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Investigating the behaviour
factor and seismic response
of structural wall systems

in low- to medium-rise
buildings when soil-structure
interaction is considered

P W W Visagie, T N Haas, G P A G van Zijl

Practicing engineers typically follow linear methods for seismic design and assessment,
confining their approach to the requirements of SANS 10160-4 (SANS 2017). This generally
leads to a conservative design, leaving little space to apply additional tools for design

refinement.

Soil-structure interaction has beneficial effects for most building structures under seismic

action. However, incorporating soil-structure interaction in the analysis influences the

fundamental period, damping and ductility, and will therefore influence the behaviour factor
prescribed by design codes. The behaviour factor is necessary for linear methods (force-based
methods) to predict the nonlinear behaviour of the structure.

This investigation assessed the current behaviour factor for reinforced concrete walls in
low- to medium-rise buildings, as prescribed by SANS 10160-4 (SANS 2017), when soil-structure
interaction is incorporated in the analysis. The buildings were initially designed and detailed
using linear methods, with the prescribed behaviour factor, and then tested using nonlinear
methods that do not require the use of a behaviour factor.

INTRODUCTION
Traditional force-based seismic design
approaches require the use of a period
dependent acceleration response spectrum
to determine the equivalent base shear.
Figure 1 shows the horizontal elastic
design response spectra for 5% damping,
normalised by ground acceleration a,
for different soil conditions, specified
by SANS 10160-4 (SANS 2017), which is
similar to EN 1998-1 (EN 2004b).

The fundamental period of vibration
is determined from empirical equations
set out in codes of practice, or by more
detailed methods using moment-curvature
relationships and eigenvalue analyses. The
fundamental period of vibration T of a
single degree of freedom (SDOF) system is
a function of the mass m of the structure
and the horizontal stiffness k of the late-
ral supporting elements as presented in
Equation 1.

m
T=2m|— 1
”/k @

Structural walls in medium- to low-rise
buildings are comparatively stiff and there-
fore have short fundamental periods. The
short period produces large equivalent base
shear forces and overturning moments. The
axial forces due to gravity loads are small

in medium- to low-rise buildings compared
to high-rise buildings. These relatively low
ratios of axial force to equivalent horizontal
force result in large foundations.

In the principles of capacity design, spe-
cific lateral resistant elements referred to as
the critical region are identified and suitably
detailed to resist the seismic displacement
demand through ductile behaviour. This
can be regarded as an element with enough
local ductility to form a plastic hinge in
order to dissipate energy, thereby protecting
the rest of the structure (Priestley & Pauley
1992 pp 37-38). The capacity design prin-
ciples are widely adopted by design codes.
Engineers follow this approach to identify
hinge mechanisms, which improve the pre-
diction of nonlinear structural behaviour. In

the case of structural wall systems without
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Figure 1 Normalised elastic design response spectra for different soil conditions (5% damping)

(SANS 2017)

basements, this critical region is in the lower
part of the wall, between the foundation
and, generally, the first storey. To ensure
that the hinge mechanism forms in the
critical region before excessive foundation
rotation, the foundation is designed to resist
a moment larger than the moment resulting
from a static analysis. This is termed the
overstrength moment. The overstrength
moment requirements will result in even
larger foundations.

Including soil-structure interaction
(SSI) in the analysis may be essential to
more accurately compute the building
dynamic response (e.g. Mourlas et al 2020).
SSI inclusion can improve the computed
seismic response of a structure by period
lengthening, kinematic effects, additional
damping caused by soil hysteric damp-
ing and radiation damping. These effects
generally reduce the seismic response and
therefore produce smaller foundations.

Linear analysis methods are force-based
and require the use of a behaviour factor (or
force-reduction factor) to simulate the non-
linear behaviour of a structure under seismic
action. This behaviour factor is related to
the ductility capacity and the fundamental
period of vibration. Both the ductility and the
fundamental period are influenced by SSI.
Furthermore, due to the variation in assess-
ing ductility and ductility capacity, there is
no real uniformity in the codified behaviour
factors (Priestley et al 2007 pp 13-14).

The purpose of the study was to assess
the behaviour factor prescribed by SANS
10160-4 (SANS 2017) for structural wall
systems in low- to medium-rise buildings
when SSI is incorporated in the analysis, by

investigating a series of reinforced concrete
wall building-frame systems. The inves-
tigation commences by assuming fixed
foundations before incrementally reducing
the foundation size to determine its effects.
Reducing the foundation size increases

the contribution of the structural frame in
resisting seismic action. These structural
systems are initially designed using linear
methods with prescribed behaviour factor
and then assessed using nonlinear methods
that are independent of a behaviour factor.

Behaviour factor
If the lateral resisting system possesses
sufficient ductility to behave inelastically,
then the equivalent inertial forces due to
seismic action can be greatly reduced from
that of an equivalent elastic system. This
principle is explained in Figure 2, where
the force-displacement relationship of a
simplified elastic system is shown against
an elastoplastic system.

From Figure 2 the displacement ductil-
ity p, is defined in Equation 2 as:

A

Hp = A_M &)
Y
where A, and A are the ultimate displace-
ment and yield displacement, respectively.
If we consider that a seismic event
induces a displacement demand on a
structure, rather than a force demand, the
required equivalent force can be greatly
reduced if we ensure that the structure
possesses sufficient ductility.
The force-reduction factor is presented

by Equation 3:
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Figure 2 Force-displacement of an idealised
inelastic system and an equivalent
elastic system

where V,, is the force of an equivalent
elastic system while V) is the force for the
elastoplastic system.

Several researchers have proposed a
relationship between the force-reduction
factor (R), ductility (x) and period (T),
referred to as the R-u-T relationship.
Commonly used approximations are the
equal energy and equal displacement prin-
ciples, as presented in Equation 4.

1 T< Ty
R=4\N2u-1 Tp<T<Te (4)
U Te<T

Eurocode 8 (EN 2004b) and SANS 10160-4
(SANS 2017) include this force reduction
by means of a behaviour factor g and is a
combination effect of the force-reduction
factor and an overstrength factor Q as
presented in Equation 5.

g=RxQO (5)

The overstrength can be regarded as the
structural strength redundancy inherent in
code-based structural design, for example:
B Material factors used in design
B Confinement effect of reinforced con-
crete members
B Minimum reinforcement requirements
B Elements that can add to resistance not
considered in the design.
EN 1998-1 3.2.2.5 (EN 2004b) describes the
behaviour factor as “an approximation of the
ratio of the seismic forces that the structure
would experience if its response was com-
pletely elastic with 5% viscous damping, to the
seismic forces that may be used in the design,
with a conventional elastic analysis model,
still ensuring a satisfactory response of the
structure”. The behaviour factor is therefore
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Figure 4 Schematic illustration of the deflection caused by a force applied to: (a) fixed-base
structure, and (b) structure with vertical, horizontal, and rotational flexibility at its base

(NIST 2012 p 2-2)

an attempt to incorporate the advantages of
the nonlinear behaviour of a structure into
linear elastic methods of analysis.

