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Abstract

The substantial damage to Reinforced Concrete (RC) structural walls observed from post-
earthquake reconnaissance has prompted the attention on the need for improved code-based
design provisions for these structural elements as well as for detailed investigations on their
residual capacity, typically neglected in the retrofit/repair evaluation. Although several re-
search works and international guidelines focusing on the seismic performance of damaged
structural walls are available from a state-of-the-art review, a specific methodology to evalu-
ate the earthquake-related damage to structural walls is still missing in literature. Therefore,
this research work investigates the seismic residual capacity of RC walls through parametric
numerical analyses, aiming to provide indications on the assessment methodology to be used
in practical applications. The numerical investigation is initially carried out by implementing
Finite Element Modelling of RC walls with different mechanical properties and expected fail-
ure mechanisms. This allows to evaluate and collect stiffness/strength reduction coefficients
to be adopted for different post-earthquake damage conditions. Then, the influence of residual
capacity on the economic seismic losses of wall structures is investigated and discussed. Spe-
cifically, a multi-story case-study RC building is selected, and pre- and post-earthquake loss
assessments are carried out considering alternative wall typologies and damage levels. Ana-
Iytical-based nonlinear analyses highlight that the loss of stiffness and strength can lead to
increasingly higher economic losses depending on the damage level of the structural wall.
Moreover, substantial economic losses can be estimated if residual capacity is taken into ac-
count even at low-intensity seismic levels. Therefore, such methodology could provide valua-
ble information to support decisions on the post-earthquake repair/retrofit/demolition.
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1 INTRODUCTION

The recent seismic events in seismic-prone countries have further highlighted the contro-
versial issues related to the rehabilitation of earthquake-damaged buildings. On one hand, rap-
id post-earthquake surveys are needed for the evaluation of the safety level of damaged
buildings and their possible re-occupancy [1]. On the other hand, a detailed assessment of the
seismic residual capacity of damaged buildings, including loss investigations, is critical to
support the decision-making process of repair vs. demolition and guide in the selection/design
and implementation of appropriate techniques able to ‘restore’ the building to its undamaged
conditions. Moreover, the crucial need to gain a better understanding of the residual capacity
of earthquake-damaged buildings refers to both existing and new structures. In fact, according
to the “Capacity Design” philosophy, even modern buildings are often affected by extensive
structural damage after a major earthquake, as observed in Kam et al. [2] during the Canter-
bury Earthquake Sequence 2010-2011.

Focusing on Reinforced Concrete (RC) structural walls, widely used as primary lateral-
force resisting systems in earthquake-resistant structures, the substantial damage to these
components observed from post-earthquake reconnaissance (2010 Darfield and 2011 Lyttle-
ton in New Zealand [2]; 2010 Chile [3]; Figure 1) has prompted the attention on the need for
improved code-based design provisions for these structural elements as well as for detailed
investigations on their residual capacity, typically neglected in the retrofit/repair evaluation.

a)

Figure 1: Observed damage to RC structural walls in a) the 2010 Chile earthquake [3] and b) the 2011 Lyttleton
earthquake, New Zealand [2].

Despite research works and international guidelines focusing on the seismic performance
of damaged structural walls are available in literature (e.g. FEMA 306 [4]; JBDPA Guideline
[5]), a specific methodology to evaluate the earthquake-related damage to structural walls as
well as the consequent loss of stiffness/strength affecting the component capacity is still miss-
ing. Following this goal, this paper aims to investigate the seismic residual capacity of RC
walls through numerical modelling, providing indications on both the methodology and the
stiffness/strength reduction coefficients to be adopted for different post-earthquake damage
levels. A parametric analysis is thus developed to study the residual capacity of RC walls with
different mechanical properties and expected failure mechanisms (flexural, flexure-shear,
shear). The structural walls are analyzed adopting a refined FEM modelling approach, based
on the modified compression field theory, using the structural software VecTor2 (Vecchio [6]).
Firstly, the seismic behavior of the RC walls under reversed-cyclic loads is investigated to
simulate the achievement of specific damage states, assessing residual cracks and residual
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displacements at each damage level. Then, a unidirectional monotonic lateral load is applied
to the damaged wall to evaluate the force-displacement capacity curve for each configuration.
Hence, according to the FEMA 306 approach, stiffness and strength reduction coefficients,
namely A« and Aq respectively (as shown in Figure 2), are derived by comparing the pre- and
post- earthquake force-displacement curves for each damage state and wall configuration.
Lastly, the influence of residual capacity on the estimation of the economic seismic losses of
wall structures is also investigated and discussed. Specifically, a RC case-study building is
selected, and loss assessments are implemented considering different wall typologies and
damage levels. For each configuration, the economic losses are computed in terms of both
Expected Annual Losses (EAL) and Probable Maximum Losses (PML) to highlight the im-
portance of including residual capacity considerations when implementing economic analyses.

