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Abstract

Santa Pudia calcarenite was one of the most commonly used building materials in the construction of historical buildings in
the city of Granada (Spain). As a result, Santa Pudia calcarenite has been mainly studied from a petrographical point of view
in previous works. In this work, the mechanical properties of Santa Pudia calcarenite are studied. The main mechanical prop-
erties (compressive strength, elastic modulus and Poisson’s ratio) were determined using the corresponding tests. Samples
of Santa Pudia calcarenite were heated at 550 °C to study the effect of high temperatures on its compressive strength. Two
different cooling methods were considered: air-cooling and water-cooling. Stress—strain curves of heated and non-heated
samples were obtained from uniaxial compression tests. Creep is of great importance in the long-term structural assessment
of historical buildings. To study the creep behaviour of Santa Pudia calcarenite, samples were subjected to uniaxial com-
pressive tests at constant stress until the stabilization of the recorded strains was reached. Different rheological models were
adjusted to the experimental results to simulate the long-term behaviour of the material studied. The instantaneous response
to additional loadings on the samples (maintaining the long-term loading and deformation) were also studied. Results show
that a Santa Pudia calcarenite specimen subjected to dead loads will suffer a higher instantaneous deformation against a
sudden load than a non-preloaded specimen. This degradation effect can be particularly important in the case of a seismic
evaluation of historical buildings.

Highlights

e The mechanical properties of Santa Pudia Calcarenite e Creep is of great importance in the long-term structural
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construction of emblematic historical buildings in the city
of Granada (Spain), such as the Cathedral, the Royal Hos-
pital, the Palace of Carlos V, the Royal Chapel and the San
Jer6nimo Monastery (see Fig. 1).

Due to the importance of SPC in the cultural heritage
of Granada, several works have been carried out related to
this calcarenite stone. In Rodriguez-Navarro and Sebastian
(1996), the influence of vehicle exhaust gases on the degra-
dation of SPC was studied. A detailed work about the pet-
rographic and physical characteristics of SPC was carried
out in Molina (2015). On the other hand, the durability of
SPC and the effectiveness of treatments for its enhancement
have also been extensively studied in the related literature
(Cultrone et al. 2007; Luque et al. 2008; Molina et al. 2011,
2013; Vazquez et al. 2013). In addition, a degradation model
of SPC is proposed in (Jalon et al. 2020). In (Rodriguez-
Navarro 1994), the alteration of different heritage building
materials was studied, including the study of some mechani-
cal properties of SPC such as its compressive, tensile, and
flexural strength. Based on experimental data, Rodriguez-
Navarro (Rodriguez-Navarro 1994) concluded that the com-
pressive strength of SPC was approximately 10 times greater
than Brazilian tensile strength.

As can be seen, much attention has been paid to the dura-
bility and petrographical properties of SPC, but compara-
tively less to its mechanical properties.

In this work, SPC is studied from a mechanical point of
view to fill this gap.

The exposure of rocks to high temperatures (mainly due
to a fire) can produce physical and chemical changes in
their internal structure (Sirdesai et al. 2017; Jin et al. 2020).
High temperature induces intergranular and intragranular
micro-cracks in rocks. The main controlling parameters for
the physical properties of rocks are the geometry and den-
sity of cracks and pores (Yavuz et al. 2010). Consequently,
porosity, bulk density and the velocity of the propagation of
ultrasonic waves are affected (Yavuz et al. 2010; Hong et al.

