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Abstract: Moment resisting frames are considered as an effective seismic force resisting
system that is used for steel structures. Some of these structures that were built in high seismic
hazard zones were designed according to old strength-based design codes. Currently, these
structures do not meet the requirements of the new seismic codes. Therefore, the seismic retrofit
of these structures is mandatory and cannot be overlooked. Steel braces and concrete-steel
composite elements are common solutions for enhancing the seismic behavior of existing steel
frame structures. This paper presents a numerical study that evaluates different possible
techniques for the seismic retrofit of existing steel moment-resisting frame structures. The study
investigates the performance of three multi-story buildings with different heights that are located
in a high seismic hazard zone. Three retrofit techniques were introduced including; 1) X-Steel
braces, 2) buckling restrained composite braces, and 3) composite concrete-steel plate shear walls.
The seismic performance enhancement of the studied structures was evaluated in terms of the
structure’s fundamental period, maximum inter-story drift and maximum base shear-to-weight
ratios. Moreover, the cost of retrofitting material was estimated for each technique and they were
compared to select the retrofit technique with the least constitutive material cost.
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1. Introduction

Steel moment-resisting frame structures located in high seismic hazard zones are
susceptible to excessive lateral deformations during strong ground motions. Some of
these structures were designed according to strength-based codes, and hence they are in
an urgent need for seismic retrofit. The retrofit should aim to limit the structure’s inter-
story drifts by increasing the structure’s lateral stiffness in order to mitigate potential
problems due to geometric nonlinearity and/or failure of beam-column connections [1].
In addition, excessive damage of non-structural elements should be avoided. The
objective of this study is to investigate the seismic performance of three multi-story
steel frame buildings with different heights that are located in a high seismic hazard
zone. Three retrofit schemes were introduced including; 1) X-Steel bracings;
2) buckling restrained composite bracings; and 3) composite concrete-steel plate shear
walls. The seismic performance enhancement of the studied structures was evaluated in
terms of the structure’s fundamental period, maximum inter-story drift ratio and
maximum base shear-to-weight ratio. In addition, the cost of retrofit material was
estimated for each technique and they were compared to select the retrofit technique
with the least constitutive materials for each height considered.

2. Description of the selected buildings

Three existing steel buildings with different heights were considered in this study.
The buildings were designed according to a pre-1970 design code (ACI 1968) [2]. The
buildings are of heights five, ten, and fifteen stories that represent low- and medium-rise
buildings. The three buildings have the same floor plan that consists of five symmetrical
bays in each direction of 4 m length. The Reinforced Concrete (RC) floor was designed
to carry its self-weight and a live load of 2.0 kPa and a superimposed dead load of
2.0 kPa. The floor height is 3.0 m, the slab thickness is 140 mm and the total height of
the three buildings are 15, 30 and 45 m. Fig. / shows the elevation of the three selected
buildings as well as the beam and column sections. The column dimensions varied
along the height according to the change of the axial load acting on each group of
columns, while the beam dimensions were assumed to remain the same for the entire
building. For existing buildings, the compressive strength of concrete was assumed to
be f.'= 25 MPa and the yield strength of steel was taken as f, = 400 MPa. The modulus
of elasticity for existing concrete was 22 GPa and for steel material was taken 200 GPa.
The concrete density was assumed to be 24 kN/m”’, and Poisson’s ratio was taken 0.2 for
concrete and 0.3 for steel material. The compressive strength of the new concrete used
for retrofit is taken f." = 40 MPa and its modulus of elasticity is 30 GPa. The existing
buildings were assumed to be located in San Francisco, California, which represents a
high seismic hazard zone in the United States. In this study, the existing buildings were
strengthened so that the maximum inter-story drift value does not exceed 1.20%. This
limit was set to maintain the non-structural elements and not to affect the gravity load
resisting system.
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Fig. 1. Elevations of the studied 5-, 10-, and 15-story frame buildings

3. Different retrofit schemes

In the present study, three different techniques were considered for the seismic
strengthening of existing steel frame buildings located in a high seismic hazard zone.
The aim of building strengthening is to increase the building lateral stiffness and hence
reduce the building deformations under design loads. The retrofit techniques are
namely;

