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Abstract

Recently the evaluation of seismic performance of existing buildings has received a great attention. Since The Sudan has
low to moderate seismicity most of existing buildings were designed only for gravity load. The objective of this paper is to
assess the seismic performance of existing RC buildings in The Sudan. Four typical buildings were investigated using
pushover analysis according to ATC-40. They were designed according to the Regulations for earthquake-resistant design
of buildings in Egypt (ESEE) and International Building Code (IBC2012). Results showed that the buildings designed
considering by ESEE and IBC2012 loads were found adequate and satisfies the Immediate Occupancy (1O) acceptance
criteria according to ATC-40. The comparison of the pushover curve shows that the stiffness of frames is larger when using
ESEE Regulations compared to the IBC2012 design. This means that ESEE design procedure provides a greater capability
to resist seismic load than the IBC2012 design.
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1. Introduction

The Sudan is not free from earthquakes. It has experienced many earthquakes during the recent history, and the
previous studies in this field demonstrated this argument [1]. Most of existing buildings in The Sudan do not meet
the current design standards due to design shortage or construction shortcomings. There are various reasons such
as there is no seismic code in The Sudan. Therefore, existing buildings should be evaluated regarding their
capacity for resisting expected seismic effects. To estimate seismic demands for a building, the structural
engineering profession is now using the non-linear static procedure, known as pushover analysis. It is a commonly
used technique, which provides acceptable results [2].

Pushover analysis is a series of incremental static analysis carried out to develop a capacity curve for the building.
This procedure needs the execution of a nonlinear static analysis of the structure that allows the monitoring of the
progressive yielding of the structure component [3].

The building is subjected to a lateral load. The load magnitude increases until the building reaches the targeted
displacement. This target displacement is determined to represent the top displacement when the building is
subjected to design level ground excitation. Pushover analysis produces a pushover curve or capacity curve that
presents the relationship between the base shear (V) and roof displacement (A). The Pushover curve depends on
the strength and deformation capacities of the structure and describes how the structure behaves beyond the elastic
limit [4].

Many researchers have conducted studies in this area such as [5-9]. These studies were conducted to investigate
the performance of samples of existing RC buildings in the Sudan.

2. Evaluation of Seismic Performance of Existing Buildings

Most buildings and structures in the Sudan have not yet been designed and constructed in compliance with
earthquake provisions or given any consideration for earthquake effect. Therefore, two existing codes will be used
to evaluate seismic loads in order to perform the seismic performance of chosen buildings.

2.1. Earthquake loads

The earthquake loads are calculated following the rules which are given in the IBC 2012 [10], and the Regulations
for earthquake-resistant design of buildings in Egypt, 1988. These regulations have been prepared by the Egyptian
Society for Earthquake Engineering (ESEE) [11]

2.2. Seismic map for the sudan
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In 2010, Sobaih and Hassaballa have developed new seismic maps for the Sudan, as shown in Fig.1 [12].
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Fig. 1 — Seismic hazard map of the Sudan [12]

3. Description of the Buildings and Modeling

Four cases of existing RC buildings with 4, 6, 8 and 10 stories are considered for study as shown in
Fig.2. The buildings are composed of moment resisting RC frames, situated in zone 3. The structure
members are made of in-situ reinforced concrete. The main dimensions in plan are 20 meters in the X
direction and 12 meters in the Y direction. The typical bay width and storey height of the four models
are 4.0 and 3.0 meters, respectively and the ground floor height is 3.5 meters. Columns and beams sizes
can be found in Ref [13].The columns are assumed to be fixed at the base. The building is analyzed and
designed as per seismic provisions provided by ESEE using BS 8110 British Standard [14] and
IBC2012 using ACI [15] .The general finite element package SAP 2000 (Version.14) [16] has been used
for the analyses. A two-dimensional model of each structure has been created to undertake the nonlinear
analysis. Beams and columns are modeled as nonlinear frame elements. SAP2000 provides default hinge
properties and recommends M3 hinges for columns and M3 hinges for beams as described in FEMA

356 [17].

