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Abstract. The seismic assessment of an existing structure is a complex procedure. In the eval-
uation of the structural capacity, difficulties arise in the definition of the lateral resisting mem-
bers, in the estimation of the lateral capacity from component to system level. The identification
of the local and global mechanisms, depending on the hierarchy of strength at subassembly
level, is a challenging task. Nowadays, advanced numerical analysis procedures, implemented
in user-friendly commercial software, are commonly adopted in the current practice to over-
come the difficulties in the use of non-linear analyses. Nevertheless, their accuracy strongly
depends on the ability of the numerical model to capture all the probable failure mechanisms.
To help the user in the assessment of the probable failure mechanism and to have a first esti-
mation of the building lateral capacity, the Simple Lateral Mechanism Analysis (SLaMA)
method has been recently developed and included in the NZSEE 2016 guidelines. SLaMA is a
simple and reliable “by-hand” tool to derive the local and global mechanism of a structural
system and the corresponding capacity curve. This paper deals with the application of the
SLaMA to an existing RC building severely damaged during the Christchurch earthquake (2011,
New Zealand). The lateral capacity of four 2D resisting systems was assessed following the
SLaMA method. The results of a refined nonlinear numerical model were used to assess the
accuracy and reliability of SLaMA. The good match confirmed that SLaMA can be a useful
and simple tool to have a first estimation of the building lateral response. It allows to identify
the main structural weaknesses driving the user to the development of more refined nonlinear
models.
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1 INTRODUCTION

High uncertainties characterize the seismic assessment procedures both at building and re-
gional level [1]. Although significant advances were made to improve the procedures for the
input selection and in the development of refined analysis methods, difficulties are still present.
Nowadays, thanks to user-friendly commercial software, the use of non-linear analyses is com-
mon in the design practise. It is worth mentioning that, although the non-linear analysis are the
most refined tools for the seismic assessment of existing buildings, their accuracy strongly de-
pends on the ability of the numerical model to capture all the probable failure mechanisms.

For existing RC structures, characterising the lateral capacity of existing members (beams,
columns, walls) that do not conform to modern seismic codes is challenging. This is because
the lack of seismic detailing may lead to different failure mechanisms (flexure, shear, bar buck-
ling, slip at the lap-splice of longitudinal reinforcement). Moreover, the lack of seismic detail-
ing may have detrimental effects on the seismic capacity of beam-column joints. Indeed, recent
earthquakes and relevant scientific studies ([7], [8]) outlined that the shear failure of poorly
detailed beam-column joints significantly affects the structural seismic performances. High un-
certainties are also related to the estimation of the probable material properties and to the influ-
ence of stiff-infill on the structural behaviour ([2], [3], [4], [5], [6]). As a result, the development
of reliable numerical models to be employed in refined non-linear analysis is of paramount
importance and the designers should have the chance to check the model accuracy. Nevertheless,
the lack of simple tools to quickly assess the model accuracy or the influence of the modelling
assumptions on the strength hierarchy, the failure mechanism and the global capacity curve
makes the entire assessment procedure susceptible to large errors. In order to help the designers
in the development of reliable nonlinear models, a step-by-step simplified analysis method
named Simple Lateral Mechanism Analysis (SLaMA) was recently proposed in the New Zea-
land Society for Earthquake Engineering, NZSEE2016, guidelines for Detailed Seismic Assess-
ment (DSA) of existing building [11]. As reported in the document: "The onus is on the
assessing engineer to understand the level of reliability available from the chosen assessment
approach and to be able to articulate this to the end user of the DSA”.

In this paper, SLaMA is used to predict the lateral capacity of 2D lateral resisting systems
extracted from a real building damaged by the 2011 Christchurch earthquake. In particular, the
SLaMA method, which can be referred to as a "by-hand analytical pushover", is proposed as a
reliable benchmark to assess the accuracy of a numerical model/analysis of a RC structure in
predicting the main structural weaknesses and the capacity curve itself.