SANS 10160-4 (SANS 2017) prescribes
a behaviour factor ¢ for structural wall
systems as 5, when strict rules for confine-
ment reinforcement of the critical regions
are adhered to. The detailing rules are taken
from the ACI 318 code and the definition
of the height of the plastic region is taken
from the Swiss Code: SIA 262:2003 (Retief
& Dunaiski 2009 p 181). The behaviour
factor greatly reduces the design base shear.
Figure 3 illustrates the design acceleration
response spectrum of a completely elastic
system (g = 1) against the design accelera-
tion response for a behaviour factor of 5.
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Soil-structure interaction (SSI)
Soil-structure interaction (SSI) analysis
is the evaluation of the combined response
of the structure, foundation and the soil
under the foundation (NIST 2012 p iii).
SANS 10160-4 (SANS 2017) does not
explicitly set out specifications for soil-
structure interaction. Eurocode 8 part 5
(EN 2004c) lists the types of structures
that require SSI analysis. These are
structures where the interaction between
the soil and the foundation could have a
negative effect on the seismic response,
therefore a “fixed base” analysis is likely to
be unconservative. Annex D of Eurocode 8
part 5 (EN 2004c) states: “For the majority
of common building structures, the effects of

SSI tend to be beneficial, since they reduce
the bending moment and shear forces in
the various members of the superstructure.”
Eurocode 8 does not, however, provide
more specific guidelines on the design and
modelling aspects.

ASCE (American Society of Civil
Engineers) reports, together with other US
codes and technical guidelines, provide
more detailed procedure for evaluating
and assessing structural systems with
SSI. This investigation followed ASCE/

SEI 41-17 (ASCE 2017) and ASCE/SEI 7-16
(ASCE 2016) guidelines for including SSI in
a rational manner, while keeping within the
framework of the South African national
design codes and Eurocode 8.

SSI influences the seismic response of a
structure by period lengthening, kinematic
effects, and foundation damping caused
by soil hysteretic damping and radiation
damping. These effects are discussed in the
following subsection.

Period lengthening
Consider the single degree of freedom
(SDOF) oscillator shown in Figure 4.

A fixed base oscillator refers to the
standard SDOF oscillator fully restrained
to a base with infinite stiffness (no springs),
while a flexible base oscillator refers to a
SDOF oscillator connected to a flexible
base (with springs).

With reference to Figure 4, the clas-
sical period lengthening expression from
Veletsos and Meek (1974), derived through
Equations 6 to 11:

F
A== (6)
k
TQ—(Zn)Z%:(Zn)Z— )
~ F F F F-h
A:—+uf+9~h:—+—+—h ®)
k k  k, kyy
1
T?2=02n2—=02n)m|—+—+—| (9
k, kyy
) &k 1 1 K
—| =—xmx|—+—+— (10)
T m k, kyy
T k  kh?
—= [1+—+— (11)
T k, kyy
where:

A Deflection of the fixed base
A Deflection of the flexible base
F Static lateral force
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k Lateral stiffness of the oscillator
Uy Horizontal translation of the oscillator
at its base
0 Base rotation angle
h Effective height of the oscillator
T Lengthened period of the flexible base
T Period of the fixed base
k, Translational stiffness of the base
k.. Rotational stiffness of the base

Although earlier versions of ASCE 7 pre-
sent the equation for period lengthening
in a similar form, the latest ASCE/SEI 7-16

T
refers to the ratio - but does not provide

an expression for this ratio. ASCE/SEI
41-17 specifies that the period extension
should be determined using a mathemati-
cal model and stipulates that approximate
periods shall not be used.

Kinematic effects
Large stiff foundations can cause the foun-
dation motion to deviate from the free-field
motions due to base slab averaging and
embedment effect. Simplistically, base slab
averaging is caused by an incoherence
in response of different parts of a single
foundation, which results in an averag-
ing effect over the foundation. Typically,
ground motion reduces with depth, which
is referred to as embedment effect.
Kinematic interaction will result in a
decrease in the response of the building
under seismic action. These effects are
usually accounted for in the design by
response spectrum modification factors
called RRS,,, and RRS,. RRS,,, is the
response reduction factor for base slab
averaging and RRS, is the response reduc-
tion factor for foundation embedment.
ASCE/SEI 41-17 (ASCE 2017) and ASCE/
SEI 7-16 (ASCE 2016) propose empirical
formulae to account for these effects.
The product of RRS, and RRS,, is used
to reduce the response spectrum. These
factors are unrelated to the force-reduction
factor (or behaviour factor). The reader is
referred to NIST GCR 12-917-21 Chapter 3
(NIST 2012) for a detailed description.
The investigation was more concerned
with the effects that would influence the
behaviour factor, such as ductility and
damping. The RRS was therefore conserva-
tively ignored (RRS = 1).

Foundation damping

Foundation damping can contribute to the
total damping and is typically introduced
through Equation 12:

Bi

)

eff

Brot = By + (12)

where B, is the foundation damping and
pB; is the initial viscous damping, which is
normally assumed as 5% for typical build-
ing structures.
The contributions to foundation
damping are soil hysteretic damping f3
and radiation damping f, ;. Soil hysteretic
behaviour is conceptually similar to any
strain dependent material hysteretic behav-
iour. Seismic waves reflecting from the
base, back into the ground, are called radia-
tion waves and causes radiation damping.
ASCE/SEI 7-16 (ASCE 2016) and ASCE/
SEI 41-17 (ASCE 2017) set out the same
procedure to incorporate damping, as
presented by Equation 13, and was used in
this investigation.

T
ﬁ =T <5 ﬁs + /J)r (13)
f 712 d

;

Soil hysteretic damping B values can be
obtained from Table 8-6 of ASCE/SEI 41-17
(ASCE 2017). These values are a function
of the geotechnical conditions and effective
peak acceleration obtained from the accel-
eration response spectrum.

Radiation damping f3,,; is determined
from empirical expressions based on Wolf
(1985) and is presented by Equation 14:

8, T#ﬁ 14

where Ty and T, represent the transla-

tional and rotational periods, respectively.

Assessing behaviour factor with SSI
Establishing an exact behaviour factor for
a specific lateral resisting system creates
many difficulties and should be carefully
considered. Some of the difficulties when
assessing the behaviour factor are briefly
discussed here.

