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This study presents the seismic performance evaluation of the reinforced concrete (RC) frame designed as per Ethiopian (based on
EN1998-1) and Chinese seismic codes to realize best practices within them. In the study, three-model RC frames with 4-, 8-, and 12-
story are designed with the respective codes. Then, their seismic performances are evaluated using the nonlinear static (pushover)
procedures of FEMA 356 and ATC 40 provisions. To validate the analysis result, dynamic nonlinear time history analysis is also made.
The comparison parameters include elastic stiffness, peak strength, target displacement, and plastic hinge formation patterns in the
structures. The results display many similarities in the global and local performances of the structures. Despite these, some
noteworthy discrepancies are also noted. Besides, the performance point analysis revealed a significant difference in target dis-
placement that reflects the two codes” demand spectrum essential disagreements, particularly for the period of vibration greater than
2.0’s. In conclusion, the study highlighted the beneficial aspects of both codes, which will be useful for the future studies.

1. Introduction

Regardless of their differences, modern seismic building
design codes tend to agree on issues of design methodology
and the state-of-the-art in using different design control
parameters such as a design base shear, capacity and demand
ductility, and drift limits to ensure seismic performance [1].
Recently, many of the seismic codes have adopted perfor-
mance-based seismic design in their updated seismic pro-
visions. This overcomes the limitations of force-based design
methods [2]. Moreover, the method is becoming attractive in
the realization that increasing strength may not improve
safety nor necessarily reduce damage [3]. It implies that
structures and facilities can be designed and constructed in
such a manner that their performance under expected
seismic load can be estimated with an acceptable degree of
accuracy [4], for commonly known three performance
levels: serviceability (damage control), life safety, and col-
lapse prevention [5]. To evaluate the performance levels,
various seismic codes adopted either static or dynamic

nonlinear analysis. So far, many of them adopted FEMA 356
[6] and ATC 40 [7] standards as benchmarks in their seismic
performance evaluations. Yet, the codes with their particular
provisions still apply linear elastic analysis for force-based
design; if employed for a given structure, the seismic per-
formance of the structure will be dissimilar, either desirable
or not. Consequently, various codes’ seismic performance
comparisons are becoming popular nowadays worldwide for
learning from one another in the design of seismic buildings
for optimized design and verification [1, 8-10]. Hence,
comparing different seismic codes enables the enrichment of
beneficial aspects obtained within them. Bearing this in
mind, this study compares Ethiopian and Chinese codes for
the reasons presented in the following sections.

Firstly, a building code adoption from one country to
another is a common practice. Particularly, the rapid ur-
banization in developing countries, such as African coun-
tries, demands international contractors with better financial
capacity and technical skills. For example, Chinese inter-
national contractors are constructing 12 to 40 more
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multistory building projects in Addis Ababa, the capital of
Ethiopia in East Africa [11-13]. Such projects may use the
Chinese construction standards as they already experienced
in their country construction [14], despite the local code
being different. However, compared with Ethiopia, China is
one of the high seismic countries in the world and has
developed its own seismic code GB50011-2010 (GB11-10,
hereafter) [15], which is the outcome of several updates since
1959 [16]. In contrast, Ethiopia, an East African country, is
an earthquake sensitive region, though the magnitude is less
than other countries on other continents. The rift valley
passes through the central part of Ethiopia where major
Earthquakes and volcano do occur [17, 18]. At the same
time, economically more important cities are emerging
rapidly recently in this region [17]. This will be very dev-
astating for developing countries like Ethiopia, with little
preparation for an earthquake as noted in Haiti [19]. Yet,
Ethiopia did not develop its seismic code so far, and it has
been adopted from Western developed countries [18].
Likewise, the current seismic code of Ethiopia (2015) named
Ethiopian Standard for seismic design ES8-2015 (ES8-15,
hereafter) and other related structural codes are also based
on European Norms EN1998-1 [20] similar to Eurocode 8-
2004. Accordingly, throughout this study, ES8-15 follows
Eurocode 8-2004 provisions and its related past studies to
compare with Chinese code GB11-10.

Secondly, Eurocodes are also claimed to be the most
technically advanced structural codes in the world and are
proposed to provide worldwide access to designers and
mostly adopted in countries that having historical relations
with UK [21]. At the same time, the Chinese companies
working on international projects also use them as a ref-
erence [22].

Thirdly, although many improvements are made in the
latest Chinese seismic code GB11-10 [15] and Technical
Specification for Concrete Structures of Tall Building JGJ3-
2010 [23], none of the tall buildings in China have expe-
rienced a truly strong earthquake so far and the study of
other countries’ codes with advanced seismic design phi-
losophies is relevant [24]. USA and China seismic code
comparison results indicate that the seismic design forces
determined by the Chinese response spectrum are larger
than those determined by the US design spectrum, though
the seismic performance is nearly the same [25]. The per-
formance assessment of a 5-story RC frame designed by
GB11-10 satisfies the performance limits as per ASCE/SEI
41-06 and also highlighted some weaknesses to be improved
[26]. The comparative study of seismic provisions for the
design of steel moment frames showed the conservativeness
of the Chinese code over Eurocode-8 [9]. Moreover, in our
recent work, soil structure interaction, dynamic analysis of
RC frame subjected to the same ground motion matched to
the design response spectrum of ES8-15 and GB11-10,
higher base shear, and interstory drift observed in GB11-10
[27].

To this end, the comparison between the Chinese and
Ethiopia code is very relevant. As noted above, little work
was done on the seismic performance assessment of RC
frame designed with the respective codes as compared with
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the efforts made on the steel frame. To the authors’
knowledge, only research done by Li et al. [28] attempted to
compare Eurocode 8-2004 with old Chinese Seismic Code
GB50011-2001 [29] for a 6-story RC frame design. Other
related comparisons are not complete, either in the response
spectrum or the base shear comparison alone, which may
give misleading results as noted in [1]. Hence, the study
presents the design and seismic performance assessment of
selected model frames according to Ethiopian and Chinese
seismic codes in the subsequent sections based on building
structures critical seismic performance evaluation parame-
ters such as plastic hinges formation, capacity curve,
interstory drift, and target displacement.

2. Methods of the Study

For this study, a group of regular two-dimensional (2D)
reinforced concrete (RC) moment-resisting frames com-
posed of 4-, 8-, and 12-story residential buildings are
designed according to the specifications outlined in Ethio-
pian and Chinese seismic codes with capacity design
principle. All the models are designed for similar conditions
of loading and design material strength by avoiding geo-
graphic location differences. Subsequently, the seismic
performance analysis is made using a nonlinear static
(pushover) method as per FEMA 356 and ATC 40 provi-
sions. A pushover-based analysis represents a rational
practice-oriented tool for the seismic analysis of structures.
Compared with traditional elastic analyses, it provides a
wealth of additional important information about the ex-
pected structural response, as well as insight into the
structural aspects that controls performance during severe
earthquakes. Furthermore, it exposes design weaknesses that
could remain hidden in an elastic analysis; for example, in
most cases, it can detect the most critical parts of a structure,
despite its limitations [30]. It is preferred as the considered
model buildings are regular and first mode dominant [31].
Moreover, for verification of nonlinear static analysis,
nonlinear dynamic analysis is also made.

