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ABSTRACT

Retrofitting the seismically deficient structures before earthquakes provides a feasible approach to
improve their load carrying capacity and reducing their vulnerability. This study presents an
analytical assessment investigation on hollow block slab reinforced concrete building. The building
is not designed according to seismic standards; moreover, hollow block slab systems may lack the
sufficient lateral seismic resistance. Different retrofitting systems to enhance the seismic capacity of
the target building are proposed and evaluated. These systems include strengthening the columns
with reinforced concrete jackets or using internal shear walls or introducing steel chevron bracing.
The target building before and after retrofitting is analyzed either as bare frames or considering
masonry infill walls with different parameters. The three dimensional nonlinear pushover analysis
procedures are used in evaluating the seismic performance of the original building and the retrofitted
ones. The demand response spectra proposed by the Egyptian Code of Loads, ECOL 201, 2012
edition, for different seismic zones with different soil properties are utilized in the evaluation. Real
seven earthquakes response spectra with maximum-scaled spectrum acceleration close to the one
calculated for Cairo city are also applied. It is found that the original target building, before
retrofitting, fails to fulfill the demands of neither many of the ECOL response spectra nor many of
the applied real earthquakes. All the proposed retrofitting systems succeed in highly enhancing the
seismic capacity of the original building. Considering masonry infill walls in the analysis has a
crucial role on the seismic performance of the original building, the retrofitting systems can, due to
the increase in the lateral strength, limit this effect.

Keywords: Hollow block slab building, Masonry infill walls, Pushover analysis, Strength and
stiffness

1. Introduction

In the last decades, huge numbers of the reinforced concrete structures are constructed
using hollow block reinforced concrete slabs. The main advantages of using this type of
reinforced concrete slabs are that they provide an economical, lightweight slab system,
unobstructed space, architectural flexibility and easier frame work [1]. However, in most
cases, due to lack of deep strong beams, which can form with columns strong frame actions,
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the resulted transverse stiffness may be low. This may lead to potential damage even when
subjected to earthquakes with moderate intensity.

Substantial research efforts have been devoted to investigating the performance of
engineering structures during earthquakes such as reinforced concrete buildings, minarets,
masonry and wooden buildings. It was reported that hundreds of thousands of buildings
suffered different types of damage during these earthquakes. During many earthquakes, the
failure building mostly was non-engineered buildings where the buildings did not follow the
building codes [2], [3]. However, some of engineered buildings suffered also from failure or
collapse [4], [5]. Most of the existing buildings in developing countries have not been
designed according to modern seismic methods. Many of these structures were designed
taking only gravity loads into considerations and take into account little or no seismic
provisions. As a result, many existing buildings have deficient lateral load resistance,
insufficient energy dissipation and can rapidly lose their strength during earthquakes, leading
to collapse. Extensive human and economic losses in many recent earthquakes have
highlighted the seismic vulnerability of substandard reinforced concrete (RC) buildings [6] -
[9]. Therefore, some efforts must be made to upgrade these structures towards more recent
safety requirements, using available retrofit techniques to increase their safety levels and to
improve the expected behavior during seismic activity in the future [10], [11].

The first edition of the ECOL containing seismic provisions was issued in 1993 [12]. In this
code, the seismic base shear was seen to be a percentage of the total dead load of the structure.
This percentage depends on the site seismicity, soil condition, the utilization importance,
fundamental period and the type of seismic force resisting system. The second edition of this
code of loads (ECOL 201) was issued in year 2003 [13]. The seismic provisions in this edition
had experienced major significant changes related the previous edition. Egypt had been divided
into five seismic regions according to design ground acceleration (ag) which ranges, in this
edition, from 0.1 g to 0.25 g. Two types of response spectrum are provided. Modified versions
of this code, under same title, were revealed in 2008 [14] and 2012 [15]. The seismic
provisions in these editions of code of loads are almost, except some specific significant
changes, similar to the provisions presented by the 2003 edition. These changes include
appending a new seismic zone along with changing the seismic intensity of some towns. Some
changes are also applied to the structural modeling, safety verification and period equations. It
was found that the provisions in the 1993 edition [12] yield base shear much less than the
values obtained using 2008 and following editions especially for low to medium height
buildings located in medium and high seismic zones [16], [17].

