intensity measures in the piles has been
done by other researchers (Bradley et al. 2009; Wang, Shafieezadeh and Ye 2018), however,
they have only considered the horizontal ground motion. The correlation of maximum bend-
ing moment throughout the pile with pile cap displacement with considering the vertical
ground motion is presents here. Almost 250 nonlinear time history analysis have been con-
ducted for different soil-pile-superstructure systems (short and tall superstructures) to investi-
gate on pile-cap displacement, as a critical damage parameter under strong ground motions.
As shown in Figure 5, there is a relative poor coronation for pile-cap displacement and

maximum bending moments in piles, both tall and short superstructures. Due to possible
more internal interaction and VCs effects on system, more visible coronation were obtained in
the tall superstructure case.

Figure 5. Pile- cap displacement and maximum bending moment correlation for coupling HC and VC

effects in pile under 98 strong ground motions for (a) Short Superstructure (b) Tall Superstructure

Figure 6. Variation of maximum bending moment ratio vs. period ratio for different V/H ratio in the

pile for tall superstructures; (a) V/H=0.5, 1, 1.5; (b) V/H=2, 2.5, 3
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4.2 Pile bending moment

To design pile foundations purposes under combination of seismic load in the high seismic
zones, more curves that are practical are required to predict seismic response of pile founda-
tions. The variation of maximum bending moment with period ratio (fundamental period of
superstructure per predominant period of ground motion) are explored for different PGA (V/H)
ratios. As shown in Figure 6, the lowest effects of VCs on maximum bending moment ratio in
the pile group can be visible for a period ratio between 0.83 and 1.7. The results show the bend-
ing moment ratio (MH+V: bending moment in the pile under coupling VCs and HCs, MH:
bending moment under HCs only), increase to 5% and 30% for V/H=0.5 and 3, respectively.

5 CONCLUSION

A novel procedure incorporating numerical investigation through direct FEM has been devel-
oped and applied to evaluate the coupling effects of strong VCs and HCs on soil-pile-super-
structure systems for dry sand. An advanced bounding multi-surface plasticity model is
adopted to simulate nonlinear behaviour in soil. for soil The vertical site response analysis is
conducted to explore the efficiency of the used modelling technique for P and SV waves.
Although variation of maximum bending moment in the piles with period ratio are more sig-
nificant for high V/H ratio in the tall superstructure, the influence of VCs on maximum bend-
ing moment are negligible for the period ratio between 0.83 and 1.75. Totally more
experimental studies will be required to confirm the detremental effects of strong ground
motion in the vertical directions for pile foundations.
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