Fig.1 San Jerénimo Monastery in Granada (Spain)
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2012). From an engineering point of view, a key parameter
for the use of stone as a building material is its uniaxial
compressive strength. Different types of sandstones exposed
to high temperatures were studied in Wu et al. (2005), where
a slight decrease in compressive strength was observed in
temperatures of up to 400 °C. However, an abrupt decline
was observed between 400 and 600 °C (around 60% of the
compressive strength of the non-heated samples). In Zhang
et al. (2009), a downward trend in the compressive strength
of sandstone was observed from 200 to 600 °C. The influ-
ence of temperature on the compressive strength of San
Julian calcarenite (originally from Alicante, Spain) was
studied in Broténs et al. (2013b). Samples were heated at
different temperatures ranging from 105 to 600 °C (Estevan
et al. 2021). In addition, two different cooling methods were
used: air-cooling and water-cooling. The results showed a
decreasing trend in compressive strength with the increase
in temperature (Brotdns et al. 2013b). Nevertheless, there are
some works that have detected an initial hardening at tem-
peratures between 200 and 400 °C (Rao et al. 2007; Ranjith
et al. 2012). In Hong et al. (2012) a compilation of physi-
cal changes produced by temperature on sandstones from
other scientific works is presented. Hong et al. conclude that
the variations of the physical properties of sandstones can
be too small to be ignored after thermal treatment in the
order of 100-200 °C, but it normally becomes significant
above treatment in the order of 400 or 500 °C. The influ-
ence of the pore structure on gas diffusion and permeability
(Benavente and Pla 2018) and the relation between the static
and dynamic elastic modulus (Brotons et al. 2016) in differ-
ent building stones have also been studied. The rheology and
time-dependent behavior are basic mechanical properties of
rock materials (Sorace 1998; Li and Xia 2000) and masonry
(Binda et al. 1991; Shrive et al. 1997). Creep behavior refers
to the continued deformation under constant stress. It is nec-
essary to take creep behavior into account when determining
the long-term response of historical buildings, tunnels, dam
abutments and in every case in which rocks support per-
manent loads. The creep phenomenon has been studied by
several authors. In Weng et al. (2010), an elastic-viscoplastic
creep model was proposed for weak rocks (specially ori-
ented towards tunnel construction). The creep behavior of
a particular type of calcarenite was studied in Broténs et al.
(2013a) using uniaxial compressive tests with a duration of
96 h. In Ding et al. (2017), the creep behavior of tight sand-
stone under different axial stresses was carried out. Finally,
in Yang and Hu (2018) creep experiments were performed
on red sandstones after different thermal treatments.

The deterioration of cultural heritage sites is one of the
biggest challenges in conservation; aspects such as build-
ing technologies/materials and their structural response
must be considered. The assessment of both the deteriora-
tion of mechanical properties due to extreme events and the
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long-term response of heritage building materials is of great
importance.

In this work, the mechanical properties of Santa Pudia
calcarenite are studied. Basic mechanical properties such as
uniaxial compressive strength, elastic modulus and Poisson’s
ratio were obtained from the corresponding tests (EN14580
2006; EN1926 2006). Some SPC samples were exposed to
a high temperature (550 °C, in accordance with Hong et al.
2012) to determine its effect on the compressive strength and
on the stress—strain curve of the material. Two different cool-
ing methods were considered: air-cooling and water-cooling.
The creep behavior of SPC was determined from prismatic
samples subjected to a constant stress for around 15 days
(the time at which the strains caused by the maintained load
were stabilized). Once the creep had happened, all the speci-
mens were subjected to an additional load to estimate the
instantaneous elastic response of the SPC. This was done
to obtain the current modulus of elasticity, applicable, for
example, to a structure subjected to ground movements,
when it is already deformed by permanent loads. Several
rheological models were adjusted to the experimental results
of SPC.