Most of the existing RC buildings around the world use masonry infill panels (MI),
which are intended to serve as internal partitions or external cladding, in their
constructions. Although the masonry infill panels can be beneficial or detrimental to the
seismic response of the structure, they are not usually considered in the analysis of frame
structures. Hence once the ultimate strength of the structure is reached, a non-ductile
deterioration follows, which reduces the energy dissipated by the structure and results in a
brittle failure. The contribution of masonry infills may change the lateral load transfer
mechanism of the structure from predominant frame actions to predominant truss actions
[18]-[21]. The reality that the infill walls have significant contribution to the lateral
performance of RC structures, either in a positive or negative way, and can highly alter the
structural response of buildings was highly supported and illustrated by the performance of
buildings in some recent earthquakes [22] - [24]. The ECOL renewed some general
provisions related to the MI walls (called in this code Non- structural elements NSE).
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These provisions include that if the NSE are with risk impact on causalities or affect the
main structure of building, they must be designed to resist seismic loads. If the NSE is with
high importance or risk, the seismic analysis of the structure should include real
representation of all building components. However, no provisions related to modeling of
MI walls and the effect of openings is presented in the code.

Different retrofitting techniques were investigated in the last decades to upgrade the
seismic performance of existing undamaged structures before being subjected to an
earthquake, so that lateral resistance and ductility of a building may be increased. Usually,
there are two main retrofitting techniques, the first is considered as non-conventional
method, which incorporates base isolation and energy dissipation systems. This technique
aims to increase the structural ductility and hence reduce the earthquake demand. The
practical applicability of this technique is not so popular, at least till now. The second one
is the system of strengthening and stiffening which is considered the most common seismic
performance improvement strategies adopted for buildings with inadequate lateral force
resisting systems. This approach includes adding new structural elements such as structural
walls or steel bracing or the selective strengthening of deficient structural elements such as
the use of concrete, steel jackets and fiber reinforced polymers. The philosophy here is to
provide systems that are strong enough to resist the seismic forces and light enough to keep
the structural elements from needing further reinforcement [25] — [28].

It is evident that there are relatively large number of seismic reliability studies in the
literature concerning the evaluation and retrofitting of deficient buildings. However, to the
best of my knowledge, there is a little information available concerning the seismic
capacity assessment of the hollow block slab structures. Most of the available literature
dealt with the comparison between hollow block and solid slab buildings [1], the heat
transverse between blocks [29] and fissure analysis of hollow block slabs [30]. The subject
of masonry infilled reinforced concrete frames had attracted many researchers over the past
five decades. Their effort have been paid in many areas related to this subject such as
modeling and idealization of infill walls [31], experimental investigations [32], [33],
modeling infill openings as windows and doors [34] and numerical investigations [35],
[36]. However, The interaction between the masonry infill walls and the hollow block slab
buildings, before and after retrofitting need to be investigated.

The purpose of this study is to produce a seismic performance assessment of the lateral
capacity of a six stories hollow block slab building which is not designed according to
seismic standards. The plan dimensions of the building is 32.0 m x 15.0 m while the total
height of the building is 19.0 m. Three different retrofitting techniques are suggested and
evaluated, these techniques include strengthening the columns using reinforced concrete
jackets, using shear walls around the stairs and introducing steel chevron bracing to the
extreme marginal frames. Three dimensional nonlinear pushover analysis is adopted to
evaluate the performance of the original and retrofitted building. The demand response
spectra supposed by the ECOL 201, 2012 edition [15] and real earthquakes response
spectra with maximum scaled spectrum acceleration close to the one calculated for Cairo
city are used to evaluate the performance of the original and retrofitted building.
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2. Description of original building

The case of study original building is a reinforced concrete hollow block slab building
which can be used as a commercial one, the building is not designed according to seismic
standards. The number of floors of the building is six floors with total height of 19 m. The
height of each typical floor is about 3.0 meters while the height of the first floor is 4.0
meters; no basement is adopted for this building. The dimensions of the building in plan
are 32.0 meter by 15.0 meter. The gravity load resisting system of the original building
consists of a total 0.25 m thick one way hollow block slabs. This floor system is composed
from one way ribs of 0.10 m thickness which are apart from each other by 0.5 meter from
center to center. A 0.05 m solid slab is supported on the ribs. All the supporting beams
(solid parts) are hidden ones with thickness of 0.25 m. Three different sections and
reinforcements are assigned to these solid parts. The width of B1 is 1.5 m, the width of B2
is 0.75 m while the width of b is 0.4 m. The load is transmitted from the floor system
directly to the interior and exterior columns. The only lateral load resisting system is the
floor system through exterior and interior columns. The sections and reinforcement of
columns are shown in Table 1. The plan of the original existing building is shown in Fig. 1
while a cross section in one of the hollow block slabs is shown in Fig. 2.