3. Analytical Model of Reinforced
Concrete Frame

This section provides a brief design procedure of the model
buildings considered in the study using both codes, here the
Ethiopian and Chinese building codes. Subsequently, the
design results will be used as an input for seismic perfor-
mance assessment of the models in Section 4. To examine the
design methods and seismic provisions in the two codes, the
material strength, loading, and geometric models were kept
nearly similar.

3.1. Geometric Model, Material Strength, and Gravity Load.
For the analytic model of buildings in this study, we adopted
a structural plan from our previous work as shown in
Figure 1(a), residential building with a plan layout of
15mx32m with central model frames in the transverse
direction [27]. In the models, we have two types of reference
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FIGURE 1: (a) Typical floor plan of A and B model building [27] and (b) 4-, 8-, and 12-story model frames of A and B.

frames, A and B, which are designed according to ES8-15
(EN1998-1) and GBI11-10 respectively. Figure 1(b) shows
each model has a pair of three typical frames totally six
model frames with all fixed bases. The two codes’ model
frames are assigned the same beam and column dimension
as indicated in Figure 1(b). It also shows the column sections
vary in 8- and 12-story frames, while the beam section is kept
similar in all floor levels. The story height of the ground
floors was 4.5 m, while the height of the remaining typical
stories was 3.6 m.

For the design of beam and column cross-sections,
nearly the same concrete and reinforcing steel strengths are
considered as per corresponding concrete codes of Chinese
GB50010-2010 [32] and Ethiopian ES2-2015 [33]. Concrete
compressive strength at 28 days (C-30/C-25/30), elastic
modulus of concrete, Ec=31x10°kN/m? concrete unit
weight = 25kN/m?®, reinforcement steel ~strength = steel
S-400/HRB400, E,=200x10°kN/m? and steel unit
weight = 78.5 kN/m>. The stress-strain of concrete in both
ES2-2015 (European) and Chinese GB50010-2010 follows
the same H. Rusch formula [34] for designing members.

The design load includes both gravity and seismic lateral
load. Gravity load comprises the dead load, including the self-
weight of the structure and live load applied on the floor. The
dead load, including slab self-weight, was set as 6.0 kN/m?.
Besides the dead load of the infill walls, the distributed load on
the typical beams is set to 10 kN/m. In addition, both codes
consider the same live load of 2.0 kN/m” according to ESI-
2015 [35] and GB50009-2012 [36]. Finally, the floor loads are
transferred to floor beams of the model frames. Besides this,
for the dynamic analysis of the frames, the codes consider 30%
and 50% of the live load in ES8-15 and GB11-10, respectively,
in addition to dead load, for seismic mass calculation.

3.2. Design Seismic Input: Design Response Spectrum. For the
seismic design, the two codes consider different seismic
design hazard levels of ground motion in their design

response spectrum. The Ethiopian Seismic Code ES8-15 [20]
specifies two levels of ground motion. In the first case, the
reference ground motion is associated with a probability of
exceedance equal to 10% in 50 years, a return period of 475
years. For this level, no local or global collapse of a structure
is permitted (i.e., no-collapse requirement, which refers to
the ultimate limit state). The other one has a probability of
exceedance equal to 10% in 10 years or a return period of 95
years and structures are designed to have sufficient resis-
tance and stiffness to maintain the function of vital services,
without the occurrence of damage, and the associated
limitations in use refer to damage limit. The reference peak
ground acceleration, PGA (agr) map, is used to classify
Ethiopia seismicity mainly into five (5) seismic zones 1
(0.04¢g), 2 (0.07g), 3 (0.10g), 4 (0.15g), and 5 (0.20g) for
noncollapse requirement. The damage limitation 0.40 to 0.50
times that of the noncollapse requirement.

On the other hand, the Chinese seismic code GB11-10
[15] defines three-level seismic performance requirements,
which essentially refer to serviceability (operational),
damageability (damage-repairable), and survivability (col-
lapse-prevention) limit states, respectively. The operational
and collapse-prevention requirement corresponds to ground
motion based on a recommended probability of exceedance
of 63% and 2%-3% in 50 years, a return period of 50 and
1600-2400 years, respectively, while the values associated
with the damage-repairable level relate to a recommended
probability of exceedance of 10% in 50 years, a return period
of 475 years. In the Chinese code, different regions are
categorized by the Mercalli intensity scale to describe the
effects of seismic action on structures. Seismic active regions
are categorized into 4 groups with an intensity of 6, 7, 8, and
9, respectively [15, 37]. The reference peak ground accel-
eration (PGA) is defined with a 10% exceedance in 50 years
(Table 11 in Appendix-A), which corresponds to the four
intensity groups, 6 (<0.1 g), 7 (0.10/0.15 g), 8 (0.20/0.3 g), and
9 (0.40g). For this study, the 10% exceedance in 50 years
commonly available in both codes is considered.



Based on the seismic design hazard level, the codes
define their response spectrum, which contains various
parameters. The typical smooth codes response spectrum
curves defined by Se (T) of Ethiopian and Chinese Seismic
influence the coefficient curve («) versus the period of vi-
bration (T), respectively, is given in Appendix A. For more
detail, the codes’ response spectrum curve ordinates equa-
tions are presented in Figure 16 in Appendix A (a) ES8-15
and (b) GB11-10. ES8-15 response spectrum defined Se (T)
based on a single-parameter PGA (peak ground accelera-
tion) of two types of response spectrum with Type 1 (used in
this study) strong intensity (M > 5.5) and Type 2 small in-
tensity (M <5.5). The response spectrum is defined with
corner periods Ty, Tc, and Tp defined up to T=4.0s for
various soil types. For the Chinese Code, the response
spectrum ordinate & (7T, Ty, &max) is given as a fraction of the
acceleration of gravity, where T is the natural vibration
period of a building and Ty is the soil characteristic period at
which the constant velocity branch starts in the response
spectrum curve (Appendix A), which depends on the near or
far source (design group) and soil class. &y, maximum
seismic influence coefficient, is given for the three levels of
seismic hazard (Table 11 in Appendix A) and with respective
seismic region categories [23]. The response spectrum of the
codes depends on the soil type (ground type) to define
corner periods and soil amplification factors. Shear velocity
(V30) is the common criterion used to classify soil in the two
codes. The Chinese code GB11-10 has four soil classes from I
to IV [15]. Whereas, the Ethiopian code ES8-15 classifies
ground into five main groups A to E to account for the
influence of local ground conditions on the seismic action
with their respective soil amplification factor (S), while
S-factor is not explicitly available in GB11-10.

Hence, based on shear velocity, the ground-type
equivalency between the two seismic codes is required. For
our study, we selected soil II (GB11-10, V3, 280m/s to
500 m/s) equivalent to soil B (ES8-15, V3, 360 m/s to 800 m/
s). Note that, the Chinese PGA is measured with reference to
stiff ground, soil II [32, 35, 41], while in Ethiopia, PGA is
measured with reference to rock ground type A [17, 20].

According to [38] for a given city in China, the pa-
rameters of ground motion peak ground acceleration (PGA)
in terms Ethiopian code ES8-15(EN1998-1) can be con-
verted using equation (la), and for a certain city in Ethiopia,
the corresponding design ground motion parameters of the
Chinese code GB11-10 can be determined by equation (1b)
[9, 38]:

a
gCH
agET(A) =T, (la)

Agcy = AgeT(A)S (1b)

where agET (A)is the PGA of Ethiopia in terms of soil type
A, S is the soil amplification factor, type 1 response spec-
trum, S=1.2 (Soil B), and agCH is the PGA of China in
terms of soil II, equivalence reference to soil B in Ethiopia. In
this paper, China’s city is taken as a reference and PGA is
taken reference to soil type II and equation (1a) will be used
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throughout the study. For this study, the equivalent stiff soils
with seismic intensity-7 (0.15 g measured reference to soil II)
in GB11-10 and equivalently 0.125g (ground Type A) in
ES8-15 is used in model building design in Section 3.3.