2 RESEARCH METHODOLOGY

A RC case study building damaged by the Christchurch earthquake (New Zealand, 2011)
was selected for this study. The response of its main lateral resisting systems was assessed
using both SLaMA and 2D refined nonlinear numerical models by using the FEM software
Ruaumoko [12]. All the structural nonlinearities typical of the “non-conforming” RC structures,
1.e. flexural-shear interaction, bar buckling, joint shear failure, possibility of soft-storey mech-
anisms, were properly considered. The results of the numerical model are directly compared
with those predicted with SLaMA. The non-linear capacity curves and the plastic mechanism
predicted at the ultimate limit state are compared and discussed.

The capability of SLaMA of predicting the actual hierarchy of strength and, hence, the plas-
tic mechanism obtained from refined numerical pushover analyses is discussed. This confirmed
that this simplified method can be used to have benchmark capacity curves useful to check the
accuracy of refined numerical models.
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3 CASE STUDY BUILDING

The case study building is an 8-storey RC building (approx. 24m tall) which was used as
commercial office before the February 2011 Canterbury earthquake. It was built in 1974 and
designed according to pre-70’s practice when capacity design and seismic detailing were not
yet introduced. The building was part of a reconnaissance project developed in the aftermath of
the abovementioned earthquake and hence the observed damage state can be found in [13], [14].

Figure 1 shows the plan view of the ground level, taken from the original structural drawings,
and the idealisation of the structure. The structural system consists of RC perimeter frames and
a C-shaped structural wall, which is also connected to the corner columns through link beams,
forming a frame-wall system. Assuming a decoupled behaviour of the web and the flanges of
the C-wall, for the purpose of this work, the lateral resisting systems “extracted” from the build-
ing (see Figure 2) are the following:

Frame 1: the RC frame on gridline 1 (N-S or y-direction);

Frame A: the RC perimeter frame on gridline A, (E-W or x-direction). This is identical
to the frame on gridline D;

Wall (flange only): two flanges of the RC C-shaped wall on the east side of the building;
Dual System: the RC frame-wall system formed by the web of the C-wall connected to
the corner columns through link beams (y-direction).

Building geometry, material properties, members dimensions, reinforcement detailing, load
analysis and photographic report of the damage are widely discussed in [15] and [14].
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Figure 1: Original plan view of the ground level and idealisation of the structural system.
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Figure 2: Schematic of the structural systems of the case study building.
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4 SIMPLE LATERAL MECHANISM ANALYSIS

4.1 The method

The Simple Lateral Mechanism Analysis, introduced in the New Zealand code in 2006 [11]
and significantly improved in the 2016 [24] version, can be referred to as a "by-hand analytical
pushover" in which the structure capacity curve is calculated using basic principles. In line with
the Direct Displacement Based Assessment (DDBA) approach, this method is a powerful in-
strument to assess the seismic performance (capacity-to-demand ratio in the ADRS domain) of
relatively complex structures also considering 3D effects (inelastic torsion).

This paper deals with the application to 2D lateral resisting systems (see Figure 3Figure 4).
A full example of the application of SLaMA, including detailed calculations and 3D effects is
reported in detail in Del Vecchio et al. [15].

The starting point of the SLaMA method is the characterisation of the lateral capacity of
each of the structural member (beams, columns, joints, walls) performing software-based sec-
tional analyses (e.g. [18]) or by-hand simplified calculations. It is worth noting that this process
would be carried out, in an identical way, to characterise the nonlinearities of a lumped plastic-
ity numerical model. To avoid repetition, the details on this aspect are given in Section 5, when
discussing the numerical models assumptions. The interaction between the members in each
beam column joint subassembly is analysed (hierarchy of strength calculation, [25], see Figure
3). These results allow to assess the probable inelastic mechanism of the structure and calculate
the related strength using equilibrium conditions. It is worth noting that, in order to compute
the base shear strength, a full redistribution of the actions is assumed. Indeed, the fully exploit
of the strength capacity of all the beam-column subassemblies is considered. The displacement
capacity at the effective height, representative of the SDOF system, is calculated multiplying
the minimum drift capacity of the RC members experiencing the first yielding or the ultimate
failure by the effective height (which depends on the probable inelastic mechanism, see Figure
4). In this paper, the SLaMA 1is discussed with reference to Frame A, while the principles of the
method is explained in details in the NZSEE guidelines [24] and applied on a worked example
in Del Vecchio et al. [15].

