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ABSTRACT

This paper compares static and dynamic approaches to the nonlinear analysis of reinforced concrete (RC) walls. Depending on
the mode of the representative seismic load applied to a structure, structural analysis can be categorised as static or dynamic.
Despite nonlinear response history analysis (NRHA) being the most accurate method to predict the seismic response of a
structure, most of the design codes and guidelines recommend using only the simplified static pushover analysis (POA) for
regular buildings. POA is therefore the most common approach of nonlinear analysis of structures, while NRHA is used mainly
for torsionally sensitive or very tall structures. Therefore, this paper compares the static and dynamic approaches to nonlinear
analysis of RC walls. Previous studies conducted to compare static and dynamic analysis have revealed differences in the results
obtained from the two procedures. However, most of the comparative studies are limited to frame systems and far too little
attention has been paid to RC walls. Thus, the purpose of this study is to compare the results obtained from static and dynamic
nonlinear analyses for RC walls. Incremental dynamic analysis (IDA) and traditional POA are performed on a 10-storey RC
wall building designed according to the current New Zealand standards. For this purpose, current state-of-the-art wall model
(SFI-MVLEM) in OpenSees is adopted for nonlinear analyses. The static and dynamic analyses are compared in terms of
capacity curves and inter-storey drift profiles. The POA is found to significantly underestimate the shear capacity of the RC
wall. The findings of this study highlight the differences in the results obtained from the static and dynamic analyses for RC
wall buildings and also offer insights into the influence of the number of storeys and the shear span ratio of RC walls on the
predicted response.
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INTRODUCTION

Nonlinear seismic analysis is an indispensable tool for designing and evaluating structures for seismic performance. It enables
the estimation of seismic demand and capacity and is a critical component of Performance-Based Earthquake Engineering
(PBEE). Seismic analysis can be classified as either static or dynamic, depending on how the earthquake load is applied to a
structure. Furthermore, based on the analytical model used, it can be categorized as linear or nonlinear. The four most
commonly used methods for predicting the seismic response of structures are linear static, linear dynamic, nonlinear static, and
nonlinear dynamic analyses, as specified in seismic codes and guidelines for designing and assessing structures.

The current seismic codes and guidelines [1,2,3,4] prescribe different analysis approaches based on structural characteristics
and expected performance states [5]. Height and irregularity are usually the governing factors that determine the type of analysis
to be conducted. Ordinary and regular buildings with fewer complexities are analyzed using linear methods such as equivalent
linear static analysis or response-spectrum analysis. However, for tall and torsionally sensitive buildings, most seismic codes
require nonlinear procedures such as pushover or nonlinear response history analysis (NRHA).

Nonlinear analyses are more realistic than linear analyses in predicting the seismic response of structures since most structures
experience significant inelastic deformations during strong earthquakes. Pushover analysis (POA) is the most commonly used
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method for evaluating the nonlinear response of structures due to its simplicity. This method is also typically recommended in
most of the seismic codes as a tool for nonlinear analyses of structures, whereas NRHA isn't adequately regulated in the codes.

In POA, a nonlinear structural model is pushed laterally using a predefined load pattern distributed along the structure's height.
The lateral load is monotonically increased until it reaches a target level of deformation or force. The objective in this approach
is to replicate the distribution of horizontal forces generated in a building during an earthquake. This approach is widely used
and well-understood by the engineering community, making it a popular method for seismic design and vulnerability
assessment of buildings.

While NRHA is the most cutting-edge method for seismic response analysis of structures, it is rarely employed in normal
design practices, except for certain complex or critical structures. This is due to the significant amount of time and effort
required to select and apply suitable ground motions to the nonlinear structural model, making it a relatively complex process
[5]. As a more practical alternative, Pushover Analysis (POA) is often used for seismic design and assessment of typical
buildings [6]. While POA is convenient, it has some inherent limitations that make NRHA essential for the study, design, and
assessment of irregular, tall, or important structures.

Originally proposed as a tool for understanding the progression of nonlinear structural behavior, rather than quantifying it, the
use of Pushover Analysis (POA) has extended to making quantitative conclusions for structural design and assessment [7]. A
conventional POA with an invariant lateral load pattern assumes that the response of the structure is controlled by a single
mode and that the mode shape remains constant throughout its response. While this assumption is acceptable for structures
dominated by a single mode, it fails to capture phenomena dependent on higher modes or modes undergoing significant changes
due to inelastic redistribution [8]. Even for buildings of moderate height, higher modes can have a significant impact on
estimations of story shear forces and overturning moments. Moreover, POA cannot account for cumulative damage caused by
cyclic loading, which is a critical factor in a structure's response to earthquakes. Despite these limitations, POA remains the
preferred method for nonlinear analysis in engineering practice and seismic codes, leading to the majority of structures being
designed and assessed using this method. Thus, a comparative study between POA and NRHA is crucial for a more informed
judgment about the reliability of POA results.