Furthermore, the two codes practice the response
spectrum in different ways to determine the design seismic
input load to the model buildings. The Ethiopian code ES8-
15 adopts the design response spectrum (also called the
inelastic response spectrum) in addition to the elastic one
(Appendix A). It is obtained by modifying the elastic
spectrum by ductility and behavior factor, g, of a structure
for elastic (linear) analysis, accounting for nonlinear effect
used in the design of structural member sections. The
behavior factor g is the capacity of structural systems to
resist seismic actions in the nonlinear range. It is an ap-
proximate ratio of the seismic forces which the structure
would experience if its response was completely elastic with
5% viscous damping to the seismic forces. It may be used in
the design, with a conventional elastic analysis model,
ensuring a satisfactory response of a structure. The value of
the behavior factor, g, depends on the structural system.
For RC building, the value of g is with the range of 1.5 to
6.75 as per [20], the value varies with ductility of the design
and regularity of the structure, and the exact value needs
nonlinear analysis. On the other hand, such a factor is not
explicitly available in GB11-10; instead, frequent earth-
quake seismic action intensity level is adopted for elastic
analysis and structural member design, which is a nearly
constant value of 1/3 of the moderate earthquake (Table 11
in Appendix A).

Figure 2 compares the two codes’ response spectrums.
The graph is drawn, for the same seismic hazard design of
level 10% exceedance in 50 years, with 5% damping, GB11-
10 (PGA =0.15g, which is measured with reference to the
ground type II seismic intensity 7), and equivalent to soil B
with a soil amplification factor of S=1.2 in ES8-15
(PGA =0.125 g, measured with reference to ground type A).
The elastic response spectrum comparison shows good
similarity for a period of vibration T'<2.0s. Yet, GB11-10 is
significantly greater than ES8-15 by 1.85 to 3.0 times for a
long period of vibration T>2.0s. Such differences in the
elastic spectrum will affect the performance point analysis
(shown in Section 5.4) and nonlinear dynamic analysis
(when the elastic spectrum is used as a target spectrum for
matching various ground motions).

Besides, Figure 2 also displays the design (inelastic)
response spectra of ES8-15 with a behavior factor g=5.85
(ductility high RC frame) and GB11-10 with frequent
earthquake (63% in 50 years) design level. For a shorter
period, clearly, GB11-10 gives a larger response. Never-
theless, in a longer period of vibration T>2.0s, the mini-
mum values of both response spectra are nearly the same,
unlike the elastic response spectra of ES8-15. One can note
that the seismic demand in 10% in 50 years is reduced to
design value nearly by 1/3 and 1/5.85 in GB11-10 and ES8-
15, respectively. These spectrums are applied at the base of
the model frames together with the gravity loads and per-
forming linear analysis for structural members” design.



Advances in Civil Engineering

aand Se(T) (g)

T (s)

—A— GB50011-2010 soil II
moderate earthquake, 10% in 50 years
—— ES8-2015 design spectra
soil B, q = 5.85, 10% in 50 years
--- GB50011-2010 II frequent
earthquake, 63% in 50 years
—— ES8-2015-elastic spectra
soil B 10% in 50 years

FIGURE 2: Design response spectrum of GB11-10 and ES8-15.

3.3. Structural Analysis and Design. The model frames’
structural analysis and design was performed with the aid of
the Software Midas Gen [39], which incorporates both ES8-
15 (Eurocode 8-2004) and Chinese code (GB11-10). In the
analysis of all models, gross beam and column stiffness are
considered. Modal response spectrum analysis (RSA) is
performed for the ground excitation in horizontal direc-
tions. Figure 2 shows the codes’ design spectrum considered
for horizontal directions. The complete quadratic (CQC)
rule for the combination of different modes responses was
used as per ES8-15 and GB11-10 recommendation. Figure 3
and Table 1 present the modal analysis results of the model
frame. Figure 3 shows the modal shape of the first three
modes shapes displaying little differences between parallel
modes as the members’ cross section similar except live load
consideration difference. Besides, Table 1 displays the first
three modal properties of the building with modal mass
participation factor and natural periods. For all models (A-
ES8-15) and (B-GB11-10), the first modal mass participation
factors are nearly 80% or more, displaying a first-mode
dominant structure.

3.4. Design of Structural Members. The columns and beams
of frames A and B are designed using the concrete codes of
Ethiopia, ES2-2015 [33], and China, GB50010-2010 [32],
considering the respective seismic provisions. The horizontal
seismic action and gravity load were considered as the main

load applied to the reference structure. The design value of
the load effect in the structural components is determined
using a ductile capacity design method to avoid brittle
failure. GB11-10 recommends different special seismic
provision grades for seismic design based on seismic in-
tensity, structural type, and height (H) of structure. In this
study of the framed structures subjected to seismic intensity
of 7, PGA=0.15g, for both 12-story (H=44.1m) and 8-
story, H=29.70m >24.0m Grade-2, whereas for 4-story,
H=1530<24.0m, and for Grade-3, the seismic design
adopted. On the other hand, the ES8-15 designs are for high-
ductility RC frames, design provisions with a behavior
factor, g =5.85. Applying the principle of the capacity design
method, the ductile design is made by using the corre-
sponding seismic code provisions available in Midas Gen
software [39]. From capacity design, the minimum joint
strong column-weak beam ratio is 1.89 and 1.28 in 4-story,
2.36 and 1.32 in 8-story, and 2.39 and 1.21 in 12-story in
seismic codes of ES8-15 and GB11-10, respectively. Figure 4
shows the 8-story typical design detailed drawings together
with Table 2, for 4 and 12 stories (Appendix B), showing that
the design result from both seismic standards has similarities
and differences. Table 3 displays ES8-15 assigns more re-
inforcement in columns as compared with GB11-10, while
for the beams, the reverse is noted. Nevertheless, the total
amount reinforcement for each model frames is nearly equal
in both codes.

4, Seismic Performance Assessment

4.1. Nonlinear Static Analysis. Nonlinear static (commonly
known as pushover) analysis is a specialized procedure used
in performance-based design for seismic loading [40]. For
this study, SAP2000 Version 14.0.0 [41] computer program
is used for pushover analysis of the model frames with 4-, 8-,
and 12 stories designed in Section 3. In the pushover
analysis, the two most important steps are defining plastic
hinge properties and lateral load pattern, which entirely
affect the analysis outcome at the global and member levels.
For the analysis in SAP2000, the lumped plastic hinge
properties are used. Figure 5 shows a typical force-defor-
mation relationship behavior of a plastic hinge defined by
FEMA-356 [6] with the required acceptance criteria of
immediate occupancy (IO), life safety (LS), collapse pre-
vention (CP), and collapse (C). In Figure 5, point A cor-
responds to the unloaded condition of the hinge
deformation. Point B represents the yielding of structural
elements that are controlled by moment-curvature rela-
tionships. Hinge deformation shows the strength degrada-
tion at point D, where the structure might show sudden
failure after this point. The failure of the structure can be
defined by reaching the points D and E. In addition, FEMA
356 [6] default hinges in SAP2000 are based on the earth-
quake code of the United States code.