Table 1.
Sections and reinforcement of columns over height of building

Floor/ 1&2 3&4 5&6
Column Dim. Reinf. Dim. Reinf. Dim. Reinf.
Cl1 0.30 x 0.30 4016 0.30x 0.30 4016 0.30 x 0.30 4016

C2 0.40x 0.40 8016 0.30x 0.30 4016 030x030| 4016
C3 0.50x 0.50 12016 | 0.40x0.40 8016 040x040 | 8@ 16
C4 0.60 x 0.60 16016 | 0.50x0.50 12016 | 040x040 | 8@ 16
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Fig. 1. Plan of the original building
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The compressive strength of concrete used in the building is 22.50 MPa while the used
steel is mild steel with yield strength of 280 MPa. The three dimensional nonlinear
pushover analysis is carried out using ETABS software package, nonlinear version 9.6 [37].
Beams and columns are modeled as nonlinear elements with lumped plasticity specified at
the end of elements. Cracked section stiffness for RC beams and columns are taken
according to the ECOL.

3. Acceleration records

The Egyptian code of load since the 2003 edition through the 2012 edition introduced
an elastic response spectrum acceleration constructed by anchoring a spectral shape
defined for each site class to the design peak ground acceleration (PGA). The site
classification in the adopted site map was remarked, finally, by different six zones related
to PGA of values range between 0.1 g to 0.30 g. Two types of response spectrum were
provided, Type I which is valid for all regions in the country and Type II which is valid
only for coastal cities along the Mediterranean sea. It is worth to mention here that Type I
spectrum in the ECOL is Type II spectrum in Eurocode-8 [38]which was recommended
by the later code for regions only affected by earthquakes of magnitude M; < 5.5. The
ECOL Type II spectrum is Type I spectrum in Eurocode-8, which, the later code,
recommended for regions affected by larger events. Fig. 3 illustrates the two types of
elastic spectrum for different specified soil conditions, noting that the vertical axis is
normalized to the PGA. The classification of different soil types and layers under the
foundations according to the ECOL 201, 2012 edition is illustrated in Table 2.
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Fig. 3. The ECOL Types I and II response spectrum for different site conditions

Table 2.
Classification of soil types according to the ECOL 201, 2012 edition.

Soil class Description of strategic profile Nspr Cy Vsi30
A Rock or other rock-like formation, including at . ) 5800
most 5 m of weaker material at the surface.
Deposits of very dense sand, gravel, or very stiff | >50 >250 360-800
clay, at least several tens of meters in thickness.
Deep deposits of dense or medium- dense sand, | 50-15 | 70-250 [180-360
C gravel or stiff clay with thickness from several tens
to many hundreds of meters.

D Deposits of loose-to-medium cohesionless soil <15 <70 <180

B
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Soil class Description of strategic profile Nspr Cy Vsi30

(with or without some soft cohesive layers), or of
predominantly soft-to-firm cohesive soil.

E Soil with a surface alluvium layer with Vg 3o values - - -
of class C or D and thickness between 5 and 20 m.

Where V3, (m/s)is the average value of propagation velocity of S waves in the upper
30 m of soil, Ngpr (bl/30 cm) is the standard penetration test blow count and Cy (kPa) is
the undrained shear strength of soil.

The 2012 edition of the ECOL added a spectra for a new soil type which is type E. In
this study, also seven different real ground excitations, shock different five countries, are
selected to match the maximum-scaled spectrum acceleration of Cairo city for soil type C.

Six of these excitations naturally have maximum scaled spectrum acceleration close to
the one calculated for Cairo. The seventh one, Agba earthquake that shook Egypt in 1998,
is scaled to match the seismic requirements of Cairo city. The spectrum accelerations of
these quakes are shown in Fig. 4 while a brief data for each selected excitation is shown in
Table 3 (Se is the maximum scaled spectral acceleration). All used response spectra are
applied to the short direction of the analyzed buildings.
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Fig. 4 . Response spectral acceleration of real excitations versus code spectrum
Table 3.
Earthquake excitation data