Numerous studies have compared nonlinear static and dynamic analyses for various structural systems, as documented by
researchers [9-14]. These studies have suggested that static and dynamic analyses may provide different results, particularly
for structures that are more likely to undergo nonlinear responses. While comparative studies have focused mostly on buildings
with a frame system, there has been little research on reinforced concrete (RC) wall buildings. According to [14], differences
between static and dynamic results are more significant for buildings with a frame-wall system than those with a frame system.
Therefore, this study aims to analyze the discrepancies between the static and dynamic responses of RC walls.

The research data in this study is drawn from the POA and NRHA carried out on a 10-storey RC wall building designed
according to the current New Zealand Standards [4,15]. Additionally, seven RC wall models are derived from the original 10-
storey RC wall model to represent structures with varying numbers of storeys and shear span ratios, and nonlinear static and
dynamic analyses are conducted. This study utilizes the SFI-MVLEM model [16] in OpenSees for all the structural analyses.
The POA is performed with a triangular lateral load profile, while the NRHA is conducted using an incremental dynamic
analysis (IDA) [17]. The IDA uses 44 ground motions from the far-field set of FEMA P695 [18]. The study presents the primary
results in terms of global response measures, such as capacity curves and inter-storey drift profiles and conducts a comparative
evaluation of static and dynamic responses and highlights differences between POA and NRHA.

DESCRIPTION OF THE CASE STUDY REINFORCED CONCRETE WALL BUILDING

To compare static and dynamic analyses, a case-study RC wall building archetype is designed according to the current New
Zealand Standards [4,15]. The ten-storey building features a symmetrical plan with four perimeter RC walls primarily designed
to resist lateral loads, while the interior and corner columns are designed to carry only gravity loads. The building's plan layout
is partly adopted with modifications from a design example in the New Zealand Red Book [19].

The building's geometry is shown in Figure 1 - it has a square plan with a side length of 30 m and is divided into 3 bays. The
RC walls, which are 400 mm thick and 10 m long, are located midway around the building's perimeter. The first storey is 4 m
tall, while the remaining storeys have an inter-storey height of 3.6 m, resulting in a total building height of 36.4 m.
Consequently, the RC wall's shear span ratio is approximately 2.5.
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Figure 1. Geometry of the 10-storey RC wall building

The structure is assumed to be located in Christchurch and designed for soil class 'D' based on [4] site classification. The
structure is initially modeled in SAP2000 [20], and seismic design forces and displacements are estimated using the equivalent
lateral force (ELF) method specified in [4].

Due to symmetry of the building's layout and the use of RC walls as the primary lateral load resisting system, the analysis is
conducted by including only one RC wall with half of the total seismic weight. As a result, using the SFI-MVLEM model
developed by [21], a 2D structural wall model is developed in Open System for Earthquake Engineering Simulation platform
(OpenSEES) 3.0 [22], as depicted in Figure 2. The base of the wall model is fixed, assuming the foundation to be fully
restrained, disregarding any flexibility resulting from soil-structure interaction.
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Figure 2. 2D analytical model of the 10-Storey RC Wall building.

To develop the structural model, the mass of each storey was divided in half and concentrated at the floor levels. An eigenvalue
analysis was performed, yielding the fundamental time period of the model, T; = 0.922s. To account for P-delta effects, a
leaning column was incorporated into the model. The column was pin-connected at the base and connected to the RC wall
model at each floor level via axially rigid beams (see in Figure 2).

To simulate the behavior of reinforcing bars, SteelMPF model [21] based on the Menegotto-Pinto material model [23], with
isotropic strain hardening of 2%, is used. For concrete, ConcreteCM model [16] is used which is based on a hysteretic concrete
constitutive model developed by [24].
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STRUCTURAL ANALYSIS

After developing the SFI-MVLEM model for a 10-storey RC wall, it is then analyzed using conventional POA and IDA in
OpenSees. This section discusses and elaborates on the process and results obtained from each analytical method.

Pushover Analysis (POA)

A conventional approach to POA is chosen which is performed in this study using a monotonously increasing inverted-
triangular lateral load pattern (proportional to the first mode) as prescribed in [25] for regular structures.

