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Performance of Six- and Ten-story Reinforced Concrete Buildings
Designed by using Modified Partial Capacity Design (M-PCD)
Method with 70% Shear Force Ratio

Pudjisuryadi, P.”*, Wijaya, F.1, Tanuwijaya, R.1, Prasetyo, B.C.}, and Lumantarna, B.1

Abstract: One design alternative of earthquake resistant building is Partial Capacity Design
(PCD) method. Unlike the commonly used capacity design method, PCD allows a safe failure
mechanism which is called partial sidesway mechanism. In this mechanism, all beams and some
columns are allowed to experience plastic damages while some selected columns are designed to
remain elastic (called elastic columns). A new approach to predict the required strengths needed
to design each structural member, called modified-PCD (M-PCD) is proposed. In this research six-
and ten-story reinforced concrete buildings were designed using M-PCD, and their seismic
performances are investigated. The base shear force resisted by the elastic columns was set to
approximately 70% of the total base shear. Both nonlinear static procedure (NSP) and nonlinear
dynamic procedure (NDP) are used to analyze the structures. The results show that the expected
partial side sway mechanism is observed, and the drifts of the buildings are acceptable.

Keywords: Modified partial capacity design; partial side sway mechanism; reinforced concrete;

seismic design.

Introduction

In the design of earthquake resistant structures, one
alternative of the capacity design method [1] is partial
capacity design (PCD) method. The PCD method
allows a safe failure mechanism proposed by Paulay
and Priestley [2] which is called the partial sidesway
mechanism. In this mechanism, some of columns are
allowed to experience plastic damages while other
columns (elastic columns) are intended to remain
elastic during target earthquake. The challenge of
this concept is how well the prediction of structural
members required strength. Early PCD method
proposed that elastic columns could be designed by
using a single magnification factor which scales up
their internal forces from a design earthquake.
Seismic reduction factor of 8.0 was used to define the
design earthquake with the assumption that the
structure possesses good ductility. However, some
studies showed that the performance of the method
was somehow inconsistent. Based on the early study
that used the single magnification factor to design the
elastic columns, the test results showed that plastic
hinges still occurred on the elastic column in the
nonlinear time history analysis [3].
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Other studies that used the single magnification
factor with other variations of building that have
vertical setback showed unsatisfactory results
because the partial side sway mechanism was not
achieved effectively [4,5]. A more accurate approach
in predicting the required strengths may be one of the
answers to improve PCD method.

Recently, Tanaya [6] proposed a new approach in
predicting the required strength to design the elastic
columns. This new approach is called Modified-PCD
(M-PCD). The M-PCD suggests the use of two
structural models to predict the required strengths
needed to design the structural members. The first
structural model was used to design elements which
are allowed to yield during major earthquakes. This
model was subjected to earthquake with seismic
reduction factor R=8 (design earthquake). The second
structural model was modified from the first one by
reducing stiffness of members that may develop
plastic hinges, and subjected to a target earthquake
(R=1.6). This second model was used to design the
elastic columns. Early test showed promising results,
most structure showed the expected partial sidesway
mechanism and the drifts are well below the
maximum values set by FEMA 273 [7]. However,
more tests are needed to further develop and conform
the effectiveness of this new approach.

In this research, improvement of M-PCD proposed by
Tanaya [6] is suggested. The second model is not
subjected to full target earthquake, instead it is
subjected by the difference between target earth-
quake and design earthquake used in the first model.
This is logical, since after some members develop
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plastic damages, only the remaining earthquake
load (beyond design earthquake) will be distributed
according to structural responses of the second
model. With this improvement, buildings similar
to Tanaya’s research are re-designed and inves-
tigated.