Earthquake Date Location C(;Itnpone (I;)G A Se
Agba 22/11/ Eilat EW 0.097 0.5
Chi Chi 20/9/1999 Taiwan NS 0.184 0.5
Elcentro 197571940 Imperial 270 0.215 0.5
Koceali 17 /8 /1999 Turkey 090 0.164 0.5
Loma Pretia 18/10/ Loma Pretia 000 0.226 0.5
Mexico 9/6/1980 Mexico 102 0.15 0.5
Northridge 17/71/1994 Northridge 330 0.194 0.5

4. Modeling of infill walls

The single strut model is the most widely used one to model the behavior of infilled
frames. This model is evidently the most suitable one for the analysis of large structures.
RC frames with unreinforced masonry walls are modeled as equivalent braced frames
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(EBF). In this modeling, the infill walls are replaced by "equivalent struts". A model for
representing the brick infill panel by equivalent diagonal strut was proposed by Mainstone

[39] and widely used by many researchers. For this model, the strut area, A, , was given
using the following expressions:

A=wt (1)
w, =0.175(Ah) " Nh> +17 (2)

where A=4 E; 1sin 26) 3)
AE I H,

h and [ are the height and length of the frame panel, respectively, E. and E; are the
elastic moduli of the column and of the infill panel, respectively, ¢ is the thickness of the
infill panel, @ is the angle with horizontal axis defining diagonal strut, /. is the moment of
inertia of the column and H; is the height of the infill panel. The effect of the openings is
estimated using the method proposed by Asteris [34]. The value of y, in Eq. (2) of

Mainstone [39] is multiplied by the value of the reduction factor, because of the opening,
represented by Asteris [34].

In this study, four cases of infills, if considered, are investigated which are cases A, B,
C and D. For all four cases, the infill masonry walls are applied only on the bays of
marginal frames along axes 1, 6 and D. In cases A and B the thickness of infill walls is
taken 0.12 m with reduction factor, because of openings, of 40% and 0% (no opening),
respectively. In cases C and D the thickness of infill walls is taken 0.20 m with reduction
factor of 40% and 0% (no opening), respectively.

A schematic diagram of modeling infill walls as equivalent strut is shown in Fig. 5.
The modulus of elasticity of infill walls is taken 2 x10°kN/m?

AL L || |

- o
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Fig. 5. Modeling of masonry infill panels in reinforced concrete frames

5. Methodology of pushover analysis

The inelastic static pushover analysis can be viewed as a method for predicting seismic
force and deformation demands which accounts in an approximate manner for the
redistribution of internal forces. These forces are occurring when the structure is subjected
to inertia forces that no longer can be resisted within the elastic range of structural
behavior [9]. The methodology of the pushover performance analysis can be summarized
in four steps as follows:
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1- Idealizing the structure as a nonlinear model: A model of the entire structure is
built from nonlinear representation of all of its elements and components.

2- Determining the capacity spectrum of the structure: The central focus of the
simplified nonlinear procedure is the generation of the pushover or capacity
curve. This represents the lateral displacement as a function of the force applied
to the structure. This process is independent of the method used to calculate the
demand and provide valuable insight about the building.

3- Determination of the demand spectrum and performance point (as shown in Fig.
6): The elastic demand response spectrum (DRS) of the effective applied
earthquake (5% damped) is determined and is reduced depending on the inelastic
behavior of the structure to intersect the capacity response spectrum (CRS) curve
to find a performance point (a, , d,,). This spectrum is plotted in spectral ordinates
(ADRS) format showing the spectral acceleration S, as a function of spectral
displacement S.

4- Specity the performance of the structure according to the applied criteria: In this
study, the ATC-40 [40] is used to define the force-deformation criteria.

In this investigation, for pushover analysis, beams and columns are modeled with
concentrated plastic hinges at beams and column faces, respectively. Beams have only
moment hinges (M3), columns have axial load and biaxial moment hinges (PMM) while
braces or infill walls have axial load hinges (P).

S, Initial seismic demand

Performance point

// Capacity spectrum
dp

Reduced seismic demand

de dy Sa

Fig. 6 . Determination of performance point

6. Nonlinear seismic capacity of original building

The nonlinear push over analysis of the case of study original building, analyzed either
as bare frames or considering the effect of masonry infill walls, is carried out. All used
response spectra are applied to the short direction of the case of study buildings. The load
displacement and modal analysis results are combined to generate the required acceleration
displacement response spectra (ADRS). An elastic five percent damped demand response
spectra (DRS) as well as inelastic effective reduced ones are generated for the demand
response spectra supposed by the ECOL. The nonlinear behavior of the original building is
also investigated under the effect of the response spectra of some real quakes with
maximum spectral acceleration close to that of Cairo city, as proposed by the ECOL.