2 EVALUATION OF RESIDUAL CAPACITY

In the past decades, a substantial research effort has been dedicated at international level to
gain a better understanding of the post-earthquake residual capacity of buildings. In 1994
Holmes [7] discussed the critical need for improved seismic assessment accounting for the
actual lateral load of buildings and considering different damaged levels. Following this re-
search line, two main guidelines were developed: 1) FEMA 306 [4] in the United States, and
2) JBDPA Guideline [5] in Japan (described in English in Nakano et al. [8]; overview availa-
ble in Maeda et al. [1]). Both documents propose a conceptually similar approach, based on
the definition of capacity reduction factors for structural members to simulate the achieve-
ment of a specific damage state. In FEMA 306 a modification of plastic hinges’ response is
proposed for damaged elements, based on stiffness, strength and ductility reduction coeffi-
cients, namely Ak, Aq and Ap (Figure 2a). In the JBDPA Guideline a single capacity reduction
factor for structural members, i.e. 1, defined as the ratio between residual energy dissipation
capacity and original energy dissipation capacity is adopted (Figure 2b).
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Figure 2: a) Stiffness, strength and residual displacement reduction coefficients in FEMA 306 [4]; b) capacity
reduction factor for structural members in JBDPA Guideline [5].

Furthermore, FEMA 307 [9] reports background and theoretical information as well as an
example of application of the FEMA 306 procedure. According to FEMA 306 (whose proce-
dure is adopted within this research work), the most reliable approach to determine A reduc-
tion factors would consist of performing experimental investigations on two identical
specimens for each structural component. One specimen would represent the component in its
pre-earthquake condition, while the other specimen would represent the component in its
post-earthquake condition (i.e., earthquake-damaged). Therefore, the reduction factor values
would be derived by comparing the force-displacement capacity curves of the two specimens.
However, FEMA 307 highlights that at the date of the document, no such test campaigns on
RC walls were available in literature to calculate the A factors. In the absence of this type of
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tests, an alternative approach was adopted, based on individual cyclic-static tests. According
to this approach, the change in force-displacement response from cycle to cycle is examined
as the displacement increases. As reported in FEMA 307, firstly the component type and be-
havior mode (e.g., flexural, shear, etc.) are defined according to the selected test. The critical
damage states (e.g., spalling, cracking, etc.) are observed during the load-displacement history
of the test and are correlated with the displacement ductility achieved by the component. Then,
by comparing the initial and subsequent cycles, A factors are derived. Finally, both the critical
damage indicators and the associated reduction factors are discretized into six damage severi-
ty levels (from “None” to “Extreme”). An example of FEMA 306 component damage classi-
fication is reported in Figure 3a for an isolated wall with ductile flexural behavior and
“Insignificant” damage level. It is worth noting that, even for “Insignificant” damage level,
stiffness reduction occurs, since the component stiffness is most sensitive to damage, as
shown in Figure 3b.
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Figure 3: a) Example of component damage classification for an isolated wall with ductile flexural behavior; b)
general relationship between damage severity and modification factors [4].

Following the FEMA 306/307 approach, significant research effort has been dedicated in
order to derive coefficient reduction factors for damaged structural elements as well as to de-
fine a detailed general framework for the evaluation of the residual capacity of RC buildings
(e.g., [10, 11]). Nevertheless, these investigations mainly focused on frame systems (e.g., [12-
14]). Looking at structural walls, several experimental and numerical studies can be found in
literature, however these research works focused at improving the understanding on the seis-
mic response and performance of RC walls. Dashti et al. [15] developed a finite element
model based on curved shell element formulation to predict the nonlinear behavior of planar
RC structural walls with specific focus on out-of-plane instability mechanisms. Moreover, the
same authors carried out a detailed experimental investigation on the out-of-plane instability
in rectangular RC walls [16]. Shegay et al. [17] performed experimental testing on four flex-
ural walls with rectangular cross sections in order to investigate the impact of the imposed
axial load ratio as well as the transverse reinforcement detailing on their seismic performance.
Niroomandi et al. [18] experimentally investigated the effects of the bi-directional loading on
the seismic behavior of slender rectangular RC walls. An overview of comprehensive research
programs, developed in New Zealand, following the 2010/2011 Canterbury earthquakes, and
including practical recommendations for the design and assessment of RC walls, is available
in Shegay et al. [19]. Li and Xiang [20] suggested a formulation for assessing the effective
stiffness of RC squat structural walls by performing a comprehensive parametric study. A
similar study was discussed in Sharifi and Shafieian [21], who proposed a formulation to de-
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termine the effective stiffness of slender and squat walls, based on statistical analyses of 154
existing experiments available in literature. Kolozvari et al. [22] developed an analytical
model able to capture the interaction between axial/flexural and shear responses for RC walls
subjected to reversed-cyclic, based on a two-dimensional fiber-based macroscopic model, and
the experimental calibration and validation of this analytical wall model was also carried out
[23]. Finally, a special collection of 10 papers presenting recent advances in seismic design of
Reinforced Concrete walls can be found in Sritharan and Beyer [24]. However, as mentioned
above, further investigations and research efforts are required to study and better understand
the post-earthquake residual capacity of structural wall systems.

