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ABSTRACT

The seismic retrofitting of reinforced concrete (RC) buildings has been widely analysed. Most of the
solutions proposed are focused on the building’s structure improvement. However, the effects of
ground-improvement techniques combined with the building’s structure-improvement techniques have
not been usually analysed. Therefore, this paper aims to assess the seismic performance of a building
by adding different seismic retrofitting techniques in the structure and the ground. A RC school building
is proposed in this work. This has been selected because it was constructed prior to the current seismic
code. Schools are some of the buildings most vulnerable to earthquakes. This is due to the low
adult/child ratio. This paper is framed within the PERSITAH project (Projetos de Escolas Resilientes
aos SISmos no Territorio do Algarve e de Huelva, in Portuguese). The main goal of the project is to
analyse the seismic vulnerability of schools’ buildings located in the Algarve-Huelva region. This area
is characterized by earthquakes of long-return period and large magnitude. Therefore, the population is
not aware of the seismic hazard of the area. Different seismic retrofitting techniques have been added
to the building and they have been compared and analysed. The techniques have consisted of the
addition of X-bracings within the buildings’ bays, steel jackets in columns and soil injection grouting.
These solutions have been added both individually and combined to generate hybrid models. Nonlinear
static analyses have been carried out to determine the seismic performance of the building including
each technique. The N2-method has been considered to obtain the performance displacement.
Moreover, the damage level probability and the mean damage index have been determined for each
retrofitting technique. Results have shown that the addition of X-bracings is the most efficient solution.
However, this solution causes a great architectural impact. Therefore, the solution of steel jackets and/or
injection grouting emerges as an interesting alternative.

Keywords: seismic vulnerability, seismic retrofitting, reinforced concrete, buildings, soil grouting,
ground considerations.

1 INTRODUCTION
Among existing natural disasters, earthquakes have historically caused the most outstanding
damage and human losses in Europe. Moreover, earthquakes occurred in Europe during the
early 20th century have cost around 29 billion euros and have caused 19,000 casualties [1].
The destructive potential of an earthquake depends on the damage produced, the preparation
and the resilience of the population.

The seismic buildings’ performance plays a key role in the destructive potential of an
earthquake. Existing buildings vulnerability has been the focus of European interests over
the past years. This is due to the catastrophic consequences produced by recent earthquakes
such as the 2009 L’Aquila (Italy), the 2011 Lorca (Spain) and the 2016 Amatrice (Italy)
earthquakes [2]-[4]. A major part of these cities’ building stock was severely damaged during
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these earthquakes. Therefore, the improvement of the seismic performance of buildings has
become a major concern [5], which can be achieved by the implementation of seismic
retrofitting techniques.

In this context, the European project named PERSISTAH (Projetos de Escolas Resilientes
aos SISmos no Territorio do Algarve e de Huelva, in Portuguese) is under development. The
main goal of the project is to analyse and reduce the seismic vulnerability of schools’
buildings located in the Algarve-Huelva region. This area is located near the Eurasian and
the African tectonic plates boundary [6]. This is characterized by earthquakes of long-return
period and large magnitude such as the famous 1755 Lisbon earthquake (Mw = 8.5) and the
1969 earthquake (Mw = 8) [7]. Consequently, the population of the area is not aware of this
seismic hazard.

Focusing on schools, these are some of the buildings most vulnerable to earthquakes. The
capacity to evacuate the building, the low ratio adult/child and the trauma that they can suffer
after the event [8] make children the least resilient part of the society. In the case of the
Algarve-Huelva region, a major part of the schools was constructed prior to seismic
considerations or, if considered, the requirements were not very restrictive. Half of them were
designed with reinforced concrete (RC) wide beams, short columns and two to three floors.
Buildings of these characteristics were considerably damaged during the 2011 Lorca
earthquake [2]. Furthermore, the area is characterized by the presence of soft superficial soil
strata, which can amplify the effects of earthquakes as reflected by every seismic code
[9], [10].

The seismic retrofitting of RC buildings has been widely analysed. Two of the most
implemented solutions have been the addition of X-bracings within the buildings’ bays and
steel jackets in columns. In Valente and Milani [11], different steel braces were
experimentally assessed. The authors concluded that X-bracings had the potential to perform
suitably against earthquakes. This is due to the fact that this system’s cracks and failure type
were much better than other samples. In Requena-Garcia-Cruz et al. [12], the authors
compared different seismic retrofitting techniques based on the efficiency, the construction
costs and the architectural impact. They concluded that the most efficient solution was the
addition of X-bracings while adding steel jackets was the least expensive solution and had
the least architectural impact.