2 Materials and Methods
2.1 Materials Used

Santa Pudia calcarenite is a type of limestone that has been
quarried for at least five centuries in Granada (Spain). All
the samples of SPC tested in this work were taken from
a quarry in Esctzar (a small village approximately 25 km
southwest of the city of Granada). In Molina et al. (2011,
2013), Molina (2015), extensive work was carried out on
the petrographical and physical characteristics of SPC

Fig.2 a Uniaxial compression
and b elastic modulus test setup
of SPC

obtained from the same quarry from which the samples
used in this work were taken. SPC is a Tortonian bioclas-
tic calcarenite composed of calcitic bioclasts and a small
amount of siliceous fragments (Molina 2015). It is mainly
composed of calcite (>95%) and quartz (5%), with traces
of dolomite, muscovite and goethite (Molina 2015). SPC
presents an open porosity value of 32.8 +2.3% (Molina
et al. 2013) and an apparent density of 1730 kg/m* (Molina
et al. 2011). For more information about the petrographi-
cal and physical characteristics of SPC, the reader should
consult (Molina et al. 2011, 2013; Molina 2015).

2.2 Uniaxial Compressive Strength

Ten cubic samples with sides of 50 mm were tested
under uniaxial compression to obtain the compressive
strength of SPC according to the European Standard EN
1926 (EN1926 2006). To meet the requirements on sur-
face preparation, the specimens were finished on a sur-
face grinder (especially the faces to which the load was
applied). This surface preparation was also carried out for
the rest of the specimens tested in the experimental cam-
paign. Before the tests, all the specimens were dried at 70°
until no mass change occurred. Then, the specimens were
tested using a hydraulic actuator with a capacity of 1000
kN (see Fig. 2a). During the tests, the load was increased
monotonically in load control with a rate of 0.5 MPa/s
according to (EN1926 2006). Two LVDT linear transduc-
ers with a range of 10 mm were used to measure the axial
deformation. The stress—strain (6—¢) curve of each SPC
cubic specimen was obtained from the uniaxial compres-
sion test. Special care was taken to collect a high number
of readings from the post-peak part of the curve.

(b)
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2.3 Elastic Modulus

The elastic modulus and the Poisson’s ratio of SPC was
obtained from six prismatic specimens with dimensions of
120 % 120 X 240 mm according to the European Standard
EN 14580 (EN14580 2006). The specimens were heated
until a temperature of 70° was reached and temperature
was kept until no mass change (EN1926 2006). Then, two
strain gauges (one longitudinal and one transversal) were
attached to each specimen (see Fig. 2b). During the tests,
the load was increased monotonically in load control at a
rate of 0.5 MPa/s. According to (EN14580 2006), before
carrying out the elastic modulus test and to define its load
pattern, the compressive strength had to be determined in
accordance with (EN1926 2006).

2.4 CreepTests

To study the rheological behavior of SPC when submitted
to a stress level close to that found in real service condi-
tions, a constant compressive load of around 9000 N was
applied for a certain time to nine prismatic specimens with
dimensions of 120X 120 x 450 mm. The above compres-
sive load corresponds to a stress of around 20% of the
average unconfined compressive strength of SPC. The load
was introduced with a lever using a beam to transfer the
load to each sample (see Fig. 3). This mechanism allowed
the application of a constant load until a stabilization
of deformation was observed (which happens at around
15 days). Both LVDT linear transducers with a range of
10 mm and dial gauges (0.01 mm reading) were used to
record the deformation of the samples. A load cell placed
on the top of each specimen was used to measure the load
applied.

Fig.3 Configuration of the creep tests
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2.5 Heating Process

To study the influence of temperature on the stress—strain
curve and on the compressive strength of SPC, ten cubic
samples with sides of 50 mm, which had been previously
subjected to a high temperature, were tested under uniaxial
compression. The heating process was as follows: SPC sam-
ples were introduced into an oven until the target tempera-
ture (550 °C) was reached. Later, the SPC specimens were
cooled in two different ways to study the influence of the
different cooling methods: water-cooling and air-cooling
(five specimens for each case). Water-cooled specimens
(SPC-W) were cooled by water immersion for 5 min and
then they were air cooled at laboratory temperature for two
days. However, the air-cooled specimens (SPC-A) were air
cooled at laboratory temperature for two days. Finally, all
the SPC specimens were heated until they reached a tem-
perature of 70° before testing, to eliminate water content
(EN1926 2006). Ten SPC non-heated samples (SPC-0) were
also tested for reference.

