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In uence of soil-structure interaction on seismic demands in shear wall building
gravity load frames

Mathieu Choiniérg Patrick Paultré , Pierre Léget

aDepartment of Civil Engineering, University of Sherbrooke, 2500 Blvd de I'Université, Sherbrooke, QC, Canada J1K 2R1.
bDepartment of Civil, Geological and Mining Engineering, Ecole Polytechnique, 2500 chemin de Polytechnique, Montréal, QC, Canada H3C 3A7.

Abstract

This paper presents a complete and simple linear method, with a suitable force modi cation factor, to compute seismic
demands in the gravity load resisting system (GLRS) of shear wall buildings including foundation movement. Based
on the method rst proposed by Beauchamp, Paultre and Léger in 2017, this paper compares two approaches to
consider foundation movement on linear soil media such as (a) a simple rotational spring under each core and (b) a
complete set of springs and dashpots. A xed-base model using code foundation factors is also used for comparison.
Springs and dashpots are assessed by modelling soil-structure interaction (SSI) with solid nite elements. Then,
these approaches are evaluated for a typical 12-storey concrete shear wall building considering several nonlinear time
history analyses (NLTHAS). SSl is modelled with a set of springs and dashpots, and ground motions are selected from
the conditional spectrum method. NLTHAs are performed for soil classes ranging froro stoft, and the eect

of the underground structure cracking is analysed. Analysis results show that the proposed methods are accurate in
computing seismic demands in the GLRS compared to NLTHA. Foundation movements should be explicitly modelled
for soil class D or softer, and underground structure cracking should be considered. For the very soft soil class E, the
behaviour of the building is poorly captured in linear analysis methods; thus, nonlinear analyses are required.
Keywords:

Reinforced concrete, building, gravity load resisting system, soil-structure interaction, seismic design, nonlinear time

history analysis, conditional spectrum

1. Introduction

In North America, reinforced concrete (RC) buildings must have a seismic force resisting system (SFRS) that shall
be able to resist 100% of seismic forcdsZ]. The design of elements part of the SFRS is somewhat straightforward
and generally well known to engineers. Even if the SFRS can carry all induced seismic loads, the other structural

elements of the building, the gravity load resisting system (GLRS), are deformed by oor slab movements during
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2R1. Tel.:+1 819 821-7108.
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an earthquake. The seismic design of elements part of the GLRS must be performed during the building design
process because its importance has been well recognized from past major events. During the Northridge earthquake
in 1994 B], the Haiti earthquake in 201@]and the Christchurch earthquake in 20%], Fome components that were
supposed to carry only gravity loads failed, leading to the collapse of buildings they were part of. Indeed, the failure
of one or more elements of the GLRS is known as one of the most common causes of building collapse during an
earthquake.

Both the Canadian design of concrete structures standard CSA A2363-drdthe American Concrete Institute
code ACI 318-147] state that the GLRS must withstand the large deformations induced by earthquakes. This is to
ensure that the elements part of the GLRS have eitheci&nt capacity to deform elastically or sgient ductility
to carry gravity loads in their deformed shapes. To achieve this, the building needs to be analysed in its deformed
con guration, which includes the ects of torsion, cracked section properties and foundation movements. Recently,
Adebar et al[8] showed that using a linear model to calculate the drift pro le of shear wall buildings, ignoring
inelastic deformations, can lead to a signi cant underestimation of seismic forces in gravity columns, principally in
the rst storeys. In response to this problem, CSA A23.3-14 requires that the design displacement incorporate the
inelastic displacement pro le of the SFRS. Because of the complexity of this requirement, a simpli ed method based
on the research ddezhdar9] is proposed in CSA A23.3-14]. Recently, a simple and more direct method based
on a single linear model of the complete building was proposeBdauchamp et aJ10].

Regarding the inelastic displacement pro le, the interaction of a building with the soil underneath is often not
explicitly considered by engineers. Seismic hazard maps in Canada and in the United-States have been developed for
structures sitting directly on rock sites and rm ground. However, most buildings are constructed given soil conditions
that can aect the response of structures founded on them. For example, during the Chi-Chi earthquake in 1999, some
buildings well resisted the earthquake but ultimately collapsed because the soil lost its capHcitiifreover,
during the Saguenay earthquake in 1988, buildings further away from the epicenter were damaged more so than
certain buildings closer to the epicenter because they were constructed on saff]sdil North American standards,
the dynamic eects of soil are considered using modi cation factors on the seismic excitation, but the movement of
the soil deposit itself is rarely considered. The consideration of thexttdfor shear wall concrete buildings generally
decreases the forces in the walls, but it increases displacements and thus the deformation of secondary elements of the
GLRS [13]. Requirements of CSA A23.3-14 and ACI 318-14 also note to thate Foundation movements must be
considered in the displacement pro le used for the computation of seismic demands in the GRS |

This paper compares two approaches to consider foundation movements to extend the method proposed by
Beauchamp et a[10]: (1) a single rotational spring under each wall and (2) a complete set of springs and dash-
pots. These approaches are also compared with a xed-base model. Their accuracycemty are evaluated for a
typical shear-wall 12-storey building using the results of several nonlinear time history analyses (NLTHAS) in which
ground motions are selected and scaled from the conditional spectrum method. NLTHAs are performed for soil classes
ranging from sti to soft, and the eect of underground structure cracking is investigated. Additionally, all analyses
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are used to assess the simpli ed method suggested in CSA A23.3-14 extended to include foundation movements.
The scope of this paper is limited to assessing the in uence of the exibility of a linear homogeneous soil deposit

on the seismic demands in GLRS. Uplift of the foundation is not considered, even though it has been veri ed that

no uplift occurs in the studied models. Seismic demands in the GLRS are presented only for columns, although the

proposed method is also €ient for other elements. The ects of torsion on the determination of seismic demands

in the GLRS have been studied Bgauchamp et a]10]; thus, torsion is not included in the present paper to simplify

calculations and to focus on theects of exible soil conditions.

2. Seismic design of GLRS

2.1. Requirements of the ACI 318-14

The ACI 318-14 requirements for the seismic design of the GLRS focus more on the detailing of members than
on a re ned procedure to calculate seismic demands in the GLRS. Members not designated as part of the SFRS must
be designed to sustain the factored gravity load2d# 1:.0L + 0:2S or 0:9D) acting simultaneously with the lateral
displacement expected for the design-basis earthqugkEyen if it is not required to consider the inelastic displace-
ment pro le, the intention of ACI 318-14 and the standard ASCE 7-16g to encourage engineers in providing
intermediate or special detailing in beams and columns that are not part the SFRS. This approach is based on observa-
tions and experimental evidence that well-detailed structural elements can endure large inelastic deformations without
losing signi cant vertical load-carrying capacity]f The ACI 318-14 requirement even permits one to not explicitly

check the eect of the design displacement on gravity members if special detailing requirements are préjided [

2.2. Simpli ed method in CSA A23.3-14

Unlike ACI 318-14, CSA A23.3-14 requires one to consider the inelastic displacement pro le in computing the
seismic demands in the GLRS. This requirement can be achieved by analysis using a simpli ed method for concrete
buildings in which the SFRS consists of shear wafls [The curve labelled "cantilever wall" shown in Fidy.is
proposed to evaluate the inelastic displacement pro le based on the global drift shatjpwhereh,, is the height of
the building and is the design displacement at the top of the GLRS.