Defining ductility

There is a lack of consensus as to the
appropriate definition for yield and
ultimate displacement when a bilinear
approximation of the force-displacement
relationship is produced, resulting in vari-
ous definitions of ductility (Priestley et al
2007 pp 12-13).
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R-u-T relationships

The expressions describing the relation-
ship between ductility, force-reduction
and fundamental period are approxima-
tions. The expressions hold on average,
but can be irregular (Chopra 2012

pp 289-290).

Codified behaviour factors

Design codes often consider additional
redundancies within the behaviour factor.
Eurocode 1998-1: 3.2.2.5 (EN 2004b) states
that the values of the behaviour factor
account for the influence of the viscous
damping being different from 5%.

As a commentary on the potential
shortcomings of existing design guidelines
on SSI, NIST GCR 12-917-21 (NIST 2012
p 4-3) identifies that there is no link pre-
scribed between behaviour factors intended
to represent structural ductility and SSI.

ASCE/SEI 7-16 (ASCE 2016) limits the
reduction in design base shear when SSI is
considered in the equivalent static lateral
force procedure. Equations 19.2-1 and
19.2-3 of ASCE/SEI 7-16 are repeated here
as Equations 15 and 16:

V=V-AVzaV (15)
0.7 R<3

a={05+R/I5 3<R<6 (16)
0.9 R>6

where R is the response modification factor
(force reduction factor).

Interestingly, it is observed that the
limits relate to the behaviour factor (or
force-reduction factor). The commentary
chapters of ASCE/SEI 7-16 section C19.2
state: “The limitation on potential reduc-
tions caused by SSI reflects the limited
understanding of how the effects of SSI
interact with the R factor.” (ASCE 2016)

SST influences the damping and ductil-
ity of a structure and therefore influences
the behaviour factor. Figure 5 illustrates
the influence of SSI on the ductility with
a simple standalone concrete wall on a
flexible foundation. The yield displacement
A, at the effective height of the wall will
increase with the displacement due to
foundation flexibility, A, to A'y.

If the design displacement A, is strain-
limited it will increase by approximately
the same amount. The ductility capacity
can then be expressed through Equation 17.

7AD+AF
Ay+AF

17)

4



If the design displacement is limited by
codified maximum drift, then the ductility
capacity can be expressed in Equation 18.
A
U= D (18)
Ay +Ap

With the likely reduction in ductility
capacity, a similar reduction in behaviour
factor would be expected. However,
amongst other effects, SSI will contribute
to the total damping of a structure. This,
according to EN 1998-1 (EN 2004b), will

/
V _________________________________________
Rigid base 5
o i Foundation
9 = flexibility
¢ included : :
He £ Vo
| by Ay by
Displacement
(b) Force-displacement

(a) Structure

also influence the behaviour factor.

Frame contribution

Figure 5 Influence of foundation flexibility on ductility (adapted from Priestley et al 2007 Figure 6.19)

Most structural walls in buildings are not

standalone elements but are connected to
columns with horizontal elements (slabs or
beams). If SSI is included in linear models,
the horizontal elements will be designed to,
in part, accommodate the additional rota-
tion at the base of the wall.

The contribution of the frame to the
stability of the structure will increase
proportionally with foundation rotation. By
considering the simplified structural wall
frame shown in Figure 6, and assuming

that the vertical members are rigid, it is
expected that, for a foundation rotation of
0, a similar additional rotation would occur
in the horizontal frame elements at the
wall face, resulting in the frame contribut-
ing more to the stability of the structure.

BUILDINGS INVESTIGATED
The buildings were chosen to be simplified
representations of a typical commercial

building in South Africa.

Building type
An office building, corresponding with the

importance class 2 of “ordinary building”
in SANS 10160-4 (SANS 2017) was chosen
as the basis of the investigation. Figure 7
illustrates the typical building layout.
The reference floor layout consists of
a 250 mm thick reinforced concrete flat
slab, with 6 m single spans on either side
of the reinforced concrete wall in the
direction of loading, to represent relatively
slender contributing frame elements.
This study considers seismic action in the
north-south direction. It is assumed that
the buildings are stable in the east-west
direction.
This investigation focused on medium-
to low-rise buildings. Buildings with 7, 5
and 3 storeys were chosen for this reason.
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Figure 6 Simplified frame rotation

Table 1 represents the summary of the
building and floor heights investigated.

Loading
Self-weight: The concrete density y,,,,. was

taken as 24 kN/m3, with a 250 mm slab
thickness resulting in the slab self-weight
of 6 kN/m?.

Permanent load: For an office building
with masonry as infill panels with a typical
arrangement of internal brickwork together
with tiling, services and screed, an additional
dead load (DL) of 5.5 kN/m? was estimated.

Imposed load: SANS 10160-2 (SANS
2011) Table 1 prescribes a 2.5 kN/m?
imposed load for offices.

Volume 64 Number2 June 2022

Structural wall
The wall aspect ratio is defined as the

total height H,, to wall length L. For a
given global displacement ductility 4, the
local curvature ductility demand 4, will
increase as the wall aspect ratio H,/L,,
increases (Priestley & Pauley 1992 p 400).
Squat walls with small aspect ratios
are more likely to be dominated by shear
behaviour. To ensure ductile, flexure-
dominated behaviour, rather than the more
brittle, shear-dominated behaviour, it would
make sense to limit the aspect ratio to some
extent. SANS 10160-4 (SANS 2017) does
not explicitly limit this ratio. EN 1998-1
(EN 2004b), however, makes use of a factor

Journal of the South African Institution of Civil Engineering
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Figure 7 Reference floor layout

Table 1 Storey heights investigated Table 3 Ground types to SANS 10160-4 (SANS 2017 Table 1)

rror s er o

L Description of stratigraphic profile N
Foundation 0 0 0 type SPT
blows/30 cm
Level 1 ~ ~ ~ Rock or other rocklike geological formation,
Level 2 75 79 75 1 including at most 5 m of weaker material at > 800 - -
' ' ' the surface
Level 3 104 104 104 Deposits of very dense sand, gravel or very
Level 4 136 136 ) stlff clay, at least se\{eral tens of metrgs in 360 — 800 5 50 5 250
thickness, characterised by a gradual increase
Levell 5 16.8 16.8 of mechanical properties with depth
Level 6 - Deep deposits of dense or medium-dense
eve 3 sand, gravel or stiff clay with thickness from 180 - 360 15 - 50 70 - 250
Level 7 232 several tens to many hundreds of metres
Deposits of loose-to-medium cohesionless
soil (with or without some soft cohesive
Table 2 Wall lengths investigated 4 layers), or of predominantly soft-to-firm <180 <1 <70
cohesive soil

average value of propagation of S-waves in the upper 30 m of the soil profile at shear strains
of 1075 or less

Length of wall (m)
atol faticl Nspr = standard penetration test blow count

¢, = undrained shear strength of soil, expressed in kilopascals (kPa)

o
W
S

|

5 16.8 5.60 3.36

prominent allowable displacement limits. This study investigated rectangular
7 23.2 773 4.64

This means that, for slender walls with walls with aspect ratios of 3 and 5. These

k,, to adjust the behaviour factor according
to the prevailing mode of failure, which is
a function of the aspect ratio. The expres-
sion for k,, reduces the behaviour factor for
aspect ratios lower than two, implying an
expected loss in ductility for aspect ratios
lower than two.