However, the user-defined hinge model is better than the
default-hinge model in reflecting the nonlinear behavior
compatible with the element properties, which affects the
seismic performance [42, 43]. In addition, the model
members are designed using Ethiopian and Chinese code.
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TABLE 1: Seismic masses, natural periods, and modal participating mass (MPM (%)).
Modal characteristics
Structures Mass (tonnes) First mode Second mode Third mode Sum of MPM (%)
T, (s) MPM% T, (s) MPM% Ts (s) MPM (%)
4A 306.49 0.60 88.72 0.19 8.86 0.10 2.04 99.62
8A 622.42 1.13 82.70 0.37 10.86 0.100 3.39 96.95
12A 960.32 1.66 79.75 0.55 11.44 0.205 3.91 95.10
4B 313.69 0.63 88.72 0.20 8.86 0.311 2.04 99.62
8B 642.23 1.17 82.64 0.38 10.90 0.22 3.41 96.94
12B 990.05 1.74 79.77 0.60 11.43 0.33 3.91 95.11

Hence, in this study, user-defined plastic hinge prop-
erties are adopted and calculated using the Xtract Software
[44] from moment-curvature relations, for designed
members in Section 3 (Table 2) based on confined concrete
stress-strain [45] and reinforcement steel bilinear stress-
strain curve for a similar design concrete grade C-30 and
steel HRB400 (S-400), respectively, defined according to
both concrete codes [32, 33]. For the moment-curvature
analysis, the axial loads in the beams were assumed to be
zero. While, for columns, axial loads were assumed constant
and equal to the load due to the dead loads plus 30% and 50%
of the live loads on the columns for ES8-15 and GB11-10,
respectively. Besides, for columns, moment-axial force in-
teraction diagram is also calculated. For the moment-ro-
tation relationship as input in SAP2000, the plastic hinge
length is used to calculate ultimate rotation values from the
ultimate curvatures [42]. For each plastic hinge, plastic
rotation 6, = (¢, — ¢,) * L, where ¢, and ¢,, are the yield and
ultimate moment curvatures, respectively, where L, is the
plastic hinge length equal to 0.5h, where h is the depth of a
beam or column section is taken [46, 47]. Moreover, the
three performance levels (Figure 5) are defined in terms of
plastic rotation. IO, LS, and CP correspond to 20%, 50%, and
90% of the plastic-rotation capacity, respectively [6, 7]. Since

all gravity loads are distributed uniformly on the beams, the
potential plastic hinges are considered at both ends of the
columns and beams. Similar to the FEMA 356 plastic hinges,
in SAP 2000 column axial-moment hinge (P-M3), beam
flexural moment hinges (M3) are defined at the end of the
members. Then, the calculated nonlinear properties based
on the sectional analysis are imported to each hinge. FEMA
356 recommends the flexural plastic hinges shall not be far
away from component ends unless they are explicitly
accounted for modeling and analysis [6]. Plasticity in RC
members was assumed to be lumped at the probable location
and was assumed to form at a distance equal to one-half of
the average plastic hinge length L, from the member ends as
per [48].

Besides the plastic hinge, defining the lateral load pattern
is another most important issue in pushover analysis. FEMA
356 [6] and ES8-15 [20] recommend the use of more than
one lateral load pattern to bound the range of design actions
that may occur during the actual dynamic response of a
structure during an earthquake. In this study, we employ
uniform and Mode-1 (nearly the same to triangular) load
patterns. The uniform load pattern is based on lateral forces
that are proportional to mass regardless of elevation (uni-
form) response acceleration. Another one, a modal pattern,
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FIGURE 4: Reinforcement design diagram 8-story RC frame designed as per ES8-15(8A) and GB11-10 (8B).

TABLE 2: Beam and column section reinforcement design of 8-story frame in Figure 4.

Building-8A ES8-15

Building-8B GB11-10

Cross
type Cross Rebar top (T) Stirrup Cross Rebar top (T) Stirrup Cross Rebar top (T) Stirrup
section bottom (B) (mm) section bottom (B) (mm) section bottom (B) (mm)
ABI- 4D20(T) % BB4- 6D20(T) 100 BB7- 4D20(T) %
25 %65 3016(B) 25 %65 4D16(B) 25 %65 4016(B)
AB2- 4D16(T) BB5- 5020(T) BBS- 3020(T)
Beam 25% 65 3016(B) 2 25% 65 3020(B) 100 25% 65 4016(B) 20
A B3- 3016(T) % BB6- 5020(T) 100 BBY- 4016(T) %
25 % 65 3016(B) 25 % 65 4D16(B) 25 % 65 4®16(B)
AC2- BC3-
Column 60 x 60 16020 40 60 x 60 12020 100
AC3- BC4-
55 % 55 12020 90 5555 12020 100
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TaBLE 3: Longitudinal rebar (kilogram) quantity in column and beam for model frame designed.

ES8-15 (rebar)-A GB11-10 (rebar)-B B/A B/A B/A

Model frame
Beam Column Total Beam Column Total Beam Column Total
4-story 823.47 1,544.72 2,368.20 874.35 1,351.63 2,225.98 1.06 0.875 0.94
8-Story 1,642.21 4,117.37 5,759.58 2,040.64 3,513.96 5,554.60 1.24 0.853 0.96
12-Story 2,340.27 6,389.02 8,729.30 3,538.51 5,519.40 9,057.92 1.51 0.863 1.04
(SPO, hereafter), dynamic nonlinear time-history analysis
C (NL-THA, hereafter) was conducted [51, 52]. It is widely
B recognized that the NL-THA is more accurate than SPO
. 0 LS CP analysis, but choosing the appropriate ground motions is not
E D e a simple task. For a given specific building site, it involves

A

Displacement

FIGURE 5: Force-deformation relationship of a plastic hinge [6, 40].

is proportional to lateral forces consistent with the lateral
force distribution along the height of structure. The modal
pattern, hereafter Mode-1, and lateral force pattern are
obtained from the first mode shape of modal analysis and
normalized so that the force at the top is equal to 1.0. With
these load patterns, the pushover analysis is performed using
SAP2000 software [41], which gives a pushover capacity
curve that relates base shear (V) to roof displacement (Dt)
relationship.

The pushover capacity curve shows the overall capacity
of the structure for sequentially increasing control node
displacement from zero to the target displacement. The
control node displacement may be taken at the center of
mass the roof of the model frames. The value of the roof
displacement is the expected displacement during an
earthquake in the nonelastic range. ES8-15 (EN1998-1) [20]
and FEMA 356 [6] recommend 150% target displacement.
Alternatively, it can be calculated from the target inelastic
drift ratio, target rotational ductility, and height of the
building [7, 49, 50]. ATC 40 recommends 2% roof drift; the
deformation limit given for the life safety performance level
appears to be a good stopping point for the pushover
analysis. For this study, 2% H roof drift is considered for the
control node displacement of all models, where H is the
height of the building and hence the applied roof drift to
each model will be 030m (H=153m), 0.60m
(H=29.70m), and 0.88 m (H=44.10m), respectively, for 4
(A/B), 8 (A/B), and 12 (A/B) story frames. In the analysis, the
displacement control method of pushover analysis is pre-
ferred since the amount of load is unknown and useful for
structures that become unstable and may lose load-carrying
capacity during the analysis [40]. Also, note that the P-delta
effect is not included here.