Curves corresponding to the moment-resisting frame and coupled wall were added later in CSA A23.3-14 Ex-
planatory Notes in the CAC Concrete Design Handbadbg.[ However, this method is limited to buildings with
simple SFRS. A building with two types of SFRS in the same loading direction can hardly be analysed following that
procedure. Moreover, a single displacement pro le is rarely gent because the design displacement at the top of

the building varies because of torsion.

2.2.1. Consideration of foundation movements
In some cases, the foundation of a building is restrained against rotation by a structure that is shown to have
su cient sti ness and strength. Is this case, it is not required to consider foundation move@je@s the other
3
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Figure 1: Envelop of relative interstorey drift ratios for the simpli ed analysis in CSA A23.3-14.

hand, the rotation of exible foundations must be considered in the calculation of the design displacement. For
foundations designed in accordance with the capacity design principle, their rotation can be computed based on the
overturning moment according to Ef.. This equation, proposed in CSA A23.3-14, is a simpli ed version of a

procedure developed ydebar[15].
N s
=03 & LR i (1)
ds f

where is the foundation rotation in radianls; and’ ; are the width and length of the footing, respectivelyand
gs are the length and magnitude of the uniform bearing stress in soil required to resist the applied lo&gddsadhe
maximum shear modulus of the soil for small strains. To consider foundation movements in the computation of the
building displacement pro le, it is recommended that the rotation, in radians, be added at every level to the interstorey

drift ratio determined from a xed-base modéi|]

2.3. Method proposed Beauchamp et a[.10]

Beauchamp et a]10] proposed a more general method to determine seismic demands in the GLRS. The method
requires a single linear model of the building that can be used to facilitate the seismic design of both the GLRS and the
SFRS based on modal response spectrum analysis (RSA). The method consists of modelling the complete building
and reducing the stness of the elements part of the GLRS; therefore, they do rettahe behaviour of the SFRS.

This reduction factorKs,) can be taken between #and 10%. The model is then identi ed agravity nearly null
sti nesg(GNS). The forces in elements part of the GLRS is directly computed for each mode and combined with the
appropriate method. These forces are very small because of the reduction factor applied; therefore, the design forces

in the GLRS are obtained by multiplying inversely:
1 Vi RiR

Fsrce= Fans e Ve I
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whereVy=V, is a ratio representing ductility and overstrength. Because the forces in the GLRS are caused by the
displacement of the structure, they are increased by theRgiig= ., as recommended in NBCC 2013 [The latter
can be viewed as the Canadian equivalent to the @i, in ASCE 7-16 [].

To consider the inelastic displacement pro le of the SFR8auchamp et a[10] suggested, following compre-
hensive parametric analyses, to further reduce thastis of walls in the plastic hinge zone, giving timear plastic
hinge (LPH) model. They used an ective elastic modulus oEe¢s = 0:35E;, which is half the value assigned
to the remainder of the wallsDezhdar{9] in contrast suggests to use approximately half that value but applied to
approximately half the length of the wall.

As presented, this method does not consider foundation movement. As will be discussed inF¢otioexibil-
ity of the foundation generally increases displacements in the structure, which increases forces in the GLRS. Thus, it
is important to evaluate the in uence of the foundation movements on the GLRS and improve the proposed simpli ed

method accordingly]0].

3. Soil-structure interaction

Every building is supported by a soil foundation having s@ss, damping and mass properties. Therefore, it is
important to understand how soil properties modify the behaviour of the structure above. A distinction should be
made between site ects and soil-structure interaction (SSI). In rock foundations we observe high frequency free-
eld motions, because this stimedia is able to transmit them up to the surface. In soft soil, high frequency motions
are ltered out, the ampli ed free- eld response is then taking place in the longer period range. Therefore, the seismic
input motions depends on the depth andmstiss of the soil deposit according to the site class. This is known as site
e ect and does not involved interaction with the building structures. Herein, we apply the 2015 National Building
Code of Canada (NBCCY]J site modi cations factors (similar to the American Society of Civil (ASCE)1])[to
adjust the spectral ordinates of the target uniform hazard spectra (UHS) for soil classes C to E. On the other hand, SSI
has three principal eects on the design of structures: (1) Inertia and exibility of the soil deposit modify dynamics
properties of the complete system; (2) kinematieets of SSI modify free- eld ground motions in a @irent signal at
the base of the foundation, and (3) the deformation of the soil can increase displacements in the structure and modify
forces in structural element&]. The rst and the last eect can be regrouped in the inertial interaction, while the
second one is the kinematic interaction.

In North American standards, the kinematic interaction is somewhat considered using modi cation factors in the
seismic excitation that depend on the intensity of the loading and on the soil £]&sQn the other hand, inertial
interaction is rarely considered, as it is generally accepted that it is safe not to do so. Indeed, considering the exibility
of the soil deposit lengthens the fundamental period of the soil-structure system, most often leading to a reduction
in the seismic excitation. However, even if it decreases forces in the walls for concrete buildings, considering the

exibility of the soil can increase displacements and thus the deformations of components of the G RSafahi

5
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et al. 2014 17] studied the adequacy of considering only siteets excluding SSI as compared to including SSI for
moment resisting frame buildings ranging from 5 to 15 storeys. Soil site class D with average shear wave velocity in
the top 30 m of soilVs, equal to 320 s and class E witNs = 150 n1s were investigated. It was concluded that it was
acceptable to exclude SSI for site class D, to estimate structural displacements. Neglecting SSI to estimate building
base shears for site D, and both displacements and base shears for relatively soft soil E was on the unsafe side. To
model SSI and its e=cts, two main methods are described in the literatiBe 16]. The rst method is called the

direct methodand the other method is tisebstructure methodoth methods are brie y described in Subsecti8ris

and3.2

3.1. Direct method

The direct method consists of a complete modelling of the system soil-foundation structure, as showa. iA Fig.
large soil deposit discretized in small nite elements must be modelled with appropriate properties. This method is the
most accurate, as the dynamic behaviour of the entire system is directly obtained. However, it remains computationally
expensive and time consuming; therefore, it is rarely used by practising engiti@erSéveral challenges arise in
regard to performing a time history analysis of a structure in which SSI is modelled by the direct method:

(1) Properties of soil nite elements should be de ned with care. An adequate modelling of wave propagation is
important, and an equivalent linear representation of the soil properties is often used to tHi§lend [

(2) Boundary conditions of the soil deposit must be well de ned so that they do not modify the behaviour of the
structure. In a study on nuclear reactd@osh and Wilsofil 8] suggested that the width and depth of the soil deposit
should be at least 3 and 1.5 times the width of the building, respectivalyitre and Lavoi§l9] also recommended
that the soil deposit be 3 times larger than the buildihgsmer and Kuhlemeyef20] and Wilson [21] showed
that using non-re ecting radiative boundaries allows one to reduce the size of the soil deposit witeoting the
structural behaviour. Those boundary elements are viscous dampers with a value per surfadé upitvbiereVs is
the shear wave velocity in the soil medium ands the soil density.

