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ABSTRACT

Widespread damage within urban centres (e.g. in the 2Qirist€urch Earthquake) has
highlighted the need to better understand the seismic stristilgructure interaction (SSSI)
between closehgpaced adjacent building structures. In this papeh sieraction will firstly be
investigated for one single and two identical adjacent model bgikiictures on neliquefiable
soil, using a combination of dynamic centrifuge modelling and-limear elasteplastic Finite
Element (FE) modelling. After validating the FE approach against the ceyetriést data, it is
subsequently used within a MorBarlo approach to simulate response under a range of 20
different input motions of differing spectral characteristics, at a rahgkaking strengths. T#i
will demonstrate the sensitivity of the observed SSSI behavioue toplat motion characteristics.
Finally, this set of results will be interpreted in a probabilistic sensenwunstrate how the effects
of SSSI may be incorporated withta Performane-Based Earthquake Engineering framework.

Introduction

Despite recent advances in understanding seismistsodture interaction over the last 50 years,
comparatively little is known about the structis@l-structure interaction (SSSI) that will occur
between adjacent structures during earthquakes. Thetefdf SSSI may be detrimental on
structural response compared to the conventional case of an isolated estiarctbey may have
a beneficial, protective effect. If the former is true, it is important to be algaaotify such
effects to better undstand the risk posed to structures in urban areas and be able to mitigate this.
If the latter is true, there may be as yet unexplored avenues in seismesdignt desigrio be
discovered, where the grouping and relative dynamic properties of adgicestires may be
selected to obtain maximum benefit from the SSSI. In this paper the effect ofaaerad)
identical structure will be investigated using centrifuge modelling to validateemcal Finite
Element Modelling (FEM), before this is subsequently used to undertake KZarte
simulations and provide insight into the potential effects of SSSI on the seisponse of a
structure and its foundations.

Centrifuge Modelling

The results of two centrifuge tests are reported hdaest PM004 condered a single, isolated
structure, while test PM006 considered two adjacent structeaes,identical to that used in

'Senior LecturerDiv. of Civil Engineering University of DundegDundee UK, j.a.knappett@dundee.ak.
’PhD studentDiv. of Civil Engineering University of DundeeDundeg UK, p.madden@dundee.ac.uk
3Graduate EnginegArup, Edinburgh, UKkarlis.caucis@arup.cofformerly University of Dundee)
*Msc studentDiv. of Civil Engineering University of DundegDundee UK, y.gu@dundee.ac.uk




PMO004 with 1 m of clear space between the edges of the foundations of the adjacentestructur
This section will describe the modelling procedures; results are summarisedn |atigect
comparison to the FEM. In each case the subsoil profile and sequence of input metens
kept the same. Both tests were conducted at 1:50 scalegaish@g tle Actidyn C672 3.5 m
radius beam centrifuge at University of Dundee, UKl sibsequerparameters and results are
given at prototype scale, unless otherwise stated. Figure 1 shows the laystiPdi@06 as an
example.

The structural model in eaclkbasewas modelled as a single bay, sindégreeof-freedom
(SDOF) sway frame on separated strip foundations, 5 m long x 2 m wide at protatigp€El 86

mm x 40 mm at model scale). Steel mass plates were used to represent the dynamithmass of
structue, which were located 7.5 m above the founding plane (i.e. the structure was 150 mm tall
to the centre of mass). Vertical aluminium alloy plates, the same length as thditmsdeere

used to represent the sway stiffness of the structures that would be provideddiyries. The

mass of the steel plates and bending stiffness of the aluminium plates werehs#tasuthe
fixed-base natural period of the structure was 0.65 s and the bearing pressure was 276 kPa.
can be seen from Figure 1 that the structures occupied a maximum of the central 88% of t
model containeto minimise any potential boundary effects
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Figure 1. Centrifuge model layout for test PM006, dimensions in m at prototype scal
(model scale in mm)

The subsoil profile consisted of 10 m of dry (i.e. +iguefiable) silica sand (Congleton HST95)
prepared to a uniform relative density of 59% in PM004 and 58% in PM006. This was pluviated
in air into an Equivalent Shear Beam (ESB) container, the design and performavituehok
describedn Bertalot (2012). The sand had §€2.63, Dy = 0.09 mm, gax = 0.769 and g =
JRU WKHVH VRLO FRQGLWLRQV U H ¥nd PaakLi@tiorLa@glE QLW Zt
3s = 40°), the static vertical factor of safety of the foundations esisnated as$.5, after
Lyamin et al. (2007).