3 PARAMETRIC INVESTIGATIONS ON RC WALLS

A parametric analysis is carried out to investigate the seismic residual capacity of RC walls.
After the collection of experimental literature data on structural walls, refined FEM models
are implemented and calibrated by comparing numerical and experimental results. Then, addi-
tional case-study walls are defined by modifying the geometrical and structural details of the
selected RC walls. Non-linear static analyses are thus performed to assess the seismic perfor-
mance of the walls in their undamaged and damaged configurations. Different damage condi-
tions as well as assessment methods are indeed considered. Finally, for each case-study wall
system, strength and stiffness reduction factors are derived. Detailed information about the
implemented methodology and the analysis results are reported within this section.

3.1 RC wall configurations and modelling approach

The case-study structural walls are selected from experimental tests available in literature
and taking into account alternative collapse modes (i.e., flexural, flexural/shear and shear).
Specifically, six experimental tests on structural walls are selected. Geometrical details and
material properties of these RC walls are reported in Table 1. More details about the speci-
mens can be found in the cited papers.

Author(s) ID AR. Hy/tw S.SR. v . fy pLBE Phweb Collapse
Specimen [-]  [-] [-] [[] [MPa] [MPa] [%] [%] mode

Thomsen and Wollace [25] RW2 3.00 35.88 3.25 0.10 34.00 425.0 2.90 0.33 Flexural

Dazio et al. [26] WSH6 225 30.00 2.25 0.11 45.60 584.0 1.54 0.25 Flexural
Tran and Wollace [27] SP4 1.69 13.50 1.69 0.10 55.80 414.0 6.06 0.73 Flexural/shear
Vallenas et al. [28] S6 1.26 26.73 1.59 0.05 35.00 482.0 5.60 0.55 Flexural/shear
Lefas et al. [29] SW11 1.00 10.71 1.00 0.00 52.30 470.0 3.00 1.10 Shear

Lefas et al. [29] SW12 1.00 10.71 1.00 0.08 52.30 470.0 3.00 1.10 Shear

Note: A.R. = Aspect Ratio; Hw = wall height; tw= wall thickness; S.S.R. = Shear Span Ratio, v = axial load ratio; f’c = con-
crete compression strength; fy = steel yield stress; pl,BE = boundary element longitudinal reinforcement ratio, ph,web = web
horizontal reinforcement ratio.

Table 1: Geometrical details and material properties of the selected structural walls.

The structural walls are analyzed adopting a refined Finite Element Modelling approach
based on the Modified Compression Field Theory (MCFT, Vecchio and Collins [30]). The
MCEFT is an analytical model for predicting the load-deformation response of reinforced con-
crete membrane elements subjected to shear and normal stresses. It is based on three sets of
relationships: 1) compatibility relationships for concrete and reinforcement average strains; 2)
equilibrium relationships involving average stresses in concrete and reinforcement; 3) consti-
tutive relationships for cracked concrete and reinforcement [31].
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The numerical analyses are performed using the structural software VecTor2 [6]. The rein-
forced concrete wall is modelled by plane stress rectangular elements. Steel transversal bars
are modelled as smeared reinforcement in concrete elements, while steel longitudinal bars are
represented by mono-dimensional “truss” elements. The Popovics [32] stress-strain relation-
ship is adopted to model the (unconfined) concrete cover, while the Mander et al. [33] behav-
ior is used for the (confined) concrete core. The steel stress-strain relationship is modeled
according to Seckin [34], allowing to include the so-called Bauschinger effect. Figure 4 shows
an example of structural wall numerical model in VecTor2 and the results obtained in terms of
crack patterns (numerical vs. experimental).

a)

Figure 4: Example of: a) numerical model in VecTor2; b) crack patterns obtained by VecTor2 vs c) crack pat-
terns observed during the experimental tests performed by Dazio et al. [26].

For all the selected walls, numerical vs. experimental comparisons in terms of cyclic re-
sponse and crack patterns are carried out. Results highlight a good agreement between numer-
ical and experimental behavior, confirming the reliability of the adopted modelling approach.
In Figure 5 an example of comparison in terms of cyclic response is presented for two flexur-
al-dominated walls (for the walls affected by shear collapse mechanisms, only monotonic ex-
perimental curves are available).
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Figure 5: Example of comparison in terms of cyclic response: a) Experimental data from Dazio et al. [26]; b)
original graph from the experimental tests by Thomsen and Wallace [25].

In order to increase the dataset, parametric configurations of the RC walls listed in the pre-
vious Table 1 are identified and numerical analyses are simulated for each additional case-
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study adopting the same modelling approach previously described. Specifically, the walls are
parameterized in terms of geometrical details (i.e., aspect ratio), applied axial load (v) and ma-
terial properties. It is worth noting that the expected behavior/collapse mode of the wall (flex-
ural or shear or flexural/shear) can thus change, especially when the aspect ratio is modified.
Table 2 summarizes the main properties of each structural wall considered to develop the par-

ametric analysis. In total 39 RC walls are involved (13 for each collapse mode).