There are various ways to perform POA, which is generally based on lateral load patterns. One of the most cutting-edge methods
is adaptive POA, which changes the load pattern according to the dynamic characteristics of the structures at each stage of the
analysis, as opposed to the conventional approach [26]. While some studies have demonstrated the superiority of the adaptive
pushover over the conventional approach [27, 28, 29], the additional complexities involved in implementing adaptive load
patterns make the conventional approach more prevalent in practice. Moreover, some studies have reported that the application
of adaptive POA does not offer significant advantages over conventional POA [30,31].

Despite its simplicity, the invariant load pattern has been shown in various studies to produce a resonably accurate estimate of
seismic capacity in the elastic range [14, 30, 32]. According to studies reported in the literature [14, 33], the shear capacity
predicted using different loading patterns differs only slightly. A study carried out by [32] has also demonstrated that the
invariant inverted triangular load pattern can provide reasonably accurate approximation of the seismic capacity curve of low-
to-mid-rise shear type buildings.

The inverted-triangular lateral load profile was applied to the SFI-MVLEM wall model at 0.25mm increments in this study.
The load profile was applied until the target roof drift of 2.5% was achieved at the control node, which is the maximum drift
limit recommended in the current seismic loading standard [4]. The system of nonlinear equations was solved using the Newton-
Raphson nonlinear solution algorithm. In cases where the algorithm failed to solve the system of equations, successive iterations
were made using other solution algorithms, load increments, and tolerance limits until the solution converged.

Base shear versus roof drift

The base shear force and storey drifts are recorded at each step of the analysis. The base shear versus roof drift, as illustrated
in Figure 3, is the most typical way of characterizing the seismic performance of RC walls. This type of curve is commonly
referred to as a pushover curve or capacity curve, and it demonstrates the structure's resistance as it deforms into the inelastic
range. Additionally, the pushover curve provides information on the structure's ductility and stiffness.
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Figure 3. Pushover curve of the RC wall building

The pushover curve in Figure 3 corresponds to the 10-storey RC wall as described earlier. The graph indicates that as the base
shear increases, the slope of the curve decreases, indicating a gradual reduction in the structure's stiffness as the lateral
deformation increases. An idealized model is constructed with a straight line passing through the origin and the point
corresponding to 0.75Vmax (Where, Vmax represents the maximum base shear until 2.5% roof drift is reached) on the pushover
curve.

Inter-storey drift ratio profiles

Inter-storey drift ratio (IDR) is a crucial structural response parameter since it has a direct correlation to a building's seismic
damage. It measures the relative displacement between two consecutive floors divided by the inter-storey height.
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Figure 4. Distribution of (a) IDR ratio (%) and (b) Normalized IDR at varying roof drift levels obtained from POA of the 10-
storey RC wall building.

In Figure 4, the distribution of IDR and the normalized IDR are plotted against the normalized height of the RC wall building
at various roof drift demands. The IDR profiles are normalized by the corresponding total roof drift ratio. To calculate the
normalized height, the height of a storey (H;) is measured from the base and divided by the overall height (H) of the RC wall

building. As the roof drift increases, a shift in the drift profiles occurs, capturing the transition of the wall response from elastic
to yielding and finally to inelastic behavior.

Incremental Dynamic Analysis (IDA)

The 10-storey RC wall building is subjected to NRHA using an incremental dynamic analysis (IDA) [17]. The IDA is a dynamic
analysis procedure for calculating the seismic demand of buildings at various seismic intensity levels. In this study, the analysis
is conducted using a suite of FEMA P695 far-field ground motions [18]. Figure 5 displays the elastic acceleration response
spectra (with 5% damping) of the 44 ground motions and their mean spectrum.
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Figure 5. Acceleration response spectrum of the FEMA P695 far-field record set [18].

The IDA was performed on the RC wall model until the maximum IDR reached 2.5%, which is the target roof drift selected
for the POA in the preceding section.

The Newmark average acceleration scheme is used for performing the response history analyses using the value of = 0.25 and
v=0.5. Damping is defined by the Rayleigh damping model by assigning 5%.