2.6 Instantaneous Response to Additional Loadings
After Creep Tests

To predict the response of the SPC material under a sudden
load, such as an earthquake or an impact in service condi-
tions (i.e., concomitant with a maintained load such as dead
loads), an instantaneous additional compressive load was
applied to the specimens after creep took place, while main-
taining the original load.

To analyze the influence of the level of stress in the elastic
response of SPC, loads ranging between 10% and 25% of
the value of the average compressive strength were applied
to the specimens until stabilization of deformation (see
Fig. 3). Once the deformations stopped increasing, the addi-
tional instantaneous increment of the stress applied ranged
between 1% and 3% of the compressive strength of SPC (i.e.,
between 0.05 and 0.15 MPa).

The values of stress and strain associated with these addi-
tional loads were recorded, and the ratio between the meas-
ured stress increment and its corresponding strain increment
were considered as the post-creep elastic modulus of the
SPC (named E'gp().

3 Results and Discussion

3.1 The Influence of Temperature on Compressive
Strength and on Stress-Strain Curves

The results of the uniaxial compressive strength tests of SPC-0,
SPC-A and SPC-W are shown in Table 1. Compressive strength
was computed as the average of the maximum compressive stress
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Table 1 Compressive strength of SPC-0, SPC-A and SPC-W speci-
mens (values in MPa)

SPC-0 SCP-A SPC-W

4.82+1.58 3.09+0.93 2.61+£0.46

registered during the tests. The uniaxial compressive strength of
SPC decreases with high temperatures for both the air-cooled and
water-cooled procedures. Table 1 shows a decrease of 35.9% in
SPC-A and of 45.8% in SPC-W when compared with SPC-0. As
can be seen in Table 1, the fast cooling of SPC-W samples has
the greatest impact on compressive strength. This is because the
sudden water-cooling generates micro-cracks that connect pores
(Broténs et al. 2013b), having a negative effect on the compres-
sive strength of the specimen. On the other hand, the slow cool-
ing (SPC-A) leads to an expansion of the pores produced during
the heating process (Brotons et al. 2013b), which is reflected in
a smaller decrease in compressive strength. The lower expected
value of compressive strength according to the European Stand-
ard EN 1926 (EN1926 2006) was 3.55 MPa for SPC-0, 2.38 for
SPC-A and 2.32 for SPC-W, respectively. These results are in
line with the ones presented in (Brotdns et al. 2013b), where a
decrease of 35% and 50% in air-cooled and water-cooled samples
heated at 550 °C, respectively, was observed.

Figure 4 shows the average stress—strain (o—¢) curves of
SPC-0, SPC-A and SPC-W (including standard deviation).
The strain corresponding to each stress level was computed
using the piston stroke and LVDT readings and the stress was
computed as the axial load introduced by the hydraulic actua-
tor divided by the cross-sectional area of the samples (initial).

As can be seen in Fig. 4, the o—¢ curves show a simi-
lar ultimate strain. However, the value of the strain at peak
stress is lower in the case of SPC-0 in comparison with
both SPC-A and SPC-W. The descending branch of the o—¢
curves was also affected by temperature. Both SPC-A and
SPC-W curves showed a descending branch with a slope that
was smaller than SPC-0, resulting in better ductility. These
results are in line with the ones presented in (Sygata et al.
2013), where brittle fractures turn into a ductile sandstone
destruction model when the temperature increases.

3.2 Static Elastic Modulus and Poisson’s Ratio

The average value of the static elastic modulus of SPC
obtained from the mechanical procedure described in
(EN14580 2006) was 11595.19+1974.19 MPa. On the
other hand, the Poisson’s ratio estimated from the recorded
strains was 0.32 +0.12. Both results are in line with the
results reported in (Molina et al. 2011, 2013; Molina 2015).