Collapse 1D AR. Hu/ty S.S.R. v . f PL,BE Ph,web
mode Case-study [-] [-] [-] [-] [MPa] [MPa] [%] [%]
1 3.00 35.88 3.25 0.10 34.00 425.0 2.90 0.33
2 3.00 35.88 3.25 0.10 45.60 425.0 2.90 0.33
3 3.00 35.88 3.25 0.10 34.00 584.0 2.90 0.33
4 3.00 35.88 3.25 0.10 34.00 425.0 6.00 0.33
5 2.25 30.00 2.25 0.11 45.60 584.0 1.54 0.25
6 2.25 30.00 2.25 0.055 45.60 584.0 1.54 0.25
Flexural 7 2.25 30.00 2.25 0.22 45.60 584.0 1.54 0.25
8 2.25 30.00 2.25 0.11 34.00 584.0 1.54 0.25
9 2.25 30.00 2.25 0.11 45.60 584.0 2.90 0.25
10 3.00 32.13 3.00 0.08 52.30 470.0 3.00 1.10
11 3.00 32.13 3.00 0.08 34.00 470.0 3.00 1.10
12 3.00 32.13 3.00 0.08 52.30 584.0 3.00 1.10
13 3.00 32.13 3.00 0.08 52.30 470.0 6.00 1.10
14 1.69 13.50 1.69 0.10 55.80 414.0 6.06 0.73
15 1.69 13.50 1.69 0.05 55.80 414.0 6.06 0.73
16 1.69 13.50 1.69 0.20 55.80 414.0 6.06 0.73
17 1.69 13.50 1.69 0.10 34.00 414.0 6.06 0.73
18 1.69 13.50 1.69 0.10 55.80 500.0 6.06 0.73
19 1.26 26.73 1.59 0.05 35.00 482.0 5.60 0.55
Flexural/Shear | 20 1.26 26.73 1.59 0.05 55.80 482.0 5.60 0.55
21 1.26 26.73 1.59 0.05 35.00 584.0 5.60 0.55
22 1.26 26.73 1.59 0.05 35.00 482.0 6.06 0.55
23 1.90 22.54 1.80 0.10 34.00 425.0 2.90 0.33
24 1.90 22.54 1.80 0.10 55.80 425.0 2.90 0.33
25 1.90 22.54 1.80 0.10 34.00 584.0 2.90 0.33
26 1.90 22.54 1.80 0.10 34.00 425.0 2.90 0.33
27 1.00 10.71 1.00 0.00 52.30 470.0 3.00 1.10
28 1.00 10.71 1.00 0.00 34.00 470.0 3.00 1.10
29 1.00 10.71 1.00 0.00 52.30 584.0 3.00 1.10
30 1.00 10.71 1.00 0.00 52.30 470.0 6.00 1.10
31 1.00 10.71 1.00 0.08 52.30 470.0 3.00 1.10
32 1.00 10.71 1.00 0.16 52.30 470.0 3.00 1.10
Shear 33 1.00 10.71 1.00 0.08 45.60 470.0 3.00 1.10
34 1.00 10.71 1.00 0.08 52.30 584.00 3.00 1.10
35 1.00 10.71 1.00 0.08 52.30 470.0 3.00 1.10
36 1.25 15.00 1.25 0.11 45.60 584.0 1.54 0.25
37 1.25 15.00 1.25 0.11 52.30 584.0 1.54 0.25
38 1.25 15.00 1.25 0.11 45.60 470.0 1.54 0.25
39 1.25 15.00 1.25 0.11 45.60 584.0 3.00 0.25

Note: A.R. = Aspect Ratio; Hw = wall height; tw= wall thickness; S.S.R = Shear Span Ratio, v = axial load ratio; f’c= concrete
compression strength; fy = steel yield stress; pise = boundary element longitudinal reinforcement ratio, phweb = Wweb rein-

forcement ratio
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3.2 Non-linear static analyses

Non-linear static analyses are performed to assess the seismic performance of all the case-
study structural walls in their pre- (undamaged) and post- earthquake (damaged) conditions.
In particular, three post-earthquake damage levels are considered, namely: DS1 (limited dam-
age), DS2 (moderate damage) and DS3 (severe damage). Nevertheless, in the international
codes/guidelines practical and specific methods to identify these damage states are still under
development, while only a qualitative damage description is often reported. Therefore, in this
paper three alternative methods are considered and compared to identify the three damage
levels for each wall configuration:

e The first method (M1) refers to the FEMA 307 [9] approach. Damage severity levels
are correlated with the achievement of displacement ductility levels. More details about
the FEMA 307 evaluation procedure are reported in the previous section.

e The second method (M2) refers to the fragility database of FEMA P-58 [35]. The exist-
ing repository of fragility data allows to identify the damage states by the achievement
of specific drift levels and damage conditions (e.g. dimensions of cracking in concrete).

e The third method (M3) refers to the damage classification of FEMA 306 [4]. Specifi-
cally, as mentioned above, FEMA 306 provides crack pattern information associated
with different damage severity levels and this description can be used to identify dif-
ferent damage levels.