Performing an IDA is computation-intensive, as it entails a series of NRHA in which the intensity of each ground motion is
progressively scaled until the target drift or intensity level is reached. As a result, the use of high-performance computing
resources is imperative for conducting IDA on multiple RC walls with 44 ground motions. To address this computational
challenge, computing resources provided by the Texas Advanced Computing Center (TACC) [34] is used along with an
efficient parallel hunt-and-fill algorithm [35] which enables the use of multiple processors in parallel.
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An IDA curve relates the seismic intensity of an earthquake and the engineering demand parameter (EDP) of the structure [36].
While conducting the IDA of the 10-storey RC wall, the ground motions are scaled at specific increments of first-mode spectral
acceleration (S4(T))), therefore, 44 IDA curves, including their median, 15%, and 85" percentiles are plotted as S,(T1) versus
the peak roof drift ratio as shown in Figure 6 (left). To enable a comparison of the IDA and POA results within the same

domain, the equivalent peak base shear (V) recorded during IDA is plotted, as illustrated in Figure 6 (right).
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Figure 6 IDA curves and their median along with the 15% and 85% percentiles for the 10-storey RC wall expressed in terms
of (a) So(T1) and (b) Base Shear

Inter-storey drift ratio profiles
The peak IDR at each storey of the 10-storey RC wall are recorded for each ground motion during IDA, which are plotted as

individual grey lines in Figure 7 (a), alongside their corresponding mean values for different roof drift demands. The plotted
IDR profiles represent the maximum IDR value at each floor along the wall height, which can occur at varying times during

the response history analysis. As expected, the maximum peak IDR increases with the roof drift ratio.
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Figure 7. Individual and mean (a) Peak IDR and (b) Normalized Peak IDR profiles at various roof drifts for a 10-storey RC
wall building subjected to 44 ground motions

Figure 7 (b) presents the peak Inter-Story Drift Ratios (IDRs) normalized by the overall roof drift ratio of the RC wall. This
normalization illustrates how much the peak IDR profile deviates from the average total drift of the building. The IDR profiles
reveal that normalized peak IDRs are concentrated around Hi/H = 0.33, and that the maximum peak IDR occurs on the 9th floor
level (one floor below the roof). At higher roof drift demands, the IDR profile aligns more closely with the average roof drift
of a building, while at lower roof drift demands, it tends to deviate from the average. A vertical IDR profile indicates that the
structure is rotating about the base or bottom storey, with equal drift ratios in all floors. The deviation observed in the IDR
profiles in Figure 7 suggests that the RC wall is responding in a mode such that it rotates more in the upper storeys, which is

consistent with response of a cantilever wall.
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COMPARISON BETWEEN THE RESULTS FROM STATIC AND DYNAMIC ANALYSIS

In order to compare the two analytical methods, the results from the POA and IDA described in earlier parts are plotted against
one another in this section. The peak IDR profiles and capacity curves are used to make the comparisons.

This section aims to compare the results obtained from the two analytical methods described earlier. To achieve this, the peak
Inter-Story Drift Ratio (IDR) profiles and capacity curves are compared. These plots serve as the basis for the comparisons
between the two analytical methods.

Base shear force vs. lateral roof drift

Figure 8 presents the capacity curves of the analyzed RC wall obtained using both the Pushover Analysis (POA) and
Incremental Dynamic Analysis (IDA). In this study, the capacity curves from IDA were plotted using the maximum base shear
versus the maximum roof drift, which provides a significant advantage over other methods when compared to the pushover
curve [12]. In the elastic range (i.e., at lower seismic demands), the pushover curve closely tracks the median capacity curve
obtained from IDA. This result is reasonable as the wall would not have been significantly influenced by higher modes in the
elastic region. As inelasticity increases, structures become softer and more vulnerable to higher modes, leading to a deviation
between the IDA and POA capacity curves.
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Figure 8. Comparison of the capacity curve from the POA with the median capacity curve from the IDA for the RC wall
building.

The capacity curves in the inelastic range were compared in Figure 8, revealing a considerably higher dynamic shear response
compared to the static ones. The shear capacity obtained from the dynamic analysis is approximately 2.4 times larger than that
obtained from the static analysis. This finding aligns with previous research [5, 8, 37] that has discussed the phenomenon of
shear force amplification in wall structures during dynamic analysis in contrast to static analysis.

The dynamic amplification of shear force is attributed to the contribution of higher mode effects, which cannot be accurately
captured using the conventional POA. In the conventional POA, the wall is subjected to a lateral force distribution that is
approximately proportional to its first mode shape, and therefore, the centroid of the triangular lateral force distribution is
located at approximately 2/3 of the total height above the base of the wall.