4.2. Nonlinear Dynamic Analysis. In order to verify the
results obtained by the nonlinear static pushover analysis

various parameters as ground motions are not easily
available everywhere. In the absence of such ground motion
data for the considered building models, a set of seven
natural acceleration records, selected within the most fre-
quently used records, was considered from the PEER da-
tabase [53]. The selected ground motions are with a shear
velocity range of 360 to 500 m/s at the recording station to
make it consistent for designed model frame bases, equiv-
alent ground types, and soil B and II in Ethiopian and
Chinese seismic codes, respectively. Table 4 shows the seven
unscaled selected ground motions from various parts of the
world. The selected recording stations have horizontal ac-
celeration with a PGA value of 0.089 g to 0.75 g. Then, they
are matched to elastic response spectrums of ES8-15 soil B
(PGA=0.25g—-soil class A) and GBI1-10 soil II
(PGA=0.30g—soil class II) using Seismomatch software
[54]. The minimum and maximum matching periods of
0.2T; and 2T;, respectively, are considered as per ES8-15
recommendation, where T; is the fundamental period of
vibration of the considered model frame. Figure 6 shows the
ground motion spectrums matched to the two codes
spectrum for 8-story model frames. All the acceleration
records were scaled to the same PGA value. Besides this,
artificial acceleograms are generated for same PGA used in
matching real accelegromas. Correspondingly, seven artifi-
cial time-history records were generated using SeismoArtif
software [55] for peak ground acceleration of 0.3g and soil
class B and II with a 5% viscous damping ratio. The
earthquake duration was set to 30s. The artificial accel-
erograms are used in evaluating the structural responses
together with matched real accelerograms.

For the dynamic analysis, the basic modeling approaches
and acceptance criteria of the NL-THA are identical to those
for the SPO [6, 56]. Hence, the same model frames in SPO
analysis are adopted to conduct NL-THA analysis in
SAP2000 version 14.0.0 computer program [41]. The
matched ground motion records are imported to the analysis
model. For an illustrative purpose, only 8-story model
frames are analyzed using NL-THA in both codes and results
are compared with SPO results. For each matched real
ground motion records, the dynamic analysis is made and
repeated by scaling values of PGA ranging from 0.3 g to
1.20 g, which is also called incremental dynamic analysis
[57], for plotting dynamic pushover capacity curve. Addi-
tionally, using artificial synthetic ground motions, NL-THA
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TaBLE 4: PEER ground motion data NGA West-2.

S no. Earthquake name Year Recording station number (RSN) Magnitude Vs30 (m/sec) Peak ground acceleration PGA (g)
1 Mammoth lakes-01, US 1980 230 6.06 382.12 0.42
2 Loma Prieta, US 1989 802 6.93 380.89 0.51
3 Chi-Chi_Taiwan 1999 1513 7.62 363.99 0.59
4 Northridge-01, US 1994 1004 6.69 380.06 0.75
5 Parkfield-02_CA, US 2004 4070 6.00 378.99 0.62
6 Landers, US 1992 832 7.28 382.93 0.089
7 Imperial valley-06, US 1979 164 6.53 471.53 0.21
25 2.5
2] 2]
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FIGURE 6: Matched response spectrum for (a) 8A and (b) 8B-Model Buildings (for PGA=0.3 g, soil II, and 0.25 g, soil-A).

is made for scaled PGA values of 0.30 g and 0.6 g to compare
structural responses such as plastic hinges and drifts with
SPO results.

5. Results and Discussion

This section presents the performance assessment analysis
results. Section 5.1 presents an illustrative example for the
verification of the pushover analysis, using nonlinear time
history (NL-THA) analysis. Sections 5.2-5.4 deal with the
detailed discussions of the two codes’ SPO analysis of model
frames based on capacity (pushover) curves, interstory drift,
pattern of plastic hinge formation, plastic hinges distribution
in the structural elements, performance point assessment of
each model based on the provisions and accepted criteria
adopted in FEMA 356 [6], and ATC 40 [7] together with the
respective code provision.

5.1. Verification of Nonlinear Static Analysis. This section
presents an illustrative example of an 8-story model frame
analysis made using both SPO and NL-THA, based on
pushover capacity curve, roof drift, interstory drift, and
plastic hinge formation. Figure 7 presents the static pushover
and dynamic pushover capacity curves. The dynamic
pushover curve was obtained for average 7 real ground

8-story frame: dynamic and static push over curve

Base shear

0 T T T
0 0.1 0.2 0.3 0.4 0.5 0.6

Roof drift (m)

—+ Static Mode-1-8B
O Average-NL-THA-8A
A Average NL-THA-8B

—+— Static Uniform-8A
—— Static Mode-1-8A
—o— Static Uniform -8B

FIGURE 7: Static and dynamic pushover curve (a) 8A and (b) 8B
Model frames.

motions closer to Mode-1 than uniform load pattern at the
beginning of the curve, but it approaches uniform load
pattern gradually. In both the static and dynamic capacity
curves, the Model-8B (GB11-10) shows a bigger capacity
than Model-8A (ES8-15).
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The results of the static and dynamic analyses were also
compared in terms of displacement and interstory drift for
equal roof drift of 0.34% (0.10 m roof displacement) in SPO
and the average value obtained from NL-THAs analysis
from the real earthquake records and synthetic earthquake
scaled to the design PGA = 0.3 g for matched ground motion
(Figure 6) reference to soil II-GB11-10. In Figures 8(a) and
8(b), the static and dynamic average drift analyses along the
height of the frame are shown. Figure 8(a) displays that the
displacement diagram obtained with the modal shape and
with the dynamic analyses resulted very similar. The modal
shape caused values slightly larger than the dynamic analyses
at the upper floors. The pushover analysis with uniform load
shape produced a different displacement diagram, with
much larger values than the other methods of analysis at the
first floors for 8B model followed by 8A uniform. In both
NL-THA and SPO analyses, 8B interstory gives larger value
than 8A at the bottom story, whereas 8A Art-NL-THA and
8A-Mode-1 give larger value in the second and third floors.
Moreover, in major cases, the SPO and NL-THA analyses
are consistent in which average NL-THA interstory drifts are
closer to Mode-1 in both models that allow the use of SPO
analysis [31, 58].

Moreover, Figure 9 shows the qualitative comparison of
plastic hinge locations and formations of both models de-
termined by SPO and NL-THA analyses. For single artificial
acceleration scaled to 0.6g, NL-THA analysis results of
0.20 m roof displacement (0.67% roof drift) with equal 0.67%
roof drifts in SPO plastic hinge patterns are compared. In the
NL-THA analysis, the plastic hinges are well distributed
along the height of the frame, while for SPO, more hinges
occur in lower stories. Yet, for the same 0.67% roof drift in
both 8A and 8B model frames, Figures 9(a)-9(f) show the
bottom story column hinge formation in SPO is nearly

consistent to NL-THA though disparity is observed in beam
hinges. For NL-THA analysis, in all cases, more beam hinge
yielding is noted in 8A than 8B model for IO level (im-
mediate occupancy, Figure 5), whereas column hinge for-
mation is more in 8B than 8A columns. It highlights the
energy dissipation mechanism differences in the two
designed models.