(c)Side elevation of 8 Stories Building  (d) Side elevation of 10 Stories Building
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(e) Plan
Fig. 2 — Dimensions of the studied buildings

4. Pushover Analysis

The static pushover analysis is becoming a popular tool for seismic performance evaluation of existing and new
structures. The expectation is that the pushover analysis will provide adequate information on seismic demands
imposed by the design ground motion on the structural system and its components. The pushover analysis of a
structure is a static non-linear analysis under permanent vertical loads and gradually increasing lateral loads. The
equivalent static lateral loads approximately represent earthquake induced forces.

4.1. Seismic Demand and Performance Point

The performance point is the point where the capacity curve crosses the demand curve according to ATC-40 [18]
.Two main approaches are used to evaluate the performance point (maximum inelastic displacement of the
structure), Capacity-Spectrum Method of ATC-40 and Coefficient Method of FEMA 356.

In the present study the Capacity-Spectrum Method is more suitable for the evaluation task. ATC-40 [18] explains
the process and presents the performance levels of buildings.

4.2 Pushover output

The main output of a pushover analysis is in terms of response demand versus capacity. If the demand curve
intersects the capacity envelope near the elastic range, Fig.3 (a), then the structure has a good resistance. If the
demand curve intersects the capacity curve with little reserve of strength and deformation capacity, Fig.3 (b), then
it can be concluded that the structure will behave poorly during the imposed seismic excitation and need to be
retrofitted to avoid future major damage or collapse [19].

A Demand Curve A ]
Demand Curve
T
Capacity Curve Capacity Curve
> >
Fig. 3(a) — Safe design Fig. 3(b) — Unsafe design [19]

5. Results and Discussion

This part presents the results of Analysis and Design of considered RC buildings. It also provides a
through comparison between the IBC2012 code and the ESEE regulations so as to decide which code
produces more vulnerable buildings. Fig.4 shows the labels of columns.

5.1 Beams sections design

The section properties resulting from using the IBC2012 and ESEE codes have the same cross-sections and
reinforcement for beams. All beams are 500*300 with 8 ®16 reinforcement.
5.2 Columns sections design

Tables 1 to 4 show the cross-sections and reinforcing bars of members of 4 and 6 stories buildings
according to IBC 2012 and ESEE codes. Results for 8 and 10 stories buildings can be found in Ref.
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Table 1 — Section properties in 4-stories building using ESEE code

4-Stories Case Study
Column No. Without Seismic Loads Wit:nﬁe(;ser;;igcnIe_gi(i?ngélglsEE
Section (mm) Reinf. Section (mm) Reinf.
co1 400x300 10D 16 550x300 12016
Cco2 400x300 8D 16 500x300 12d 16
C03 300x300 8D 16 450x300 10D 16
Co4 300x300 8D 16 350x300 8D 16

Table 2 — Section properties in 4-stories building using IBC2012 code.

4- Stories Case Study
With Seismic Loads by
Column No. Without Seismic Loads IBC2012 and designed using
ACI
Section (mm) Reinf. Section (mm) Reinf.
Cco1 400x300 10 16 450x300 12016
C02 400x300 8D 16 400x300 10 16
Co3 300x300 8D 16 350x300 8D 16
Co4 300x300 8D 16 300x300 8D 16
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Table 3 — Section properties in 6-stories building using ESEE code

6- Stories Case Study
Column No. Without Seismic Loads ESI\EAI/Eit:nﬁe(ijzgigCnlggii?ngyBSI
Section (mm) Reinf. Section (mm) Reinf.
co1 500x300 120 16 750x300 16 16
Cco2 400x300 10D 16 600x300 12D 16
Co3 400x300 10® 16 600x300 12® 16
Co4 300x300 8D 16 550x300 12® 16
CO05 300x300 8D 16 450x300 10® 16
C06 300x300 8D 16 350x300 8D 16

Table 4 — Section properties in 6-stories building using IBC2012 code.

6- Stories Case Study
With Seismic Loads by
Column No. Without Seismic Loads IBC2012 and designed using
ACI
Section (mm) Reinf. Section (mm) Reinf.

co1 500x300 120 16 600x300 14® 16
C02 400x300 10D 16 500x300 10D 16
C03 400x300 10D 16 500x300 10D 16
Co4 300x300 8D 16 450x300 10D 16
C05 300x300 8D 16 450x300 10D 16
C06 300x300 8D 16 350x300 8D 16

5.3 Pushover curves

The lateral capacity of the structures can be represented by a curve, which is plotted after applying the
nonlinear static pushover analysis procedure. This curve is the relation between base shear which
expresses the acting force on the structure, and roof displacement which expresses the lateral capacity of
the structure. The pushover analysis using SAP2000 is achieved by using displacement control strategy

for all RC frames.
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The resulting pushover curves will be in terms of Base Shear — Roof Displacement (V-A). The slope of
the pushover curves is gradually changed with increase of the lateral displacement of the building. This
is due to the progressive formation of plastic hinges in beams and columns throughout the structure.