(3) As explained, seismic waves are modi ed by the mass andesis of the soil and also by the interactions with
the structure and its foundation. However, available ground motions are often signals recorded on the surface, called
free- eld motions. Thus, particular care should be taken regarding the input mechanism for these $&jnalsrge

possible input mechanisms studied.itger and Boughoufalat22] are described in the following subsections.

3.1.1. Massless foundation

This input mechanism implies that one should de ne the mass of the soil elements as null. In this way, the signal
can be input at the base of the soil deposit because seismic waves do not undergo any modi cations by propagating
in the soil medium. Using the free- eld ground motions is then acceptable, as the motions that reach the surface are
the same as the one input at the bottom. In this mechanism, soil elements are modelled only for their exibility; their

inertia is neglected.
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Figure 2: Direct method for modelling SSI, (a) conceptual model (b) 3D model in SAP2000. [Colour online].

3.1.2. Surface input

The surface input mechanism consists of inputting the free- eld ground motion directly at the surface of the
soil deposit. To this end, the acceleration signal of the ground motion is applied to all joints of the soil-foundation
interface. The implementation of this mechanism in modelling software requires care. It is important that the mass

degrees of freedom of the soil be identi ed so that the loading is not applied to thBm [

3.1.3. Deconvolution

A more realistic excitation of the structure can be obtained by computing a motion at the base of the soil deposit
that could have caused the free- eld motion. This process is called deconvolution. Many software packages, such as
SHAKE[23] andDEEPSOIL]24], are available to solve this complex mathematical problem. However, such software
packages are quite cumbersome and sensitive to input parameters. Another approach is to solve the wave propagation
problem directly in the nite element model, eliminating possible mistakég [

The deconvolution in this project is performed by applying the free- eld motion at the base of the soil deposit
and then recording the acceleration at the surface in the nite element model without the aboveground structure.
Correction factors are then computed by comparing the recorded signal to the free- eld target motion in the frequency
domain. Finally, these factors are applied to the original signal in the frequency domain. This method is derived from
the mathematical formulations &eimer[26], by which it is possible to demonstrate the accuracy of the procedure

for a completely linear system. Otherwise, the process is generally repeated until the results are satisfactory.
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3.2. Substructure method

Substructure method is an equivalent approach to model SSI. Theoretically, this method splits the problem in two
distinct parts that are solved separately. The rst part consists in calculating the free- eld motions or the foundation
input motions without considering the presence of the structure. In practice, this part is often not necessary, because
soil dependant free- eld ground motions are directly available. The second part consists in applying the motion to
the structure in which soil properties are simulated by a group of equivalent springs and dashpots. Because of the
superposition inherent in this method, the soil and the structure need to be assumed linear. However, an equivalent

linear system is often used to respect that criterid. |

Foundation—

Springs and

Rigid bathtub
\\ /dompers

T Fixed support

Figure 3: Substructure method for modelling SSI using the bathtub approach.

Multiple variants of modelling SSI with the substructure method exist. Some such variants have been compared in
NIST GCR 12-917-2116]. The main di erences in these approaches concern the seismic input motion mechanism.
One of these approaches is callediia¢htub approaclf g. 3). The same signal is applied to all springs and dashpots
through arigid "bathtub". Another approach is to consider the variation of the signal over the depth of the foundation.
Though the latter is more precise, it is diult to model.

The substructure method requires the computation of equivalent soil properties that are assigned to each spring
and dashpot. Soil dynamic properties, knowrnagedance functionslepend on the foundation geometry, the nature
of the soil as well as the excitation frequencies. The derivation of the impedance functions is very challenging.
Thus, equations for simple cases of foundations laying on a linear homogeneous half space are préj@seahth
Kausel[27], Gazeta$28] andMylonakis et al[29], which are recommended in NIST GCR 12-917-21. The equations
proposed byrais and KausgPR7] have also been included in the latest edition of ASCE 7416 [
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4. Studied methods

In this paper, two methods are studied to consider foundation movements. They are |I88eall@tRO and are
described in the next paragraphs. The demands in the elements part of the GLRS are then determined according to the
procedure proposed eauchamp et a[10] on a model that incorporates one or the other of the studied methods.

In this way, foundation movements can be considered in the calculations.

The rst method studied in this paper is labell&®&to indicate substructure. It consists of adding springs and
dashpots based on the bathtub approach of the substructure method described i8 fediimmodel corresponding
to the SS method is shown in Figb. This model has been developed for a concrete building with isolated footings
under cores and columns but can be modi ed for other con gurations. At the surface, the soil is often ca@rsly
compacted to oer a passive lateral resistance; thus, horizontal springs and dashpots are not assigned at the ground
level. Simple impedance functions to calculate springs and dashpots are based on the hypothesis that the foundation
acts as a whole. However, walls and columns are often on isolated footings that allow them to rotate independently.
Thus, joints at the base of the foundation are constrained by a rigid diaphragm only. To simulate the rotatioesd sti
when uniaxial springs are distributed under the foundation, NIST GCR 12-9176pfrpposes simple equations to
increase the stiness of the springs on a strip along the foundation edges. However, this approach neglects the
important rotational stiness of the core footing. To solve that problem, all joints under the core are constrained to
act as a "rigid plate", and a rotational spring is added as shown ididt has been found that moment demand on
the column footings is small in regard to their capacity, leading to almost no rotation. Thus, the rotational degrees of
freedom (DOFs) at the base of the columns and the out-of-plane rotational DOF at the base of the foundation walls
are restrained. This simpli cation may not be adequate for all buildings, and veri cation is hecessary.

The RO method is studied to further simplify the calculations (E@y. Basically, this method consists of adding a
single rotational spring under the core. All other joints under the foundation are fully restrained. As described for the

SS method, all joints under the core are constrained to act as a "rigid plate" that is connected to the rotational spring.

4.1. Calculation of springs and dashpots

Springs and dashpots are computed according to the procedure given in NIST GCR 12-9a]7+2ii¢h is based
on the impedance functions proposed®gis and Kausdl27]. Global sti ness and damping values of the whole
foundation are rst computed and then transferred into a set of uniaxial springs and dashpots. To do so, the vertical
sti ness and damping are distributed to the vertical springs and dashpots according to their geometrical tributary area.
The rotational stiness and damping are then considered by increasing the values of springs and dashpots on a strip
along the foundation edges according to simple equations proposed in NIST GCR 12-%§-2The horizontal
sti ness and damping resulting from the passive lateral resistance of the soil are distributed to the horizontal springs
and dashpots according to their geometrical tributary area. Part of the horizom&sstiand damping resulting from

other e ects are equally distributed to the horizontal springs and dashpots at the base only.
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Figure 4: lllustration of the studied methods.

The added rotational spring stiess can be evaluated following the same procedure with the dimensions of the
core footing only. Another simple approach is to evaluate thimsss as a ratio of the square of the core footing
length to the square of the total foundation length. This rotational springeds is then subtracted from the global
foundation rotational stiness. The rotational sthess of the core footing can also be evaluated usind. Biyen in
CSA A23.3-14. In this case, the stiess is simply the applied moment over the rotatiaalculated. The re ned
procedure developed debar[15] can be used for that purpose as well.