Most of the solutions proposed are focused on the building’s structure-improvement.
Nevertheless, the effects of ground-improvement techniques combined with the building’s
structure-improvement techniques have not been extensively analysed. Soil injection
grouting solutions are commonly used such as the jet-grouting system. This system can help
to reduce the structural damage of buildings due to an earthquake [13]. However, as proved
in Ozener et al. [14], the assessment of its behaviour is complex. The authors concluded that
experimental tests should be carry out to better understand the response of jet grouting
columns during the earthquake.

In this context, this paper aims to assess the seismic performance of a building by adding
different seismic retrofitting techniques in the structure and the ground. A RC school building
is proposed in this work. Different seismic retrofitting techniques have been added to the
building and they have been compared and analysed. The techniques have consisted in
the addition of X-bracings within the buildings’ bays, steel jackets in columns and soil
injection grouting. These solutions have been added individually and combined to generate
hybrid models. Moreover, the damage level probability and the mean damage index have
been determined for each retrofitting technique.
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2 METHOD
2.1 Case study

A typical two-storey school has been selected as case study (Fig. 1). This is located in
Huelva (Spain). The school was constructed during the seventies, therefore no restrictive
seismic requirements were considered during its design. The building is composed of RC
wide-beams, columns and ribbed slabs.
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Figure 1: School’s distribution in plan and elevation.

Regarding the RC mechanical characteristics, the RC compressive strength (fu) is
17.5 MPa and the modulus of elasticity (Ec) is 25,000 MPa. For the reinforcing steel, the steel
yield stress (Fy) is 420 MPa and the E. 200,000 MPa. In Table 1, the RC frames characteristics
are listed. The thickness of the ribbed slabs is 30 cm. The load bearing direction is the X.

Table 1: Characteristics of the RC frames.

Characteristic Columns Load beams Tied beams
Dimensions 40 x 30 cm 40 x 30 cm 30x 30 cm
o Top: 2012 Top: 2012
Longitudinal rebar | 4012 mm
Lower: 4016 Lower 20012
Transversal rebar @6 mm/20 06 mm/20 cm | @6 mm/20 cm

The determination of the loads considered in the analyses has been according to the
Spanish Building Code-Structural Security [15]. The value of the gravitational loads has been
5.5 kPa, including the self-weight of the elements: the RC frames and slabs, the internal
partitions, the ceiling and the ceramic flooring. The variable load has been 3 kPa for
public spaces.
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2.2 Seismic performance assessment

The seismic performance of buildings can be analysed by means of the so-called
performance-based methods [16]. They are focused on the fact that maximum storey drifts
can efficiently represent the seismic response of buildings. There are numerous methods to
obtain the performance of buildings. One of them is the capacity spectrum method presented
in Freeman [16]. This procedure is implemented in the American ATC-40 [17]. In this work,
the N2-method has been considered as this is the procedure established in the Eurocode-8
Part 1 (EC8-1) [10]. This was developed by Fajfar [18] and is based on the intersection of
the capacity curve of the building and the inelastic response spectrum. The result of this
intersection is the performance point (PP). This represents the displacement that the building
will have for the seismic action considered.

Nonlinear static (pushover) analyses have been carried out to determine the capacity curve
of the building including each retrofitting technique. These analyses have been performed in
the two orthogonal directions of the building (X and Y) by means of the SAP2000 v.19
software [19]. As indicated in the EC8-1, two load patterns have been considered: one based
on the mass of each storey and one based on the first vibration mode displacements. The
nonlinear behaviour of the RC frames has been considered by adding plastic hinges at
the end of the elements as recommended by the EC8-1. In this case, PM2M3 plastic hinges
have been added to columns whereas M3 hinges have been included in the beams as in Lodi
and Mohammad [20]. The rigid diaphragm effect of slabs has been considered. The
contribution of infills has been obviated to obtain unfavourable capacity curves values.