« Points of inflection/contraflexure (M=0)

Inflection '4I T T -
i ) [ ncrcasmg
Points : -
. F” }—'
\

- .I
. - /Strength
Rt “.I__i!\'!.lld\}
6
\ Y. M
Column Joint Beam M

N_ She Pt M TR _
ST Do Ok = M -
: ! /,A ;':::; »[ncreasing /
7 =T M M o el T ~ No-N Beam Shear

/ /
External Beam- Internal Beam-
Column Joint  Column Joint

a) Capacity b) Demand ¢) Capacity-Demand Comparison

Figure 3: SLaMA application for a frame structure (Pampanin et al., 2002; Tasligedik et al., 2016).
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Figure 4: Possible plastic mechanisms (NZSEE 2016).

4.2 Results

The lateral resisting systems (LRSs) individuated in Section 3 were analysed using SLaMA,
predicting both the capacity curve and the plastic mechanism at the ultimate limit state. It is
worth noting that, considering the predicted plastic mechanisms, for all the LRSs the effective
height was considered to be two thirds of the total height of the building.

Taking frame A as example, Figure 5 shows the derivation of its plastic mechanism based
on the hierarchy of strength of the beam-column-joint subassemblies. The numerical analysis-
based mechanism is also shown to avoid duplications, although it is discussed in Section 6. The
results show that the predicted plastic mechanism is a beam sway, characterised by beam hinges
in all the subassemblies. However, for a significant number of them, as for example joint D1
shown in Figure 5, the beam plastic hinge is predicted after the joint first shear cracking. The
next mechanism in the hierarchy, the joint failure, cannot develop because of the limited beam
hardening.

Although the first cracking in the joints does not influence the base shear capacity of the
frame, it increases its deformability. For this reason, the capacity curve (Figure 6) was com-
puted twice: first characterising the yield displacement considering the beam hinging and then
considering the joint deformability at peak strength. The second curve is considered for the
comparison in Section 6, since it is deemed to yield a more conservative estimation of the lateral
capacity.

The capacity curve for the other analysed lateral resisting systems is shown in Figure 10 (in
Section 6) in the context of the comparison with the numerical analyses results.

5 NUMERICAL ANALYSES AND NUMERICAL-ANALYTICAL COMPARISONS

5.1 Numerical modelling assumptions

A 2D numerical model was developed using the FEM software Ruaumoko [12] for each
lateral resisting system. A displacement-control Pushover was carried out imposing a linear
lateral force profile and neglecting P-delta effects. Figure 7 summarises the modelling assump-
tions and the nonlinear behaviour of structural components. A lumped plasticity approach was
adopted using a Giberson one-component model for the frame elements [16] that concentrates
the members nonlinearities at the end sections of beams and columns. Several studies ([7], [8],
[9]) highlighted the importance of modelling the non-linear behaviour of poorly-detailed beam-
column joints. For this reason, in this study they were modelled by means of rotational springs
connecting the beam and column elements that converge in one node. The characterisation of
the nonlinearities was based on the geometry, material and reinforcement details of the mem-
bers reported in the original drawings.
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Figure 6: SLaMA capacity curve for Frame A.