3.1. Retrofit using steel angle braces

Braced steel frame systems are considered by designers as an efficient and
economical lateral load resisting system. However, their performance during severe
ground motions was not satisfactory due to buckling of bracing members under
compression, which resulted in a major loss of the frame strength and stiffness [3]. In
the present study, existing frame buildings were strengthened by introducing steel X-
braces in the middle external bays of the 5- and 10-story buildings, and two bays were
braced for the 15-story building as it is shown in Fig. 2. The braces were installed along
the full height of the frame. The brace section selected for strengthening the 5-story
frames is a single equal angle (200 x 200 x 30 mm), and two back-to-back equal angles
(200 x 200 x 30 mm) for the 10- and 15-story frames. The cross-sectional areas of the
brace sections are 111, 222, and 222 cm?’ for the 5-, 10-, and 15-story buildings,
respectively.
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Fig. 2. Seismic retrofit of the studied buildings using steel X-braces

3.2. Retrofit using buckling restrained braces

Buckling Restrained Brace (BRB) is a composite element that is usually composed
of a ductile metal core (usually steel) that is enclosed by a continuous concrete-filled
steel tube. Several research studies showed the effectiveness of BRB in the seismic
resistance of steel frames [4]-[7]. The main advantage of the BRB elements over the
conventional concentric steel braces is preventing the lateral and local buckling
behavior using the concrete core. Meanwhile, the steel core is responsible for the tensile
strength and ductility of the element.

In the present paper, the steel frame buildings were retrofitted by introducing
buckling restrained braces as it is shown in Fig. 3. Similar to the steel angle braces, the
existing frames were strengthened using the BRB in the middle external bays of the 5-
and 10-story frame buildings, while two bays were braced for the 15-story building. The
BRB cross-section used is a composite circular concrete-steel I-section encased with a
3 mm steel tube. For the 5-story building, the radius of the circular BRB was 250 mm
and the steel I-section was 150 x 150 x 10 mm. For the 10-story building, the radius of
the circular BRB was 300 mm and the steel I-section was 200 x 150 x 20 mm. For the
15-story building, the BRB radius was 300 mm and the steel I-section was
200 x 200 x 20 mm.
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Fig. 3. Seismic retrofit of the studied buildings using BRB braces

3.3. Retrofit using composite plate shear walls

Composite plate shear walls are considered to be a relatively new seismic force
resisting system used for steel buildings. They can be utilized by either laying a
concrete layer connected to two steel plates using shear studs, or by bonding the
concrete layer with Fiber-Reinforced Polymer (FRP) sheets/plates. Several experimental
and numerical studies investigated the behavior of composite concrete-steel plate shear
walls under earthquake loading [8]-[10].

In the current study, the existing buildings were strengthened by introducing a
composite concrete-steel plate shear wall in the middle external bays of the 5- and
10-story buildings. The wall composed of a concrete layer that is sandwiched between
two layers of 3 mm steel plates. The thickness of the concrete layer is 10 and 15 cm for
the 5- and 10-story buildings, respectively. For the 15-story building, two composite
walls were used for each external frame with two layers of 3 mm steel plates and a
15 mm of concrete in between as it is shown in Fig. 4.

4. Linear dynamic analysis of the selected buildings

Linear dynamic analyses were conducted for the 5-, 10-, 15-story frame buildings
with different retrofit schemes. Three dimensional linear dynamic analyses were
conducted using the computer software ETABS, it is a program based on finite element
analysis [11]. The P-A effect was considered in the numerical analysis. The building
floors were assumed to act rigidly in the horizontal directions (two dimensional rigid
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diaphragms). The frame foundations were modeled as fixed supports. The number of
mode shapes considered in the analysis was taken as 12, representing the first four mode
shapes in the three directions (U, U, and R;). The sum of Modal Participating Mass
Ratios (MPMR) in each direction considering the first four mode shapes were found to
be at least 0.93 of the total building mass, which exceeds the minimum required ratio of
0.90 according to the design code.
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Fig. 4. Seismic retrofit of the studied buildings using composite plate shear walls

The existing and retrofitted buildings were analyzed using the design response
spectrum of San Francisco city according to the ASCE 7-10 [12]. The retrofitted
buildings were designed to satisfy the requirements of ACI 2008 [13] and AISC 360-10
[14]. The nonlinear forces and deformations were obtained by using the response
modification factor R (for the seismic forces), and the deflection amplification factor C,.
The values of R and C, for existing and retrofitted structures are presented in Table I.