Nevertheless, the above brief illustrative example for 8-
story frame gives useful insight, in which the SPO analysis
results are consistent with the NL-THA analysis that could
confirm the validity of SPO analysis for the considered
model.

5.2. Pushover Curve. Figures 10(a)-10(c) represent the
pushover (capacity) curves of 4-, 8-, and 12-story RC frames
designed with ES8-15 and GB11-10. For all models and
lateral load pattern, the curve is nearly the same at the
beginning as the concrete cross-sections are equal. However,
beyond the elastic range, the capacity curves show different
results. The pushover analysis using the uniform lateral load
pattern yielded a higher initial stiffness and base shear ca-
pacity as compared with Mode 1. In other words, for the
same base shear force, the uniform load pattern had a lower
roof displacement. This is due to differences in the lateral
displacement in the upper stories, where the Mode-1 load
pattern resulted in higher displacements. Certainly, the
‘Uniform’ loading pattern resulted in the highest elastic
stiffness and peak strength in all structures for both codes.
However, FEMA 356 [6] recommends the most critical
lateral load pattern should be considered in the evaluation
process of all elements, while ES8-15 recommends a load
pattern with a smaller over-strength ratio obtained from
corresponding pushover curves.
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FIGURE 9: State of the plastic hinges in Models 8A and 8B: NL-THA and SPO analyses. (a) 8A-NL-THA. (b) 8A-SPO Uniform. (c) 8A-SPO-
Mode-1. (d) 8B-NL-THA. (e) 8B-SPO Uniform. (f) 8B-SPO-Mode-1.
Moreover, the capacity curves of the models differ  closer values. However, the yield displacement for the frame
among ES8-15 and GB11-10 designed ones except for the 4-  designed with GB11-10 is smaller than ES8-15. Thus, for a
story frame. Both codes 4-story frame pushover curves show  specified ultimate roof displacement, a little higher ductility
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may be attained for low-rise RC moment frames designed
with GB11-10. In all other cases, many more differences
among the capacity curves are observed. Such differences are
remarkable for 8- and 12-story models and are generally
attributed to the way that the codes distribute the strength
(and hence stiffness) among the structural members of the
structure. Particularly, Figures 10(b) and 10(c) show that
notable differences among the peak strengths attained 8- and
12-story models designed with ES8-15 and GBI11-10, re-
spectively. For uniform load pattern, the peak strength of the
models designed with GB11-10 is approximately 744 kN and
827kN compared with 581 kN and 698 kN values for the
model designed with ES8-15 in 8- and 12-story models,
respectively. However, as will be shown later, the lower peak
strength capacity of structures designed with ES8-15 does
not have severe significant effects on their overall
performance.

5.3. Interstory Drift. The interstory drift ratio is critical for
seismic performance evaluation, as it is directly related to the
level of structural damage. It is calculated as the difference in
lateral displacement between two adjacent floor levels
normalized by the corresponding story height. ATC 40
suggests typical limits of 2% interstory drift associated with
life safety (LS) performance level and 4% interstory drift for
collapse prevention (CP) performance [7]. Figures 11(a)-
11(c) display the interstory drift of the model frames. As
expected, the uniform load pattern leads to a more distinct
soft-story behavior at the first story, particularly for GB11-10
designed structure in all 4-, 8-, and 12-story frames than
Mode 1. In all frames, Figures 11(a) to 11(b), the interstory
drift exceeds the life safety level of ATC 40 until the mid-
height of each model frames in both codes. Besides, in
Figure 11(c), the 12-Story GB11-10 designed frame passes
the collapse prevention (CP) level at the bottom story. This

indicates that the first story has the potential to act as a soft
story under significant seismic load in GB11-10. Never-
theless, in the top stories, the reverse is happening for Mode-
1. Mode-1 interstory drift in most cases’ frames designed by
ES8-15 is more than GB11-10 above the midheight of the
model frames than the uniform load pattern. However, this
may not be critical as bottom stories with more axial force
may initiate buckling. It shows that ES8-15 is better than
GB11-10 in the assignment of stiffness and strength in the
design of the structures.

Additionally, observing the sharp drop of interstory drift
in the midstory in all models of GB11-10, one can ask a
legitimate question. It is directly related to the plastic hinge
formation sequence and distribution in columns and beams
that vary as per the capacity designed for plastic hinges at
beam-column joints of the models. As noted earlier in the
design (Section 3), all the beam-column joints confirm the
minimum strong column-weak beam capacity ratio. Thus, it
may be difficult to make a conclusion whether GB11-10
designed frames satisfy or not the seismic ground motion in
nonlinear range until the performance point assessment
analysis (Section 5.4) is made. The 2% roof drift may be
beyond the design limit. Likewise, it has to be noted that one
main aim of seismic performance analysis is to discover a
weakness that might appear in the design. Neverthless, it is
undeniable that ES8-15 ductility is little more than GB11-10
in the aforementioned comparisons.

5.4. Plastic Hinge Formation. Figure 12 (I) to (IV) illustrate
the sequence and locations where those plastic rotation
limits exceeded in beams and columns as per the plastic
hinge definition in Figure 5 for immediate occupancy (10),
life safety (LS), and collapse prevention (CP). All the figures
show a deformed frame with plastic hinges at the final push
steps with roof displacement of 2% of roof drifts noted in
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Section 4 for the uniform load pattern. Mode-1 load pattern
deformed shape and intermediate steps are not shown for
space limitation except the 8-story frame. Figure 12 (I)
shows the state of the plastic hinges of the 4-story model
designed according to both codes (A) ES8-15 and (B)
GB11-10. For the structures designed using both codes with
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all load patterns, the plastic hinges were typically formed at
the lower part of the structure. In addition, in most cases,
plastic hinging was initiated from the first-story columns
hinges (at the base) when a uniform lateral load pattern was
applied to the structure. The trends mentioned above were
also observed for all models with different numbers of
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stories. Although few plastic hinges have formed in the
columns Figure 12 (I) to (IV), generally for all structures, the
beam-sway mechanism was the dominant mechanism rather
than the column-sway mechanism, showing the design met
intended strong-column/weak-beam provision except few
cases. Plastic hinges at column bases were found to be more
critical for all structures designed with GB11-10 than with
the ES8-15. Figure 12 (II and IIT) shows the hinge pattern for
the 8-story model frame. ES8-15-designed frame columns
are within the IO level noted in the 1** floor and 4™ floor as
compared with GB11-10 with CP and collapse at 1*' floor
and 3™ floor LS and IO levels. Figure 12 (IIT) Mode-1 shows
a similar trend to the uniform load pattern. This shows a
better performance of ES8-15-designed frames.

In the same way, Figure 12 (IV) illustrates a plastic hinge
pattern for the 12-story model frame and ES8-15(A)-
designed frame shows that a beam mechanism with only 4
columns is within the LS level noted in the 1* floor and
remaining few with the elastic range in 4 and above 4 stories.
In addition, the beams’ plastic hinges are well distributed;
bottom stories-LS, middle stories-10, and top stories-elastic.
However, for the GB11-10-designed 12-story model, 4-
column exhibits collapse in the 1** floor and 5™ Floor, 4
columns LS, and remaining elastic. In the case of beams for
GB11-10-designed 12-story frame up to midstory show LS as
ES8-15; however, the remaining IO is at one midfloor only,
remaining elastic. In summary, the plastic hinges of columns
in GB11-10 structures occur more in number and reach to

life safety and collapse level earlier than ES8-15 for all
structures subjected to equal roof displacement. In addition,
the plastic hinge formation occurs more early in the beams
than columns for ES8-15-designed structures as compared
with GB11-10-designed ones. It proves that a strong-col-
umn-weak-beam is maintained in the ES8-15 design. This
confirms that the stiffness distribution is good in ES8-15, as
noted in [8]. As it was mentioned earlier, the interstory drift
profiles showed that GB11-10-designed frames have larger
drift at collapse than ES8-15 particularly for 8- and 12-story
models. This demonstrates that a larger capacity curve
(strength) in Section 5.2 does not mean better seismic
performance [3].