As the aspect ratio increases, the
lateral drift limits become the more

Journal of the South African Institution of Civil Engineering

large aspect ratios, the member would not
reach its full ductility capacity associated
with strain limits but would rather reach
drift limits associated with secondary
damage of non-structural infill panels.
Priestley et al (2007 pp. 325—327) suggest
that, for aspects ratios of approximately 9
and larger, a structural wall is expected to
reach storey drift limits while still behav-
ing elastically.

Volume 64 Number2 June 2022

ratios fall within the practical range
for structural walls associated with
ductile, flexure-dominated behaviour.
The wall length will therefore change
with a change in building height. Table 2
represents the wall lengths corresponding
to each aspect ratio and building height
investigated.

The width of the walls was kept con-
stant at 300 mm. This largely corresponds
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to suggested limits by Priestley and Pauley
(1992 p 403) for lateral stability.

Ground type
It is observed from Figure 1 that differ-
ent soil types will influence the seismic
response of a building. Table 3 (page 43)
provides a description of the soil types
as presented in Table 1 of SANS 10160-4
(SANS 2017), which is similar to EN 1998-1
(EN 2004b Table 3-1).

This investigation focused on Ground
Type 3 as per EN 1998-1 Ground Type C

Pushover analysis:
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Figure 9 Capacity curve from pushover analysis performed on the 2D models used to present the lateral resisting system
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(EN 2004b), which is consistent with

soil conditions commonly found in the
southwestern region of the Western Cape
Province, an area under the highest risk
associated with natural seismic activity in
South Africa.

It can be observed from Figure 1 that
Ground Type 3 represents a reasonable
average response for all four ground types.

The relevant soil parameters used in
this investigation are:

Shear wave velocity v 3q .. ........ 180 m/s
Expected bearing capacity g,,. .. ... 400 kPa
Stress strain modulus £, .......... 50 MPa
Poisson’s ratio v......... ..., 0.4
Soil density yggi-vovovveveninn. 18 kN/m3

METHOD OF INVESTIGATION

The method used in this investigation is
presented in a stepwise manner.

Step 1: Equivalent lateral

force procedure
A reinforced structural wall system with
fixed base was analysed using the equiva-
lent later force method as prescribed by
SANS 10160-4 (SANS 2017). The design
base shear V,, is calculated assuming a
behaviour factor of 5.
V, =S4T, g q) x W, (19)
S 44 1s the design acceleration spectra (nor-
malised to gravity acceleration g). W, is the
nominal sustained vertical load acting on the
structure. The lateral force pattern used to
translate the base shear to an equivalent iner-
tial force per storey is given in SANS 10160-4
(SANS 2017) as presented in Equation 20.

F=V Wi (20)
i=Vn
LW
hj, h; storey height above the base to
level i or j respectively
W W; nominal sustained vertical load of
floor i or j respectively

The force pattern should represent the
mode shape of the first mode of vibration,
given the simplification of the lateral force
method that higher modes do not contrib-
ute to the response of the structure.

The fundamental period of vibration is
determined using FE eigenvalue analysis
assuming the structural wall stiffness as
50% of the elastic stiffness (0.5EI). An itera-
tive procedure whereby the fundamental

period of the wall is reassessed after it was
initially designed to resist equivalent forces
produced by an initial estimate of the fun-
damental period, is considered more accu-
rate. However, design codes intentionally
provide formulae to produce short periods
and therefore conservatively large design
base shears, which is an additional redun-
dancy when specifying behaviour factors.
The period associated with the 50% elastic
stiffness will produce the lowest allowable
design base shear within the framework of
SANS 10160-4 (SANS 2017).

SANS 10160-4 (SANS 2017) prescribes
a peak ground acceleration (PGA) of 0.1 g
for all regions experiencing natural seismic
activity in South Africa (Zone I regions),
despite indicating higher nominal peak
ground accelerations with a 10% probability
of exceedance in 50 years in Figure A.1
of SANS 10160-4 (SANS 2017). The code
committee deemed it inappropriate to
increase the PGA magnitude, as one of the
main motivations for revising the seismic
loading code was due to the perception
from engineers that the PGA was too con-
servative. To overcome this concern, the
lower limit of the redundancy factor bor-
rowed from Uniform Building Code:1997
(UBC) was rather adjusted to effectively
increase the PGA from 0.1 g to between
0.12 g and 0.15 g (Retief & Dunaiski 2009
pp 173-174). Remaining consistent with
SANS 10160-4 (SANS 2017), a PGA of 0.1 g,
together with the redundancy factor, was
used for design; however, a PGA of 0.15 g
was used for the nonlinear assessment of

the structures. A PGA of 0.15 g reflects a
more accurate value for the southwestern
region of the Western Cape Province.

Step 2: Code design

The structural wall system was reinforced
to resist the total fixed base moment,
following capacity design principles. The
wall boundary elements were detailed
according to SANS 10160-4 (SANS 2017)
Annex C. The boundary elements provide
confinement in regions of the walls where
the concrete fibres are highly stressed
under seismic action and prevent buckling
of the longitudinal reinforcement under
load reversal. The confinement effects
and resistance to reinforcement buckling
are critical to ensure ductile behaviour

in structural walls. Figure 8 shows a
typical wall with boundary elements as
per SANS 10160-4 (SANS 2017). The
structural frame is designed according to
SANS 10100-1 (SANS 2000).

Step 3: Nonlinear static assessment

(pushover analysis)
Nonlinear static procedures were per-
formed on the 2D models used to present
the lateral resisting system. The nonlinear
static procedure was used to produce a
capacity curve for the designed building,
which is shown in Figure 9.

The N2 method prescribed by Eurocode
1998-1 (EN 2004b) is used to determine
the target displacement (or displacement
demand). The process is briefly described
here:

F* 4

F; /‘

%

dx d*

Figure 10 Elastic-perfectly plastic idealisation of the capacity curve of an equivalent SDOF system -

EN 1998-1 p 216 (EN 2004b)

Journal of the South African Institution of Civil Engineering  Volume 64 Number2 June 2022

45



A bilinear elastic-perfectly plastic
approximation of the capacity curve is
determined through ensuring that the area
under the bilinear curve is equal to the
area under the capacity curve, until the
formation of the plastic mechanism. This
implies that the energy of the equivalent
system is equal to that of the original,
which is illustrated in Figure 10 (page 45).