Table 1
Response modification factor (R) and deflection amplification factor (C,) [12]
Dual systems with special moment frames capable
Retrofit system of resisting at least 25% of prescribed sglsmlc f.otrce Sl;:rplgfcstt:lr;egs
X-steel braces BRB ompostie
plate wall
Response modification
factor (R) 7.0 8.0 7.5 3.5
Deflection
amplification factor 5.5 5.0 6.0 3.0
(C)
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5. Analysis results

5.1. Dynamic properties of the selected buildings

Modal analyses were conducted for the 5-, 10-, and 15-story frame buildings for
existing and retrofitted structures considering a 5% damping ratio. Fig. 5 shows the
fundamental period of existing and retrofitted buildings with different heights. From the
figure, it can be seen that the retrofit schemes decreased the structures’ fundamental
periods due to the additional stiffness provided by the retrofit system. It can be also
noticed that the fundamental periods of the retrofitted buildings were similar to each
other for the same building height. This is due to the inter-story drift limit of 1.20% that
was set for all retrofitted buildings to determine the required stiffness of the retrofit
system. Therefore, the retrofitted structures had similar stiffness’s and fundamental
periods for the same building height. The modeling of the interactions between the
component parts of the connection, in particular, the interaction between the welded
surfaces has been modeled by a tie constraint, so that no relative motion between the
surfaces in contact is possible [15].
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Fig. 5. Fundamental periods of the 5-, 10-, and 15- story buildings

5.2. Maximum inter-story drift ratio

Fig. 6 shows the maximum Inter-story Drift (ID) ratio for existing and retrofitted
buildings. During analyses, the existing frame buildings could not withstand 100% of
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the design response spectrum intensity. Therefore, for existing buildings, the ID ratio
shown in Fig. 6 was calculated at the maximum intensity that could be resisted by the
buildings, which is 75%, 67%, and 59% of the design response spectrum for the 5-, 10-,
and 15-story buildings, respectively. On the other hand, the retrofitted buildings were
able to resist a 100% of the response spectrum intensity of the location considered.
Hence, the ID ratios of the retrofitted buildings were calculated at the full intensity of
the design spectrum of San Francisco. This will be the case for all the following
analysis results presented here.
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Fig. 6. Maximum L.D. ratio for the 5-, 10-, and 15-story buildings

As previously mentioned, the inter-story drift for the retrofitted buildings was
limited to 1.20%. This limit was set in order not to affect the non-structural elements
and the existing gravity load resisting system. This limit was used to design the retrofit
elements and to ensure the safety of existing steel frame elements. The figure shows that
the selected retrofit schemes were able to reduce the maximum ID ratio for the three
building heights to be less than 1.20% when subjected to the design spectrum of the
location considered.

5.3. Maximum shear-to-weight ratio

Fig. 7 shows the base shear-to-weight ratio for existing buildings and retrofitted
ones with different retrofit schemes. From the figure, it can be seen that the retrofit
techniques resulted in a higher base shear compared to existing structures due to the
additional stiffness provided by the retrofit. The figure shows that X-steel bracings
resulted in the least base shear-to-weight ratio compared to other retrofit techniques for
all building heights. The capacity curve of the structure Base Shear curve is a suitable
tool for investigating overall behavior of the structure [16]. On the other hand, the
composite plate shear walls resulted in highest base shear between the three retrofit
techniques.