Model and Design of the Buildings

SAP2000 software [8] is used to model the buildings.
The buildings are assumed to be located in Surabaya
resting on soil with Site Class E, and intended as
office buildings. The applied gravity loads were
according to SNI 1727:2013 [9]. The building plans
and elevation views can be seen in Figure 1.
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Figure 1. Observed Structures: (a) Plan View; (b) Elevation

View

In this study, the ratio of shear force resisted by elastic
columns with respect to the total base shear is
approximately set as large as 70%, resulting in the
use of eight elastic columns (Figure 1a). As mentioned
in the introduction, two structural models are used in
this approach. Illustration of these two structural
models as well as seismic load (based on SNI
1726:2012 [1]) subjected to each model are shown in
Figure 2. The modification factors (R) of 8.0 and 1.6
are chosen with the assumptions that the damaged
frame members possess good ductility and elastic
columns remain elastic, respectively. The stiffness
reduction to simulate plastic damages is done by
breaking the elements into three parts. Two of the
parts are located close to element supports with the
length of 0.5heement (typical plastic hinge region),
which flexural stiffnesses are reduced to model plastic
hinges (see Figure 3). The flexural stiffness
modification may be determined by looking at typical
bilinear curve of moment-rotation curves of reinforced
concrete section.
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Figure 2. Design Assumption: (a) Model 1; (b) Model 2
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Figure 3. Stiffness Reduction in Model 2 at: (a) Beam; (b)
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Results from the first model are used to design the
beams and plastic columns which may develop plastic
damages. Since the columns may experience
damages, the strong column weak beam requirement
is neglected in this approach. However, the shear
design of both beams and columns should still follow
the capacity design concept since no shear failure is
allowed. Required strengths used for designing the
elastic columns are determined by combining the
internal forces from both models. It should be noted
that the effect of gravity load should only calculated
once when combining results from both models.
Again, only shear design of the elastic columns should
follow standard capacity design approach. The base
shear distribution ratio of the structure can be seen in
Table 1. The design results of the beams and columns
can be seen in Tables 2, 3, and 4.



Pudjisuryadi, P. et al./ Performance of Six- and Ten-story Reinforced Concrete Buildings / CED, Vol. 23, No. 2, September 2021, pp. 131-137

Table 1. Base Shear Distribution Ratio of Elastic Column for (a) 6-Story and (b) 10-Story Building