During dynamic analysis, once a plastic hinge forms at the base of the wall, dynamic response characteristics of the wall change
drastically, and different modes become predominant. The wall is then subjected to a lateral force distribution proportional to
the mode shape representing higher modes of response and the centroid of the force distribution tends to move towards the base
of the wall. Correspondingly, the dynamic shear force that can be generated become much larger than that indicated by a lateral
force distribution in which the resultant lateral force is applied approximately at two-third of the wall's height [38].

Effects of RC wall parameters

The behavior of an RC wall is influenced by several structural parameters. Based on numerous experimental studies conducted
on RC walls (e.g., [39, 40, 41]) and the fundamental understanding of their structural behavior, several key parameters are
known to significantly impact the seismic performance of RC walls. Among them, number of storeys and shear span ratio
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(SSR) are used in this study to investigate their effects on the comparison of the static and the dynamic analyses. Therefore,
the previously analyzed 10-storey RC wall is used as a baseline model to generate other RC wall variants only to study the
parametric effects. The range of variation for the structural parameters of the RC walls is summarized in Table 1.

Table 1 Structural Parameters Considered for RC Wall Cases.

Parameters Range
Number of Storeys 4,8,10,16
Shear Span Ratio (SSR) 6.0, 4.0, 3.0, 2.5, 2.0

Effect of number of storeys

In order to investigate the effect of number of storeys on the static and the dynamic response of RC walls, three RC walls with
4, 8, and 16 storeys are modeled in OpenSees using SFI-MVLEM with constant axial load ratio, SSR, and reinforcement ratio,
which was achieved by changing the wall length and the axial load. The fundamental time periods of the RC walls are obtained
from eigenvalue analysis of the analytical model, which are presented in Table 2.

Table 2 Structural parameters for RC walls with varying number of storeys.
Number of Storeys SSR ALR Rebar Ratio T1

4 2.5 0.1 0.13 0.64
8 2.5 0.1 0.13 0.84
10 2.5 0.1 0.13 0.92
16 2.5 0.1 0.13 1.14

Figure 9 presents a comparison of capacity curves obtained using IDA and POA for four different RC walls with varying
numbers of storeys. It is evident from the figure that the shear capacity of the walls increases with an increase in the number of
storeys. This is because the length of the wall is increased to maintain a constant SSR across all RC wall cases with different
numbers of storeys.
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Figure 9. Comparison of capacity curves obtained from IDA and POA for RC wall buildings with different number of storeys
and its effect on dynamic amplification factor (DAF) computed as the ratio of maximum base shear from IDA to maximum
base shear from POA

Furthermore, Figure 9 also provides a comparison of the dynamic amplification factor (DAF) for the four RC walls. The DAF
is defined in this study as the ratio of the maximum base shear obtained from dynamic analysis to that from static analysis. The
values of DAF in the figure illustrate the variation in relation to the number of storeys since the amplification of the base shear
depends on the mode shape of the structure as well as the degree of plasticity in the walls. As shown, the DAF is the lowest for
the 4-storey RC wall and increases with the number of storeys.
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Effect of shear span ratio (SSR)

The SSR is defined as the ratio of the moment (M) developed at the base of the wall to the shear (V) developed at the same
point, divided by the wall length (Ly). Since the SSR varies depending on the distribution of lateral load, an approximate value
can be computed by assuming a triangular lateral load pattern. For cantilever RC walls, the SSR can be estimated as two-thirds
of the vertical aspect ratio (Hy/Lw, where Hy, is the total height of the wall). To simplify the calculation, we have approximated
the SSR for the RC walls in our study as two-thirds of their Hy/L,, ratio. This approximation provides a reasonable estimate of
the SSR.

Based on the SSR of RC walls, their behaviour can be categorised as slender, moderately slender, or squat. Slender walls with
SSR > 2.5 exhibit flexure-dominant behaviour, while squat walls with SSR < 1.5 exhibit shear-dominant behaviour. Moderately
slender walls with SSR between 1.5 and 2.5 are generally influenced by both nonlinear flexural and shear deformations.

Similar to how the RC wall variants were generated to investigate the impacts of the number of storeys, further RC walls are
generated to study the influence of the SSR on comparison of the static and the dynamic response of RC walls. While
maintaining the same number of storeys, axial load ratio, storey mass, and other parameters, four RC wall models with varying
SSRs (2.0, 3.0, 4.0, and 6.0) are derived from the 10-storey base model by modifying the wall length and the axial load. The
fundamental time periods of the RC walls are obtained from eigenvalue analysis of the analytical model, which are presented
in Table 3.