The inelastic spectrum has been defined according to the EC8-1 elastic response spectrum
procedure. A PGA of 0.1g has been obtained from the 2012 Spanish update of the ground
acceleration values [21]. This must be multiplied by the importance factor (y;) of value 1.3.
This has been selected since schools are considered as especially important buildings. The
product of the seismic action and the y-factor represents the EC8-1 design ground
acceleration (ag). The soil type has been defined as D according to a nearby geotechnical
study. The area is characterized by soft superficial soil strata such as silt-sand and clays until
2.40 m of depth. The Ngpr determined has been four and a medium value of eight has been
obtained for the Nppsh.

2.3 Damage assessment

Once the capacity curves and the PP’s displacements have been obtained, the building’s
damage has been analysed. In this work, this assessment has been carried out according to
the fragility curves and the mean damage index (DI). Fragility curves represent the
probability of reaching or exceeding a damage state for a given seismic action. They have
been obtained according to the RISK-UE lognormal distribution [22]. They depend on the
capacity curve of the building and the PP’s displacement. The DI determines the most
probable damage level that the building will suffer for a given seismic action. It is obtained
from the damage probability percentages determined from the fragility curves and the
corresponding PP’s displacements [23]. This ranges from 0 to 4. Values higher than 3
represent severe damage and, therefore, those models will not comply with the ultimate life
safety requirements established by the EC8-1.

Furthermore, the non-collapse safety condition required d,"/d;">1 according to the EC8-1
has been obtained for each model analysed. d," represents the ultimate displacement for the
single-degree-of-freedom (SDOF) and d,* the SDOF inelastic target displacement.
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2.4 Retrofitting techniques

In this work, the retrofitting techniques considered have been the addition of X-bracings (X)
within the buildings’ bays, steel jackets (SJ) in columns and soil injection grouting (IG)
techniques such as the jet-grouting system (Fig. 2). These techniques have been
experimentally tested as previously mentioned. However, they have not been extensively
compared nor analysed in conjunction.
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Figure 2: Details of the seismic retrofitting techniques considered in the analyses.

These solutions have been added to the original building according to Fig. 3. The
structural steel determined has been S275, the E. 210,000 MPa and the Fy 275 MPa.
The X-bracings have been of @16 mm. The steel jackets have been simulated by adding steel
plates of 30x30x0.5 cm. In addition, the soil injection grouting [24] effects have been taken
into account by considering the Mohr-Coulomb criterion [25]. The model X1x2yF12
includes X-bracings (X) in one bay in the X (1x) and two in the Y (2y) for both storeys or
floors (F12). The model SJImF12 adds steel jackets (SJ) in the middle (m) of the building and
for both storeys (F12).

Figure 3:  Models including the retrofitting techniques: X-bracings (left) and steel jackets
(right).
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3 RESULTS

The results of the addition of the retrofitting techniques are shown below. Pushover analyses
have been carried out for three models: the original building and adding X-bracings and steel
jackets to this first configuration. In total, 6 capacity curves have been obtained for both
orthogonal directions of the building. Here, only the results concerning the modal load pattern
have been shown since this has produced more unfavourable results. Then, the N2-method
has been applied to obtain the target displacements considering the soil improvement
produced by the jet grouting system. In Fig. 4, the fragility curves for each model analysed
are depicted. Also, the target displacements have been highlighted for each case.

In Fig. 5, the DI for each model analysed is depicted considering both orthogonal
directions of the building.
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Figure 4:  Fragility curves obtained for the three models analysed including the dt obtained
for each case and for both orthogonal directions.
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In addition, the EC8 non-collapse safety condition d,’/d,">1 has been obtained for each
model analysed. The results have been listed in SDOF ultimate and target displacements for

each capacity curve and corresponding ratios of d,*/d¢* (Table 2).

Table 2: The SDOF ultimate and target displacements for each capacity curve and
corresponding ratios of d,*/d/*.

X direction Y direction

de* dy* du*/d¢* de* du* du*/d¢*
ORIGINAL 0.1053 | 0.1068 | 1.0143 0.189 | 0.1669 | 0.8833
X1x2yF12 0.0726 | 0.1918 | 2.6423 | 0.1931 | 0.2330 | 1.2068
SJmF12 0.0961 | 0.1918 | 1.9961 | 0.1733 | 0.2000 | 1.1519
ORIGINALA+IG 0.0494 | 0.1068 | 2.1621 | 0.0838 | 0.1669 | 1.9921
X1x2yF12+IG 0.0388 | 0.1918 | 4.9441 | 0.0854 | 0.2330 | 2.7288
SImF12+IG 0.0461 | 0.1918 | 4.1612 | 0.0766 | 0.2000 | 2.6062

4 ANALYSIS OF RESULTS
Results have shown that the original building has not complied with the life safety condition
d,"/d">1 in the Y direction, being the ratio 0.88. In the case of the X, the ratio is close to 1.
The damage expected in each direction has been severe, resulting a DI of 3.17 and 3.33 in
the X and Y, respectively.

