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Abstract

The main objective of this paper is to evaluate the seismic response of buildings of
typical reinforced concrete frames when concrete starts to deteriorate gradually and
to make a comparison between the base shear and the displacement at different stag-
es of earthquake loading. Typical 5, 15, 20 and 30-storey reinforced concrete frames
have been designed for seismicity according to the recently adopted seismic code in
Abu Dhabi, ACI 318-08/IBC 2009 code. A pushover analysis has been performed to
these four buildings by using SAP 2000. Twenty-four models have been created (6
models for each building) by decreasing the concrete strength gradually from 4000
psi (281 kg/cm?®) to 1500 psi (105 kg/cm?®). This is to simulate the effect of harsh en-
vironment on the strength of concrete in existing buildings.
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1. Introduction

It is well known that Abu Dhabi has witnessed seismic activities in recent years. Be-
sides, the design of buildings in Abu Dhabi did not take into consideration the effect of
earthquakes until 1997. It is expected that larger stock of existing buildings in Abu
Dhabi is at risk due to the combined effect of the harsh environment and expected
earthquake activity, so analytical model is needed to find out the effect of the harsh en-
vironment or concrete deterioration on the existing buildings in Abu Dhabi. Abu Dha-
bi is located in the Arabian Gulf region which is well known for its harsh environment.

The city of Abu Dhabi has witnessed an extensive urbanization development during the
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last three decades and the concrete has been the most widely used construction materi-
al. It is well known that the prevailing harsh environment in Abu Dhabi leads to lower

strength of concrete with time. Figure 1 shows concrete deterioration by time.

2. General Description of Studied Cases

Four two-bay frame models are used to represent typical construction of buildings in
Abu Dhabi and designed according to ACI 318-08 [1] and IBC 2009 [2] building codes.
The typical bay width and story height of the frame model are 5.0 and 3.0 m, respec-
tively. The ground floor height is 5.0 m to take into account the foundation depth.
Since Abu Dhabi is located in the Arabian Gulf region the common soils in Abu Dhabi
are generally classified as weak soils, and hence, the buildings are usually founded on
piles. The four models neglected the effect of torsion in buildings subjected to earth-
quakes assuming that the center of mass of the building coincides with the center of ri-
gidity of its columns. The selected numbers of stories of RC buildings considered are 5,

15, 20 and 30 storeys. Figure 2 represents one of them.

Figure 1. Concrete deterioration by time.
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Figure 2. Five-storey building beams and columns sections.
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3. Beams Design

The beam section is designed for the maximum positive and maximum negative fac-
tored moment envelopes obtained from all of the load combinations, negative beam
moments produce top steel while as positive beam moments produce bottom steel. Ta-
ble 1 shows the beams cross sections that are used in the fifteen stories model and the

corresponding steel reinforcement. The design has been done by using SAP 2000 [3].

4. Columns Design

In the design of columns, external columns were designed as rectangular sections and
internal columns were designed as square sections as shown in Table 2. In this table
“EC” indicates External column and “IC” indicates internal column. The cover in all
columns is 0.04 m and the spacing between the stirrups is 0.15 m. Table 2 shows the
column sections that are used in the fifteen stories model, area of main steel and bar

sizes for the main steel and the stirrups.

5. Results

After designing and detailing the reinforced concrete frame structures, a nonlinear pu-
shover analysis is carried out for evaluating the structural seismic response. The pu-
shover analysis consists of the application of gravity loads and a representative lateral
load pattern. The lateral loads were applied monotonically in a step-by-step nonlinear
static analysis. The applied lateral loads were accelerations in the x direction

representing the forces that would be experienced by the structures when subjected to

Table 1. Five-storey design for beams sections.

Top Bot Area of Final Area of Steel Final
Section Cover  Cover SteelTop  Reinforcement Top Bot Reinforcement Bot
Name
m m mm? mm?
B250X500_1 0.04 0.04 770 5T 14 452 4T 12
B250X500_2 0.04 0.04 770 5T 14 452 4T 12
B250X500_3 0.04 0.04 770 5T14 565 5T12
B250X500_4 0.04 0.04 770 5T 14 452 4T 12
B250X500_5 0.04 0.04 565 5T12 393 5T10

Table 2. Five-storey design for columns sections.
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X Area . . Spacing
. Num Bars Num Bars Bar Size Final Bar Size .
Section Name K K . of Steel X . Stirrup
3 Dir 2 Dir Main 5 Reinforcement  Stirrup
mm m