Pollack Periodica 15, 2020, 2



114

20% -
18% 1
16% 1
14% 1
12% A
10% A
8% -
6% A
4% -

2% A

0% -

5 Stories

M. ISMAIL

10 Stories

M Existing

O X- Steel braces
@ BRB

O Composite Wall

15 Stories  Number of
Stories

Fig. 7. Base shear-to-weight ratio for the 5-, 10-, and 15 story buildings

Table II shows the weight of steel and the volume of concrete material used for the
seismic retrofit of each building height and retrofit scheme. The values shown are used
to estimate the total cost of retrofit material for each technique and each building height.
Based on a survey of construction material prices in California, USA, the average price
of one ton of steel section material and one cubic meter of concrete material were found
to be USD 2,200 $ and 250 $, respectively. Based on the aforementioned values, the
total cost of the constitutive materials used for every retrofit scheme was obtained for
each building height.

Table 11

6. Cost of retrofit constitutive materials

Quantities of seismic retrofit constitutive materials for the studied buildings

No. of X-Steel BRB Composite Plate Shear
Material stories braces Wall
5 15 11 15
Steel (ton) 10 70 52 45
15 208 115 180
5 -—- 11 80
Concrete 10 --- 55 240
(m’) 15 310 720
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In order to normalize the cost values, the total retrofit cost for each building was
divided by the number of floors and these values were presented in Fig. 8. From the
figure, it can be concluded that the BRB system was the most economical retrofit
system for the three heights considered. The BRB system showed the least retrofit
material cost among the three retrofit schemes, which is the most optimum engineering
optimization [17]. This is due to the smaller steel sections used in the compression
members due to restraining the brace against buckling with the help of the concrete
section and the steel encasing. The cost saving is more visible for the 15-story building.
On the other hand, the composite concrete-steel plate shear wall showed the highest cost
of retrofit material between the three systems for all building heights. Therefore, it can
be concluded that the BRB retrofit scheme provided a lateral stiffness that is
comparable to other retrofit schemes; meanwhile it attracted the least seismic forces
between the three schemes. In addition, the BRB showed the least retrofit material cost
compared to other techniques.
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Fig. 8. Total cost of retrofit material per floor

It should be mentioned that the cost estimate did not include the cost of labor work
of each technique. The estimate did not include the cost of foundation upgrade that
might be needed because of the additional seismic forces due to retrofit. The
conclusions derived here in this study are limited to buildings’ geometry similar to the
studied buildings and for buildings located in high seismic hazard zones.

7. Conclusions

The effectiveness of different retrofit techniques in upgrading the seismic
performance of steel frame structures was evaluated. Three steel buildings with different
heights were selected. The frames were strengthened using three strengthening
techniques, namely; using steel X-bracings, introducing Buckling Restrained Bracings
(BRBs), and using composite concrete-steel plate shear walls. The seismic performance
enhancement of the analyzed frame buildings was evaluated in terms of the building’s
fundamental period, maximum inter-story drift ratio, and maximum story shear-to-
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weight ratio. Moreover, the retrofit material cost was evaluated for each retrofit
technique.

The conducted analyses have resulted in the following conclusions:

1.

Existing frame buildings were not able to withstand a 100% of the design
response spectrum intensity. They had a collapse mechanism at 75%, 67%, and
59% of the design spectrum of San Francisco city for the 5-, 10-, and 15-story
buildings, respectively;

The fundamentals periods of retrofitted structures were less than those of
existing structures due to the additional stiffness provided by the retrofit
schemes;

The retrofitted buildings were able to withstand a 100% of the design response
spectrum intensity within the ID limit of 1.2%;

The building’s additional stiffness decreases the building’s inter-story drift
significantly compared to existing buildings;

The retrofit techniques increased the buildings’ base shear and overturning
moment compared to existing buildings for the three different heights
considered;

The composite concrete-steel plate shear wall system showed the least lateral
deformations, and the highest attracted seismic forces between the three retrofit
schemes;

The BRB system showed the least base shear and retrofit material cost for the
three building heights considered. On the contrary, the composite concrete-steel
plate shear wall showed the highest cost of retrofit material between the three
retrofit schemes for the three building heights.
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