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Abstract: The seismic assessment of existing school buildings is an important issue in earthquake
prone regions; such is the case of the Algarve, which is the southern region of Portugal mainland.
Having this problem in mind, the PERSISTAH project (Projetos de Escolas Resilientes aos SISmos no
Território do Algarve e de Huelva, in Portuguese) aimed to develop a computational approach enabling
the damage evaluation of a large number of individual school buildings. One of the school typologies
assessed was the so-called “P3” schools. This typology is composed of several different modules that
are combined in different manners depending on the number of students. Each module was built in
accordance with architectural standardised designs. For this reason, there are many replicas of these
modules all over the Algarve region. The structural system of each module is composed of a frame
of reinforced concrete (RC) elements. Nonlinear static seismic analysis procedures were adopted to
evaluate the structural seismic behaviour, namely by using the new concept of performance curve.
Based on the obtained results, it was possible to conclude that the seismic safety of this type of school
building is mainly ruled by the shear capacity of the columns. This study also shows the difficulties
of carrying out accurate seismic assessments of existing buildings using the methods of analysis that
are established in the Eurocode 8.

Keywords: nonlinear seismic analysis; N2 method; performance curves; reinforced concrete buildings;
“P3” schools

1. Introduction

Algarve is a Portuguese earthquake prone region that has been affected by several destructive
earthquakes in the past [1]. Recent studies show that Algarve is the region where the maximum seismic
intensities (I max = X) were observed in known history [2], namely due to high magnitude offshore
earthquakes; such was the case of the 1 November 1755 earthquake, which is normally referred to as
the “Great Lisbon Earthquake”. This worldwide known catastrophic seismic event, whose effects were
observed in many regions of Europe and North Africa [3], should highlight the capacity of destruction
of such earthquakes and emphasize the importance of carrying out accurate seismic analysis of existing
buildings to better understand what the seismic risk of this region is.

The seismic safety of school buildings is a quite important issue, namely because this type of
construction normally presents a high concentration of young students, which increases the seismic risk
due to the increase of the exposure, which is one of the reasons why modern codes such as the Part 1 of
Eurocode 8 (EC8-1) [4] establish an importance factor (γI) for this type of buildings, which multiplies the
reference acceleration (agR). An increase of the importance factor causes an increase of the return period
(TR) of the seismic action, and, consequently, an increase of the vibration level that the buildings should
be able to resist. Unfortunately, many school buildings are still collapsing or being severely damaged

Buildings 2020, 10, 210; doi:10.3390/buildings10110210 www.mdpi.com/journal/buildings

http://www.mdpi.com/journal/buildings
http://www.mdpi.com
https://orcid.org/0000-0002-7356-9893
http://www.mdpi.com/2075-5309/10/11/210?type=check_update&version=1
http://dx.doi.org/10.3390/buildings10110210
http://www.mdpi.com/journal/buildings


Buildings 2020, 10, 210 2 of 16

after the occurrence of worldwide destructive earthquakes [5–9], including reinforced concrete (RC)
constructions; such was the case of the School “Enrique Rebsamen” in Mexico [10].

Modern studies usually adopt seismic nonlinear static analysis methods to assess the vulnerability
of school buildings, namely for seismic retrofitting purposes [11]. However, most of the large-scale
seismic assessment studies that have been carried out worldwide normally still adopt simplified
empirical methods of analysis, mainly due to the complexity of the task. This type of method has been
used to carry out seismic assessment studies in the Algarve region [12]. However, it is still difficult
to correlate the results of these more simplified empirical approaches with the results of nonlinear
structural analysis [13], which are normally established in modern seismic codes. Such is the case of
Part 3 of the Eurocode 8 (EC8-3) [14], which has recently become the new Portuguese seismic code for
the assessment of existing buildings [15].

In this context, one of the main goals of the PERSISTAH project was to evaluate the seismic safety
of the primary school buildings (Figure 1) that exist in the neighbouring regions of Algarve (Portugal)
and Huelva (Spain). To accomplish such a demanding goal, software for the evaluation of the seismic
safety of several individual school buildings was developed [16], not only for ranking their seismic
vulnerability for retrofitting purposes, using the new concept of performance curve, but also for the
evaluation of the damage level resulting from a given earthquake scenario, mainly for civil protection
purposes, because schools are often used as emergency centres and for sheltering the populations after
the occurrence of a destructive earthquake.
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This work is about the use of this new ranking approach for studying the seismic safety of the
so-called “P3” school, which is an RC school typology that began construction in the Algarve before
the existence of more demanding seismic codes. Nevertheless, the adopted approach can also be used
in any type of RC building, and all over the world.