A unidirectional monotonic lateral load is initially applied to each wall in order to evaluate
the force-displacement capacity curve in its undamaged configuration. Then, a two-step pro-
cedure is adopted: 1) first, reversed-cyclic loads are applied to simulate the achievement of
specific damage states (i.e., DS1, DS2, DS3) considering the identification methods described
above (i.e., M1 vs. M2 vs. M3); 2) then, a unidirectional monotonic lateral load is applied to
the damaged walls to evaluate the force-displacement capacity curve for each damaged con-
figuration. This allows to derive stiffness and strength reduction coefficients (i.e., Ax and L)
by comparing the pre- and post- earthquake force-displacement curves. It is worth noting that
a bilinearization of the capacity curves is needed to compute these reduction factors. In this
work, two different bilinearization methods are considered, according to the procedure pro-
posed by Paulay and Priestley [36] and FEMA 273 [37] (referred to as B1 and B2 respective-
ly), and compared. The first approach provides the secant stiffness intersecting the pushover
curve at 0.75 V,, where V. is the average of the maximum shear values at the base of the wall,
while for the second method the intersection point is identified at 0.6 Vy, where Vy is now the
wall yielding shear.

Figure 6 shows an example of load history adopted in the two-step non-linear static analy-
sis of damaged wall configurations as well as an example of assessment of reduction factors
through the capacity curves of both the undamaged and damaged wall (B2 bilinearization,
DS3 level). In summary, three different damaged states are considered for each case-study
wall by adopting three different damage identification methods (M1, M2, M3). Moreover, re-
duction factors are derived according to two alternative bilinearization methods (B1, B2).
This leads to a total number of 702 values for both strength and stiffness reduction factors.
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Figure 6: a) Load history for the non-linear static analysis of damaged walls; b) assessment of reduction factors
by comparing the capacity curves of the undamaged and damaged wall (e.g., B2 bilinearization, DS3 level).

3.3 Reduction coefficients

Results in terms of strength and stiffness reduction factors (as percentage values [%]) are
summarized in Table 3. The structural walls are classified according to their collapse mecha-
nism mode and for each damaged state (DS1, DS2, DS3) and identification method (M1, M2,
M3), as well as bilinearization procedure (B1, B2), average and dispersion (standard deviation)
values of reduction factors are reported.

Method M1 Method M2 Method M3
Type B1 Type B2 Type Bl Type B2 Type B1 Type B2
Avg. S.Dev. | Avg. S.Dev. | Avg. S.Dev. | Avg. S.Dev.| Avg. S.Dev.| Avg. S.Dev.
[%0] [-] [%0] [-] [%0] [-] [%0] [-] [%] [-] [%0] [-]
Stiffness Reduction Coefficient (Ax)
Flexural mechanism
DS1 | 74.61 0.043 | 77.92 0.051 | 71.54 0.044 | 58.00 0.082 | 66.85 0.087 | 53.46 0.090
DS2 | 42.85 0.054 | 47.85 0.107 | 50.92 0.054 | 41.15 0.074 | 51.69 0.082 | 40.92 0.095
DS3 | 35.69 0.046 | 34.85 0.069 | 41.54 0.047 | 34.15 0.064 | 41.38 0.066 | 33.54 0.085
Flexural/Shear mechanism
DSI1 | 80.08 0.036 | 73.42 0.051 | 60.69 0.086 | 5523 0.064 | 67.85 0.119 | 59.85 0.079
DS2 | 52.92 0.097 | 54.42 0.057 | 42.08 0.058 | 39.08 0.070 | 44.69 0.094 | 36.46 0.090
DS3 | 36.69 0.085 | 41.75 0.098 | 33.00 0.074 | 29.69 0.089 | 27.46 0.078 | 22.15 0.096
Shear mechanism
DSI1 | 74.15 0.080 | 75.43 0.076 | 73.92 0.151 | 67.08 0.205 | 62.08 0.128 | 52.69 0.106
DS2 | 49.23 0.092 | 49.00 0.081 | 44.46 0.061 | 36.08 0.073 | 40.00 0.115 | 32.08 0.065
DS3 | 32.38 0.056 | 33.86 0.081 | 29.15 0.040 | 25.15 0.054 | 26.08 0.049 | 22.46 0.052
Strength Reduction Coefficient (Aq)
Flexural mechanism
DS1 | 99.77 0.004 | 99.92 0.003 | 99.62 0.005 | 99.38 0.007 | 99.46 0.005 | 99.38 0.007
DS2 | 98.69 0.006 | 98.69 0.011 | 99.15 0.008 | 98.38 0.012 | 99.15 0.007 | 98.46 0.012
DS3 | 97.54 0.014 | 97.69 0.015 | 98.46 0.007 | 97.85 0.013 | 98.46 0.010 | 97.46 0.011
Flexural/Shear mechanism
DSI1 | 99.92 0.003 | 99.58 0.005 | 91.62 0.275 | 98.62 0.005 | 99.15 0.008 | 98.77 0.004
DS2 | 97.08 0.030 | 98.42 0.005 | 87.92 0.268 | 95.08 0.025 | 95.38 0.024 | 96.15 0.018
DS3 | 93.77 0.047 | 96.83 0.019 | 8546 0.261 | 91.31 0.042 | 89.08 0.044 | 88.69 0.031
Shear mechanism
DSI1 | 99.08 0.010 | 99.14 0.009 | 98.85 0.022 | 98.38 0.014 | 96.77 0.041 | 95.77 0.047
DS2 | 93.08 0.059 | 96.14 0.042 | 91.54 0.055 | 90.77 0.051 | 88.85 0.052 | 88.77 0.052
DS3 | 80.46 0.119 | 85.50 0.109 | 79.23 0.104 | 80.15 0.091 | 75.23 0.077 | 77.62 0.071