First, the elastic five percent demand response spectra (DRS) proposed by the ECOL
are applied to the generated capacity response spectra (CRS) of the original bare building
founded on different soil classes as soil class C or soil  class D. It can be noticed that the
maximum capacity spectral acceleration of the original bare building is low that it can’t
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exceed 0.18 g. The monitored maximum spectrum displacement can reach up to 0.14 as
can be shown in Fig. 7. When the original building is subjected Type I DRS proposed by
the ECOL (seismic zones 5B to seismic zone 3), the nonlinear behavior varies according to
the soil type. The original building can intersect all the applied DRS, soil type C, either in
the elastic or plastic regions of the CRS as can be observed from Fig. 7. If the original
building is founded on soil type D, it fails completely to intersect the response spectrum of
seismic zones 5B and SA. It can intersect the DRS of zone 4 at the plastic region of the
CRS while for the rest of applied DRS it can intersect them in the elastic region of the
response as shown in Fig. 8.
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Fig. 7. ADRS of original building versus elastic DRS (Type I, soil C)
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Fig. 8 . ADRS of original building versus elastic DRS (Type I, soil D)

Figs. 9 and Fig.10 illustrate the behavior of the original building under the applied Type
IT DRS of the ECOL for soils type C and D for all code seismic zones (from zone 5B to
zone 1). It can be observed that the response is completely different in comparison to Type
I response spectra. When founding on type C, the original building fails to intersect the
DRS of seismic zones 5B, 5A and 4 at any performance level. It can intersect the DRS of
zones 3 and 2 in the plastic region of the capacity spectrum. When founding on soil type D,
the original bare building can only intersect the applied DRS of zone 1 in the plastic region
of the response while it fails completely to intersect the applied DRS of any of the rest
seismic zones at any performance level.
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To compare between the performance of the original building under the proposed DRS of the
ECOL and real quakes, seven different DRS of real earthquakes with scaled maximum spectral
acceleration close to that proposed for Cairo city, soil type C are applied. The results are shown in Fig.
11 (the Chi Chi earthquake gives same DRS as Elcentro earthquake). Although the CRS of the
original bare building can intersect the specified demand spectrum proposed by the ECOL in the
elastic region of response it fails completely to intersect the applied DRS of four of the applied quakes.
These quakes are Loma Pretia, Elcentro/Chi Chi and Mexico. It can intersect the demand spectra of
Northridge and Agba quakes in the plastic region of the response. It is worth to mention that the DRS
proposed be the ECOL gives the minimum DRS compared to the selected matching quakes.
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Fig. 11. ADRS of original building versus elastic DRS (Real quakes)
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For the purpose of brevity, three demand response spectra (DRS), out of the previously
discussed ones, are selected to evaluate the nonlinear response of the case of study-
investigated buildings. These DRS are:

1- ECOL type I spectrum assigned for seismic zone 5SA (PGA= 0.25) for soil type D,
will be designated in the following figures as (Type I 0.25).
2- ECOL type II spectrum assigned for seismic zone 3 (PGA= 0.15) with soil type D,
will be designated in the following figures as (Type II 0.15). This seismic zone is
selected because it is the maximum actual applied zone in Egypt which can use
type II spectrum according to the ECOL.
3- The response spectrum of the Loma Pretia quake which has maximum spectral
acceleration close to that of Cairo city, soil type C.

The elastic and effective inelastic reduced damping of the three aforementioned applied
response spectra are calculated using the reduction factors for both acceleration and
velocity and applied to the original bare building as shown in Figs. 12 and Fig. 13. It can
be observed that the calculated value of the effective damping of the original bare frame
under the effect of (Type I 0.25) demand response spectrum is 11.2%. Under this demand
response spectrum the original bare frame can hardly intersect the spectrum at almost the
end of the response. The effective damping calculated for the original bare building under
the effect of (Type Il 0.15) is 15.7 %, the capacity response spectrum of the original bare
frame can intersect this demand response spectrum at almost the middle of the plastic
region. Although using the inelastic effective damping, the original bare building still fails
completely to intersect the DRS of Loma Pretia quake. Also, there is still a great gap
between the CRS of the original bare building and the DRS of this quake.
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The results of the elastic ADRS for the original bare frame and the investigated cases of
original building with infill walls are shown in Fig. 14. It can be observed that considering
the effect of infill walls can increase the spectral acceleration of the original bare building by
a percentage increase ranges from 27% to 93% relative to the bare building depending on the
case of infill. In contrary to the increase in the spectral acceleration, there is a crucial
reduction in the spectral displacement of the original building with infill walls in comparison
the original bare building. The percentage reduction ratios range between 27% and 31% for
cases A, B and D, respectively. This ratio of reduction reaches 46% for case C of original
building with infill walls. All the investigated cases fail to intersect any of the DRS.