Design Total Base Shear Design Total Base Shear
Total Base Shear Total Base Shear
Earthguake X (kN) Elastic Column |Earthguake Y (kN) Elastic Column
Direction (kN) Direction (kN)
Model 1 2055.09 1013.99 Model 1 1907 .64 849.24
Model 2 3101.46 2791.54 Model 2 3096.14 2770.44
Total 5156.55 3805.53 Total 5003.78 3619.68
Shear Force Distribution Ratio 73.80% Shear Force Distribution Ratio 72.34%
()
Design Total Base Shear Design Total Base Shear
& Total Base Shear . & Total Base Shear i
Earthguake X (kN) Elastic Column |Earthquake Y (kN) Elastic Column
Direction (kM) Direction (kN)
Model 1 2452.52 1513.95 Model 1 2274.09 1441.90
Model 2 5611.75 3598.33 Model 2 5596.76 3880.43
Total 80e4.27 5512.28 Total 7870.85 5322.33
Shear Force Distribution Ratio B68.35% Shear Force Distribution Ratio 67.62%
(b)
Table 2. Reinforcement Details of 6-Story Building (a) Beam (b) Plastic Column
Longitudinal Transversal Longitudinal Transversal
Type Dimension Position o R — S‘;:iith . Story Dimension . Reinforcement Strength .
Ratio
T 1.04% 7D19 0.91
BH1 | 300x700 Bo;zm 0.59% 2019 075 2010-110 3 350350 4.51% 16019 0.69 2D13-60
a2 | 300000 Top 1.09% 7019 0.98 2010110 5 350x350 4.51% 16D19 0.78 2D13-60
Bottom Eg;’: 4019 222 4 400x400 3.36% 16019 0.89 3D13-90
Top . 6D19 .97
o [ i) e [ e [ aee T wos T ew [ oou
Top 0.74% 5D18 0.92 X: - - -
B4 | 3000 om0z 301 078 2010-110 1 500x500 2.59% 20019 0.79 3D13-100
@ (b)
Table 3. Reinforcement Details of 10-Story Building (a) Beam (b) Plastic Column
Longitudinal Transversal Longitudinal Transversal
= - Type Dimension| Position . Strength
Story |Dimension o Reinforcement Stren.gth s o i e pish 5
Ratio 0.85% 6D19 0.91
Top . .
o Toose Lo | w1 om [mnin] v |ween) oy o | Sop o | oo
- - - Top 1.03% 7019 0.94
8 400x400 | 3.80% 16022 0.54 | 3013-100 Bl2 | 300x700 —r 05%% 2019 0.7 010-110
7 400x400 | 3.80% 16D22 0.93 | 3013-100 s | 300000 Top 1.18% 8019 0.3 10110
6 450x450 | 3.00% 16022 0.94 3D13-100 Bottom 0.59% 4p18 0.89
5 450x450 | 4.50% 24D22 0.95 | 3D13-100 ala | 300x700 Top 0.74% 5018 0.82 I010-110
2 S00x500 | 3.65% 24022 002 | 3D13-100 B"Tt:;“’ 2‘3‘3‘: ;Ei: g;’;
3 S00x500 | 4.86% 32022 0.92 | 3013-100 8IS | 3006700 T Py T 2010-110
2 BOUXKB00 | 2.11% 20022 0.81 | 3013-100 Top Las% 10015 05s
1 BOOXE00 | 2.96% 28022 093 | 3013100 || 6 | 3000 oom | o 5019 088 2010110
@ (b)
Table 4. Reinforcement Details of Elastic Column (a) 6-Story Building (b) 10-Story Building
Longitudinal Transversal
Story |Dimension o Reinforcement Stren.gth .
Ratio
RN - | 10 J00x500 | 2.48% 16040 0.90 | 4D13-100
. Dimensio E ganNsVersa 9 900200 | 3.10% 20040 0.99 | 4p13-100
(1] mension
ry p Reinforcement | Strength Ratio 3 8 900x%500 4.96% 32040 0.87 4D13-100
7 J00x%00 | 4.96% 32040 0.99 | 4D13-100
6 700x700 3.94% 24D32 0.93 3D13-100 . 500000 | 5.58% 36020 056 | 2013100
5 7005700 5.25% 32032 0.97 3013-100 5 500x200 | 5.58% 36020 0.97 | 2013100
4 700x700 5.91% 36D32 0.94 3D13-100 4 900xS00 | 4.96% 32040 0.95 4D13-100
3 700x700 4,59% 28D32 0.93 3013-100 3 900x900 | 4.34% 28040 0.96 | 4D13-100
2 700x700 3.94% 24D32 0.96 3D13-90 2 900x%00 | 3.10% 20040 0.86 | 4D13-100
1 7005700 2.62% 16D32 0.99 3D13-90 1 Q00x900 | 3.72% 24D40 0.94 | 4D13-100
@ (b)
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Buildings’ Performances Analysis

Analysis is conducted twice for each building to model
dominant earthquake in each orthogonal direction
(see Figure 4). Performance of the buildings are
reported at two levels of earthquakes which are the
elastic design response spectrum (EDRS) and
maximum considered earthquakes (MCER) which is
1.5 times of EDRS. The buildings are analyzed with
nonlinear static procedure (NSP) and nonlinear
dynamic procedure (NDP) using SAP 2000 software
[8]. The load pattern used in NSP is the first
translational mode of the corresponding directions.
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Figure 4. Nonlinear Static Procedure (NSP) in: (a) X-
direction (b) Y-direction

In NDP analysis, the seismic load used is spectrum
consistent ground accelerations generated from El
Centro 18 May 1940 earthquake N-S and E-W
components in accordance to Indonesian Seismic
Code (SNI 1726:2012 [1]). Two level of acceleration
response spectrums to match are the elastic design
response spectrum (EDRS) and spectrum correspond-
ding to maximum considered earthquake (MCER).
The buildings are subjected to two-directional ground
motion which peak ground accelerations ratio (4:3) is
taken the same as the original earthquake motion.
Tustration of the ground motions used for analysis
are presented in Figure 5.
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Figure 5. Nonlinear Dynamic Procedure (NDP) with
Dominant Ground Motion in: (a) X-dominant (b) Y-dominant

Analysis Results

The drifts of the buildings are presented in Figures 6
to 9. The drifts are plotted against limitation accord-
ing to FEMA 273 [7], which are 2% for design earth-
quake (EDRS) and and 4% for maximum considered
(MCER) earthquake. It can be seen in Figures 6 and
7, that the 6-story building performs very well as all
drifts satisfy the allowable drift in both directions and
both earthquake levels. In X-direction, it is recorded
that the maximum drifts are 1.80% and 2.53% for
EDRS and MCER earthquakes, respectively. While
in Y-direction, the drifts are 1.94% and 2.80% for
EDRS and MCER earthquakes, respectively.