EC600X300 4 4 14d 1848 12T 14 10d 0.15

EC700X400 3 6 16 d 2814 14T16 10d 0.15

1C500X500 3 3 20d 2512 8T20 10d 0.15
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ground shaking. Under incrementally increasing loads some elements may yield se-
quentially. Consequently, at each event, the structures experience a stiffness change as
shown in Figure 3, where 10, LS and CP stand for immediate occupancy, life safety and

collapse prevention, respectively

5.1. Pushover Curves for Reinforced Concrete Frame

Six different concrete strengths were used in the analysis: 4000 psi, 3500 Psi, 3000 psi,
2500 psi, 2000 psi and 1500 psi. Each concrete strength was used with the four different
reinforced concrete building heights 5, 15, 20 and 30 stories. The base shear versus the

lateral displacement of the top floor (pushover curve) is plotted for each frame.

Pushover Curves for 5-Stories Building
By using IBC 2009 Code and decreasing the concrete strength from 4000 psi (281
kg/cm?), 3500 psi (246 kg/cm?), 3000 psi (211 kg/cm?), 2500 psi (176 kg/cm?), 2000 psi
(141 kg/cm?), 1500 psi (105 kg/cm?) in the model, push over curves are obtained as
shown in Figures 4-6 for 5 Stories reinforced concrete building.

The displacement and the base shear values at the three deformation points Imme-
diate Occupancy (I0), Life Safety (LS), Collapse Prevention (CP) and initial failure “D”
can be obtained from the pushover analysis curves as shown in Tables 3-8.

A c

CP
10 LS

Force

P >

Deformation

Figure 3. Load deformation curve [4].

Table 3. Pushover curve main values for 5-storey building using 4000 psi.

10 LS CP Initial Failure “D”
Displacement (m) 0.126595 0.288625 0.372025 1.2558
Base Shear (kN) 321.559 339.2927 345.8679 189.570

Table 4. Pushover curve main values for 5-storey building using 3500 psi.

10 LS CP Initial Failure “D”
Displacement (m) 0.13447 0.2795 0.3628 1.3059
Base Shear (kN) 318.267 334.752 341.337 184.517

Table 5. Pushover curve main values for 5-storey building using 3000 psi.

I0 LS Cp Initial Failure “D”
Displacement (m) 0.123 0.2322 0.4011 1.3754
Base Shear (kN) 308.364 325.907 337.133 176.980
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Table 6. Pushover curve main values for 5-storey building using 2500 psi.

10 LS Cp Initial Failure “D”
Displacement (m) 0.1365 0.2892 0.3527 1.4612
Base Shear (kN) 302.191 322.916 327.725 163.259

Table 7. Pushover curve main values for 5-storey building using 2000 psi.

10 LS CP Initial Failure “D”
Displacement (m) 0.1296 0.2723 0.3455 1.5742
Base Shear (kN) 286.699 312.16 317.556 143.314

Table 8. Pushover curve main values for 5-storey building using 1500 psi.

10 LS CP Initial Failure “D”
Displacement (m) 0.1246 0.2625 0.3369 1.7261
Base Shear (kN) 267.699 301.346 303.549 123.393
5 Storey IBC2009 4000 Psi 5 Storey IBC2009 3500 Psi
400 cp 400
350 ’/‘\ 350
= 300 /S~ N\
b4 LS =300
< 250 10 AN 2 N
5 \ +. 250
© 200 D g N\
ﬁ ‘\ <200
» \
9 150 e — 2150
@ 100 g —
M 100
50 50
0 . . . . .
0 0.5 1 15 2 25 0 ' ' ' ' '
. 0 0.5 1 1.5 2 2.5
Displacement (m) Displacement (m)

Figure 4. Pushover curve for 5-storey building using 4000 and 3500 psi concrete strength.
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Figure 5. Pushover curve for 5-storey building using 3000 and 2500 psi concrete strength.
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Figure 6. Pushover curve for 5-storey building using 2000 and 1500 psi concrete strength.

From these pushover curves and the tables, it can be noticed that the base shear is
decreasing by decreasing the concrete strength but the displacement at point “D” is in-

creasing whenever the concrete strength is decreasing.