For this project, rotational spring in the mo@&$has been computed by the lengths ratio because of the simplicity
of this approach. On the other hand, in the md®i@] the spring has been computed following the procedure in NIST
GCR 12-917-21 with the core footing dimensions.

4.2. Performance of SSI models

As discussed in Sectiof, the SS method diers from the basic substructure procedure given in NIST GCR
12-917-21 6] because of the added rotational spring. Thus, as the direct method is the most rigorous approach
to modelling SSI, it is used to assess the performance of the SS and the RO method for linear homogeneous soil

10
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media. A complete linear 3D model of the soil-foundation-structure system has been modelled, as showd, in Fig.
in the SAP200Gsoftware package3D]. Because the depth of the soil deposit is more than 1.5 times the width of the
building, xed conditions are assumed at the base without signi cantlgciing the behaviour of the structurg].
However, radiative viscous boundaries are assigned to the sides of the deposit to ensure that horizontal shear waves
are not re ected back to the structur@( 21]. Veri cation has been performed to ensure that the four corners of the
building, in a model with only the soil deposit and the at box foundation, are seeing the target free- eld motion when
the deconvolved signal is applied at the base of the deposit.

The direct method is modelled with each of the three input mechanisms discussed in Sectidn deconvo-
lution, (2) surface input, and (3) massless foundation. The reference method is the deconvolution, as it considers all
SSl e ects. Comparisons are made for a class D 8qiH 250 m's) using a single unscaled seismic record. For each
input mechanism, the envelope of the shear demand in the core and the envelope of the interstorey drift ratios have
been extracted ( g5). The SS method results are in good agreement with the analyses performed with the reference
solution. For this building subjected to horizontal excitations, the three seismic input mechanisms produced similar
results (Fig.5). The RO method also achieves good results for aboveground storeys, although it overestimates the
shear demand in the core for underground storeys. Based on these observations, it is determined that the SS approach
isan e cientway to model SSl for the studied building. The SS method will be carried forward in NLTHA to consider
SSl in the most realistic manner for this study. The RO method will still be analysed in linear models considering the

simplicity of its implementation.
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Figure 5: Comparison of the derent methods for modelling SSI. [Colour online].

5. Application of proposed methods

As described in Sectio#, two methods for considering foundation movements are studied in this paper. The rst
method, labelle®S is a complete set of springs and dashpots, as shown iMBigThe other method is labelled
RO and consists of a single rotational spring under the core, as shown iddrigTo verify the in uence of SSI, a
xed-base model including the underground storeys is also studied and laBbé¢Kedh all these models, the forces
11
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in elements part of the GLRS are determined with the method propodgdanchamp et a[10], as described in
Section2.3. This method can be applied directly to the nite element model of the building, lab&idg or with
a sti ness reduction in the plastic hinge zone, labe&dS | PH Thus, globally, 5 original models are studied and
analysed: GNS_LPH_FIX, GNS_SS, GNS_RO, GNS_LPH_SS and GNS_LPH_RO. The meanings of the acronyms
in the model names are summarized in Tebl@he xed-base model is studied only with a stiess reduction in the
plastic hinge zone to lighten the gures and because it was shown to be more preBiseuchamp et a[10]. In
addition, the forces in elements part of the GLRS are computed according to the method proposed in CSA A23.3-14
and described in Sectiéh2for comparison. This curve is labell&B5A

To assess the performance of the models, NLTHA is performed for each case to serve as target values. The purpose
of NLTHA is to be as close as possible to reality. Thus, in these analyses, SSI is modelled according to the SS method
discussed in Sectioh 2

The in uence of SSl is veri ed by performing all the analyses for three types of soil with an uncracked under-
ground structure. Analyses are also performed with a severely cracked underground structure to stuelgt thie e

this parameter. An explanation of the underground structure cracking level is given in Se2tion

Table 1: Description of acronyms used in model names

Acronym Description

SS Sub-StructureSSI modelled with the SS method

RO Rotational spring OnlySSI considered via a rotational spring under the core only
FIX FIXed Fixed-base model including the underground storeys

LPH Linear Plastic Hinge Sti ness reduction over the plastic hinge zone

GNS Gravity nearly Null Stiness: Sti ness reduction in the GLRS for RSA analysis

5.1. Studied building

The studied building (Figh) is one of the buildings presented in the seismic design chapter Gidherete Design
Handbook{14] to illustrate the use of seismic design regulations for reinforced concrete structures. It was also used
in the paper irBeauchamp et a[10]. This building, located in Montreal, has two underground storeys. The SFRS
consists of one core made up of two C-shaped walls connected by coupling beams. These C-shaped walls behave as
cantilever walls in the North-South direction and as coupled walls in the East-West direction; thereforesahef e
these two types of SFRS can be studied.

According to theConcrete Design Handbodi4], the building has been designed with force reduction factors
related to ductility and overstrength & = 3:5 andR, = 1.6, respectively, in the cantilever wall direction and
Ry = 4:0 andR, = 1:7 in the coupled wall direction, respectively, as de ned by the NBCC 2@].5The seismic
design of the SFRS has been performed for a class D soil according to the NBCC 2015 and CSA A%}.3-14 |
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Figure 6: Plan and elevation of the studied building adapted fiofh [

The seismic forces have been computed with the response spectrum method on a xed-base model including the
underground storeys. The design base shear has been scaled at the ground level because the shear distribution of
the lateral earthquake force computed according to the equivalent static procedure does not consider underground

storeys P]. The exural reinforcement of one C-shaped wall is presented in FigThe plastic hinge zone has
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been determined to extend over the rst three storeys above ground. According to the capacity design principle,
reinforcement in walls under the ground level has been increased to ensure that yielding does occur in the plastic hinge
zone. Hence, exural concentrated reinforcement bars have been upgraded from 25M to 30M in the underground
storeys.

In this paper, the building is analyzed on threeetient soil classes. Thus, the seismic design of the SFRS have
also been performed for class C and E soils. As the design is governed by the minimum steel requirements, the same
reinforcement is used for all three soil classes.

All the aboveground structural elements have been modelled with cracked section properties as recommended in
CSA 23.3-14 (Table). For the design of the GLRS, an upper bound estimate of these cracked section properties
should be usedBeauchamp et a[.10] suggested that the ective properties all be increased by 25%. However,
because the stness reduction factor is constant for all members, the force in these members would simply be 25%
larger. Hence, the distributions with the upper bound estimation are not presented in this paper to avoid over-crowded

gures.

Table 2: Cracked section properties for linear analysis.