3.3 Creep

Figure 5 shows the average creep strain, as function of time,
for the tested samples when subjected to a maintained com-
pressive load such that it causes a compressive stress of
around 20% of the average compressive strength of SPC in
the specimens. The time-dependent strain was obtained by
subtracting the instantaneous elastic strain from the total
axial strain. Besides the average curve, Fig. 5 also shows the
standard deviation corresponding to the statistical analysis of
the nine specimens tested. At a certain moment of the tests
(at approximately 280 h) the difference between the readings
of the nine tests was reduced, and consequently, the standard
deviation was also reduced.

In this piece of work, different rheological models are
considered to estimate the long-term creep behavior of SPC.

3.3.1 CEB-FIP Model Code 2010 Creep Model

The creep model proposed by the CEB-FIP Model Code
2010 (MC2010 (FIB 2012)) was originally conceived for
concrete. However, in this work, it is used for SPC. The
strain due to creep is as follows (FIB 2012):

11
Mq)(z‘, fo) (1)

ci

ee(tity) =

In Eq. (1) t is the time, f, the time when the load was
applied, o, the compressive stress, E; the elastic modulus
at 28 days and ¢ the creep coefficient. The expression of the
creep coefficient proposed by MC2010 (FIB 2012) can be
summarized with the expression shown in Eq. (2).
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In Eq. (2), RH is the relative humidity of the ambi-
ent environment in %, & is the notional size of the mem-
ber in mm (h=2A_/u, where A, is the cross-section in
mm? and u is the perimeter of the section in contact
with the atmosphere in mm), f,,, is the mean compres-
sive strength at 28 days in MPa. In Eq. (2), ¢ and #;, must
be expressed in days. As the creep model proposed by
MC2010 (FIB 2012) was used for concrete, a very old
type of concrete has been considered to simulate SPC.

X
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Fig.4 Average stress—strain curves of all the SPC samples tested (black curves). Dashed black curves correspond to the standard deviation of

compressive stress. a SPC-0; b SPC-W; ¢ SPC-A

Therefore, the mechanical properties do not vary over
time. A value of #,=10000 days is considered, as it was
done in Broténs et al. (2013a). The values of compres-
sive strength (f,,,) and elastic modulus (E,;) at 28 days
were the ones obtained from the mechanical tests (4.82
and 11595.19 MPa, respectively) and RH=70%. Figure 5
shows the average creep experimental curve together with
the creep model proposed by MC2010 (FIB 2012) adapted
for SPC. It can be seen that the MC2010 creep model pro-
vides a good approximation of the experimental creep

@ Springer

curves. Consequently, the MC2010 creep model initially
conceived for concrete seems to be applicable to sand-
stone. However, it is necessary to confirm this for different
stress conditions.

3.3.2 Other Rheological Models
There are some widely used models for creep, such as

the Burgers model (A.E.N.D.C. 1935), the Kelvin model
(Flugge 1967) and the fractional Maxwell model (Blair
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Fig.5 Average experimental

creep curve (continuous black 1.4E-04
curve, dashed black curves cor-
respond to the standard devia- 1.2E-04 -
tion) and creep curve proposed
by MC2010 (gray line)
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1947). The minimal rheological model suitable for physi-
cal processes is the Maxwell model (Maxwell 1867). The
Maxwell model is graphically composed of a Hooke spring
and a Newton dashpot (representing the damping). Con-
sequently, this model describes the deformation behavior
with only a single characteristic time scale consisting of
a constant strain rate and an exponential type of stress
relaxation (Ding et al. 2017). The Maxwell model can be
modified by adding more Hooke springs and/or Newton
dashpots to simulate more complex physical interactions.
Examples of these modifications are the rheological mod-
els represented in Fig. 6. As it can be seen in Fig. 6a,
the Burgers model consists of two Hooke springs and two
Newton dashpots, the Kelvin model is constructed with
two Hooke springs and one Newton dashpot (see Fig. 6b).
The fractional Maxwell model consists of one Hooke
spring and one Scott Blair dashpot (Blair 1947) (see
Fig. 6¢), which is qualitatively different from the Maxwell