2. The “P3” School Typology

In the 1970s, a new concept of school architectural typology arose in Portugal, which was the
Open Plan Schools, the “P3” school buildings being an example of this typology. This typology was
supported in two main issues: pedagogical (creating open spaces, which allowed different teaching
possibilities) and constructive (creating buildings composed by structurally independent modules,
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which were combined in different ways to create different schools with different shapes and sizes,
easily adaptable to the site conditions). However, this open space concept was not well received by the
schoolteachers [17]. The first change in this type of buildings was the addition of partitioning walls to
create more traditional classrooms, as it was possible to see into the schools that were inspected in the
Algarve region.

These schools are composed of central modules and by classroom modules that were created over
an equally spaced grid (Figure 2), which could be rotated and/or mirrored, allowing several possible
orientations for each module depending on the site characteristics and the relative position of the
school entrance. Based on the architectural standardised designs that were possible to find, there are at
least four types of classroom modules, corresponding to two, three, four, or six classrooms (Figure 2),
and there are also at least three types of central modules: one for schools with capacity for 160 to
240 students, another between 240 and 400 students, and finally a third one for 400 to 480 students.
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Figure 2. Scheme of the classroom modules of the “P3” schools: (a) two classrooms placed in one floor;
(b) three classrooms placed in one floor; (c) six classrooms placed in two floors; (d) four classrooms
placed in two floors.

Many “P3” schools were built in Portugal. There were at least 371 schools in July 1985, just more
than a decade after the first one was built, according to a map of the General-Directorate of Basic
Education [17]. Some of these schools were built in the Algarve region; the first one started in 1974 in
Quarteira [17] until the end of the 1980s. At the present time, it is possible to find “P3” schools still
in use as primary schools in several municipalities all over the Algarve region, namely in: Faro (3);
Lagos (1); Loulé (1); Monchique (1); Portimão (3); São Brás de Alportel (2); Silves (2); and Vila do
Bispo (1). These schools present different module combinations and level of conservation (Figure 3).
It was also possible to identify some changes to the original designs, because sometimes new rooms
were added after the initial construction.
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3. Nonlinear Static Analysis

Since the beginning of the PERSISTAH project, the adoption of simplified empirical methods to
assess the seismic vulnerability of individual school buildings was avoided despite the high number of
school buildings involved in the task. Instead, the structural analysis methods that are proposed in the
EC8-3 were adopted as much as possible to better understand what the real structural behaviour of
this type of constructions would be and what should be expected in terms of damage in case of the
occurrence of a destructive earthquake that might affect the Algarve region, as has already happened
in the past. With this approach, it was also possible to figure out what the seismic safety level of the
studied school buildings was according to national standards.

The EC8-3 presents the possibility of adopting two types of structural behaviour: linear and
nonlinear. One the other hand, according to the EC8-3, it is also possible to adopt either static or
dynamic analysis. Nonlinear time-history analysis (NTHA) is probably the most accurate method for
seismic analysis of individual buildings. An alternative to NTHA is to adopt nonlinear static analysis
(NSA), which is a less computer demanding alternative, often used for seismic assessment of school
buildings [9,18–20]. Moreover, the validation tests that were carried out upon the development of a
dedicated seismic assessment software show a good agreement between NTHA and NSA [16].

According to the EC8-3, the adoption of NSA methods is dependent on the knowledge level
(KL) of the structure, which also depends on several factors, such as the knowledge about the
geometrical properties of the structural system, about the details of the structural elements, and about
the mechanical properties of the constituent materials. KL also influences the value of the confidence
factor (CF), which is then used to minimize the adopted values of the capacity of the structure. The KL
of the structure should be KL2 (the normal knowledge), at least, to be possible to adopt an NSA.
Unfortunately, only incomplete design drawings of the “P3” schools were found, and it was impossible
to carry out any destructive or semi-destructive in situ tests, because the school buildings were all
in use.