Element type Eective properties

Columns le = 0:55I¢4 to 0:65l4
Coupling beam Ave = 0:45Ag; 1 = 0:2514
Slab frame element I, = 0:2l4

Wall (soil C) Ave = 0:65A; | = 0:65I4
Wall (soil D & E) Aye = 0:5Ag; Ie = 0:514

5.2. Modelling of underground storeys

Buildings generally have underground storeys that are muclersthan the remainder of the building because
of the long perimeter walls. Lateral forces from the SFRS are partly transferred to these perimeter walls by the
diaphragms formed by oor slabs. This is known as backstagces. Explicitly modelling the underground storeys is
important to obtain a more realistic behaviour of the building during an earthquake. This has been done for all models
of this study. The design of the aboveground part of the SFRS is generally safely made with the uncracked section
properties of the underground structure. Indeed, this model is the mostviich means it has a shorter period and
produces the largest seismic forces in the shear walls at the ground level. On the other hand, there is a great uncertainty
in the properties of structural components in underground storeys. Thus, it is recommended that these properties be
bracketed to capture the most critical behaviour of all structural elements of the underground 8tfjreys [

To be consistent with the design of the aboveground part of the SFRS, all analyses in this paper are performed con-
sidering uncracked properties of the underground structure to determine seismic forces in the aboveground elements

14
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Figure 7: Detailing of exural reinforcement in walls.

part of the GLRS. However, the cracked section properties of the underground structure may increase the displace-
ments of the building and thus the forces in the GLRS. Therefore, analyses are performed with severely cracked
section properties of the underground structure to study théste The severely cracked properties have been deter-
mined using the lower bound recommendations in PRER 72-1 [31] (Table 3). To e ectively model the stiness

of the oor slabs, semi-rigid diaphragms are assigned for underground storeys.

Herein, the soil supporting the underground storeys is represented by the exibility of an equivalent linear elastic
medium according to the current sate-of-the-practice, (Figs 4b,c) (34). However one should be aware that Fatahi and
Tabatabaiefard2] have shown that depending on the nonlinear characteristics of the subsoil de ned by the plasticity
index, it is possible that for mid-rise building frames resting on soft soil deposits, the base shears increase, while the

lateral de ections and corresponding interstorey drifts decrease.

Table 3: Sti ness considered for severely cracked properties of underground storeys.

Sti ness of core walls BEly
Shear stiness of diaphragms {@BGA,
Shear stiness of foundation walls DGA,
Flexural sti ness of diaphragms ZE g

Flexural sti ness of foundation walls  :PEclg
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5.3. Soil parameters

The in uence of SSl is veri ed for soil classes C, D and E according to NBCC 2@1ard ASCE 7-161]. For

all cases, the soil is considered as a linear homogeneous half space. The properties of every type of soil are described

in Table4 along with the key parameters used in the analyses. The shear wave veld&Higaie taken according

to the NBCC 2015 values for each soil clagk [The values of the soil hysteretic damping ratig)@and e ective soil

modulus ratio G=G;) are taken from tables proposed in Chapter 19 of ASCE 7tL6The maximum shear modulus

of the soil at small strain level€x) is calculated according to

_ 2
Go = 0V

The other soil parameters are average values taken from the literature and experience.

Table 4: Summary of studied cases along with their key parameters.

3)

_ o T2  S(Ty)? s Rayleigh G=Co  Vspo soil Go
No. Soil Found: Direction .
(s) (9) - - - (nm's) (kgm®)  (kPa) -
1 C UNCR  Coupled 1.89 0.077
2 C CR Coupled 1.95 0.072
1.39% 2% 0.91 450 2000 405000
3 C UNCR Cantilever 2.21 0.065
4 C CR Cantilever 2.27 0.064
5 D UNCR  Coupled 1.96 0.096
6 D CR Coupled 2.06 0.091 0.33
) 2.98% 2% 0.82 250 1900 1187507
7 D UNCR Cantilever 2.27 0.086
8 D CR Cantilever 2.39 0.084
9 E UNCR  Coupled 2.34 0.120
10 E CR Coupled 2.72 0.108
8.30% 2% 0.48 115 1800 23805
11 E UNCR Cantilever 2.58 0.112
12 E CR Cantilever 3.08 0.097

1 UNCR : uncracked underground structure; CR : Severely cracked underground structure

2 Calculated with SS model and ective section properties according to CSA A23.3-14

Tabatabaiefar et al33], performed extensive 2D parametric analyses of the seismic demand on moment frame

buildings including SSI with a mass foundation model and absorbing boundaries using the FLAC computer program

[34]. Soil site classes C, D and E were considered with nonlinear stress-strain soil nRg&i8]] It was shown

that it is essential to consider SSI for soil classes D and E to assess adequately the frame displacements and internal

forces. These ndings were corroborated from shake table experiments on small scale frame models by Tabatabaiefar
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and Clifton B6]. Simpli ed modelling procedures using linear soil behaviour were also studiethbgtabaiefar and
Massumi[37] leading to similar conclusions. However, modelling and simulations of nonlinear soil behaviour are
complex to validate and beyond the scope of the state-of-the-practice as noted in the latest guidelines from the Los
Angeles Tall Buildings Structural Design Council (LATBSCD38. The LATBSCD recommends for practical SSI
modeling the bathtub model (Fig) or the use of interaction elements at the foundation level only, which correspond
the SS (Fig4b) or RO (Fig.4c) methods studied herein.

5.4. Finite elements modelling strategy

The approach in this paper is to apply the methods as would be done in an enginea@do this end, all linear
analyses are performed with tis2AP2000software BQ]. In SAP2000 columns are modelled with frame elements,
while core walls, foundation walls, slabs and coupling beams are modelled with shell elements. In linear analyses,
the SS, RO and FIX methods are investigated to consider foundation movements. These methods are summarized
in Tablel. The nonlinear analyses are performed vB8gismoStrudt39], which o ers a user-friendly interface and
a large range of uniaxial material laws for bre-based elements. To determine seismic forces in the GLRS, CSA
A23.3-14 simply requires that "the inelastic displacement pro le of the SFRS shall be accounted &jr Héfice,
only the SFRS is modelled with nonlinear elements; all other structural components are modelled with elastic frame
elements. NLTHAs are meant to be as realistic as possible; therefore, the SSI is modelled with a set of springs and
dashpots according to the SS method discussed in Setfion

In SeismoStructhe cores walls are modelled with C-shaped nonlinear bre-based elements. Thus, each section
of the C-shaped walls has only one control node, which has been proven to increase the stability of the model. The
coupling beams are modelled with elastic beams and nonlinear exural springs, as suggestéshist al[40]. The
initial e ective sti ness of the coupling beams is calculated accordirigpio Vu et al[41]. The conceptual approach

to modelling walls and coupling beams is shown in Fdg.

| Fiber—based

/ element wall

’/E\ashc beam

| \\ :; Rigid link

\\
LNon\inear

spring

Figure 8: Nonlinear modelling approach of walls and coupling beams.