1.5

— -
[ —— Rare—0— A=t f¥= (—— D ]

@ ________ ~
E | i --- Typel 025
2 - — el 013
o= . --— Lama Freta
§ ~
ES .
5
L
e et
& Tl e
g PtV
o, — BT
wob ﬁﬂﬁﬂ:io Tl
-l—'—'___-_._-_
T T S T L
) 0ns 01 0.1
Speciral displacameant

Fig. 14. Elastic ADRS for original bare building and cases of infill walls

The reduced effective inelastic damped DRS is also calculated for the original building with
infill masonry walls case A as shown in Fig. 15. It can be observed that the case study building
still fails to intersect the DRS of Loma Pretia quake, while it can intersect the effective reduced
spectra of (Type 1 0.25) and (Type 11 0.15) at the inelastic region of the response.
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The discussed results about the lateral capacity of the case of study original building,
either considering or not considering the masonry infill walls, under the specified applied,
elastic or reduced effective, demand response spectra clarify that the original building
requires retrofitting systems. The suggested retrofitting systems should increase the
strength and stiffness of the original building to prevent collapse under real earthquakes
close in intensity and dominant period to Loma Pretia quake and enhance its behavior
under the two other quakes.
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7. Retrofitting systems

In this study, the proposed and analyzed retrofitting systems are based on adding new
simple technique to constitute a primary system for seismic resistance while keeping the
existing building as a secondary system mainly responsible for carrying the gravity loads. A
number of alternatives are available to afford the needed strength and stiffness to satisfy the
needed performance characteristics. Some parameters are needed to be reviewed as desired
performance level, the level of the disruption associated with each system and the access
required to execute the required construction. Depending on this review, three different
retrofitting systems are suggested and evaluated. A preliminary approach to design these
systems using the nonlinear pushover analysis to find performance points within required
deformation limit is carried out. The applied systems are briefly described as follows:

System I: Adding RC column jackets (CJ) to all the existing columns, the thickness of
the column jacket is 0.075 m from each side. Same steel bars, in number and diameter as in
the existing columns, are utilized in each column jacket as shown in Fig. 16.
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Fig. 16. Cross section of RC column jackets

075 m

System II: Adding shear walls (SW): Two shear walls in the short direction of building are
added around the stairs. The ratio of the total length of the added shear walls, in the mentioned
direction, to the total height of the building is designed to be equal to 0.25. Achieving this, the
length of each shear wall is taken 2.30 m. One shear wall is added in the longitudinal direction
with length equal to 3.4 m. The thickness of all shear walls is taken equal to 0.20 m. The
configuration of the shear walls, in both directions are illustrated in Fig. 17.
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Fig. 17. Configuration of shear wall retrofitting system
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System III: Inserting steel chevron bracing (BR): Chevron steel bracing elements are
applied to two originally existing marginal exterior frames in the short direction along axes
1 and 6. The cross section of the bracing is hollow square box section with dimensions of
0.20 m and variable thickness. The thickness of the bracing elements varies every two
floors; it is 0.01, 0008 and 0.006 m from bottom floor to top floor. In the long direction
chevron, bracing is also applied to one frame along axis D. Same cross section dimensions
and thickness as applied to braces in the short direction is utilized for the long direction.
The configuration is shown in Figs. 18 and Fig.19.

O

Fig. 18. Elevation of frame with chevron bracing along axes 1 and 6.
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Fig. 19.Elevation of frame with chevron bracing along axis D.

8. Nonlinear analysis of retrofitted building

The three dimensional nonlinear push over analysis is again applied to the original
building after applying the retrofitting systems. In this investigation, the structural behavior
of the analyzed building is selected to be type B as the primary elements of the retrofitted
building are combination of the existing and the new elements.