Table 3: Reduction coefficients obtained for the case-study walls.
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Results highlight that stiffness is more sensitive to damage when compared to strength, and
this is in agreement with FEMA 306. Moreover, the obtained mean reduction values are lower
(especially in case of Ax) when compared to DS1/DS2/DS3 reduction coefficients of 80/60/50
and 100/100/80 for Ak and Aq, respectively, provided by FEMA 306 for flexural walls. Refer-
ring to the severe damage state (DS3), the strength loss obtained for flexural-dominated walls
is less than 5%, while is around 10-15% for flexural/shear walls and almost 20-25% for walls
affected by shear collapse. On the other hand, referring to the same damage level, higher
stiffness losses can be observed for all the wall typologies, even more than 70% at DS3. The
previous table also shows that walls with shear collapse mechanism have higher dispersion in
the results, as highlighted in Figure 7a for the case of Method M1-Bilinearization B2. Fur-
thermore, differences (less than 10% for M1, while less than 20% for M2, M3) can be high-
lighted when the two bilinearization methods (B1 vs. B2) are compared (Figure 7). Finally, it
is worth noting that the damage assessment methods strongly affect the results. In fact, adopt-
ing the M1 method the lowest dispersion is found, while the M3 method leads to the highest
dispersion values. This result is in agreement with the expectation, since referring to crack
patterns (M3 method) can lead to higher uncertainty in the identification of damage states
than using a direct indicator as the displacement ductility (M1 method).
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Figure 7: a) Mean and dispersion values of stiffness reduction factors Ax (for Method M1 and Bilinearization B2);
comparison between the Ax values obtained from all the implemented approaches, in case of: b) flexural failure; c)
flexural/shear failure; d) shear failure.
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4 NUMERICAL ANALYSIS ON A MULTI-STORY RC BUILDING

4.1 Description of the case-study

The case-study building is a 5-story reinforced concrete structure with global dimensions
and plan geometry as presented in Figure 8. This structure is selected from a previous re-
search work developed by Bianchi et al. [38]. The structural skeleton consists of seismic re-
sistant four-bay frames in one direction and seismic-resistant walls in the orthogonal direction.
The building has commercial and residential use and is located in a high-seismicity Italian
zone (PGA of 0.353 g). Focusing on the wall direction, alternative typologies of structural
systems are designed to provide the same Overturning Moment (OTM of 35000 kNm) of the
initial reference multi-story building, namely: 1) a first case-study comprising four earth-
quake-resistant ductile walls, characterized by a flexural collapse mechanism (Case 1); 2) a
second case-study consisting of the same geometrical configuration, but the RC walls are now
affected by a brittle shear failure, i.e. no hierarchy of strengths principles is applied (Case 2).
Although the reference building is a new structure, the shear-dominant walls are designed for
the purpose of this study only.

Seismic column # Ghm — # Gm -
Seismic beam {50 x 70 cm) Seismic wall %
(40 = 70 cm) (35 x 600 cm)

19 m
19m | — =
']-.3 m [ ]
T !
2, - AT e CASE 1: Flexural failure mode
T ' CASE 2: Shear failure mode
a) b)

Figure 8: a) Global view of the reference building (Bianchi et al. [38]; b) new geometrical configuration de-
signed in the wall direction (Case 1: flexural collapse; Case 2: shear collapse)

4.2 Numerical analysis

Non-linear static (pushover) analyses are performed following an analytical-based ap-
proach, the so-called Simple Lateral Mechanism Analysis (SLaMA) described in the NZSEE
guidelines [39-41]. This practical methodology allows to determine the base shear-
displacement (capacity) curves of the two case-study wall systems by simple analytical calcu-
lations accounting for the collapse mechanism (flexure, shear, flexure/shear) developing with-
in the structural system. Then, following the pushover-based Capacity Spectrum Method [42,
43], the building performance points are computed at different seismic intensity levels (name-
ly SLO, SLD, SLV, SLC, or, Immediate Operational, Damage Control, Life Safety and Col-
lapse Prevention, respectively, as indicated in the NTC 2018 [44]).