5.3.1. Pushover curves using IBC2012 loads

The plastic deformation in the four buildings, i.e. the five points values, A-B-C-D- E, as shown in Fig.5,
can be obtained after the SAP2000 analysis. The range AB is elastic range, B to 10 is the range of
immediate occupancy, 10 to LS is the range of life safety and LS to CP is the range of collapse
prevention. If all the hinges are within the CP limit then the structure is said to be safe. However,
depending upon the importance of structure the hinges after 10 range may also need to be retrofitted
[20]. Fig.6 shows the FEMA-356 combined pushover curves for the considered RC buildings heights 4,
6, 8 and 10 stories. This figure shows that the 10 storey building has the larger displacement.

Force

Displacement

Fig.5- Different stages of plastic hinges [21]
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Fig.6— Combined pushover curves for the four buildings using IBC2012
5.3.2. Pushover curves using ESEE loads

Similar to the IBC2012 procedure, Fig. 7 shows the FEMA-356 pushover combined curves for the considered RC
buildings heights 4, 6, 8 and 10 stories. One can notice also that the 10 storey building has the larger base shear,
displacement and consequently a larger target displacement.
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Fig.7— Combined pushover curves for the four buildings using ESEE

Figs. 8 to 11 show the differences between each building using the IBC2012 code with its identical case using the
ESEE regulations.

From the comparison of the 4-stories with its identical case in the ESEE regulations as shown in Fig.8, we can
notice that there are obvious differences in values between the two codes. The ESEE regulations gives mush
larger base shear, but they are similar to each other in terms of total displacement.

From the comparison of the 6-stories as shown in Fig.9, it is clear that the base shear gap between the two models

is smaller compared to 4-storey model. On the other hand, the ESEE loading code gives larger total displacement
than the IBC2012.

From Fig.10, one can notice from the comparison of 8-Stories model that the ESEE gives higher base shear with
much larger total displacement.
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Fig.8— Pushover curves for 4-stories building using IBC2012 and ESEE

2500 6 Btories Building
g/ 2000 -
= 1500 -
5
Lé:g 1000 h —4+—ESEE
o —8—IBC2012

200

o]
8] 0.1 0.2 0.3 0.4

Displacement ()




16™ World Conference on Earthquake, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

Paper N° 947

Registration Code: S-U1462985360

Fig.9— Pushover curves for 6-stories building using IBC2012 and ESEE
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Fig.10— Pushover curves for 8-stories building using IBC2012 and ESEE
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Fig.11— Pushover curves for 10-stories building using IBC2012 and ESEE
Moreover, from Fig.11, it is clear that the comparison of 10-stories model is similar to 6-stories model.

As a result, it is clear that the ESEE-designed buildings were stronger than the IBC2012 buildings, because as the
loads increase there is a proportional increase in cross sections and reinforcement.

5.3.3. Performance Point According to ESEE

The resulting performance points for the four buildings are shown in Fig.12 and Fig.13 for 4, 6, 8 and 10 stories
building, respectively. From the following figures the performance point, i.e., the point at which capacity curve
and demand curve intersects is near to the event point B shown in Fig.5 in all the figures.
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Fig.12— Performance point of 4 and 6 stories building using ESEE
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Fig.13— Performance point of 8 and 10 stories building using ESEE

5.3.4. Performance Point According to IBC2012

Similarly, the IBC2012 demand- capacity curves for the four buildings are shown in Fig.14 and Fig.15. for 4, 6 8
and 10 stories building , respectively.
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Fig.14— Performance point of 4 and 6 stories building using IBC2012
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Fig.15— Performance point of 8 and 10 stories building using IBC2012
5.3.5. Plastic hinges distribution using IBC2012 loads
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Plastic hinge formation starts with beam ends and at top columns of lower stories, then consecutively to upper
stories and continue with yielding of interior intermediate columns in the upper stories. But since yielding occurs
at events B and 10 respectively, the amount of damage in the four buildings will be limited. Figs. 16 and 17 show
the plastic hinges distribution of considered RC buildings 4, 6, 8 and 10 stories.