The capacity spectrum curves defined by the ADRS are calculated and plotted for the
retrofitted building using different retrofitting systems as shown in Figs. 20 to Fig. 22. The
performance points which are resulted from the intersection between the capacity response
spectra CRS of the investigated building and the reduced effective demand response
spectra DRS are displayed in the specified figures. The performance points are marked by
hollow dots. It can be observed that the applied retrofitting systems can highly succeed in
fulfilling the demands of all the applied spectra. There is a high increase in the maximum
spectral acceleration of the retrofitted building. The ratios of maximum increase in the
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maximum spectral acceleration for the retrofitted buildings are 100% , 222% and 300% for
cases CJ, SW and BR, respectively. The main target of applying the conventional
retrofitting systems is to increase both stiffness and strength rather than increasing the
ductility of the original buildings. So, almost minor increase in the spectral displacement is
observed for SW and BR systems, which does not exceed 10%. This result is unlike the
ductility of the building retrofitted using column jackets CJ. The percentage increase in the
spectral displacement is about 44% relative to the original building. This result is realistic
as retrofitting the columns using column jackets does not highly increases the stiffness and

strength of the original building due to the small increase associated with the increase in
the cross section of the retrofitted columns.
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From studying the resulting performance points of the retrofitted buildings, it is evident
that although the original building fails completely to intersect the effective reduced DRS
of the Loma Pertia earthquake in any performance point, the retrofitted buildings can
intersect this demand response spectrum at reasonable points. The calculated performance
points for the different proposed retrofitting systems are located in 80%, 73% and 50% of
maximum spectral displacement of each response of CJ, SW and BR retrofitting systems,
respectively. Regarding the rest two applied demand response spectra it can be observed
that the performance points do not exceed 57% of the maximum spectral displacement of
any of the response of the considered retrofitting systems. It is worth to mention that due to
the high increase in the spectral acceleration associated with the BR systems, the
performance points of the structure due to the three applied response spectra are very close.

The effective damping values associated with the applied reduced DRS are calculated
for the original building and the retrofitted ones. These value are 11.9% and 15.7% for the
original building under the two applied demand response spectra of the ECOL. For all the
retrofitted buildings these values do not exceed 7.0 % for any of the mentioned two DRS.
While there is no value can be calculated for the effective inelastic damping for the
original building under the Loma Pretia DRS, the corresponding values for the different
retrofitted systems were 10.9%, 7.8% and 7.1% for CJ, SW and BR, respectively. The
mentioned values indicate that the retrofitting systems can mitigate the plasticity associated
with the original building.

The lateral capacity curves represented by base shear and maximum lateral monitored
displacement are constructed for the original and retrofitted building. It can be observed that
there is a high remarkable increase in both stiffness and strength associated with the retrofitted
building in comparison to the original one before retrofitting. The percentage increase in the
stiffness is 23%, 99% and 322% for CJ, SW and BR retrofitting systems, respectively. For the
same systems, the percentage increase in the strength is 110%, 175% and 218%. Finally, there
is a noticed increase in the maximum monitored displacement associated with CJ retrofitting
system of 50% relative to the original bare building. The corresponding percentage increase for

the rest of systems does not exceed 25% as shown in Fig. 23.
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The effect of considering the infill walls on the lateral performance of some of the
retrofitted systems compared to the bare ones is investigated. It is clear, as shown in Fig. 24
that considering the infill walls with the CJ retrofitting system can relatively increase the
spectral acceleration with ratios range between 12% and 53% but this increase comes at the
expense of the spectral displacement, which witnesses a high reduction for all studied cases
of building considering the infill walls. The reduction ratios range between 50% and 61%.
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The high reduction in spectral displacement leads to shifting of performance points towards
the end of the response for all cases, except case C of building with masonry infill walls. It is
worth to mention that case A of infill walls fails to intersect the elastic DRS of Loma Pretia
quake. The effective reduced DRS for this case of infill walls is calculated and shown in Fig.
25. It can be observed that for the two considered DRS of ECOL, the performance points can
be shifted successfully towards 54% and 65% of maximum response. Case A of infill for CJ
retrofitting system can hardly intersect the DRS of Loma Pretia at about 97% of maximum
response. The effect of infill walls on the behavior of SW retrofitting system is also
considered. It can be observed, as shown in Fig. 26 that there is a clear increase in the
spectral acceleration for all cases ranging between 3.5% and 30%. Minor reduction in the
spectral displacement relative to the bare buildings is observed for cases A, B and D with
reduction ratio about 13%. High reduction in spectral displacement is observed for case C of
about 56%, relative to the bare building. Though there is high reduction in spectral
displacement the CRS of this retrofitting system can intersect all the applied DRS at
considerable performance points. It is clear from the behavior of the bare retrofitting BR
building that it can easily fulfill the requirements of the applied DRS. As the bracings are
applied to the marginal frames, the effect of infill is not considered.
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The sequence of the formation of plastic hinges in beams and columns is analyzed
depending on the push over analysis. As shown in Fig. 27, five points labeled A, B, C, D
and E are used to define the force deflection behavior of the hinge and three points labeled
10, LS and CP are used to define the acceptance criteria of the hinge. (I0, LS and CP stand
for Immediate Occupancy, Life Safety and Collapse Prevention, respectively). The values
assigned to each of these points vary depending on the type of member as well as many
other parameters defined in the ATC 40 guidelines [40].