Following spirup of the centrifuge to 50, the initial settlement and tilt of the model structures
were firstly recorded before a sequence of strong ground motions was applied ugintdyre

QS672 servehydraulic earthquake simulator (EQS), the performance of which is detailed in
Brennan et al. (2014). Each model was subjected to an extensive sequence of input motions of



varying strength, but only the results of the first two motions aretexpbere. In each case a
horizontal motion recorded at the Nigkikashi recording station in the M= 6.9 Kobe
earthquake (1995) was used. This record was downloaded from the PEER (Padtifjodkart
Engineering Research) NGA database and was (i) sgbtala peak acceleration gf20.1-g in

the first motion and 0.5-g in the second; and (ii) band-pass filtered between 0.8 Hz and 8 Hz (40—
400 Hz at model scale) using a zptmaseshift digital filter to remove components of the signal

that were outsidéhe range that can be accurately controlled by the EQS. The time histoey of t
motion input to EQS, normalised by peak acceleration, is shown in Figure 2, albngjasitic
response speetrof all motions as recorded location [E] in the testsee kgure 1)for nominal

5% structural damping.
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Figure 2. Input motion, normalized by peak acceleration: (a) time histomegpdnse spectrum.
Finite ElementM odelling (FEM)

As the centrifuge model structures and foundations were long in the direction peufzenidic
shaking, finite element simulations of all of the tests were conducted in glane $sing
PLAXIS 2D 2012. The dimensions of the model domain were extended laterally to 100 m and
combined with nowreflecting boundary elements controlling the dynamic stresses along the
vertical boundaries (after Lysmer and Kuhlmeyer, 1969) to representirdamite soil
conditions, i.e. boundary deformations at the locatiorthef centrifuge container wall which
were controlled by the dynamic deformation of the adjacent sbiure 3 shows the FEM
layout and mesh for test PMO006 (for direct comparison with Figure 1). The hatching at t
bottom of Figure 3 are actually a series of arrows representing the inpahmoti

The soil was modelled using the ‘Hardening Soil model with setedin stiffness’ (Benz, 2006).
This modelincorporates notinear elastic behaviour which is dependent on both confining stress
level and induced strain, with Mof@oulomb plasticity having isotropic hardening. Full details
of the soil parameter correlations used may be found in Knappett et al. (2015) ealibtfagion

of these correlations for the HST95 sand used are presenteeDief#d et b (2013). A more
detailed discussion of the influence of using different soil paramsetsacross a wider database

of centrifuge test$or SSSI problems may be found in Knappett et al. (201%)e equivalent
mass and vertical plates of the structures were modelled numerically usingpéastelements



having the same bending stiffness per metre lefigjtl 155.1 MNn3/m for each vertical plate)

and masq469 t for all mass plates combined) as the centrifuge models. The footings were
modelled as an elastic continuum with Young’s modulus of 210 GPa, Poisson’s ratio of 0.3 and
unit weight of 76.5 kN/mto match the properties of the steel footings in the centrifuge tests.

Equivalentviscousﬂ)PSLQJ " ZLWKLQ WKH VWUXFWXUH ZDV PRGHOO|
9c3t ¢ ¢ (1)
dS i

where ¢, = 0.4 and ¢ = 0.001 were determined through fitting Equation 1 to measurements
obtainedrom the results of impulse tests on the centrifuge model structures.
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Figure 3.ExampleFinite Element model (nedield of test PM0O06 shown).

The initial conditions in each FEM simulation were obtained by initially gengratiK, stress
condition in the soil (where K= 1- V L @), ®llowed by ‘building’ the structure(s) in a static
stage where the weight of the structurefgs applied to the soil resulting in some initial
settlement and a very small nearo tilt of the structure. At this stage, the initial conditions
were ‘ideal’, but were not the same #sose measured following sptap in the centrifuge.
Variation of the initial conditions was found to have a dramatic effect orbihy af the FEM

to replicate the centrifuge observations, and so a further set of additetiaal point loads
were applied to the foundation (points [B], [C], [H] and [I] in Figure 3) during theirstatic
step to generate a couple which fattiee structure to have the initial rotations measured in the
centrifuge tests. Such a couple, superimposed on the initially equally dividezhlvirads,
simulated the load distributidmetween footings that was consistent with the measured structural
rotation without changing the net bearing pressure. The magnitude and direction ofiphe c

in each case were determined by trial and error within the initial staficof the corresponding
FE modelto match the resulting rotations to those measured in the centrifuge festsore
detailed discussion of the influence of the structural ind@iditions on subsequent dynamic
response across a wider database of centrifuge tests may be found in Knappef2G%5).
Once representative initial conditions had been achieved, a final dynagé\vgas applied to



the model in which dynamic groundisplacement time histories (as measured during the
corresponding centrifuge test) were applied to the bottom of the soil mattelalvanalysis
being conducted in the time domain.

Validation of FEM

Figure 4 shows a comparison of some key measune®oél performance. The first parameter
shown is fredield site amplification(Figure 4a) namely the peak acceleration at point [F]
divided by the peak input acceleration as measured at point [E]. This is includedytahes

the transmission of thearthquake motion towards the structure is correctly captured (i.e. that the
soil constitutive model is appropriate for simulating the dynamic response a@iljheThere is a
slight undeprediction of the amplification in the larger motiofae these particular cases
(simulations against further centrifuge tests with the same soil that canrzkifol{nappett et

al., 2015 were better), but the numerical model correapturesghe high amplification in the
small motiors (0.1g) and the significant deiction in amplification in the larger motion, due to
the increasingly plastic soil response.