Similar performances are seen at 10-story buildings
that all the drifts meet the requirement by FEMA
273. In Figures 8 and 9, it can be observed that the
drifts of the buildings at EDRS and MCER earth-
quakes are 1.60% and 2.38% in X-direction, and
1.65% and 2.76% in Y-direction.
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Figure 7. Drifts of 6-Story Building for MCER in: (a) X-
direction; (b) Y-direction
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Figure 9. Drift of 10-Story Building for MCER in: (a) X
Direction (b) Y Direction.

In order to make sure if the buildings have good
performance, safe failure mechanism should be
investigated. From all variations of the analysis (the
number of story, the level of earthquake used for
analysis, the analysis procedures, and direction of
dominant earthquake), it is observed that there are no
plastic damages in the elastic columns which means
the structures can resist the earthquakes with safe
partial sidesway mechanism. Figures 10 to 13 show
typical plastic damages of the frames.
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Figure 10. Plastic Damages of 6-story Building from NSP

Analysis with EDRS Earthquake Level in X-direction: (a)
Frame 1; and (b) Frame 2
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Moreover, from the analysis results, it can be
observed how far the deviation of shear force ratio
resisted by the elastic columns. The shear force
distribution ratio are presented in Table 5. In the
design stage, this ratio is set approximately 70% with
the assumption that all members experience plastic
damages except the elastic columns. Since the actual
performance seen in Figures 10 to 13 show less
damages, it is logical if the shear force resisted by the
elastic columns are less than 70%.
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Figure 11. Plastic Damages of 6-story Building from NSP
Analysis with EDRS Earthquake Level in Y-direction (a)
Frame A; and (b) Frame C
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Figure 12. Plastic Damages of 10-story Building from NDP

Analysis with MCER Earthquake Level in X-direction (a)
Frame 1; and (b) Frame 2
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Figure 13. Plastic Damages of 10-story Building from NDP
Analysis with MCER Earthquake Level in Y-direction (a)
Frame A; and (b) Frame C

Table 5. Actual Base Shear Distribution Ratio of (a) 6-Story
Building and (b) 10-Story Building

X Direction | Y Direction
Design 73.80% 72.34%

Pushover EDRS 44.77% 42.05%

Pushover MCER | 35.92% 42.56%

X Direction | Y Direction
68.25% 67.62%
59.79% 58.72%

Design
Pushover EDRS

Pushover MCER 51.31% 49.93%

Time History X me Hi

v 5063% | 41.97% Time History 59.91% 56.50%
Dominant FDRS Dominan X EDRS
Time History Y ——

- 40.78% | 48.46% T2 M) 58.17% 58.80%
Dominant FDRS Dominan Y EDRS
Time History X Time History
Dot mcen| 1954 | 2a55% | [ e e | 59-50% 59.35%
Time History Y 15.29% 17.82% l'ime. History 59.67% 58.95%
D MCER Dominan ¥ MCER

(@) (b)
.
Conclusions

Based on the seismic performance of 6- and 10-story

reinforced concrete building designed by using

modified partial capacity design method (M-PCD)
with 70% of base shear distribution ratio, some
conclusion may be drawn:

1. The drifts of the observed buildings meet the
criteria set by FEMA 273 [7]. The drifts are below
2% and 4% limit for design earthquake (EDRS)
and maximum considered earthquake (MCER)
levels. The drifts of 6-story building are 1.94% and
2.80% for EDRS and MCER earthquake levels.
The drifts of 10-story building are 1.65% and
2.76% for EDRS and MCER earthquake levels.

2. Both observed buildings can resist up to earth-
quake with MCER level with partial sidesway
mechanism, since no elastic columns experience
plastic damages.
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3. The actual base shear distribution ratio in the
elastic column with respect to total base shear is
less than that on the design stage. This is logical
since the frames (excluding the elastic columns)
experience less damage compared to assumption
in the design stage. This means that the stiffer
frame may resist more force and the elastic
columns may resist less force.
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