The yield force F), is initially taken as
the ultimate force on the capacity curve.
The yield displacement d,, is determined by
Equation 21:

d, - 2[dm . E—my (1)
Fy

where E, | is the area under the curve and
d,, is the displacement at the formation of
the plastic hinge mechanism.

The multi degree of freedom (MDOF)
system is transformed to an equivalent
SDOF through Equation 22:

- Z””i@z
Zmiq)iz

where m; is the mass per floor i. The
normalised shape vector @, represents the
lateral deformed shape. A simple example
for calculating the transformation factor is
shown in Figure 11.

The equivalent SDOF system can then
be calculated using Equations 23, 24 and
25.

Fr== (23)
r

d* = 2d (24)
r

I'=2m®, (25)

The effective period T* of the equivalent
SDOF system can then be calculated using
Equation 26.

(26)

The displacement of the SDOF system d
can be determined using the 5% damped
elastic spectra and Equations 27, 28 and 29,
with an adjustment for shorter periods
where the equal displacement approxima-

tion does not apply.

2
fT=T,

%

dy=d, =S,(T% (27)

2
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Figure 11 Example for calculating the transformation factor I
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Figure 12 Acceleration response spectrum for Ground Type 3

dx T
d?:—e‘[l + (o - 1)—C]2 d fT< T, (28)
a, r
m*S (T%)
qO = e* (29)
FJ’

The target displacement (or displacement
demand) for the MDOF system d, is calcu-
lated as:
dt=d;xT (30)
The pushover analysis formed the basis of the
nonlinear assessment as it allows for a clear

assessment of ductility. The capacity curve
also indicates a certain level of reliability

by showing the target displacement against
displacements associated with structural
failure. In addition to this, there are more
consensus in guidelines on the use of SSI
with the pushover analysis, as opposed to SSI
in time-history analysis (THA), where the
specifications can involve complex variations
in parameters that could detract from the
main influences of the study. The THAs
were therefore used as displacement response
verification of the results from the pushover

analyses.
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Step 4: Reduce foundation sizes
The foundation size was systematically 0.14

reduced to resist a percentage of the fixed

moment. As the foundation moment 012 /

reduces, the contribution of the frame for

A

stability increases. 010

SSI will also influence the response;
therefore Steps 1 to 3 are repeated. The

. . . . 0.08
effects investigated in this study are

defined per step as:

B Step I: Longer fundamental period 0.06 1

Displacement (m)
A

of vibration will produce smaller
base shear, but larger displacement. 0.04
Figures 12 and 13 illustrate the effects
of period lengthening on the response. 0.02 1
B Step 2: Lower design base shear forces

produce smaller foundation overturning 0

T T T T T T T T
moments. Reinforcement requirements 0 0.5 10 1.5 2.0 25 3.0 35 4.0 4.5
for the wall reduce, while the reinforce- T (50% cracked) T (SSI) Period (T(s))

ment in the contributing frame increases = 5% damping

with increased displacement response.
B Step 3: SSI was incorporated in the Figure 13 Displacement response spectrum for Ground Type 3

models using the beam-on-nonlinear
Winkler foundation (BNWF) models.
This method also corresponds to .

Develop fixed base Select ground
Method 2 of ASCE/SEI 41-17 Chapter 8 structural model motion spectrum SANS 10160-4 /

(ASCE 2017). ~ g with initial damping, | EC 1998-1
¢ B;=5%

The target displacement was calculated using p N CT T
the N2 procedure prescribed by EN 1998-1 Model foundation i lGethperfod
. 1 T ,
Annex B (EN 2004b) but included the effects stiffness and strength > ernenng
i
1
1

\

4 \
Modify spectrum for | ASCE/
kinematic SSI effects | SEI 41-17:8.5.1

|

N~

. and modify structural
of SSI as prescribed by ASCE/SEI 41-17 model for flexible base

(ASCE 2017). An initial investigation showed N~ O N
that the Coefficient Method prescribed by ¢

ASCE/SEI 41-17 (ASCE 2017) compares well Generate global L /

capacity curve ( ]
J Modify spectrum for

bases (i.e. walls where SSI are not included). ¢ foundation damping

J

EC1998-1:3.2.2

ASCE/

SEI41-17:8.5.2

SST influences the ductility and damp- c o bil 5 —p+ B; <
enerate bilinear ror = Py

curve for equivalent [_]
ity. The procedure is therefore iterative. SDOF system T

with the N2 procedure for walls with fixed

ing. Damping is also influenced by ductil-

eff

Convergence is found when the difference
in the displacement between successive

\ 4
iterations is smaller than 1 mm. The r \ _ _ 4
Use N2 procedure to Modify effective period

. EC 1998-1 Annex B | determine maximum lengthening ratio
Figure 14. displacement, d, [T 1 ZJZ ~ 1]]0-5
T

_] =[1+_
Teﬁ‘ U

A

adapted iterative procedure is presented in

r
&

Step 5: Inelastic time-history analysis v

Structural systems with reduced base sizes ( o )
Check ductility,

_h A
dy b,
verification to determine whether the \ J

were analysed with THAs. The displace-

ment responses were used as an additional

structures meet required demands. Three
accelerograms obtained from PEER Strong Figure 14 Procedure to incorporate SSI in pushover analyses

Table 4 Accelerograms chosen from PEER Strong Motion Database

Chalfant Valley PEER Strong Motion Database  Bishop—LADWP South St, 180 20 July 1986 0.126 (g) 0.202 (g
Umbria Marche  PEER Strong Motion Database  Castelnuovo-Assisi, 270 26 September 1997 0.105 (9) 0.177 (9)
Loma Prieta PEER Strong Motion Database 090 CDMG Station, 47381 18 October 1989 0.36 (9) 0.195 (9)
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Figure 15 Matched ground accelerations against the target spectrum

Motion Database (PEER 2020) were
matched with South African conditions

Table 5 Models investigated

Aspect ratio 5 Aspect ratio 3

and are presented in Table 4 (page 47).