Figure 4. Validation of FEM against centrifuge test data: (a) site amplificatitor;fde) peak
elastic interstorerift; (c) postearthquake settlement; (d) pestrthquake structural tilt.

The soitstructure interactiors represented by the peak elastic interstorey drift (Figure 4b}, post
earthquake average settlemé@rigure 4c)and overall tilt(Figure 4d)of the structures.These
parameters are generally replicated very well, both for isolated and adjarcetire cases. The



FEM predicted similar increases in interstorey drift during strongénagaakes, though it should

be noted that there appears to kéelieffect of structureoil-structure interaction on this
parameter in this particular case. The FEM also correctly predicts the reduoedtavh
settlement occurring as a result of the second, stronger earthquakeatjabent casegmpare
0.1g ard 0.5g filled points in Figure 4c) compared to the isolated structure case (compare
similar hollow markers in Figure 4c)Considering the overall pestarthquake structural tilt
(Figure 4d), the FEM does an admirable job, with the exception of a single datapahe 0.5

g adjacent case. This has occurred because the rotational response of adjacerg@ssisuct
highly sensitive to the initial tilt, such that any small varitaions in the first eakieqmay be
grossly exaggerated in subsequent eadkgs. A detailed discussion of this effect may be
found in Knappett et al. (2015), where the divergence between measured and predieted val
becomes highly prominent f@ubsequenmotions beyond the first two.Therefore, in the
following section, the féect of different input motions will be simulated in each case using the
same ideal initial conditions for models which have not undergone any pre-shaking.

Implications for Performance-Based Earthquake Engineering

Based on the results for the single motion considered in the centrifuge tgste (&), Figure 4
suggested that there was a negligible effect of SSSI on drift and rotation andafigtenti
beneficial effect in reducing permanent settlenfahteast in low intensity motions)in order to
confirm whether this is a more general result, or a function of the specific motion lsed, t
validated FE models of both the isolated and adjacent structure cases were stdj@ctédier
database of twenty ground moticinem the PEER NGAdatabasérecorded at locations where
shear wave velocity > 600 my/ach of which was normalised and rescaled to strengthg,

0.2, 0.3, 0.4 and 0:8§. Normalised tastic response spectra for nominal 5% damping are shown
in Figure 5.

Figure 5 Elastic response spectra used in parametric study (nominal 5% damping).

The result of the one hundred isolated and adjacent structure simulations, in ténegpeak
interstorey drift, posearthquake structural settlement and jmasthquake tilt areshown n
Figures 6to 8. Part (a) of each of these figures gltite data for each of the adjacent structures
against the behaviour of the comparative isolated structure. To indicatéhe/imaptications for
performance based design are in this casperformance limit was sdbr each parameter



beyond which damageas expected (the ‘damage limit’). At each input strengich ofthe
twenty simulation results vgacompared to th limit to obtain the probability of exceeding the
damage limit to the ragest 5%. The resulting data is shown in the part (b) of each figure, and
represents the fragility curve for the particular suite of motions condidethis study.

From Figure 6a, it can be seen that there is a general increase in peak intergtodeg ¢o
SSSI. The damage limit selected was 17300 the storey height, which might represent
sufficient drift to damage any infill walls within the framed structure. This isesgad in
Figure 6b in terms of an increase in the probability of edeace byp to 15%. From Figure

7a, there is a general reduction in settlement due to SSSI. For a damagépsiearthquake
settlement < 50 mm there is up to 20% reduction in the probability of exceedence {#yuln
terms of posearthquaksdilt, there is a substantial increase in the magnitude of rotation due to
SSSI (Figure 8a). Considering a damage limit of 1/50 (1.15 degrees), the probability of
exceedence is significantly increased in the stronger motions due to SSf6¢ @by Althaigh

only the magnitude of the tilt is indicated, the increased rotation in adjacentigroases was
generally always outwards (i.e. with the structures rotating away fraim @er) due to the
increased confinement to the subsoil when the structures rotate towards each other.

Figure 6. Peak interstorey drift from Mon@arlo simulations: (a) data; (b) fragility curves.

Figure 7. Posearthquake settlement from Mof@arlo simulations: (a) data; (b) fragility curves.



Figure8. Postearthquake tilfrom MonteCarlo simulations: (a) data; (b) fragility curves.
Conclusions

Finite Elemenimodels of isolated and adjacent (paired) structures have been used to investigate
seismic structursoil-structure interaction for structures nandiquefiable soil. The FE models

were validated against dynamic centrifuge test data. Subsequentlye-Glmo simulations

using the FE models demonstrated tloatthe particular case considered, SSSI was detrimental
on peak interstorey drifti(creasing the fragility curve byp to +15%), beneficial on pest
earthquake settlementug to -20%) and detrimental on pesarthquake tilt (substantial
increases). The results suggest that with further research, it may bdeptmsaitrount for SSSI
through modifications to fragility cunefor isolated structures.
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