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ABSTRACT: Differential settlement is one of the key causes of damage to buildings on liquefiable soil deposits. Although
important technical developments in geotechnical earthquake engineering have provided significant insights into the
performance of buildings on liquefiable soil, the current solutions for the mitigation of the associated damages are based on
expensive mat foundations. While buildings with isolated footings are unexpensive, they are more susceptible to differential
settlements. Differential settlement can not only make a building unusable and irreparable, but also introduce large stresses
into a building that can result in damage and collapse of the superstructure. The main objective of this work is to investigate
the key parameters that influence building differential settlements and tilting through nonlinear effective stress fully-coupled
dynamic numerical simulations in PLAXIS-2D®. In this paper, 1-bay and 2-bays buildings on a mat foundation will be
compared with an equivalent building on isolated footings.

RESUME: Le tassement différentiel est I'une des principales causes de dommages aux batiments sur des dépots de sols
liquéfiables. Bien que d'importants développements techniques dans l'ingénierie géotechnique sismique aient fourni
connaissances significatives sur la performance des batiments sur des sols liquéfiables, les solutions actuelles pour atténuer
les dommages associés reposent sur des cotteuses fondation en radier. Alors que les batiments avec des semelles isolées
sont peu coliteux, ils sont plus susceptibles aux tassements différentiels. Le tassement différentiel peut non seulement rendre
un batiment inutilisable et irréparable, mais également introduire de grandes contraintes dans un batiment qui peuvent
entrainer des dommages et I'effondrement de la superstructure. L'objectif principal de ce travail est d'étudier les paramétres
clés qui influencent les tassements différentiels et l'inclinaison des batiments par simulations numériques dynamiques, non
linéaires, contraintes effectives et entieérement couplées dans PLAXIS-2D®. Dans cet article, les batiments a 1 et 2 travées
sur une fondation en radier seront comparés a un batiment équivalent sur des semelles isolées.
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1 INTRODUCTION

Earthquake-induced liquefaction can lead to
significant damage in buildings and huge economic
and social costs to communities. Although important
technical achievements in liquefaction mitigation have
been accomplished in the last decades in the field of
earthquake geotechnical engineering, significant
damage still occurs in seismic areas around the world.

Settlements and tilting of structures that are not
supported by deep foundations are the main types of

liquefaction-induced  damage  (Yoshimi  and
Tokimatsu, 1977; Acacio et al., 2001) and, due to that,
several methodologies have been developed to study
the performance of buildings with shallow foundations
on liquefiable soil deposits (Yoshimi and Tokimatsu,
1977; Liu and Dobry, 1997; Karamitros et al., 2013;
Millen et al., 2018; Viana et al., 2018). These
methodologies have been based on field observations,
centrifuge experiments, numerical simulations, or a
combination of them.
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The ability to easily vary key parameters within a
numerical simulation has led to several new
approaches to estimating the settlement of raft
foundation buildings (Karamitros et al., 2013; Bray
and Macedo, 2017). These new approaches have
focused on the settlement of buildings with strong mat
foundations while buildings with isolated footings,
which represent a large part of the European building
stock, are more susceptible to differential settlements.

This work intends to analyse the performance of
isolated footings compared to mat foundations to start
investigating more complex systems and provide key
insights for extending the existing methods to estimate
settlements in the future. This comparison was
performed in PLAXIS-2D a finite element software,
through nonlinear dynamic soil-structure interaction
effective stress analyses.

2 DESCRIPTION OF THE NUMERICAL
MODEL

Two identical soil profiles were modelled using two
different buildings, one with a mat foundation
(Building 1) and the other with isolated footings
(Building 2) as shown in Figure 1. Both buildings were
modelled considering 1-bay (with two columns) and 2-
bays (with three columns).

Building 2

Building 1

| 20m

< »
< L

120m
Figure 1. Numerical model with mat foundation and
isolated footings for 2-bays buildings.

The finite element sizes were defined using the
automated meshing algorithm selecting a ‘Fine’ mesh.
Additionally, mesh refinement was adopted below the
building. The soil profile was 20 m deep and the total
model width was 10 times the building width, the
lateral boundaries were tied together and the base
boundary was a compliant base (absorbing) where the
Northridge-01 motion in Figure 2 was entered as a
horizontal displacement. This motion was recorded at
the LA-Baldwin Hills station and was obtained from
the NGAWest database. A scale factor of 1.22 was
used to achieve a PGA of 0.612g to fit the acceleration
response spectra of the selected ground motion with
the acceleration response spectra of the reference
seismic design action defined by the Portuguese
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National Annex to Eurocode 8 (PNAECS) for the
Greater Lisbon region.
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Figure 2. Input motion time series.

The soil profile consisted of a top layer of 2 m thick
clay (L1), a4 m thick liquefiable sand (L2) and a 14 m
thick clay on the bottom (L3). The ground water table
was set at 2 m. Prior to the dynamic loading phase, soil
layers were modelled using the Hardening Soil (HS)
constitutive model for the definition of initial stress
states and the subsequent structural loading phases.
The soil model for the liquefiable layer was switched
to the PM4Sand constitutive model when the dynamic
loading phase started. The parameters defining the HS
model for the soil layers are listed in Table 1. Rayleigh
damping was set at 2% at 0.5 Hz and 10 Hz to mitigate
numerical instability. The type of calculation used in
PLAXIS was a dynamic analysis with consolidation.