Spectral matching is the nonuniform
scaling of a ground motion to match a tar-

M100 base 3M100ARS5 5M100AR5 7M100ARS 3M100AR3 5M100AR3 M100AR3
get response spectrum. The target spec-
trum is the spectrum defined by SANS M80 base 3MB80ARS 5M80ARS 7M80ARS 3MB80AR3 5MB80AR3 7M80AR3
10160-1 for Ground Type 3 (SANS 2017). M60 base 3M60ARS 5M60ARS 7M60ARS 3M60AR3 5M60AR3 7M60AR3
Figure 15 illustrates the matching

M40 base 3M40AR5 5M40AR5 7M40ARS 3M40AR3 5M40AR3 7M40AR3

principle.
A total of 24 models were investi-

gated, which are summarised in Table 5.
M100 (or Mfixed) refers to the baseline

Number of storeys

models where the walls are designed and

R

Aspect ratio

—

modelled with fixed support conditions

5 M80 AR3
I

at the base, with the bases not explicitly
modelled, therefore not considering SSI,

whereas M60 is the base size with capac- Percentage of the fixed moment

ity to resist 60% of the fixed moment.

Figure 16 explains the model notation, and

the foundations sizes are summarised in Figure 16 Model notation

Table 6.
Table 6 Foundation sizes investigated
NUMERICAL MODELLING

Foundation size L x B x t (m) Foundation size L x B x t (m)

SeismoStruct from Seismosoft (Seismosoft
2020) is a commercial finite element

software which was used for all nonlinear

) ] ) M100 base Fixed Fixed Fixed Fixed Fixed Fixed
modelling. SeismoStruct predominantly
uses the fibre section approach, whereby M80base  63x15x06  79x2x07  10x22x11  88x2.2x06 111x1.8x07  12.2x24x]
a member is represented by a series of M60base  57x13x05  7x19x06  88x22x1  79x17x0.5  102x16x06 113x2.2x09
cross-sections that are divided into a
M40 base 49x1.2x04  6.3%1.7x0.5 8.1x2x0.9 6.5%1.5x0.5 9%1.5x0.6 10.5%2x0.9

number of fibres, separately representing
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the concrete and the reinforcing steel. Each
fibre consists of its own associated uniaxial
stress-strain relationship. The fibres are
then integrated to obtain the stress-strain
state of the section. Separate material rules
are used for confined concrete, unconfined
concrete and reinforcing steel.

Priestley et al (2007 pp 195-196) and
the SeismoSoft user manual (Seismosoft
2020 p 297) define some of the advantages
and disadvantages of using fibre elements.
The main considerations for this study are
described as the follows:

Advantages:

B No prior moment-curvature analysis of
members is necessary.

B The hysteretic response is defined by
the material properties; there is no need
to introduce any element hysteretic
responses.

B Direct modelling of axial load-bending
moment interaction in both strength
and stiffness.

B The member’s post-peak strength
reduction can be directly modelled.

B Straightforward representation of
biaxial loading.

B Structural damping is directly
modelled.

Disadvantages:

W Fibre elements model flexural response —
shear strength and deformation are not
modelled directly.

B The interaction between flexural ductil-
ity and shear strength is not modelled
directly.

B Strain penetration requires special
treatment.

B Excessive computing time for large
models.

Nonlinear modelling for shear deformation
in cracked reinforced concrete sections
under dynamic loading falls outside

the scope of this study. However, shear
deformation will increase the displacement
capacity corresponding to strain-based
flexural limit states (Priestey et al 2007

p 185). Not considering shear deforma-
tion when testing whether the structures
meet their corresponding displacement
demands is therefore deemed conservative.
Furthermore, the additional assessments on
ductility are based on the relative change
in ductility. Shear deformation should not
influence these results, provided that the
methods of analysis and assessment are
consistent for all models.

T
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Figure 17 Numerical modelling diagram

A single frame was modelled to
represent the lateral resisting system of
the structure, as presented in Figure 17.
The elements and connection are briefly
explained, with reference to Figure 17.

Elements

Wall elements consist of confined
concrete elements to represent the wall
boundary elements, and unconfined con-
crete for the web section of the wall. Slab
elements are fixed to the wall with rigid
links along the length of the wall. The slab
elements are beam elements with the width
equal to the panel width of the bay. All
slab elements are modelled as unconfined
concrete elements and are connected to
the columns with pinned connections,
therefore not transferring moments to the
columns. Column elements are designed
to remain elastic, therefore limiting the
column contribution to the ductility of the
lateral resisting system. Base elements are
fixed to the wall elements and are modelled
as rigid beams over a set of zero-tension,
zero-length spring elements. As this study
assesses the relative change in ductility,

it was deemed unnecessary to introduce
the additional parameter of base stiffness
to the investigation. The stiffness of the
base was therefore assumed to be rigid

for all structures considered. Modelling

a rigid foundation is an accepted method
for inclusion of SSI in the analysis. The
reader is referred to the design standards
of ASCE/SEI 41-17 (ASCE 2017) for the
recommended methods of analyses.
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The stiffness of the individual spring
elements depends on the dimensions
of the foundations and the spacing.
The modulus of subgrade reaction was
calculated using expressions proposed by
Bowles (1996). An elastic perfect-plastic
force-displacement spring compressive
response was modelled, with zero tensile
resistance. As an example case of a 10.2 x
1.6 m foundation (L x B), the foundation
specific modulus of subgrade reaction k,
was calculated to be 63 796.53 kN/m?.
Using 25 zero-tension spring elements
to represent the SSI under a foundation,
the minimum number recommended
for accuracy as per NIST GCR 12-917-21
(NIST 2012), each internal spring’s stiff-
ness and capacity were calculated to be
43 481 kN/m (k,, x L/24 x B) and 272 kN
(g, x L/24 x B) respectively. The embed-
ment depth influence factor was assumed
to be unitary.

Lumped mass

To represent the full mass associated with
the seismic response of the equivalent
frame, a lumped mass was introduced at
every level. The lumped masses do not
contribute to the axial load on the struc-
tural wall, as this is modelled directly, but
contribute to the mass participation during
seismic loading.

Performance criteria

The monotonic relationships shown in this
section serve to clearly illustrate strain
limits; however, the recommended strain
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limits are calibrated to account for cyclic
behaviour.

Concrete

The stress-strain relationships for confined
and unconfined concrete proposed by
Mander et al (1988) were used, which are
shown in Figure 18:

where:
fc Concrete compressive stress
¢, Concrete compressive strain

/', Unconfined concrete compressive
strength (cylinder strength)

g,, Strain at peak stress for unconfined
concrete, generally assumed as 0.002

f".. Confined concrete compressive
strength

g,, Strain at peak stress for confined

concrete

The ultimate strain for confined concrete
will depend on the amount of confine-
ment reinforcing but is expected to be
approximately 0.02 for boundary elements
reinforced according to SANS 10160-4
Annex C (SANS 2017). The ultimate strain
for unconfined concrete was conservatively
taken as 0.0035.