Figure 9 (a, ¢) shows the demand vs. capacity results obtained in the Acceleration-
Displacement Response Spectrum (ADRS) domain. This figure highlights the better behavior
of the ductile flexural walls, even allowing for a greater dissipation and consequently a re-
duced seismic demand (response spectra at Ultimate Limit States are in fact reduced consider-
ing the building equivalent viscous damping). Instead, the shear-dominated walls are
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characterized by a brittle behavior leading to a ultimate capacity point not even achieving the
Life-Safety design spectrum. Finally, the damaged configurations for the two case-studies

(Case 1, Case 2) are determined applying the reduction strength/stiffness coefficients already
computed in the previous section (Figure 9 b, d).
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Figure 9: Capacity curves of the undamaged structure in the Acceleration-Displacement Response Spectrum
(ADRS) domain and for all the damaged wall configurations (DS1, DS2, DS3): a) b) Case 1 - flexural failure
mode; c) d) Case 2 - shear failure mode.

4.3 Loss assessment investigations

Loss assessment analyses are finally implemented considering as input data the floor ac-
celerations and inter-story drift ratios (from the performance points) obtained at the various
seismic intensities. Two alternative loss assessment procedures are involved: 1) the simplified
approach described in the D.M. 65 [45], the “Seismic-Bonus” guidelines; 2) the rigorous
probabilistic-based procedure defined in FEMA P-58 [35].

Focusing on the simplified methodology, results in terms of Expected Annual Losses (EAL)
curves and values (expressed as percentage of the Replacement Cost - RC) are summarized in
Figure 10 (referring to M1 damage assessment method and B1 bilinearization method) for
both undamaged and damaged wall systems. The comparison highlights that the structural
system comprising brittle RC walls (Case 2) leads to higher losses when compared to the
structural configuration consisting of ductile walls (Case 1). Furthermore, for Case 1 and
looking at DS1 damage level (and DS2 in some cases), lower economic losses are found when
compared to the undamaged structure. This is due to the structural system yielding before the
expulsion of the external infill walls (expected to be achieved at 0.5% drift level as per Italian
NTC 2018 code [44]). Thus, the cost/frequency point at SLD is now represented by the yield-
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ing of the steel rebars, causing reduced repair costs instead of the pre-fixed value imposed by
D.M. 65 [45] at SLD, i.e. 15% RC (this value has been derived from the reconstruction/repair
costs after L’Aquila earthquake - White Book, Dolce and Manfredi [46] - already including
the contribution of non-structural damage, especially masonry infill walls).
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Figure 10: EAL curves and values for the undamaged and damaged wall systems: a) b) Case 1 (flexural collapse
mode); ¢) d) Case 2 (shear collapse mode).

Consequently, looking at the yielding point as damage limit for SLD and following the an-
alytical-based codified loss assessment approach, the lower elastic stiffness of the structure in
case of DS1 (or DS2) inherently brings to lower losses (Figure 11). Therefore, losses are not
properly evaluated for the flexural-dominated wall configurations at SLD (and consequently
at SLO). In general, this outcome highlights the limits of the current code-compliant proce-
dure, not accounting for the possibility of adjusting the repair cost/frequency values when a
specific damage condition is achieved. In this case, the very stiff structural walls begin to
damage at drift levels lower than the 0.5% (or greater) value, representing the displacement
check/verification at low seismic intensity levels within the Italian Code [44]. Nevertheless,
referring to international codes (as SEAOC Vision 2000 [47], NZS 1170.5 [48]), useful indi-
cations can be found to evaluate proper drift limiting values at Damage Control level for the
case of wall structural typology.
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Figure 11: Comparison between undamaged and damaged (DS1) response for Case 1 (flexural collapse).

In order to obtain a more accurate evaluation of the EAL values, loss assessment analyses
are also implemented using the PACT (Performance Assessment Calculation Tool) provided
by the FEMA P-58[35]. This tool allows to include all the component fragilities of the build-
ing under consideration, thus the issue previously highlighted for the simplified procedure is
automatically solved. In fact, the methodology is flexible and opened to the possibility of in-
cluding new fragility functions, as well as consequence functions, describing the behavior of
specific building structural and non-structural elements. In this case, due to the absence of
fragility curves representing the Italian clay-brick masonry infill walls within the available
fragility database, these functions are added by referring to the data reported in Cardone et al.
[49]. Table 4 summarizes the EAL values obtained from both loss assessment methodology
for both (undamaged) case-studies. It can be highlighted that the probabilistic procedure leads
to reduced repair cost values and, consequently, an improved risk class for the building, as
observed for the case of flexural collapse mechanism.