All concrete in the building has a compressive strength of 30 MPa. Thus, Young's modulus is assumed to be
E. = 25000 MPa for all elements in linear analyses. In nonlinear analyses. the concrete is de ned by the constant
17
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con nement model proposed yander et al[42]. For reinforcing steel, the model based on the relationship proposed

by Menegetto and Pintp43] is chosen. As implemented, this model also includes the isotropic hardening rules
proposed byFilippou et al.[44]. This model is suggested in the SeismoStruct User Manual for reinforced concrete
elements subjected to complex loading histori#§.[ The parameters for the concrete are adjusted to represent a
30 MPa compressive strength and:811 MPa tensile strength. For reinforcing steel, the parameters are adjusted to

represent a 400 MPa yield strength and a strain hardening rati0@5.0

5.5. P-Delta eects

Particular care should be taken when activating the P-Delta option in nite element software when using the
proposed method to determine the seismic demands in the GLRS. Because nieasstif the columns is greatly
reduced, the negative terms in the geometric matrix (which depends on the axial load and the length of the column)
could be larger than the actual terms in the stiss matrix of the element. This means that an unwanted negative term
may appear in the global stiess matrix, leading to local instability and possible convergence problems. P-Delta
options in which the structure is treated as a simpli ed stick model, as imdineiterative based on masgtion in

the ETABSsoftware f16], can be used without issue, as the stiss of the walls ensures the stability of the model.

5.6. Gravity load and damping

Contrary to linear analyses, nonlinear analyses are load path dependent. Indeed, the neutral axis position in
sections of bre-based elements depends on a combination of the moment and the axial load. Thus, the speci ed mass
needs to correspond to the expected mass and not to the factored gravity loads. In this project, the gravity load in
NLTHA is taken as the seismic mass recommended in NBCC 22)1@Js a part of the live load as recommended in

PEERATC 72-1 [31]. The seismic mass is then computed as
1:0D + 0:255 + 0:4 0:5L = 1:0 Dead+ 0:25S now+ 0:2 Live (4)

For NLTHA, part of the damping is inherent to the hysteretic behaviour of nonlinear materials. Other sources
of energy dissipation that are not explicitly modelled can be included via viscous damping. However, there is no
clear agreement on how to model this viscous dampiti. [PEERATC 72-1 [31] compared dierent methods,
and Rayleigh damping, proportional to the mass matrix and the tangenéss matrix, achieved the best results for
maintaining a given level of damping when the fundamental period of the building lengthens. Thus, for NLTHA,
Rayleigh damping proportional to the mass matrix and the tangemests matrix with a critical damping ratio of

= 2% is speci ed. The constants are computed with the rst and last mode required to obtain 90% oé thiee

modal mass. For linear analyses, a constant damping ratio of 5% for all modes is speci ed.

6. Ground motion selection

Because every earthquake is dient, NLTHA requires the selection of multiple ground motions to obtain a
realistic response of the structure. This response may correspond to the mean behaviour of all selected motions. In
18
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this project, each of the 12 cases (Tad)lés analysed with 16 ground motions selected from the conditional spectrum
(CS) method. Globally, 6 dierent sets of 16 ground motions are selected, as the 2 levels of cracked underground
structure are analysed with the same set of ground motions.

All selected motions need to be scaled to a de ned intensity level. In this project, the target intensity level
corresponds to an earthquake with a probability of exceedance of 2% in 50 years, which is the design intensity level
de ned in NBCC 2015 p]. For this intensity level, the NBCC gives the values of the maximum acceleration of a
structure of variable period via uniform hazard spectrum (UHS). Thus, ground motions are selected such that the
maximum acceleration of the structure corresponds to the spectral acceleration prescribed in NBCC 2015. However,
selecting ground motions that are generally equal to the UHS for all periods is not realistic because the UHS are
de ned from many records and ensure the same probability of exceedance for all p&alds.[47] showed that
using motions scaled to the UHS is too conservative and thus proposed an approach based on the conditional mean
spectrum (CMS). Because NLTHAs are aimed at being as close as possible to reality, the latter approach is preferred,

as the selected ground motions are more representative and consistent for a given intensity]level [

6.1. Conditional spectrum method

The CMS is the expected spectrum, consistent with the probabilistic seismic hazard analysis (PSHA), conditioned
to reach atarget spectral value at the period of intdreft7]. The conditional spectrum (CS) method is an extension
of the CMS that considers the variability of spectral amplitudes at periods otheiTthah ensures that spectral
accelerations of the selected motions, at high and low frequencies, acgesily scattered to obtain a representative
envelope of the response. RecenBgker and Leg48] proposed an ecient CS method algorithm based MAT-
LAB[49]. This algorithm, with a few adaptations to consider the Eastern North America region, is used in the current
project. An example of a set of selected motions is shown in%ig.

In this project, the period of interest corresponds to the rst lateral pefiigddf the cracked structure, including
the exibility of the soil. Indeed, for concrete wall structures, the demands in the GLRS depend on the interstorey
drift, and this parameter is mainly controlled by the rst vibration mo#k [The range in which the variability of
the selected motions is conditioned to the CMS is approximatd§Tg to 2:0T;. Because the same set of ground
motions is used for the cracked two levels of underground structure, the period of interest is taken as the mean of the
rst lateral period of these two cases. These periods and their target spectral values are presented.in Table

To apply the CS method, a mean representative event of the seismic hazard is needed. Because seismic hazard
maps in Canada are computed by a PSHA, this event is determined by a disaggregation of the seismic hazard in
Montreal with theOpenQuakesoftware p0]. This results in an event de ned by a magnitude M, a distance R and a
variable (T ). The last variable represents the number of standard deviatigns (T )) between the logarithm of
the spectral responsedt (In Sy(T )) and the mean prediction of the response for the cougke Mns,(M;R; T )).
To be consistent with the intensity level of the NBCC 2015, the spectral ordindte aft the CMS is forced to

correspond to the value of the UHS NBCC 2015 spectrum. TH&n) is back calculated in the process according to
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the following equation:

(T)=ISa(T)  ns(MiRT) = 1ns,(T) (5)

In the process described above, the prediction of the response corresponding to a speci ¢ event is obtained using
ground motion prediction equatiof&MPES). To be consistent, the GMPESs used to develop the NBCC 2015 seismic
hazard maps are used. These GMPEs are implemented in the algorithm in the form of look-up tables that are based on
Atkinson and Adam§51]. Shallow crustal earthquakes are the main type of events expected in Eastern North America
(ENA) [52]. Thus, only one set of GMPEs is needed. This set is divided into a lower, central and upper GMPE that
are used through a logic tree. This approach is a simple amitat way to represented epistemic uncertaibty].[

The availability of strong ground motion records is very limited in ENA; thus, the records have been selected from
the PEER NGA-West2 databagsS]. Because the attenuation of the ground motions in ENA igdint than in WNA
at low periods, this approach may be inadequate. However, if the spectral shape of the selected records well match

the CMS developed for ENA, the selected ground motions may be accefdble [

0.8

o
)

3‘ CNBC 2015 Spectrum
o /

.— Conditional Mean Spectrum (CMS)

\ f Selected Motions Spectra
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Figure 9: Example of selected ground motions for soil C in the coupled walls diredtion 2:24 s).