Table 3 Structural parameters for RC walls with varying SSR
SSR  Number of Storeys ALR Rebar Ratio T1

6.0 10 0.1 0.13 3.77
4.0 10 0.1 0.13 1.96
3.0 10 0.1 0.13 1.27
2.5 10 0.1 0.13 0.92
2.0 10 0.1 0.13 0.71
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Figure 10. Comparison of capacity curves obtained from IDA and POA for RC wall buildings with different SSR and its effect
on dynamic amplification factor (DAF) computed as the ratio of maximum base shear from IDA to maximum base shear from
POA.

Figure 10 compares the capacity curves obtained from IDA and POA for five RC walls with different SSR. The figure shows
that as the SSR increases, the shear capacity of the RC wall decreases due to the decrease in the wall length, which reduces the
wall's section capacity. Furthermore, the influence of SSR on the DAF is illustrated in Figure 10. The wall with SSR of 6.0
exhibits the highest amplification of base shear, while the amplification gradually decreases as the SSR decreases to 2.0. This
finding highlights the impact of SSR of RC walls on DAF.

Inter-storey drift ratio (IDR)

Figure 11 presents the absolute and normalized IDR profiles for various levels of roof drifts obtained by POA and IDA. The
mean peak IDR values from 44 records are derived for IDA at each storey level. The IDR for different levels of roof drifts
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obtained from POA and IDA are presented in the form of absolute and normalized profiles in Figure 11 (a) and (b) respectively.
For IDA, the mean values of peak IDR from 44 ground motions are plotted at each storey level. The IDR profiles clearly
illustrate a progressive deformation that correlates with the increasing roof drift demand.
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Figure 11. Comparison of IDR profiles at varying roof drift levels obtained from POA and IDA of the 10-storey RC wall
building.

Figure 11 shows that the IDR profiles obtained from POA is distinctly different to that from the IDA. Based on dynamic
analysis of the 10-storey RC wall, the IDRs reach their maximum value on the ninth floor. In contrast, the IDRs calculated by
the static analysis are at their maximum on the first floor of the building.

Effect of number of storeys

Figure 12 compares the mean values of peak IDR profiles obtained from the IDA with the POA results for RC walls with
different number of storeys. The narrow bands of the IDR profiles in the figure indicate that the IDR profiles do not differ
noticeably with the number of storeys.

Effect of shear span ratio (SSR)

The results of peak IDR of the RC walls with varying SSR derived from the POA and the IDA are compared in Figure 13.
According to Figure 13, SSR has a substantial effect on the peak IDR of an RC wall. As the SSR increases, the maximum peak
IDR of the RC walls increases, indicating a correlation between RC wall deformation capacity and slenderness. The IDR
profiles in the Figure 13 indicates that the IDA predicts the IDR to be greater in upper half, whereas POA predicts IDR to be
higher in the lower half, and they cross-over at IDR =1 around the mid-height.
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The parametric analysis results presented above suggest that seismic response of RC walls is mostly influenced by SSR,
whereas the number of storeys has a little effect, as shown by plots of the peak IDR profiles in Figure 12 and Figure 13.

Across all the RC wall cases investigated in this study, it is apparent that POA consistently overestimates the IDR in the lower
storeys and underestimates it at higher storeys for all variants of the RC walls. These discrepancies remain consistent regardless
of the number of storeys or SSR of the RC walls.

CONCLUSIONS

This study has demonstrated the significant deviations in the response of RC walls obtained from conventional pushover
analysis (POA) and those obtained using incremental dynamic analysis (IDA). The findings from the study suggest that the
conventional POA significantly underestimates the shear capacity of analyzed RC wall buildings, mainly due to its inability to
account for higher mode effects, in comparison with the IDA. The differences in shear capacity between POA and incremental
dynamic analysis (IDA) have been quantified using the dynamic amplification factor (DAF), which is affected by the number
of storeys and the shear span ratio (SSR) of the RC wall. Taller and slender RC walls exhibit higher dynamic amplification of
base shear. Moreover, the inter-storey drift ratio (IDR) profiles obtained from POA differ significantly from the mean peak
IDR profiles obtained from IDA, with these discrepancies remaining consistent across all RC wall cases analyzed, irrespective
of the number of storeys or the SSR of the RC wall.

Overall, despite the popularity of POA in engineering practice for structural analysis, the essential differences between the
results obtained from IDA and POA make it challenging to rely on POA to estimate the seismic demand of RC wall buildings
accurately. Therefore, it is crucial to consider advanced analysis techniques like IDA to obtain more accurate and reliable
results.