This study is about the primary school EB1 n.5 of Faro (Algarve), which is a “P3” school built
in 1987, having a maximum capacity of about 250 students.

3.1. The Characteristics of the Structural Elements

It was possible to find the architectural plans of this school (Figure 4) with the location of the RC
columns, but unfortunately no structural design details were found whatsoever. The school is divided in
four structurally independent modules: two classroom modules of type (d) of Figure 2, and two central
modules with different sizes (a multipurpose room and a school cafeteria). Fortunately, the architecture
of the “P3” schools exhibits apparent RC columns and beams, as can be observed in Figure 3, which made
it possible to carry out a detailed survey of the school without damaging the buildings in order to
obtain the location and the dimensions of the RC structural elements [21], as presented in Figures 5 and 6.

The structural system of modules 1 and 2 is symmetrical, composed of a frame system and
presenting beams with a rectangular cross-section of 0.30 × 0.50 m and columns with a squared
cross-section of 0.30 × 0.30 m, equally spaced with an interval of about 3.60 m (Figure 5).

Modules 3 and 4 present different structural systems when compared with each other. Both are
double-height ceiling modules of about 5.80 m high. The cross-sections of the columns of these
modules are squared (0.30 × 0.30 m) or present rectangular shapes (0.30 × 0.60 m), as shown in Figure 6.
They are also equally spaced with an interval of about 3.60 m. Modules 3 and 4 also present beams
with rectangular cross-section (0.30 × 0.50 m) at half height in the perimeter of the modules.
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A set of non-destructive in situ tests was also carried out [21]. A pachometer was used to measure
the concrete cover and to detect the diameters and the positions of the rebars in the cross sections of the
RC structural elements. Other non-destructive in situ tests were also carried out, namely the Schmidt
hammer test procedure and the Ultrasonic Pulse Velocity test procedure, which allowed us to obtain
an estimative of the concrete strength [21].
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Based on what is established in the EC8-3, it is possible to consider that the KL of the structure is
KL2 for the columns (normal knowledge) and KL1 (limited knowledge) for the beams. This means
that only linear analysis should be carried out, according to the EC8-3. Nevertheless, because it was
necessary to rank the seismic safety of the school buildings in the context of the PERSISTAH project,
both linear and nonlinear analysis were adopted.

3.2. Simulated Design of RC Beams

The survey that was carried out allowed us to obtain the details of all the RC columns of the
modules but not of the RC beams. For this reason, the structural details of the RC beams were based
on simulated design in accordance with usual practice at the time of construction, as indicated in the
EC8-3. For that purpose, the structural analysis and design of the RC beams were carried out using the
seismic action and the design rules that were established in the Portuguese codes that were mandatory
at the time of the construction [22,23].

The software SAP2000 [24] was used to carry out the simulated design of the RC beams and the
stairs (no infill masonry walls were included in the model, because there are not enough laboratory
tests about the mechanical characteristics of the masonry walls that are presented in the “P3” schools).
The adopted structural models are presented in Figure 7.
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3.3. The Obtained Capacity Curves

After performing the simulated design of the RC beams, it was then possible to determine the
capacity curves of the structure of each school independent module, which are the relations between
the base shear forces (Fb) and the displacements of the control node (dn), normally being the mass
centre (MC) of the roof top.

According to the EC8-1, the first step of a nonlinear (pushover) static analysis is to transform
the initial multiple degree of freedom (MDOF) problem (with mass mi associated to each degree of
freedom i) in an equivalent single degree of freedom problem (SDOF), with stiffness k* and mass m*,
by using a transformation coefficient (Γ).

The coefficient Γ is a function of an adopted deformed shape configuration (φi), which then is
normalized so that the value φn of the control node is unitary, being

Γ =
m∗∑N

i=1 mi ·φ2
i

, (1)

m∗ =
∑N

i=1
mi ·φi. (2)

Software SeismoStruct [25] was used to obtain the capacity curves. The structural model of each
school module was created by introducing all the structural elements in the SeismoStruct (Figure 8) and
all the steel rebars. An inelastic force-based frame finite-element type was used to model beams and
columns, which is capable of capturing the inelastic behaviour along the entire length of a structural
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member, allowing very high accuracy in the analytical results. Cross-sections were divided in small
fibres. The sectional stress–strain state of this type of elements was obtained through the integration of
the nonlinear uniaxial material response of each fibre. To carry out the seismic analysis, an eigenvalue
analysis was carried out at first, and then a set of static horizontal forces (F0i) was applied to the N
degrees of freedom of each structural school module. These forces were determined so that the sum of
those forces was equal to the unity, being

F0i =
mi ·φi

m∗
. (3)
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Adopting this strategy, Fb was equal to the load parameter (λ) computed by the SeismoStruct
during the nonlinear structural analysis.