4 Deformed Shape (PUSHI) - Step 2; [ 35 Detormed Shape (PUSHX) - Step 2: 1

(a) 4 stories (b) 6 stories
Fig.16— Distribution of hinges in 4 and 6 stories building using IBC2012
| = Deformed Shape (PUSHX) - Step 2; [ 2 Deformed Shape (PUSHX) - Step 2;

(b) 8 stories (a) 10 stories
Fig.17— Distribution of hinges in 8 and 10 stories building using IBC2012

For the 4-stories building, it was found that most of plastic hinges occurred in the columns, which do not satisfy
the weak beam - strong column criteria. Moreover, these plastic hinges were located at the first and fourth levels.

From distribution of hinges for 6-stories building, it can be noticed that the plastic hinges were located at the first,
second and third levels. Also, most of plastic hinges occurred in the beam column connections, which do not
satisfy the weak beam -strong column criteria.

Finally, from distribution of hinges for 8-stories the plastic hinges were located at the first, second, third and
fourth levels and for 10-stories buildings, it can be noticed that the plastic hinges were located at the second, third
fourth, and fifth levels . Also, most of plastic hinges occurred in the beam column connections, which do not
satisfy the weak beam -strong column criteria.

5.3.6. Plastic hinges distribution using ESEE loads

Similarly, using the ESEE Loading code, Figs. 18 and 19 show the plastic hinges distribution of the considered
RC buildings with 4, 6, 8 and 10 stories.

10
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Fig.18— Distribution of hinges in 4 and 6 stories building using ESEE

3%, Deformed Shape (PUSHX) - Step 2 ¥} Deformed Shape (PUSHX) - Step 2

(a) 8 stories (b) 10 stories

Fig.19- Distribution of hinges in 8 and 10 stories building using ESEE

Similar to the IBC2012, it was found for the ESEE designed 4-stories building that most of plastic hinges
occurred in the beams, which satisfy the weak beam -strong column criteria.

From distribution of hinges for 6-stories, it can be noticed that the plastic hinges were located at the second, third
and fourth floors. Also, most of plastic hinges occurred in the beams, which satisfy the weak beam - strong
column criteria .These indicate that the ESEE building will sustain the earthquake loads longer than the IBC2012
code.

At last, from distribution of hinges for 8-stories and 10-stories buildings, it can be noticed that the plastic hinges
were located at the third, fourth and fifth levels. Also, most of plastic hinges occurred in the beams, which satisfy
the weak beam - strong column criteria.

6. Summary and Conclusion

Static pushover analysis is an attempt by the structural engineers to evaluate the real strength of the structure. This
method of analysis promises to be a useful and effective tool for performance-based design of structure. Four
existing RC buildings in The Sudan have been analyzed by this method and results have been compared in terms

11
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of base shear, displacement and plastic hinge pattern. From this study many conclusions can be drawn. The main
concluding remarks are listed as follows:

1-Pushover analysis has been found relatively simple and evaluates the performance of the building close to
more realistic behavior.

2- Pushover analysis can identify weak elements by predicting the failure mechanism and account for the
redistribution of forces during progressive yielding. It may help engineers take action for rehabilitation work.

3-The results show that the design by ESEE and IBC 2012 are found adequate.

4- The buildings that were designed according to ESEE and IBC2012 are satisfactory. The performance point
location is at 10 (Immediate Occupancy) level. It means that the design satisfies pushover analysis according to
ATC -40.

5- From distribution of hinges obtained from 1BC2012 and ESEE, it can be noticed that most of plastic
hinges obtained from ESEE occurred in the beams, which satisfies the weak beam - strong column criteria . These
indicate that the building which is designed by the ESEE code will sustain the earthquake loads longer than the
IBC2012 code. Therefore, a structural engineer should consider the ESEE code in designing buildings in The
Sudan.

6. From demand capacity curve according to IBC 2012 and ESEE it is concluded that all the demand curves
intersects the capacity curves near the event point B. Therefore, it can be concluded that the safety margin against
collapse is high and there are sufficient strength and displacement reserves.

7. In all buildings the demand curve intersects the capacity envelope near the elastic range, then the structure
has a good resistance.
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