Reinforcing steel
EN 1992-1-1 Clause 3.2.7 (EN 2004a),
proposes an idealised bilinear relationship
for design purposes, shown in Figure 19.
SANS 10100-1 (SANS 2000 Figure 2)
assumes an elastic-perfectly plastic curve
for design purposes, which was assumed
for member design in this investigation. For
the nonlinear assessment, however, strain
hardening was considered with the mean
material properties.

Ultimate tensile strain for high-yield steel
reinforcement is expected to be in excess
of 0.1. However, ultimate tensile strain is
reduced under load reversal. A recommended
ultimate steel tensile strain of 0.06 was
assumed (Priestley et al 2007 p 143).

Drift limits

To prevent excessive damage to infill
panels and non-structural elements,
SANS 10160-4 (SANS 2017 Clause 9.3.1)
limits inter-storey drift to:

d

< 0.025h, 31)

ri—j

if T<0.7s

d._ <002k,  if T>07s (32)
where: d, ij is the relative drift between

two storeys and /, is the storey height.
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Figure 18 Stress-strain relationships for confined and unconfined concrete (adapted from

Mander et al 1988 Figure 1)
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Figure 19 Idealised bilinear stress-strain relationship for reinforcing steel, adapted from
EN 1992-1-1 (EN 2004a)
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RESULTS AND DISCUSSION

Target displacement

All models that include SSI achieve their

target displacement without failure,

implying that the behaviour factor of 5

is an appropriate assumption. Figures 20

to 25 show the target displacement from

all models with reduced foundation sizes
against the fixed base model.

It is observed that for more slender
buildings, with wall aspect ratios of 5, there
is no significant difference in target dis-
placement between the fixed model (M100
model) and the SSI models (models where
the foundations are explicitly modelled). In
some cases, the target displacement for the
SSI models is, in fact, less than the fixed
base model, as shown in Figures 20 and 22.
This is due to the shape of the displace-
ment response period, shown in Figure 26,
where Sp,, is the displacement of an
equivalent SDOF system. It is observed that
the displacement is expected to remain
reasonably constant or reduce for periods
larger than the displacement corner period
T, Table 7 presents the recommended
corner periods as per EN 1998-1 (2004b)
and SANS 10160-4 (2017). The reduction
in the target displacement seen for the SSI
models with periods longer than T, is the
result of the adjustments in damping, due
to SSI and ductility, accounted for in the
SSI adjusted method.

The expected increase in target dis-
placement with reduction in foundation
size is better illustrated with the more
rigid buildings, with wall aspect ratios
of 3 (Figures 21, 23 and 25), where the
fundamental period of vibration is typically
shorter than the corner period T,

Interestingly, the only model that failed
before reaching the required target dis-
placement is the fixed model 3SM100ARS5.
From Figure 24 it is observed that the
structure failed (crushing of confined con-
crete) at a displacement of 141 mm, before
the target displacement of 148 mm was
reached. This possibly suggests that the
behaviour factor of ¢ = 5 is not appropri-
ate for all structural walls. Assessing the
behaviour factor of fixed-base structural
walls does not form part of the scope of
this study; however, it is useful to consider
the following:

B The period used for base shear
calculations is calculated from an
eigenvalue analysis, which produced
a period exceeding the allow-
able limit of 1.4 times the period
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Table 7 Prescribed corner periods EN
1998-1 (2004b) and SANS 10160-4
(SANS 2017)

Parameters
Ground Type
ARBED
1(EN1998asA) 015 04 20 45 10
2(EN1998asB) 015 05 20 5 10
3(EN1998asC) 020 06 20 6 10

4(EN1998asD) 020 08 20 6 10

calculated from empirical formulas
given in SANS 10160-4 (SANS 2017).
The shorter period will result in a larger
design base shear, therefore requiring
more steel reinforcement.

B For the 3-storey height and aspect
ratio of 5 models, the structural wall
is only 2.08 m in length. For this case,
as the difference in stiffness between
the structural wall and the columns
is small, it could be argued that this
should be treated as a frame structure
with lower behaviour factor.

B The N2 method can produce con-
servative estimates for the displacement
demands, due to the conservative
assumption on damping. The average
displacement demand from the THAs
is 136 mm, whereas the N2 method
calculates 148 mm.

B The approach of Mander et al (1988)
will produce conservative estimates for
ultimate strain for confined concrete
(Priestley & Pauley 1992 p 98).

When assessing the same structure, but

explicitly modelling an overstrength founda-

tion (assuming overstrength as 1.2), the SSI
model reaches the updated increased target

displacement of 164 mm, shown in Figure 24

as the dashed line. This, again, implies that

the behaviour factors prescribed by design
codes consider additional influences not
included in the strict definition of the factor.

Relative ductility capacity

and demand

As discussed above, one of the difficulties
when assessing behaviour factors is the lack
of consensus in defining ductility. For this
reason, the term relative ductility is used

in this section, as it assesses the ductility
with the bilinear curve calculated using
the equal energy principles of EN 1998

(EN 2004b,c) when determining the target
displacement. This does not necessarily
suggest that the same bilinear curve is used
when assessing ductility for Eurocode and
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South African standards. A comparison
can, however, be made with the idealised
bilinear curves from the fixed base models
calculated with the same procedure.

It was observed from the nonlinear
analyses that the ductility capacity of the
SSI models was significantly larger than
the fixed base models but reduced with
reducing foundation size. Furthermore, it
was observed in the above subsection that,
generally, ductility demand increases with
reducing foundation size. The proportions
of the increase in relative ductility demand
against the reduction in relative ductility
capacity are, therefore, of interest and are
summarised in Tables 8 to 13.

The right columns show a significant
improvement in the ductility capacity —
ductility demand ratio for most SSI models
against the fixed base models, indicating an
improved safety against collapse.

It is worth noting that the actual fixed
models will, themselves, rest on foundations
large enough to resist the fixed moment. This
is likely to improve the actual behaviour of
the structure under real seismic action, but
with a foundation designed to resist an over-
strength moment, the mode of failure is likely
to be similar to the fixed moment.

Table 12 shows that 3M100AR5 SSI
and 3M40ARS5 have similar capacity-
demand ratios, and model 3M40AR3
indicates a smaller ratio than 3M100AR3
in Table 13, indicating that the advantage
of SSI is lost with such large reductions
in foundation sizes, also considering the
additional reinforcement required in the

contributing frame.

Displacement response from THA
The average and maximum displacement
responses from the THAs are summarised
in Tables 14 to 19.