In particular, the beams nonlinear behaviour was characterised basing on the equivalent plas-
tic hinge length [17] and a bi-linear representation of the Moment-Curvature relationship cal-
culated using the software CUMBIA [18] considering refined stress-strain relationships for
concrete [19] and steel [20]. The approach proposed by Berry et al., 2005 [21] was used to
check the buckling of the longitudinal bars. Finally, the shear degradation curve proposed by
Kowalski and Priestley 2000 [22] was used to assess the possible shear failure limiting the drift
capacity.

For columns, the same approach of beams was adopted, but in order to account for the in-
fluence of axial load on the moment capacity at different step of the analysis, the moment-axial
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load interaction diagram was used. A similar approach was adopted for walls, for which the
shear degradation curve proposed by Krolicki et al., 2011 [23] was adopted. Finally, the joints
capacity was calibrated basing on a principal stress approach that allows to define the strength
of the joint panel at the first cracking and at a severe damage limit state in terms of equivalent
moment in the column (more details on the method are given in Pampanin et al., 2003 [8],
together with the adopted deformation limit states). The joints rotational springs are hence mod-
elled by means of equivalent column moment — axial load interaction diagram, which allows to
capture the variation of strength with the axial load on the joint panel, defined for first cracking
and severe damage limit states.
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Figure 7: Numerical modelling assumptions and characterisation of the structural members.

5.2 Results

The capacity curves resulting from the pushover analyses, shown in Figure 8, are expressed in
terms of base shear versus displacement at the effective height of the structural system (the
adopted values for the effective height are discussed in Section 4.2) in order to represent the
behaviour of an equivalent SDOF system. The ultimate point of the curves represents the step
of the analyses in which the first member in the structural system reached its deformation ca-
pacity. A more detailed discussion on the numerical capacity curves is given in Section 6, in
the context of the comparison with SLaMA. A snapshot of the formed hinges at the ultimate
point is given in Figure 9, in which the members ductility demand is indicated and the member
causing the ultimate limit state is highlighted with a circle. For the two frames, this indicates
that the non-linear behaviour of the members is triggered up to the 6" level, avoiding the for-
mation of a global mechanism and not allowing for the full redistribution of the internal actions.
This phenomenon is detrimental for the base shear capacity of the two systems. Frame 1 plastic
mechanism is characterised by a combination of beam hinges and shear failure in the joints
(Mixed Sidesway) while mainly beam hinges form in frame A (Beam Sidesway). A Mixed
Sidesway mechanism with full redistribution forms in the dual system while the flange of the
C-wall is characterised by a flexural failure at the base level.
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Figure 9: Plastic mechanism at ultimate limit state.

6 COMPARISON WITH SLaMA

For each lateral resisting systems (LRSs) individuated in Section 3, the SLaMA results are
here compared with the ones of the numerical pushover analyses. The first fundamental com-
parison to make is based on the ability, in SLaMA, to properly capture the hierarchy of strength
and, by extension, the plastic mechanism (with some degree of error). Figure 5 shows the com-
parison, only for frame A for brevity, of the plastic mechanism predicted with SLaMA (or, more
precisely, the summary of the hierarchy of strength calculations) and the plastic mechanism
extracted from the numerical analysis. As anticipated, there is high accuracy on the prediction
of the hierarchy of strength in each subassembly. As an example, for the external joint D1 (in-
dicated in Figure 5) the beam plastic hinge is predicted after the joint first shear cracking. This
sequence replicates very well what is predicted in the numerical model. However, the numerical
analysis indicates that the reaching of the drift capacity in the external beam at the 3" floor
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(highlighted in a red circle) does not allow a full redistribution of the internal actions in the
frame and hence there is some discrepancy between the result of SLaMA and the numerical
model in terms of plastic mechanism. This discrepancy also leads to an over estimation of the
base shear capacity, with respect to the numerical analysis. This is reflected in the comparison
of the SLaMA curve with the numerical one (see Figure 10.b).
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Figure 10: SLaMA vs Numerical capacity curve comparison for Frame 1, Frame A, dual system and wall.