Table 1. Input parameters of the HS model.

Parameter L1 L2 L3
H (m) 2 4 14
y (kN/m?) 15.6 19.6 20.2
ey 0.70 0.65 0.60
Eso? (kN/m?) 108x10° 99x103 540x10°
Eoed (KN/m?) 108x10° 99x10° 540x10°
E,¥ (kN/m?) 324x10° 296x103 1620x103
m 1.0 0.5 1.0
Cref 40 0 200
@ 0 33 0
k (m/s) 1x107 1x107° 1x107°

The liquefiable layer was also assigned the
additional PM4Sand properties of relative density of
D,=50%, normalised shear modulus of G,=611, and
contraction rate parameter, /,,~0.25 (Boulanger and
Ziotopoulou, 2017). The contraction rate parameter
was calibrated by performing numerical element tests
using the subroutines provided by the authors of the
PM4Sand model and adjusting the parameter to obtain
a cyclic resistance ratio (CRR) of 0.126 for 15 cycles
(15 cycles represent an earthquake with a magnitude
of 7.5). The CRR value was estimated based on the
relative density.
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The height of the structure was 6 m and the bay
length was 6 m, resulting in a total building width of
12 m. The beams and columns of the building were
0.45 m x 0.45 m. The foundation was located at a
depth of 1 m. The footings of building 2 were 1 m
length. A distributed load of 59.3 kN/m was applied in
the beams and no self-weight or load was added to the
columns and foundation elements. The structural
elements were modelled as ‘Plate’ elements, which
can only simulate elastic behaviour. They were
modelled with the provided dimensions and a Young’s
modulus of 28 GPa. The secant-to-yield stiffness of the
beams and columns was modelled according to the
proposal of Haselton et al. (2016), which reduces the
gross stiffness to simulate the effect of cracking and
accounts for the axial force level. The secant-to-yield
stiffness of the members considered was 50% of their
gross stiffness. The interface between the base of the
foundation elements and surrounding soil was fixed.
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Figure 3. Comparison between the two I1-bay buildings
numerical models: (a) excess pore pressure ratio in the
middle of the liquefiable layer in free-field; (b) settlements

at columns,; and (c) maximum angular distortion.
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3 RESULTS

1-bay and 2-bays buildings were modelled to analyse
two different configurations of buildings, with mat
foundation and isolated footings.

Figure 3 presents the results obtained from 1-bay
building models and Figure 4 from 2-bay buildings
model. In Figure 3(a) and Figure 4(a), the pore
pressure ratio in the middle of the liquefiable sand
layer for free-field conditions is shown. In both cases
the pore pressure build up reached a state of total
liquefaction at near 6 seconds.

When 1-bay buildings were modelled, Figure 3(b)
shows that the total settlements in the building with
mat foundation are higher when compared with the
building with isolated footings, but the maximum
angular distortion is similar using both types of
foundations as observed in Figure 3(c).
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Figure 4. Comparison between the two 2-bay buildings
numerical models: (a) excess pore pressure ratio in the
middle of the liquefiable layer in free-field; (b) settlements

at columns; and (c) maximum angular distortion.

When 2-bay buildings were modelled, Figure 4 (b)
shows that the total settlements in the building with the
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mat foundation are higher in the external columns
(1 and 3) but almost the same in the central column
when compared with the building with isolated
footings. When the mat foundation was used the
column on the left and the central column settled the
same and more than the column on the right. When
isolated footings were used the central column settled
more than the external columns. Also, Figure 4 (c)
shows that the maximum angular distortion is much
greater when isolated footings were used.

If both buildings, 1-bay and 2-bays buildings, with
mat foundation are compared, the external columns
had more settlements when 1-bay building was
modelled. Regarding the buildings with isolated
footings, the external columns also had more
settlements when 1-bay building was modelled.

A recent simplified approach (Bray and
Macedo, 2017) that was developed for structures with
mat foundation was used to estimate the settlements
and compare them with the maximum settlement from
numerical analyses. Foundation settlements of 0.024
m and 0.021 m were obtained for mat foundation
buildings with 1-bay and 2-bay respectively. These
settlements are very low when compared with the
numerical results. If the simplified approach is used
just considering the load in each footing, average
values of 0.119 m and 0.140 m were obtained for
buildings with 1-bay and 2-bay respectively. These
settlements are similar with the numerical results.

4 CONCLUSIONS

This work provides the first key insights for extending
the existing methods considering more complex
systems such as buildings on shallow isolated footings.
The numerical models presented in this paper allowed
to observe the difference between total settlements and
differential settlements when mat foundations and
isolated footings are used. The results also showed the
importance of considering the number of footings in
the settlements of a building. The future analyses to
complement this work should include additional
parameters to quantify the mechanisms related to
isolated footings, such as stiffness of the building and
footing spacing.
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