The only displacement response that
exceeds the predicted target displace-
ment is 7M40ARS5, where the maximum
demand exceeds the target displacement
by 3 mm. The structures perform surpris-
ingly well when subjected to the ground
motions, indicating that a behaviour factor
of 5 is still appropriate. The results are,
however, irregular. An apparent abnormal-
ity of a maximum response of 43 mm
for 7M80AR3 is observed; however, it is
observed that the average response does
not deviate significantly from the maxi-
mum. The model was subjected to various
adjustments for variables such as:

B Ground motion records, matched and
unmatched

Table 8 7AR5 Relative ductility

Relative ductility Ductility capacity/
Ductility demand Ductility capacity ductility demand

7M100AR5 2.05 298 146
7MB0ARS 2.60 6.35 244
7M60ARS 2.28 595 260
7M40ARS 2.00 5.16 2.58

Table 9 7AR3 Relative ductility

Relative ductility Ductility capacity/
Ductility demand Ductility capacity ductility demand

7M100AR3 2.19 3.05

7M80AR3 3.56 10.79 3.03
7M60AR3 367 9.67 2.64
7M40AR3 2.89 749 2.59

Table 10 5AR5 Relative ductility

Relative ductility Ductility capacity/
Ductility demand Ductility capacity ductility demand

5M100AR5 234 2.86

5MB80ARS5 2.57 5.02 1.95
5M60ARS 2.54 4.94 194
5M40AR5 1.92 3.65 1.90

Table 11 5AR3 Relative ductility

Relative ductility Ductility capacity/

Ductility demand Ductility capacity ductility demand

5M100AR3 2.76 3.66 1.32
5M80AR3 3.26 8.00 245
5M60AR3 371 8.00 215
5M40AR3 372 7.30 197

Table 12 3AR5 Relative ductility

Relative ductility Ductility capacity/

Ductility demand Ductility capacity ductility demand

3M100ARS5 261 248 095
3MB80ARS5 2.76 353 1.28
3M60ARS 2.63 3.36 1.28
3M40AR5 2.23 2.81 1.26
3MT00ARS SSI 2.22 2.81 1.27

Table 13 3AR3 Relative ductility

Relative ductility Ductility capacity/
Ductility demand Ductility capacity ductility demand

3M100AR3 2.32 3.60

3MB80AR3 2.82 533 190
3M60AR3 3.15 533 1.69
3M40AR3 3.65 5.20 143
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B Reduced time step

B More stringent convergence criteria

B Upper bound of 2 x soil stiffness and
bearing capacity

M Various soil damping ratios.

The resulting displacement responses do

not deviate significantly from the above.
Further investigations are recommend-

ed with more ground motion records and

advanced stress-strain curves to represent

the soil hysteretic behaviour.

CONCLUSIONS

The paper reports on the investigation of the

effects of soil-structure interaction on the

behaviour factor in the seismic response of
low- to medium-rise commercial buildings
with structural wall systems in typical South

African conditions. Nonlinear finite element

pushover analyses were performed on a total

of 24 buildings designed with linear seismic
procedure, considering the parameters there-
of, the number of storeys (3, 5, 7), structural

wall height to length aspect ratio (3 and 5),

wall foundation size expressed as a percentage

of the fully fixed moment resistance capacity

(100%, 80%, 60%, 40%), Ground Type 3 repre-

senting a median response curve, and seismic

demand based on a behaviour factor of 5.
Based on the results of this investiga-

tion, the following conclusions are drawn:

B All SSI models achieve their target
displacement with significant additional
capacity, therefore confirming that
the behaviour factor adequately (and
possibly conservatively) represents the
expected ductility when linear (force-
based) methods are used.

B The target displacement increases with
the reduction in foundation size.

B The increase in target displacement for
structures with fundamental periods
larger than the corner period T}, is
mainly the result of a reduction in damp-
ing with reduction in foundation size.
The more slender buildings with wall
aspect ratios of 5 illustrate this principle.

B For structures with fundamental
periods smaller than the corner period
Tp the increase in target displacement
is more significant due to the linear
relationship between displacement
response and fundamental period for
periods between T-and Tp. The more
rigid buildings with wall aspect ratios of
3 illustrate this principle.

B The required base shear associated with
the target displacement reduces with
reduction in foundation size.
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Table 14 7AR5 THA displacement demand and target displacement

Displacement response, THA (mm)

Pushover target

displacement (mm)

Average
7MB80ARS 41 43 177
7M60AR5 125 144 178
7M40AR5 155 183 180

Table 15 7AR3 THA displacement demand and target displacement

Displacement response, THA (mm) Plshover target

displacement (mm)

Average
7MB80AR3 110 112 153
7M60AR3 131 174 176
7M40AR3 133 155 179

Table 16 5AR5 THA displacement demand and target displacement

Displacement response, THA (mm) Pushover target

displacement (mm)

Average
5M80ARS5 121 123 172
5M60ARS 115 127 173
5M40AR5 127 151 177

Table 17 5AR3 THA displacement demand and target displacement

Displacement response, THA (mm) Pushover target

displacement (mm)

Average
5MB80AR3 96 107
5M60AR3 133 143 156
5M40AR3 110 18 171

Table 18 3AR5 THA displacement demand and target displacement

Displacement response, THA (mm) e e

displacement (mm)

Average
3MB80AR5 120 133
3M60ARS5 119 125 163
3M40AR5 110 123 165

Table 19 3AR3 THA displacement demand and target displacement

Displacement response, THA (mm) Pushover target

displacement (mm)

Average
3MB80AR3 95 100 110
3M60AR3 95 106 123
3M40AR3 88 93 146
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The influence of foundation damping

is relatively small for foundation sizes
considered in this investigation.
Significant improvements in ductility
capacity to ductility demand ratios from
the fixed base models to the M80 mod-
els are observed.

For buildings with a wall aspect ratio of
5, the improvements in ductility capac-
ity to ductility demand for the reduced
foundation sizes remain relatively con-
stant per building height.

For buildings with wall aspect ratios

of 3, the improvements decrease with
reduction in foundation size per build-
ing height.

The improvements decrease with reduc-
tion in number of storeys and therefore
number of contributing frames.

Further research recommendations:

Include a more detailed hysteretic curve
to represent the soil response in THAs.
Include shaking table tests to confirm
results.

Consider several frame elements with
various spans.

Consider the effects of shear failure in
the frame.

Investigate the cyclic behaviour of
unconfined frame elements like slabs.
Include kinematic effects.

Perform an economic study on the addi-
tional reinforcement required in the frame
elements against the reduction in founda-
tion size and optimise the economic
compromise between the beneficial effects
of SSI and the disadvantages in repairing
foundation settlement and residual tilt.
Certain soil types can undergo lique-
faction under cyclic loading, which is

detrimental to the safety of the building.

Investigate the areas in South Africa
where these soil types may be present.
B Investigate the influence of different soil
types on rocking behaviour.
B Investigate the effects of shear strength
and deformation on ductility.
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