The SLaMA-to-numerical comparison of the capacity curves is shown for all the selected
lateral resisting systems in Table 1 and Figure 10, in which the bi-linear representation for the
numerical curves is obtained according to ATC 1996 [26]. Satisfactory agreement is observed
between the SLaMA and the numerical curves in terms of initial stiffness and ultimate strength
and displacement. The main discrepancy is observed immediately after the first yielding (for-
mation of the 1% plastic hinge). This is attributed to the approximation, in SLaMA, for which
all the structural members reach the yielding for the same structure displacement. The over
prediction on the ultimate base shear is caused by the assumption for which the internal actions
are fully redistributed, which is not always observed in the numerical models (see Figure 9).

In terms of quantitative SLaMA-numerical comparison (given in Table 1), it is deemed that
the most important parameters to consider are the ultimate displacement and the maximum base
shear. In fact, these are directly affecting the seismic performance of the structure in the Accel-
eration-Displacement Response Spectrum (ADRS), in the context of the DDBA. Table 1 indi-
cates that the ultimate base shear is often over predicted by SLaMA with respect to the
numerical analysis, even though the maximum error is 6%. The only exception is the dual sys-
tem, for which the comparison leads to almost no error. The base shear over prediction is to be
attributed to the full actions redistribution hypothesis in SLaMA (see Section 4.1 and Figure 5).
For what concerns the ultimate displacement, it is noted that, in this specific case, when this is
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caused by a joint (frame 1, dual system) the result is an under prediction, while when it is caused
by a beam (frame A) the result is an over-prediction. This interpretation is also based on a much
greater number of case studies not published yet. Since in SLaMA the yielding point base shear
is assumed to be equal to the ultimate one, there is always an over-prediction for this parameter.
The error is smaller for walls and dual systems, for which the wall strongly governs the behav-
iour. Finally, the SLaMA-numerical comparison on the yield displacement is reported for com-
pleteness but not commented because of its different definition in SLaMA and in the bi-linear
numerical pushover curve.

LRS ERR(dy) ERR(Vpy) ERR(dy) ERR(Vpu)
[%0] [%0] [%0] [%0]
Frame 1 24.6 31.2 -5.0 2.2
Frame A -30.7 18.9 21.0 6.2
Dual System 58.5 4.4 -16.6 -0.7
Wall flange 10.4 5.8 -4.0 4.0

Table 1: SLaMA vs numerical discrepancy for all lateral resisting systems.

7 CONCLUSIONS

Four bi-dimensional lateral resisting systems of different typology (frame, cantilever wall,
frame-wall dual system) were extracted from a real RC 8-storey building. Their lateral capacity,
in terms of non-linear static capacity curve and plastic mechanism, was assessed by means of
“by-hand” analytical predictions obtained with the Simple Lateral Mechanism Analysis
(SLaMA). The results were compared with refined numerical models. The comparisons show
that SLaMA is capable of reproducing the local interaction (actual hierarchy of strength) be-
tween the structural members. Moreover, the method allows to have an acceptable estimation
of the plastic mechanism of the structure at the ultimate limit state (ULS) and of the lateral
capacity curve. In fact, the match between the SLaMA and the numerical pushover analyses is
satisfactory with a maximum discrepancy of about the 6% for the ULS base shear and 21% on
the ULS displacement, for the cases analysed in this paper. It is worth mentioning that the
qualitative trends outlined in this study are representative of different structural typologies and
mechanisms. Nevertheless, further applications are needed to better quantify the limits of the
SLaMA method and the range of the expected errors.

SLaMA is a useful tool to characterize any local/global failure mechanism characterizing
the structural system which cannot be easily identified by using commercial software. The
method can be employed to check the accuracy of the numerical models and to identify the
main sources of errors. This allows to maintain a continuous control on the modelling procedure,
improving the user confidence in the seismic assessment of the structural system. Furthermore,
SLaMA allows to clearly identify the main structural weaknesses and to design proper retrofit
solutions.
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