A displacement control scheme was selected to perform the pushover analysis. Each nonlinear
structural analysis was carried out by incrementing the horizontal forces until one of the following
options were verified: if the formation of the collapse mechanism was achieved; if the EC8-3 near
collapse (NC) limit state was reached for the chord rotation capacity (Equation (A.1) of the EC8-3); or if
the convergence of the iterative process was not achieved.

Because the capacity curves are also used for civil protection purposes, namely for assessing the
degree of damage associated with any given earthquake scenario [16], and not only for assessing the
seismic safety level that is established in the EC3-3, a different approach was adopted in the context of
the PERSISTAH project, which was already used in past seismic assessment studies [26], namely: if the
NC shear capacity limit was reached during the iterative process, which corresponds to the shear
capacity that is given by Equation (A.12) of EC8-3, then the shear strength was reduced to a value
corresponding to 20% of the initial shear strength without stopping the pushover analysis. This value
is the SeismoStruct default option, which agrees with results obtained from some laboratorial tests
results [27].

The EC8-1 establishes that it is necessary to consider three positions of the MC (to account for the
accidental eccentricity) for each horizontal direction and two different patterns of force distribution
(an “uniform” distribution, which is obtained by considering φi = 1, and a “modal” distribution,
which in the present study was considered equal to shape deformation associated with the vibration
mode with the highest participation factor in each direction), as schematized in Figure 9.
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For each school module, 12 capacity curves were computed for each direction (resulting from
the product of two force patterns × two force directions × three MC positions), leading to a total of
24 capacity curves. A total of 72 capacity curves were computed for all the different modules of the
studied “P3” school. Many of those capacity curves are almost coincidental, namely due to symmetry
issues, as presented in Figures 10–12.
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4. Seismic Safety Evaluation

As was already mentioned, the adopted strategy for the seismic assessment of existing school
buildings was to use the methods that are established in the EC8-3 as much as possible, despite being
stated in that code that it is not meant to be used for the vulnerability assessment of groups of buildings
(in the context of the PERSISTAH project, a total of more than 160 independent structural modules
were studied both in Portugal and in Spain). Nevertheless, structural analyses were carried out for
buildings according to the EC8-3, namely the N2 method [28] was adopted, as it is presented in the
Annex B of the EC8-1 (using the iterative approach).

The Portuguese National Annex of Eurocode 8, NP EN 1998-1:2010 [29] became the new national
seismic code in 2019. This new code presents an increase of the seismic action for the Algarve region,
namely for the design of new school buildings, when comparing to the RSAEEP [23] (Figure 13),
which was the former seismic code. One of the reasons for this increase is related to the importance
factor, which is a value higher than one for school buildings in the new code. The other reason is
related to a revision of the seismic hazard of the region [30], which led to an increase of the spectral
ordinates due to a combination of the change of the agR that is established for the municipalities of
the Algarve region, the increase of the soil factor (S), and because the period TC presents high values,
increasing the plateau of the maximum spectral acceleration despite the design seismic action of the
RSAEEP being multiplied by a factor of 1.5 (as defined in the code), which can be observed in Figure 13
for the two earthquake types that are established in both seismic codes.

When comparing the seismic actions presented in Figure 13, it becomes quite obvious that it will
be challenging to assure the seismic safety of existing school buildings that are placed in the different
municipalities of the Algarve region when considering the response spectra established in the National
Annex of the EC8-1, the most problematic earthquake type being the one that corresponds to the
far-field offshore case scenario.
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Figure 13. Response spectra for the seismic actions that are now established in the Portuguese National
Annex of the EC8-1, for school buildings placed in Faro on a ground type C, and the corresponding
seismic actions that were established in the national seismic code (RSAEEP) that was mandatory when
the studied “P3” school was built: (a) far-field offshore earthquake scenario (type 1); (b) near-source
earthquake scenario (type 2).