The results of bare buildings, original and retrofitted ones, are shown in Fig. 28 under
(Type II 0.15) DRS. It is clear that while four elements of the original building collapses,
(C-D) criteria, none of the elements of the retrofitting systems suffer from this behavior.
Considering the plastic hinge criteria (LS-CP) it is clear that the number of elements of the
retrofitting systems in this criteria is inversely proportional to the capacity base shear of
the system. The sequence and formation of plastic hinges for case A of masonry infill
walls for original, CJ] and SW systems are studied as shown in Fig. 29. The worst
performance is observed for the original building with masonry infill. For this case four
elements collapsed in each of the individual criteria of (C-D), (D-E) and >E. Only one
element of Case A of infill for CJ retrofitting system collapsed in the criteria of (C-D).

Force

LS
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" Deformation

Fig. 27. Force- deformation for pushover analysis of plastic hinges
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9. Conclusions

A nonlinear three dimensional evaluation analysis of a hollow block slab building
designed without considering the seismic standards is carried out. The building is
investigated either as bare frames or considering the effect of masonry infill walls with
different parameters. The analysis is carried out using the mechanism of nonlinear
pushover analysis. The demand response spectra DRS proposed by the ECOL are used in
the analysis; this is in addition to utilizing the response spectra of real quakes. Three
different retrofitting systems are suggested and analyzed. The following conclusions may
be drawn out.

1) The lateral capacity response spectrum CRS of the original bare building can
fulfill many of Type I, ECOL elastic 5% demand response spectra DRS. It fails to
fulfill the requirements of most of Type II, ECOL elastic DRS neither for soil type
C nor soil type D. When subjected to the elastic DRS of seven real quakes with
maximum scaled spectral acceleration close to Cairo city, soil type C, it fails
completely to intersect the elastic DRS of four of them.

2) The original bare building fails to intersect the inelastic effective reduced DRS of
Loma Pretia quake while it can hardly intersects type I, zone 5a, and type II, zone
3, when founding on soil type D, at almost the end of the response.
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3)

4)

5)

6)

7)

8)

9)

Considering the masonry infill walls in the analysis has a crucial effect on the
results of the lateral capacity of the original building. There is a crucial reduction
in the spectral displacement of the original building without retrofit reaches up to
46% of the maximum one. All the four analyzed cases of original building with
infill walls fail to intersect any of the considered elastic DRS.

All the proposed retrofitting bare systems can succeed in highly enhancing the
seismic capacity of the original building. High increase in strength and stiffness is
associated with all the retrofitting systems.

The constructed ADRS of the proposed retrofitting systems under the considered
inelastic DRS prove the efficient performance of all the proposed systems.
Sufficient seismic performance levels are achieved for all the proposed systems
under all the considered DRS.

The highest values of enhancing the seismic performance of the original building
is observed for the retrofitting systems using steel chevron braces, followed by the
internal shear walls and finally, strengthening the columns using reinforced
concrete jackets.

The retrofitting systems can reduce the harmful effect which may arises from
considering the masonry infill walls associated with the original infilled building
due to the high increase in the strength and capacity acceleration relative to the
bare building.

The comparison between the criteria of plastic hinges of all cases of the original
and retrofitted buildings illustrates that all the retrofitting systems can almost
eliminate the failure of elements associated with the original building, especially
when considering the effect of infills.

Provisions about the procedures and accepted performance limits of non-seismic
designed buildings and the considerations of masonry infill walls need to be
presented by the Egyptian Codes.
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