6.2. Considering soil class

GMPEs look-up tables have been originally developed for a soil cl&SsBcording to NBCC 2015 classi cation
and then converted for a soil class C as describedalthuk et al.[54]. In this project, multiple soil classes are
studied; therefore, GMPEs need to be converted accordingly. Based on the tables for a soil class C, values of the
response at the building location could be converted using the site modi cation factors of NBCC 2015 art. 4]1.8.4 [
that depend on the peak ground acceleration, the period and the soil class. These factors are based on the GMPE
proposed byBoore and Atkinsor55] which follows a procedure developed Bhoi and Stewart56]. Indeed, target

spectrum at the period of interest is also modi ed to take account of the soil class with the same factors.
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7. Analyses results

In Figs. 10 to 15, the results for the uncracked section properties of the underground structure are presented to
compare the in uences of the soil type. From left to right, the results are presented for soil classes C to E. The upper
and lower rows concern the cantilever and the coupled wall direction, respectively. In each gure, all models are
compared to the reference curve (NLTHA) for one parameter. The interstorey drift is presented for the two directions
in Figs.10 and11. Two types of columns are then analysed. Corner and interior columns present qeitendi
behaviours, as the latter extends in the underground storeys and the former extends in the rigid foundation walls. The
envelopes of the absolute exural moment are presented for both types of columns.Zagsl13 present the results
for a corner column (column F6 in Fi@), while Figs.14 and 15 present the results for an interior column (column
C5 in the cantilever wall direction and E3 in the coupled wall direction in 6igShear envelopes are not presented
to limit the number of gures. However, the distribution of the shear is similar to that of the exural moment, and the
same observations would have been made.

The e ect of a severely cracked underground structure is analysed inT6de.18. These gures present the
interstorey drift and exural moment in the corner column F6 and middle column C5 in the cantilever wall direction.

The model names and characteristics are described in Séctitmwever, theGNSlabel preceding thePH label

in the model names has been removed in the gure legends to avoid having an oversized legend box.

7.1. Nonlinear time history analyses

In total, 192 NLTHAs were performed. The curve labelldTHA corresponds to the mean response of the 16
ground motions selected for one case. A typical representation of the variation of the results is represented by a shaded
area that corresponds td standard deviation (). As discussed, NLTHA is the most rigorous analysis method used
in this project. The inelastic displacement pro le is directly considered, and the SSI is modelled with a set of springs
and dashpots according to the SS method, as discussed in Seetidrerefore, its results are used to evaluate the
performance of the other simpli ed methods, and the shaded area de nes the target values.

NLTHA captures the inelastic behaviour of the SFRS that is generally concentrated at the base of the walls over
the height of the plastic hinge zone. As the seismic excitation increases (from soil classes C to E), higher nonlinearity
is observed, and the variation in the results decreases. This is clear in all guresl®igd.8) and can be explained
by the capacity design principle. If the wall severely yields for all ground motions, the seismic force developed in the

SFRS is somewhat limited and is the same for all seismic input records.

7.2. In uence of soil class

For the interstorey drift (FigsLOand11), as was expected, the exibility of the foundations has almost reces
for a sti soil, whereas it becomes more important as the soil becomes softer. For soil class C, the SS, RO and FIX
models give almost the same results. The response is more strongly in uenced by ttesstin the plastic hinge
zone, and théinear plastic hinge(LPH) approximation leads to accurate results compared to NLTHA. As the soil
21
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Figure 10: Lateral interstorey drift ratio, in percentage, for the cantilever wall direction with uncracked section properties of the underground
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Figure 11: Lateral interstorey drift ratio, in percentage, for the coupled wall direction with uncracked section properties of the underground

structure. [Colour online].

becomes softer, for soil class E, the SS and RO models tend to overestimate the interstorey drift. Only the xed-based
model (LPH_FIX) remains in the target range for all cases, always being slightly lower than or crossing the NLTHA
curve. These curves show that reducing therstss of the walls in the plastic hinge zone (LPH models) is the most
important parameter in not underestimating the interstorey drift. The LPH_RO and LPH_FIX curves are generally the
best tfor all cases compared to NLTHA. The simpli ed method in CSA A23.3-14 (curve CSA) globally well de nes
the shape of the interstorey drift pro le. However, it slightly underestimates the demands for soil class C and largely
overestimates it for soil class E. The relevance of the curve for coupled walls introduced in the Explanatory Notes on
CSA A23.3-14 and highlighted rst biBeauchamp et aJ10] is clearly shown in Figll

For the exural moment in the corner column (Fig® and13), all models are equivalent for the upper storeys.

They are accurate compared to the NLTHA curve for almost all cases, except for soil classes C and D in the cou-
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Figure 12: Flexural moment, in ki, in column F6 for the cantilever wall direction with uncracked section properties of the underground structure.
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Figure 13: Flexural moment, in ki, in column F6 for the coupled wall direction with uncracked section properties of the underground structure.
[Colour online].

pled wall direction (Figsl3a and13b), where the demands are a lower bound estimate. For the lower storeys, and
particularly at the base, greater variability is observed from one model to the next. For soil classes C and D, the
LPH_RO and LPH_SS models give an upper bound estimate, while the GNS models give a lower bound estimate.
LPH_FIX is also accurate for soil class C but slightly underestimates the demands for soil class D and overestimates
for soil class E. This could be expected, as SSI has strongmtewhen the soil becomes softer. For soil class E, all
models expect LPH_FIX are upper bound estimates. For all cases, modelling the foundation movements with a single
rotational spring (RO) leads to higher demands at the base than when SSI is modelled with a complete set of springs
and dashpots (SS). LPH_SS is more accurate than NLTHA, while LPH_RO is an upper bound estimate.

For the exural moment in the interior column (Fig$4 and 15), greater dispersion is observed in the upper

storeys. For soil classes C and D, all models are a lower bound estimate, with the GNS_RO and GNS_SS models
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being outside of the target range. For soil class E, all models are rather an upper bound estimate, except for LPH_FIX,
which is still a lower bound. At the ground level, the same observations described above for the corner column can
be made. In the underground storeys, as could be expected, the LPH approximation no longer leas, @s ¢he
reduction in the plastic hinge is aboveground. The behaviour is more strongly in uenced by the method for modelling
foundation movements. The SS models give the best results compared to NLTHA, while the FIX model does not
capture the behaviour of the underground column, particularly on soft soil.

In contrast to the insterstorey drift, the exural moment in the columns is better estimated with SS models in
which foundation movements are considered by the more detailed method. This is especially true for columns in the
underground levels. However, using a single rotational spring leads to pretty good results considering the simplicity
of its implementation. The LPH_FIX model, which ignores foundation movements, is surprisingly a good lower
bound estimate, even for soil class E. However, ignoring foundation movements leads to a poor estimate of demands
in underground columns.

For the CSA method, the interstorey drift curves in FigBand11 show an important initial drift at the ground
level. However, in regard to imposing this displacement pro le onto the building, the method does not hint at how to
consider the initial drift in the underground storeys. Displacing the ground level to this drift value relative to the base
is not realistic because unreasonable forces and deformations occur in foundation walls. Thus, in this paper, zero-
displacement conditions have been imposed at the ground level, thereby ignoring the initial base drift. Because of
this assumption, the CSA method tends to largely overestimate the demands at the base as the soil becomes softer, as
shown in Figsl2to 15. It is also not capable of estimating the demands of columns in underground storeys. However,
regardless of the forces computed in the columns, they may not govern the design over the plastic hinge zone of shear
walls or coupled walls. CSA A23.3-14]indeed requires that columns and bearing walls have a curvature capacity
greater than the curvature demand associated with the inelastic rotational demand in the SFRS over the plastic hinge

zone.