REFERENCES

[1] ASCE7-16.2017. ASCE/SEI 7-16: Minimum Design Loads and Associated Criteria for Buildings and Other Structures.
Issue 7-16.

[2] CEN. 2004. Eurocode 8: Design of Structures for Earthquake Resistance — Part 1: General Rules, Seismic Actions and
Rules for Buildings.

[3] P-58-1 FEMA. 2012. Seismic performance assessment of buildings. Volume 1- Methodology. Issue September.

[4] NZS:1170.5.2004. NZS1170.5: Structural Design Actions. Part 5: Earthquake Actions-New Zealand. Technical Report.
Wellington.

[5] Peter Fajfar. 2018. Analysis in seismic provisions for buildings: past, present and future. In European Conference on
Earthquake Engineering, Thessaloniki, Greece. Springer, 1-49.

[6] ASCE. 2007. Seismic rehabilitation of existing buildings. American Society of civil engineers.

[7] Helmut Krawinkler and GDPK Seneviratna. 1998. Pros and cons of a pushover analysis of seismic performance evaluation.
Engineering structures 20, 4-6 (1998), 452-464.

[8] Helmut Krawinkler. 2006. Importance of good nonlinear analysis. Structural Design of Tall and Special Buildings 15 (12
2006), 515-531. Issue 5. https://doi.org/10.1002/tal.379

[9] Goncalo Carvalho, Rita Bento, and Carlos Bhatt. 2013. Nonlinear static and dynamic analyses of reinforced concrete
buildings-comparison of different modelling approaches. Earthquakes and Structures 4, 5 (2013), 451-470.

[10]Mehmed Causevic and Sasa Mitrovic. 2011. Comparison between non-linear dynamic and static seismic analysis of
structures according to European and US provisions. Bulletin of earthquake engineering 9, 2 (2011), 467—489.

[11]Barbara Ferracuti, Rui Pinho, Marco Savoia, and Roberto Francia. 2009. Verification of displacement-based adaptive
pushover through multi-ground motion incremental dynamic analyses. Engineering Structures 31, 8 (2009), 1789—1799.

[12]Michalis Fragiadakis and Dimitrios Vamvatsikos. 2011. Qualitative comparison of static pushover versus incremental
dynamic analysis capacity curves. In Proceedings of the 7th Hellenic National Conference on Steel Structures.

[13] Gennaro Magliulo, Giuseppe Maddaloni, and Edoardo Cosenza. 2007. Comparison between non-linear dynamic analysis
performed according to EC8 and elastic and non-linear static analyses. Engineering Structures 29, 11 (2007), 2893-2900.

[14]A. M. Mwafy and A. S. Elnashai. 2001. Static pushover versus dynamic collapse analysis of RC buildings. Engineering
Structures 23 (2001), 407—424. Issue 5. https://doi.org/10.1016/S0141-0296(00)00068-7

[15]NZS:3101. 2006. NZS 3101:2006 The Design of Concrete Structures. Part 1 - Concrete Structures Standard. Technical
Report. Wellington.

[16]Kolozvari K, Orakcal K, Wallace JW. Shear-flexure interaction modeling for reinforced concrete structural walls and
columns under reversed cyclic loading. Pacific Earthquake Engineering Research Center, University of California,
Berkeley, PEER Report. 2015 Dec(2015/12).

[17] Dimitrios Vamvatsikos and Allin Cornell. 2002. Incremental dynamic analysis. Earthquake Engineering and Structural
Dynamics 31, 3 (2002), 491-514.

12


https://doi.org/10.1002/tal.379

Canadian-Pacific Conference on Earthquake Engineering (CCEE-PCEE), Vancouver, June 25-30, 2023

[18]FEMA P695. 2009. Quantification of Building Seismic Performance Factors. Technical Report June. Federal Emergency
Management Agency, Federal Emergency Management Agency, Washington.

[19] Des Bull and David Brunsdon. 1998. Examples of Concrete Structural Design to New Zealand Standards 3101. Technical
Report. New Zealand.

[20] Computers and Inc. Structures. 2009. SAP2000 linear and nonlinear static and dynamic analysis and design of three-
dimensional structures.

[21] Kristijan Kolozvari, Kutay Orakcal, and John W. Wallace. 2018. New opensees models for simulating nonlinear flexural
and coupled shear-flexural behavior of RC walls and columns. Comput. & Structures 196, December (2018), 246-262.