The addition of X-bracings and steel jackets has produced higher values of displacements,
as shown in the fragility curves plot. This is due to the improvement of the building’s
ductility. Owing to this, the expected damage has been reduced. In the case of X-bracings,

WIT Transactions on The Built Environment, Vol 185, © 2019 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



Pl1-106 Earthquake Resistant Engineering Structures XI|

this has been 2 and 2.82 in the X and Y respectively. Expressed as percentage, the damage
has been reduced in a 58% and 17% in each direction. Nevertheless, adding steel jackets has
not produced a considerable improvement. The DI has been 2.41 and 3.02 in the X and Y
direction respectively. Hence, in the Y direction, the expected damage has been severe.
Consequently, only adding steel jackets will not be enough to reduce the damage. These
results are similar to those obtained by Requena-Garcia-Cruz et al. [12]. In this work, steel
jackets did not enhance the seismic performance of the buildings considerably in spite of not
being expensive and having lower architectural impact. Concerning the d,"/d," ratio, values
higher than 1 have been obtained for both solutions.

The addition of the jet grouting system has produced outstanding results in terms of the
damage level reduction and the ratio d,"/d,">1 complying. Regarding the fragility curves, the
d obtained for the three solutions have been considerably reduced. In the case of the original
building, the DI reduction has been close to 40% in both directions. Combined with
X-bracings, values near slight damage have been obtained, being 0.93 and 1.05 in the X and
Y, respectively. In the case of steel jackets, the DI has been 1.87 and 2.19 for each direction.

Regarding the d,"/d,">1, higher values of 1 have been obtained for all the solutions adding
the jet grouting system. In the case of the original building, the ratio has been enhanced a
100%. Concerning the hybrid models, the ratio has been considerably higher than the values
obtained for the models adding only the structure’s improvement solutions.

5 CONCLUSIONS

This paper has analysed and compared the seismic performance of structure-improvement
and ground-improvement seismic retrofitting techniques. These solutions have consisted in
the addition of X-bracings within the buildings’ bays, steel jackets in columns and soil
injection grouting techniques such as the jet-grouting system. These solutions have been
added individually and combined to generate hybrid models. A RC school building has been
proposed. These buildings are one of the most vulnerable typologies to earthquakes. In
addition, the school is located in the Algarve-Huelva region. This area is characterized by
earthquakes of long-return period and large magnitude. Consequently, the population is
unaware of the hazard.

Nonlinear static analyses have been carried out to determine the seismic performance
of the building including each technique. The N2-method has been considered to obtain
the performance displacement. The fragility curves have revealed that the addition of
X-bracings and steel jackets produce higher values of displacements due to the building’s
ductility enhancement.

Results have shown that the original building has not complied with the life safety
condition. Also, the expected damage has been determined as severe in both directions.
Therefore, this all leads to the fact that solutions must be provided in order to reduce the
expected damage. Contrariwise, the implementation of the jet grouting system in the original
building has reduced the expected damage to moderate.

The addition of X-bracings has been the most efficient technique. This solution has
presented a higher reduction percentage than the addition of steel jackets. In fact, this
has reduced the expected damage to slight and moderate in the X and Y respectively.
Nevertheless, this solution causes a great architectural impact. Combined with the jet
grouting, the reduction has been outstanding, resulting in slight damage for both directions.

In the case of the steel jackets, this technique has not considerably reduced the expected
damage, being moderate and severe in the X and Y respectively. However, combined with
the jet grouting system, the expected damage and the ultimate life safety ratio have been
considerably improved.
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In the light of the results, the solution of steel jackets and/or injection grouting emerges
as an interesting alternative. This hybrid technique is of low architectural impact and can be
easily implemented. Also, further research should be carried out on the determination of the
seismic effects of adding ground-improvement retrofitting techniques.
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