7.3. E ect of cracked underground structure

Even if the aboveground part of the shear walls is usually designed with uncracked section properties of the
underground structure, using cracked section properties may increase the displacements and thus the demands in the
GLRS. Hence, analyses have been conducted with severely cracked section properties of the underground structure
for all cases, as shown in Tablle The interstorey drift and the exural moment in corner column F6 and interior
column C5 in the cantilever wall direction are shown in Fligs17 and18. Only these results are presented, as they
well represent the eects of a severely cracked underground structure.

When the underground structure is severely cracked, for the interstorey drifi@ighe exibility of the foun-
dation has stronger ects. Even for class C soil, there is a dience in the results between the SS, RO and FIX
models. In comparison with the same results with an uncracked underground structufe)Fad. models tend to

more strongly overestimate the interstorey drift compared to NLTHA. This overestimation is especially large for class
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Figure 15: Flexural moment, in ki, in column E3 for the coupled wall direction with uncracked section properties of the underground structure.

[Colour online].

E soil (Fig. 16c), except for the LPH_FIX model, which ignores foundation movements. The peak at the rst level

for class E soil is explained later in this section.

In Fig. 16, it is clear that the interstorey drift computed with NLTHA shows more rotation at the base than with the

uncracked underground structure (Fi€). This shows that the exural moment at the ground level in the corner col-

umn computed with NLTHA (Figsl?) increases by approximately 50% compared to the results with the uncracked

underground structure (Fid2). This could be expected, as this column extends in the rigid foundation walls. How-

ever, for the interior column (Figd4 and 18) the opposite behaviour is observed. As the relativengtss of the

column to the slab increases when the underground structure is cracked, the forces developed in the column decrease

at the ground level but tend to increase in the underground storeys.

For the upper levels, the exural moments in columns F6 and C5 (Bigand18) are well represented with all
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Figure 17: Flexural moment, in ki, in column F6 for the cantilever wall direction with severely cracked section properties of the underground

structure. [Colour online].

models compared to NLTHA. However, at the ground level, the behaviour shown by NLTHA is not well captured when
the underground structure is severely cracked. The LPH_RO and GNS_RO models always overestimate the demands
on the column, being worse as the soil becomes softer. LPH_SS, GNS_SS and CSA better model the demands but
still overestimate them for class E soil. Only the LPH_FIX model, which ignores foundation movements, remains
similar to NLTHA.

The large ampli cation shown by the SS and RO models when the underground structure is severely cracked
(Figs. 17 and18) can be explained through inspection of the modal results in the response spectrum analysis. The
forces in the columns at the grade level are mainly controlled by the rst vibration mode, which is shown conceptually
in Fig. 19. This rst vibration mode shows an important displacement of the core compared to the foundation walls

at the ground level, and this ect becomes worse as the soil becomes softer. This means that the corner column has

26



530

532

533

534

535

536

537

538

Figure 18: Flexural moment, in ki, in column C5 for the cantilever wall direction with severely cracked section properties of the underground

structure. [Colour online].

almost no initial rotation at its base and that it sus a large displacement between the rst and ground level, as shown

in Fig. 19. This also explains the peak at the rst level in the interstorey drift curves, clearly visible ii&ig.For

the interior column C5, the gap at the ground level for the SS and RO methods could partly be explained by the same
reasoning. However, there is another cause of that gap. Theess of the columns of the ground level are reduced

by an important factor according to the procedure proposeBdauchamp et a[10]; however, the stiness of the

ground level slab cannot be reduced by the same factor because its properties are used to de neegedtihe
underground level diaphragms. This implies that the ground-level slab restrains the columns more so than expected,
leading to a higher moment demand at the base of the columns. In NLTHA, the GLRS is not reduced; therefore, a

realistic relative stiness of the slabolumn nodes is conserved.

Rigid diaphragm

=—z2A

@----|/o6-—- - —e—0_ ____ l ————— ®
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| ked .
severedyio;rharzgem Rotation at ‘rhe/ displacement of
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Figure 19: Relative displacement of the core to the foundation walls in the rst vibration mode deformed shape.
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8. Conclusions

This paper presents a complete and simple method for computing seismic demands in elements not part of the
SFRS including foundation movements. Based on the method rst propos&gdaychamp et a[10], this paper
compares dierent models for considering foundation movements on linear soil media such as a simple rotational
spring under each core (RO) or a complete set of springs and dashpots (SS). A xed-base model including underground
storeys (LPH_FIX) is also compared. These models are evaluated for a typical building by several NLTHAS in which
SSl is modelled by a set of springs and dashpots, and ground motions are selected by the conditional spectrum
method. NLTHAs are performed for soil classes ranging from &isoft (C, D and E according to NBCC 2015),
and the eect of underground structure cracking is investigated by performing analyses on an uncracked and severely
cracked underground structure. Additionally, all cases are used to assess the simpli ed method suggested in CSA

A23.3-14. From the analysis results, the following conclusions can be drawn:

1. Using the linear plastic hinge approximation (LPH) is important in all proposed methods to obtain conservative
results.

2. Modelling foundation movements is important for soft soils. Overall, the SS models give better results com-
pared to NLTHA, but the RO models give a reasonable upper bound estimate considering the simplicity of its
implementation. The FIX model may still be used, but it underestimates the demands. An ampli cation factor
may be needed.

3. Using the cracked section properties of the underground structure leads to a larger exural moment demand
at the base of the columns that extends in foundation walls and in underground columns. On the other hand,
uncracked section properties of the underground structure lead to a larger exural moment demand at the ground
level for columns that extend in the underground storeys.

4. Methods based on response spectrum analysis in which foundation movements are modelled and in which
the severely cracked section properties of the underground structure are considered should be used with care.
Important ampli cations at the base of ground-level columns may appear because of the relative movement of
the core inside the underground structure in the deformed shape of the rst vibration mode.

5. The simpli ed method proposed in CSA A23.3-14 is quite cumbersome to implement. It produces satisfactory

results for a sti soil but largely overestimates the demands for a soft soil.

Based on these results, the mosbéent method of computing demands in the GLRS is to use the method proposed
by Beauchamp et a]10] in a model that includes the underground storeys, in which thessis over the plastic hinge
zone is reduced. Foundation movements should be explicitly considered for soil class D and softer. Then, at least a
single rotational spring should be assigned under each core, or a complete set of springs and dashpots can be speci ed.
If a xed-base model is used, the forces calculated in the columns of the rst storeys should be ampli ed. For the
purpose of computing demands in the GLRS, underground structure cracking should be considered, as it leads to
greater demands in certain components and is more realistic. When a building is analysed on a very soft soil, as in
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class E in this paper, the behaviour of the GLRS is poorly captured by simpli ed linear methods. Hence, for class E
soil, nonlinear analysis is required. However, many other analyses on other buildings, in which parameters such as
the height, number of underground storeys and layout con guration are varied, would be needed to ectively

assess the procedure proposed herein to consider foundation movements.
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