In modern codes such as the EC8-1, any seismic action that is established for the design of new
buildings is associated with a return period (TLR), which is 475 years in the NP EN 1998-1:2010.
However, the damage evaluation of the existing school buildings was carried out considering
the philosophy that is presented in the EC8-3, where the seismic safety is evaluated based on
several limit states (LS), which are associated with different return periods for the seismic action.
Moreover, EC8-1 indicates a simplified expression for the determination of a factor (γL), which can be
used to quantify the reference acceleration associated with any other return period (agRL):

γL =
(TNCR

TL

)− 1
k
=

(475
TL

)− 1
k
, (4)

agRL = γL·agR. (5)

The parameter k should be supported by probabilistic seismic hazard analysis studies. For the
Algarve region, the NP EN 1998-1:2010 establishes that k = 1.5 for the far-field offshore earthquake
scenario (earthquake type 1) and k = 2.5 for the near-source earthquake scenario (earthquake type 2),
which means that the return period established for school buildings in that code is of about 821 years,
which is much higher than the 475 years that is established for an ordinary building. Substituting these
parameters in Equation (4), it is possible to determine new values for the reference acceleration
associated with different return periods (agRL) by using Equation (5) for all the LS that are established
in the EC8-3.

4.1. Limit States

The EC8-3 only establishes three LS to be checked, namely: Damage Limitation (DL), Significant
Damage (SD), and Near Collapse (NC). However, in the context of the PERSISTAH project, a fourth LS
was also established (Figure 14): Fully Operational (OP). This LS will also probably be presented in the
next generation of the Eurocode 8 [31,32], as it is already presented in the newest Italian seismic code,
the NTC 2018 [33,34].
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4.2. Performance Points and Performance Curves

The software developed in the context of the PERSISTAH project [16], was used to compute the
performance points for all the capacity curves, and considering the two earthquake types, using the
iterative approach of the N2 method presented in the Annex B of the EC8-1 (Figure 15).
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(a) earthquake type 1; (b) earthquake type 2.

The worst results were obtained for the earthquake type 1 (corresponding to a far-field offshore
earthquake scenario), as it can be observed in Figure 15, because the displacements that were computed
with 100% of the seismic action (TR = 475 years), which are associated to the performance points,
even exceeded the values corresponding to the NC limit state.

To better compare the performance of all the different structural modules of the studied “P3”
school, the concept of performance curve was adopted [16], which corresponds to a curve representing
all the performance points that are associated to a given capacity curve (d∗t,LS), for different levels of
the reference value of the seismic action, that is obtained by multiplying the agR by a coefficient (γLS),
between 0 and 1 (Figure 16), which is computed using the expression (6).

γLS =
S∗a

Se(T∗)
. (6)

Se(T∗) is the spectral acceleration for the natural period of the equivalent nonlinear SDOF system (T*),
which is equal to

T∗ = 2π·

√
m∗

k∗
. (7)
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As proposed in previous studies [16], the procedure that is normally adopted in the N2 method is
inverted to compute the spectral acceleration Sa* in a fast way, for all the displacements until collapse,
without any iterative procedure. For that purpose, the period T* is first compared with the period
TC, that is established in the EC8-1 for each type of seismic action and ground type, in order to define
which mathematical expression must be used to compute Sa*.

If T* ≥ TC, then

S∗a = S∗ea = d∗t,LS·

(2π
T∗

)2
. (8)

If T* < TC, then

S∗a =
1

TC

4π2
·d∗t,LS

T∗
+

F∗y·(TC − T∗)

m∗

. (9)

and if F∗y/m∗ ≥ S∗a , then S∗a = S∗ea.
This approach was used to compare the seismic performance of the several modules of the studied

“P3” school, and to rank the seismic risk of the school buildings. With that purpose, the worst-case
performance curve of each module and direction (X or Y) was selected (Figure 17).
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5. Discussion