5.2. Plastic Hinges Distribution for 5-Storey Building

In SAP2000, the nonlinear behavior of beams and columns is represented by assigning
concentrated plastic hinges at member ends where flexural yielding is assumed to oc-
cur. Flexural characteristics of beams are defined by moment-rotation relationships as-
signed as moment hinges at beam ends. A three-dimensional interaction surface with
five equally spaced axial force-bending moment interaction diagrams and a moment-
rotation relationship are defined to represent the flexural characteristics of plastic
hinges at column ends, and plastic hinges can be easily assigned in SAP 2000 auto-
hinge assignment according to FEMA 356 [5] for columns and also for beams.

From the model we can obtain the main values which are the Immediate Occupancy
(10), Life Safety (LS), Collapse Prevention (CP) and initial failure (D) by increasing the
lateral load step by step so we can indicate the base shear and the displacement for each
value from the step number. Each color on the plastic hinge location will change ac-

cording to the stage that the hinge reaches, as shown in the Figures 7-12.

6. Discussion of Results

1. For the 5-storey building, model it was noticed that the plastic hinges start to occur
in the beams in earlier steps and none of the plastic hinges occur in the columns. But in
the 15, 20 and 30-storey buildings plastic hinges start to occur in the beams in earlier
steps and at the columns in later steps, which satisfied the weak beam-strong column
criteria, more details can be found in reference [6].

2. For the 5-storey building, from pushover curves and tables it can be noticed that
the base shear is decreasing by decreasing the concrete strength but the displacement at
point “D” is increasing whenever the concrete strength is decreasing for all different
concrete strength, Z.e., 4000 psi, 3500 psi, 3000 psi, 2500 psi, 2000 psi and 1500 psi. Also
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Figure 7. Distribution of hinges in 5-storey building using 4000 psi concrete strength, step 7 (IO)
left and step 20 (CP) right side.
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Figure 8. Distribution of hinges in 5-storey building using 3500 psi concrete strength step 7 (I0)
left and step 19 (CP) right side.

_| ¥ Deformed Shape (Push)-Step 8 v _|# Deformed Shape (Push)-Step 20 v

E EI
T ]
fZW /[:H -
]

Figure 9. Distribution of Hinges in 5-storey building using 3000 psi concrete strength, step 8
(1I0) left and step 20 (CP) right side.
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Figure 10. Distribution of hinges in 5-storey building using 2500 psi concrete strength, step 8
(I0) left and step 19 (CP) right side.
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Figure 11. Distribution of hinges in 5-storey building using 2000 psi concrete strength, step 8
(IO) left and step 18 (CP) right side.
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Figure 12. Distribution of hinges in 5-storey building using 1500 psi concrete strength, step 7
(I0) left and step 18 (CP) right side.
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it was noticed that the failure occurred at the 3rd, 4th and 5th floors for all cases except
for 2000 psi and 1500 psi the failure was at 2nd and 3rd floors, more details can be
found in reference [6].

3. For 15-storey building, it was noticed that the base shear decreases when the con-
crete strength decreases and the displacement at point “D” is increasing whenever the
concrete strength is decreasing for all different cases, 7.e.,4000 psi, 3500 psi, 3000 psi,
2500 psi, 2000 psi and 1500 psi. Also it was noticed that the failure occurred at the 4th
and 5th floors for all cases except for 1500 psi the failure was at the 3rd, 4th and 5th
floors, more details can be found in reference [6].

4. For 20-storey building, it was noticed that the base shear decreases when the con-
crete strength decreases and the displacement at point “D” is increasing whenever the
concrete strength is decreasing for all different cases, Z.e., 4000 psi, 3500 psi, 3000 psi,
2500 psi, 2000 psi and 1500 psi. Also it was noticed that the failure occurred at the 7th
and 8th floors for all cases except for 1500 psi the failure was at 6th, 7th and 8th floors,
more details can be found in reference [6].

5. For the 30-storey building, it was noticed that the base shear decreases when the
concrete strength decreases and the displacement at point “D” is increasing whenever
the concrete strength is decreasing for all different cases, i.e.,4000 psi, 3500 psi, 3000
psi, 2500 psi, 2000 psi and 1500 psi. Also it was noticed that the failure occurred at the
7th and 8th floors for 4000 psi, 3500 psi and 3000 psi, whereas failure occurred at 4th,
5th, 6th and 7th for 2500 psi and 2000 psi. But at 1500 psi failure occurred at the 1st,
2nd, 3rd, 4th, 5th and 6th floors, more details can be found in reference [6].

6. Comparison between the reduction in concrete strength and the percentage of base
shear of Collapse Prevention (CP) point reduction is summarized in Table 9-12, and

Figure 13, more details can be found in reference [6].