[22]S Mazzoni, F McKenna, M Scott, G Fenves, and Others. 2006. OpenSees command language manual. Technical Report.
Pacific Earthquake Engineering Research (PEER) Center 264.

[23]M. L. Menegotto. 1973. Method of analysis of cyclically loaded RC plane frames including changes in geometry and non-
elastic behavior of elements under normal force and bending.

[24] GA Chang and John B Mander. 1994. Seismic energy-based fatigue damage analysis of bridge columns: Part I-Evaluation
of seismic capacity. National Center for Earthquake Engineering Research Buffalo, NY.

[25]FEMA-273. 1997. NEHRP Guidelines for the Seismic Rehabilitation of Buildings. Applied Technology Council (ATC)
(1997).

[26]Joseph M Bracci, Sashi K Kunnath, and Andrei M Reinhorn. 1997. Seismic performance and retrofit evaluation of
reinforced concrete structures. Journal of structural engineering 123, 1 (1997), 3—10.

[27]1P Colajanni and B Potenzone. 2008. On the distribution of lateral loads for pushover analysis. In The 14th Word
Conference on earthquake engineering.

[28]Mehdi Hadi, F Behnamfar, and S Arman. 2018. A Shear-based Adaptive Pushover Procedure for Moment-resisting
Frames. AUT Journal of Civil Engineering 2, 2 (2018), 183-194.

[29]FR Rofooei, NK Attari, A Rasekh, and AH Shodja. 2007. Adaptive pushover analysis. (2007).

[30]KR Bindhu, M Nidhi, and Rahul Leslie. 2012. Adaptive Pushover Analysis for RC Buildings Considering Generic Frames.
In 15th World Conference on Earthquake Engineering, Lisbon.

[31] Vassilis K Papanikolaou, Amr S Elnashai, and Juan F Pareja. 2005. Limits of applicability of conventional and adaptive
pushover analysis for seismic response assessment. Mid-America Earthquake Center, Civil and Environmental
Engineering Department, University of Illinois at Urbana-Champaign (2005), 1-92.

[32] Sun Jingjiang, Tetsuro Ono, Zhao Yangang, and Wang Wei. 2003. Lateral load pattern in pushover analysis. Earthquake
Engineering and Engineering Vibration 2, 1 (2003), 99-107.

[33]R Abhilash, V Biju, and Rahul Leslie. 2010. Effect of lateral load patterns in pushover analysis. In 10th National
Conference on Technological Trends (NCTT09).

[34]Ellen M. Rathje, Clint Dawson, Jamie E. Padgett, Jean Paul Pinelli, Dan Stanzione, Ashley Adair, Pedro Arduino, Scott J.
Brandenberg, Tim Cockerill, Charlie Dey, Maria Esteva, Fred L. Haan, Matthew Hanlon, Ahsan Kareem, Laura Lowes,
Stephen Mock, and Gilberto, Mosqueda. 2017. DesignSafe: New Cyberinfrastructure for Natural Hazards Engineering.
Natural Hazards Review 18, 3 (2017), 1-7. https://doi.org/10.1061/(ASCE)NH.1527-6996.0000246

[35] Dimitrios Vamvatsikos. 2011. Performing incremental dynamic analysis in parallel. Computers & structures 89, 1-2
(2011), 170-180.

[36] Curt Brian Haselton. 2008. An assessment to benchmark the seismic performance of a code-conforming reinforced
concrete moment-frame building. Technical Report 2007/12. University of California, Berkeley. xxiv, 360 p. pages.

[371M. J. N. Priestley, G.M. Calvi, and M.J. Kowalsky. 2007. Priestley, M., Calvi, G. M., and Kowalsky, M. J. (2007).
Displacement-Based Seismic Design of Structures. IUSS Press.

[38] Prateek P Shah. 2021. Seismic Drift Demands. Ph. D. Dissertation. Purdue University Graduate School.

[39] Thien A Tran and JW Wallace. 2012. Experimental Study of Nonlinear Flexural and Shear Deformations of Reinforced
Concrete Structural Walls. In 15th World Conference of Earthquake Engineering.

[40]Jiaru Qian and Qin Chen. 2005. A macro model of shear walls for push-over analysis. Proceedings of the Institution of
Civil Engineers Structures and Buildings 158, 2 (2005), 119-132.

[411DTW Looi, RKL Su, B Cheng, and HH Tsang. 2017. Effects of axial load on seismic performance of reinforced concrete
walls with short shear span. Engineering Structures 151 (2017), 312-326.

13


https://doi.org/10.1061/(ASCE)NH.1527-6996.0000246