Several buildings of the “P3” school typology identified in the Algarve region are still functioning
as primary schools, exhibiting at least one of the three modules that were analysed in the present study
(a total of 17 modules of type 1/2, 14 modules of type 3, and 7 modules of type 4). These numbers show
the importance of studying this RC school typology in detail, given the number of teachers and young
students whose lives might be at risk in case of the occurrence of a destructive earthquake affecting
the region. Moreover, valuable lessons were taken during the detailed seismic assessment of existing
buildings that are still functioning, and for which no destructive in situ tests were allowed. Despite the
collaboration of local and national authorities, the difficulties of obtaining the structural designs of
older school buildings were a surprise, which highlights the type of problems that structural designers
might face in daily practice. If this type of problem was experienced with public buildings, it is most
likely also to happen with old ordinary RC buildings. Because no destructive tests were allowed,
it was only possible to identify the amount of reinforcing existing in the RC columns, and the adopted
concrete resistance was based on the results of in situ tests [21]. For the RC beams, a simulated design
procedure was adopted, using the RSAEEP response spectra that are presented in Figure 13, in order
to quantify a possible configuration of steel reinforcements, which is obviously a very simplified
procedure, yet it was the only possible option that was allowed, whatsoever. Despite this necessary
simplification, probably the uncertainty related to the reinforcement details of the beam elements
will not have much influence in the accuracy of the results, because the obtained damage was mostly
concentrated in the columns.

The studied “P3” school buildings were designed in according to the old Portuguese seismic
codes [22,23]. A modal response spectrum analysis showed that the amount of reinforcement existing
in the RC columns is enough to verify the seismic safety level that is established in those old codes.
However, the nonlinear structural analyses that were carried out showed a disturbing situation, dealing
with the shear capacity of the RC columns, because the old seismic codes could lead to low amounts
of shear reinforcement in the RC columns (diameters of 6 mm, equally spaced with an interval of
about 0.20 m, were identified in the studied “P3” school [21]). Old Portuguese design codes allowed
substantial distances between shear reinforcements in RC columns, which was usually a function of
the diameter of the longitudinal rebars. This leads to low seismic shear resistance, in according to the
EC8-3, as depicted in Figure 10 for modules 1 and 2. In this context, the NC limit state associated to
the shear resistance can be even more limitative than the DL limit state, because no flexure cracks
were formed before the seismic shear resistance was overpassed. This problem might be aggravated
due to the existence of openings in the masonry infill walls, creating what it is usually called as short
columns, which probably will increase the risk of occurring brittle failures due to shear, as it was
possible to observe in school buildings placed in several countries that were affected by the occurrence
of earthquakes [5,7,9]. Moreover, rupture modes that are usually presented in infill masonry walls,
namely when subjected to high acceleration levels, might also influence the overall nonlinear structural
response. Hence, further studies are still needed to better figure out the importance of this issue for the
seismic safety of existing RC buildings, namely to better understand if the observed low safety level of
“P3” schools are due to the increase of the seismic action that is established in the National Annex [29]
of the EC8-1, when compared with older seismic codes (Figure 13), if it is mostly related to the seismic
shear resistance that is established in the EC8-3, or if it is the result of the combination of these two
factors, simultaneously.

Observing the values of the displacements presented in Figure 17, it is also important to highlight
that pounding between structural modules might occur for high levels of seismic action, which probably
will increase the vulnerability of this type of school buildings.

6. Conclusions

The assessment of the seismic vulnerability of many school buildings existing in the Algarve
(Portugal) region, was carried out in the context of the PERSISTAH project. One of the studied school
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typologies was the so called “P3” typology. It was possible to identify many buildings belonging to
this typology that are still functioning as primary schools in the Algarve region, which are composed
by several reinforced concrete structural independent modules that are combined with each other in
different ways, depending on the dimension of each school.

The NP EN 1998-1:2010, which is the seismic code that is now mandatory in Portugal, has increased
the seismic action for the design of school buildings. Because of this fact, it is important to know what
can be expected about the level of seismic safety of the existing old school buildings, namely for civil
protection purposes.

The results of the seismic assessment of several modules of a “P3” school show that they do not
comply with the safety level that is currently established in the Portuguese National Annex of the
EC8-3, mostly due to low shear resistance of the RC columns. The NC limit state is very difficult to
comply for these old school buildings. Modules 1/2 are the ones where this problem is more evident.

Results also show that the use of the concept of performance curves is a valid strategy to rank the
seismic safety level of different buildings, when using nonlinear structural static analysis procedures.
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