Table 9. Concrete strength % reduction versus base shear (CP) % reduction for 5-storey building.

5-Storey Building

Concrete Strength Reduction Concrete Strength % Reduction Base Shear (CP) % Reduction
3500 psi 12.50% 1.35%
3000 psi 25% 2.61%
2500 psi 37% 5.40%
2000 psi 50% 8.43%
1500 psi 62.50% 12.60%

Table 10. Concrete strength % reduction versus base shear (CP) % reduction for 15-storey

building.
15-Storey Building
Concrete Strength Reduction Concrete Strength % Reduction Base Shear (CP) % Reduction
3500 psi 12.50% 2.94%
3000 psi 25% 6.73%
2500 psi 37% 9.16%
2000 psi 50% 13.89%
1500 psi 62.50% 19.23%
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Figure 13. Concrete strength % reduction versus base shear (CP) % reduction for 5, 15, 20 and
30-storey building.

Table 11. Concrete strength % reduction versus base shear (CP) % reduction for 20-storey

building.
20-Storey Building
Concrete Strength Reduction Concrete Strength % Reduction Base Shear (CP) % Reduction
3500 psi 12.50% 2.10%
3000 psi 25% 4.78%
2500 psi 37% 7.44%
2000 psi 50% 11.96%
1500 psi 62.50% 17.53%

Table 12. Concrete strength % reduction versus base shear (CP) % reduction for 30-storey

building.
30-Storey Building
Concrete Strength Reduction Concrete Strength % Reduction Base Shear (CP) % Reduction
3500 psi 12.50% 2.23%
3000 psi 25% 5.11%
2500 psi 37% 8.61%
2000 psi 50% 13.38%
1500 psi 62.50% 20.02%

7. Summary

The recent adoption of seismic code in Abu Dhabi has enhanced the interest of investi-
gation of a seismic safety of existing multistory reinforced concrete buildings. The
harsh environment of Abu Dhabi leads to the deterioration of concrete strength of ex-

isting buildings. This adds more risk to these buildings. The main objective of this pa-
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per is to evaluate the seismic response of these reinforced concrete frames that deteri-
orate gradually and to make a comparison between the base shear and the displacement
at different stages of earthquake loading.

This study presents typical 5, 15, 20 and 30-storey reinforced concrete frames which
have been designed for seismicity according to the recently adopted seismic code in
Abu Dhabij, e, ACI 318-08 and IBC 2009 codes. The design of the buildings was done
by using the computer software SAP 2000 for beams and columns.

Plastic hinges were assigned at the end of columns and beams for the four models.
The nonlinear behavior of beams and columns is represented by assigning concentrated
plastic hinges at member ends where flexural yielding is assumed to occur. Flexural
characteristics of beams are defined by moment-rotation relationships assigned as mo-
ment hinges at beam ends. A three-dimensional interaction surface with five equally
spaced axial force-bending moment interaction diagrams and a moment-rotation rela-
tionship are defined to represent the flexural characteristics of plastic hinges at column
ends. Then an incremental lateral load analysis is applied to these frames which is

called pushover analysis.

8. Conclusions

After designing and detailing the reinforced concrete frames by using ACI 318-08, IBC
2009 code and SAP 2000, non-linear static pushover analyses are carried out to evaluate
the structural performance of the frames according to FEMA 356 regulations. The fol-
lowing conclusions can be derived.

1. The base shear decreases when the concrete strength decreases for all different
cases, I.e., 4000 psi, 3500 psi, 3000 psi, 2500 psi, 2000 psi and 1500 psi.

2. For low rise building the maximum displacement will not be affected when the
concrete strength is deteriorated but it will be highly affected in the medium and high
rise buildings.

3. For the 5-storey building model it is noticed that the plastic hinges start to occur in
the beams in earlier steps and no plastic hinges occur in the columns. But in the 15, 20
and 30-storey buildings plastic hinges start to occur in the beams in earlier steps and at
the columns in later steps, which satisfies the weak beam-strong column criteria.

4. It is recommended to assess the seismic safety for existing multi-storey buildings
in Abu Dhabi by using the actual concrete strength especially for buildings near the
coastal areas where harsh environment prevails.

5. It is well known that the harsh environment is not the only reason of deterioration
of the concrete, inadequate supervision, lack of quality assurance and poor quality con-
trol also lead to low efficiency in the concrete strength. It is highly recommended to ap-
ply strict regulations for concrete production and construction companies should have

strict quality control before casting the concrete.
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