EAL [%RC] Risk class
Case-study  Collapse mode D.M. 65 FEMA P-58 D.M. 65 FEMA P-58
Case 1 Flexural 1.30 0.84 B A
Case 2 Shear 1.20 1.04 B B

Table 4: EAL values for D.M. 65 and FEMA P-58 loss assessment methodology for undamaged case-studies

Ultimately, another decision variable useful to provide indications on the seismic perfor-
mance of a building system (as well as addressing the design of new and/or retrofitted build-
ings, as described in the research work by Nuzzo et al. [50]) is represented by the expected
Probable Maximum Loss (PML). This parameter provides the maximum probable building
repair cost associated with a specific intensity level. Figure 12 presents the PML curves ob-
tained from PACT tool for both case-study structures. This graph highlights how losses can
be high even at low-intensity seismic levels and that higher values are obtained for the struc-
tural walls affected by shear collapse mechanism (40% more than the flexural case when
looking at the maximum expected loss of Figure 12a).
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Figure 12: PML curves obtained through the FEMA P-58 methodology: a) comparison between Case 1 (flexural
collapse mode) and Case 2 (shear collapse mode); b) at various damage levels for Case 2 (shear collapse mode).

The FEMA-based loss assessment results in terms of EAL/PML values are presented for
the undamaged structural configurations (Case 1 vs. Case 2), with the aim of defining more
reliable loss values through a more accurate prediction of the repair costs. When considering
the damaged cases (DS1, DS2, DS3), the probabilistic-based procedure as developed within
the PACT tool does not allow (yet) to properly consider the cumulative damage associated
with the wall systems, i.e. to evaluate PML/EAL results for the damage wall configurations.
In fact, modifications of the probabilistic formulations (conditional probability) as well as
cumulative-based fragility/consequence functions should be considered. Therefore, in order to
highlight the possible effect of the damage state into the loss assessment results (from a con-
ceptual point of view), Figure 12b presents the PML curves obtained for the damaged struc-
tural cases when the same relative difference in losses obtained from the simplified
assessment is adopted.

S CONCLUSIONS

This paper investigated the seismic residual capacity of RC structural walls through nu-
merical (non-linear cyclic/static, FEM/macro-modelling) analyses and loss assessment studies.
The research work aimed at providing indications on the methodology to be followed in order
to include residual capacity considerations in practical applications. Therefore, alternative
damage assessment methods were used (or proposed) and compared to define specific damage
limit states (DS1: light, DS2: moderate, DS3: severe) and the related stiffness/strength reduc-
tion coefficients for RC walls affected by either a flexural and/or shear collapse mechanism.
Moreover, loss investigations on a multi-story case-study building were developed to study
the effect of the damage level and type of collapse mechanism into the repair costs of struc-
tural wall systems.

The main results from the developed study are herein discussed:

e FEMA 306/307 (1998) guidelines do not provide a standardized procedure to identify
the different damage states levels (DS1, DS2, DS3) in RC structural walls (e.g. in case
of experimental testing, indications on the specific load history to be adopted are miss-
ing). Comparing alternative damage assessment methods, less dispersion in the results
in terms of stiffness/strength reduction coefficients is related to the adoption of the
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FEMA 307 procedure (describing the damage states by the achievement of specific
ductility levels);

Loss assessment results in terms of EAL highlight the importance of including residu-
al capacity considerations in the analysis. This could provide valuable information to
support decisions on the post-earthquake repair/retrofit/demolition. In fact, results
highlight that greater losses are obtained even at low-intensity levels when the re-
sponse of the damaged wall is considered, when compared to the undamaged wall.
Moreover, when repair/rehabilitation actions need to be implemented for existing wall
systems, higher attention should be paid in case of walls with brittle (shear-dominated)
behavior, leading to substantial economic losses at increased damage levels.

The simplified procedure reported in the “Sesmic-Bonus” is not able to consider real-
istic repair costs at low seismic intensity levels in case of stiff RC wall systems. This
is due to the codified analytical procedure based on economic losses from L’Aquila
2009 earthquake accounting for alternative structural typologies and non-structural
damage (especially unreinforced masonry walls). This issue could be solved by refer-
ring to post-earthquake reports and extrapolating the data related to the RC buildings
only, as well as modifying the definition of the low-intensity (SLD) cost/frequency
points following international codes/guidelines indications (drift limits in case of wall
systems).

Nevertheless, this research work represents a preliminary parametric analysis and investiga-
tion on the residual capacity for RC walls. Further studies are needed to provide general indi-
cations on the reduction strength/stiffness coefficients to be used in practical applications, for
specific wall typologies/structural response. Moreover, additional and more refined investiga-
tions (numerical modelling, time-history analysis) are needed to study the residual capacity of
multi-story wall structures as well as to determine the consequent socio-economic losses -
even by the implementation of a more refined procedure taking into account the cumulative
damage within the building elements.
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