Figures 13(a)-13(c) show the performance evaluations
of all frames designed with the two codes. The figures
represent the number of plastic hinges that fall within
specific performance limits, namely, fully elastic (A to B in
the figures), I0 (B to 10), LS (IO to LS), CP (LS to CP), and
beyond the collapse (CP to C or C to E), as per the definitions
shown in Figure 5. They also show the total number of hinges
formed in the model as the structures pushed gradually to a
2% target displacement roof drift. The percentage of hinge
formation is bigger in IO (B to IO) than other limits. For all
frames designed by ES8-15 fall within collapse prevention
limits, for GB11-10a, nearly 3% exceeds the collapse pre-
vention limits for 8- and 12-story frames. Generally, hinges
with the uniform lateral pattern are more critical than
Mode-1.
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FIGURE 14: ADRS Response spectra and capacity curve for ES8-15 and GB11-10.

TaBLE 5: Target displacement (in cm) capacity spectrum method ATC-40 and N2 (ES8-15).

L. 4-story 8-story 12-story
Load pattern Seismic code PGA
ATC 40 N2 ATC 40 N2 ATC 40 N2
ES8-15 0.125¢g 5.50 5.57 9.40 9.33 9.30 9.30
Uniform 0.25g 11.00 11.13 18.60 18.66 18.70 18.60
GB11-10 0.15¢g 3.40 3.65 8.10 8.97 16.00 17.31
0.30g 7.00 7.30 16.00 16.61 35.00 34.62
ES8-15 0.125¢g 5.69 6.32 10.98 11.67 11.36 9.25
Mode-1 0.25¢g 12.00 12.65 22.49 24.39 24.93 18.50
GB11-10 015g 4.04 4.06 9.15 10.85 18.58 18.27
030g 8.78 8.12 19.61 21.80 37.17 36.13

5.5. Performance Point Analysis. ATC 40 defines the per-
formance point as the maximum structural displacement
expected for the demand ground motion due to an earth-
quake. The seismic demand is given by the amount of
displacement at the performance point in the capacity
spectrum method of ATC 40. Member displacement and
forces are computed at this displacement and are used as the
inelastic demand and checked against the available capacities
of members. The performance point is one of the funda-
mental goals of this study to evaluate the seismic perfor-
mance of buildings designed as per ES8-15 and GB11-10. For
the performance point analysis, we chose simplified methods
based on their relative accuracy to that of the nonlinear
dynamic analysis approach. The procedures of ATC-40
provided values very close to the average dynamic analysis
results [51, 52].

As a result, ATC 40 and N2 in ES8-15 are used to
evaluate the performance point with respective seismic
demand with ground acceleration 0.15g and 0.30 g in terms
of an equivalent response spectrum of ES8-15 and GB11-10.
It is done based on the capacity curve (pushover curves) of
each model frame presented in the previous sections being
converted to the equivalent single degree of freedom by
transformation factor procedures laid out in N2 and ATC

40. As an example, Figure 14 shows the transformed ac-
celeration-displacement capacity curve for a 4-story of
Mode-1 lateral load pattern. The demand acceleration-dis-
placement response spectrum (ADRS) for a,=0.15g and
0.30 g soil group I in GB11-10 and equivalent soil B in ES8-
15 is shown in Figure 9. Converting the elastic acceleration-
period spectrum uses the equation Sp, = S, (T) * (T/27)* and
Se (T). Figure 14 shows, for a;=0.125 g and 0.25 g (reference
to soil class A), nearly at Sp=0.093m and 0.190m, re-
spectively, the S, of ES8-15 is a constant value, while GB11-
10 shows a different way, that may influence the perfor-
mance assessment.

Table 5 shows the summarized results of the target
displacements calculated for the two lateral load patterns in
all models that display both methods give nearly the same
value. It is interesting to note that, in all cases, target dis-
placements based on the ‘uniform’ load pattern are less than
with Mode-1 as expected. Furthermore, Table 6 shows a
summary of target displacement and base shear with ATC
40. In all cases, the base shear within GB11-10 is greater than
ES8-15 by 5%, 4%, and 34%, respectively, in 4-, 8-, and 12-
story model buildings, for uniform load patterns with PGA
of a,=0.15g. Similarly, 2%, 12%, and 26% are for PGA
a;=03g ground motion. Conversely, the target
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TaBLE 6: Target displacements and base shear calculated using the capacity spectrum method ATC 40.
4-stor 8-sto 12-stor
Lateral load pattern Seismic code PGA Y R Y
Dt (cm) V (kN) Dt (cm) V (kN) Dt (cm) V (kN)
ES8-15 0.125g 5.5 457.89 9.4 500.18 9.3 521.46
Uniform 025¢g 11.0 508.58 18.6 533.26 18.7 596.95
GB11-10 0.15g 34 479.87 8.1 521.46 16.0 701.14
030g 7.0 518.63 16.0 596.95 35.0 750.38
ES8-15 0.125g 5.7 408.10 11.0 430.83 11.4 439.10
Mode-1 0.250¢g 12.0 451.82 22.5 458.05 24.9 507.82
GB11-10 015g 4.0 441.60 9.2 541.51 18.6 585.79
030g 8.8 471.17 19.6 575.21 37.2 621.03
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Ficure 15: Interstory drift (a) 4-, (b) 8-, and (c) 12-story at performance point at a;=0.30g.

displacement in ES8-15 is greater than GB11-10 by 36% and
14% in 4- and 8-story models, respectively, for a uniform
load pattern for PGA values of 0.15g and 0.3 g. Likewise,
28% and 13% are for Mode 1 load pattern. Nevertheless, a
12-story target displacement in ES8-15 is smaller by 22% to
34% in Mode 1 and the uniform load pattern. This discloses
the seismic performance is becoming more different as the
story number increases within the two codes. Besides, at the

performance point of all models, the global roof drift at the
control node is less than 2% height of building satisfying the
life safety roof drift limits stated in ATC 40. For ground
acceleration, PGA =0.30g, Mode-1 load pattern being
0.78%, 0.75%, and 0.56%, respectively, for 4-, 8-, and 12-
story in ES8-15. In the same way, 0.58%, 0.65%, and 0.84%,
respectively, in GB11-10-designed frames. This demonstrates
the roof drift is increasing with building height in GB11-10
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FIGURE 16: Design response spectrum provisions: (a) Ethiopia-ES8-15 and (b) Chinese GB11-10.

while decreasing in ES8-15 designed frames as the conse-
quence of their respective spectrum provision, although ES8-
15 has better deformation capacity as noted earlier.

Moreover, Figure 15 illustrates interstory drift in 4-, 8-,
and 12-story frames satisfying 2% life safety level in ATC 40 at
performance point for ground motion 0.3 g. It is another way
of proving that the design frames’ roof drift is below 2%, for
which the designed members’ performance need to be
checked against the design. For 4-story frame, ES8-15-
designed frames show larger interstory drift than the corre-
sponding GB11-10. However, for 8-story one, the interstory
drift is nearly equal in both cases. On the other hand, for 12-
Story one, GB11-10 gives larger interstory drift at the bottom
story than ES8-15. Such dissimilarities of interstory drift with
4-, 8-, and 12-story models are associated with the respective
codes’ elastic demand spectrum, although the structural
performance of ES8-15 designed frames are better than GB11-
10. The period of vibration of the structure increases in the
nonlinear range due to stiffness degradation. As noted in
Figure 14, the demand spectrum of GB11-10 becomes higher
than that of ES8-15, particularly for the period of vibration
T>2.0s. Such big differences can lead to an underestimation
of responses in ES8-15(EN1998-1) as shown in [59, 60], which
in turn affects other structure responses [52].

6. Conclusions

This research examined the seismic performance of RC
moment-resisting frame design as per the Ethiopian (ES8-15
based on European Norm EN1998-1) and the Chinese
(GB11-10) seismic codes. The study considered 4-, 8-, and
12-story RC model frames, which are designed with the
capacity design principle in the two codes. The obtained
design results displays the existence of differences in the
allocation of reinforcement among the column and beam in
the frames; despite this, the total reinforcement (rebar) in the
frames are nearly equal. Following the design, the model
frame seismic performances are evaluated via nonlinear
static (pushover) procedures stated in FEMA 356, ATC 40
documents, and provisions in the respective codes of ES8-15
and GBI11-10. Besides, for the 8-story frame, illustrative
nonlinear time history analysis also has been made and
confirms the good agreement with pushover analysis. The
seismic performance analysis disclosed many interesting
similarities of the two codes. Conversely, some essential
discrepancies are also noted and are summarized in the
following ways:

(1) Pushover analysis up to 2% roof drift as per ATC 40
life safety provision structural performances
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TABLE 7: Seismic intensity, PGA, and o,,x maximum seismic influence coefficient GB11-10 [15, 23].
Chinese seismic intensity 6 7 8 9
PGA zone <0.10g 010g 015g 020g 030g >0.40g
Frequent earthquake 0.04 0.08 0.12 0.16 0.24 0.32
Moderate earthquake 0.12 0.23 0.34 0.45 0.68 0.90
Rare earthquake 0.28 0.50 0.72 0.90 1.20 1.40
TABLE 8: Site classes equivalence of ES8-15 and GB11-10.
Shear velocity range Soil class
GB11-10 ES8-15 GB11-10 ES8-15
500 <vs < 800 >800 Io A
L
250 <vs <500 360 <vs <800 1I B
150 <vs <250 180 <vs <360 III C
<150 <180 v D
TaBLE 9: ES8-15 values of corner period T and soil amplification factor Type 1 (M >5.5) and Type 2 (M <5.5).
S TB(s) TC(s) TD(s)

Ground type

Type-1 Type-2 Type-1 Type-2 Type-1 Type-2 Type-1 Type-2
A 1.00 1.000 0.15 0.050 0.40 0.250 2.0 1.2
B 1.20 1.350 0.15 0.050 0.50 0.250 2.0 1.2
C 1.15 1.500 0.20 0.100 0.60 0.250 2.0 1.2
D 1.35 1.800 0.20 0.100 0.80 0.300 2.0 1.2

(i) GB11-10-designed frames show a larger push-
over capacity curve; however, more plastic
hinges form in the columns that affect interstory
drifts.

(ii) In ES8-15-designed frames, more plastic hinges
(energy dissipation) form in beams than in the
columns, which exhibit better strong-colum-
n-weak-beam scenario, also distributed uni-
formly along with the height of the structure.

(2) Pushover analysis with the roof drift up to the
performance point (target displacement)

(i) The performance point analysis shows the target
displacement in ES8-15 is greater than GB11-10
with smaller height frames 4- and 8-story but
becomes less for the 12-story frame.

(ii) These variations are directly associated with the
codes’ elastic spectrum uniqueness, and the
demand spectrum of GB11-10 is considerably
larger than of ES8-15, particularly for T>2.0s

(3) For the aforementioned arguments in (1) and (2), it
has to be noted that the performance point analysis
(2) in both codes satisfy the design requirement;
nonetheless, their structural performances discrep-
ancy is 2% roof drift in (1), which is beyond their
expected design limit; nevertheless, these are the
important witnesses for the benefits gained while
comparing various seismic codes as they have their
own merits over one another.

(4) To sum up, despite the present study is limited to RC
moment-resisting frames, mainly non-linear static

analysis, it shows interesting insight to extend such
researches for various types of structures with dif-
ferent analysis methods for further investigation of
the two codes’ weaknesses and strengths.

Appendix

A. Response Spectrum Provisions of Ethiopian
and Chinese Seismic Codes

Response Spectrum Provisions of Ethiopian and Chinese
Seismic Codes are given below (Figure 16).
(1) For ES8-15 (a)
S . (T) is the elastic response spectrum

T'is the vibration period of a linear single-degree-of-
freedom system

a g is the design ground acceleration on type A
ground (ag = y1oagr) for seismic hazard of map of
Ethiopia given in Appendix-D of Ethiopia Seismic
Code Standard, ES8-15

T g is the lower limit of the period of the constant
spectral acceleration branch

T ¢ is the upper limit of the period of the constant
spectral acceleration branch

T p is the value defining the beginning of the con-
stant displacement response range of the spectrum

S is the soil factor

n is the damping correction factor with a reference
value of #7=1 for 5% viscous damping
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TaBLE 10: GB11-10 corner period(s) for earthquake design group and soil type.
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Design earthquake

Design earthquake

Design earthquake

Site soil condition type group-1 group-2 group-3
T, 5T, T, 5T, T, 5T,
To 0.20 1.00 0.25 1.25 0.30 1.50
I1 0.25 1.25 0.30 1.50 0.35 1.75
II 0.35 1.75 0.40 2.00 0.45 2.25
111 0.45 2.25 0.55 2.75 0.65 3.25
v 0.65 3.75 0.75 3.75 0.90 4.50
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FIGURE 17: Reinforcement design diagram for (a) 4-, (b) 8-, and (c) 12-story RC frame designed as per ES8-15 and GBI11-10.

(2) For GB11-10 (b)

a-design seismic influence coefficient

T-period of vibration for single-degree-of-freedom

system

& max is maximum of earthquake affecting coefhicient

that depends on design level of GB11-10

( is the damping ratio and #,>0.55

y is the attenuation index
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1 1 is the adjustment coefficient for descending slope
in the linear decreasing section

1 » is the damping adjustment coefficient

(3) Design (inelastic) response spectrum (Ethiopian
ES8-15) in addition to elastic one for regions I, II, IV,

and V:
vsm-s, s [ (53)
B
(ISy(T) = a, -2,
q

:ag.s E [%]
(II1) S, (T) = 1 (A.1)

>B-ag,

:ag.s.é |:TC7;2TD:|
(IV) S, (T) = 1

>B-ag,

where g is the behavior factor accounting for ductility
and energy dissipation, $>0.2, and S, (1), T, ag, Tg, Tc, and
S are defined above (Tables 7-10).

B. Design Detail Drawing and Table

Design detail drawing and table are given in Figure 17 and
Table 11.
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