Fig.6 Burgers (a), Kelvin (b)
and fractional Maxwell (¢)
rheological models

Ey

(b)

Time (hours)

model. The fractional Maxwell model is a good candidate
for describing complex creep dynamics (Ding et al. 2017)
and it is suitable for describing the behavior of a system
with an infinite number of relaxation modes (Ding et al.
2017). The total strain of the rheological models shown in
Fig. 6a—c are indicated in Egs. (3), (4) and (5) respectively.

0 1 0
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In Eq. (5), I' is the Gamma function. For a given stress
0y, the corresponding total strain € can be expressed as the
sum of the elastic strain &, (which is time independent) and
the time-dependent strain &,. In all the models shown in
Fig. 6, the elastic strain is e, = 6/E|,, as a result of Hooke’s
law. In the experimental data shown in Fig. 5, the elastic
strain has been removed (i.e., only the time-dependent
strain is considered) this is why the Hooke spring with E,
that appears in all the rheological models shown in Fig. 6
has not been considered when fitting the experimental data
to these models. The parameters of the rheological models
and the goodness of fit R? corresponding to the average
experimental creep curve shown in Fig. 5 can be seen in
Table 2.

Despite a high value of R? being obtained for all the
models considered, it is obvious that in Fig. 7 the frac-
tional Maxwell model is the one which best agrees with
the experimental data over the full range of time in com-
parison with the Burgers and Kelvin models (as in Ding
et al. 2017). The results in Fig. 7 show that the Burgers
model provides a better fit to the experimental results than

Table 2 Fitting of creep results with the studied rheological models

the Kelvin model. This is because the Burgers model is a
more complex rheological model than the Kelvin one (see
Fig. 6), which is the simplest viscoelastic model, and so it
may have some limitations when describing creep.

3.4 Immediate Response of SPC Specimens After
Creep

The results of the instantaneous response of SPC specimens
after creep in terms of the ratio between stress and strain
increments corresponding to the additional load applied,
E'scp (i.e. E'scp=Ac/Ag), are represented in Fig. 8. Hori-
zontal axis of Fig. 8 represents the maintained load to which
the specimen was being subjected the specimen when the
instantaneous load was applied. Trend line in Fig. 8 shows
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Fig. 8 Instantaneous response of SPC after creep versus the main-
tained load
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Model Parameters R?
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Table 3 Elastic modulus Eg-p (EN14580 2006), post-creep elastic
modulus E'scp and effective elastic modulus Egep o of Santa Pudia
calcarenite

Egpc E'spc Egpe off

11,595.19+1974.19 4399.36+1028.34 3451.72+587.69

that the instantaneous response seems to be more stiffen for
higher sustained loads.

The average value of E'gcp (= Ac/Aeg) correspond-
ing to a maintained compressive stress of around 20% of
the compressive strength of SPC and Ac=0.05 MPa was
4399.4 +1028.3 MPa. In Table 3, the initial elastic modulus
of these SPC specimens has also been collected to allow
comparison (squares in Fig. 8).

In practice, in concrete structures and for service-stress
levels, the response of the structure considering time-
dependent effects is approximated as a linear elastic prob-
lem taking into account the age adjusted effective modulus
defined in Eq. (6). Using the same line of reasoning, in the
case of SPC, the experimental creep coefficient is 2.36 at the
end of the tests. This creep coefficient has been computed
using Eq. (1) with the average value of the experimental
creep strain at the end of the tests (see Fig. 5), the elastic
modulus Ep. (see Table 3), and the average compressive
stress applied during the tests. Therefore, the effective mod-
ulus of elasticity of SPC (Egpc o) is 3451.72 MPa.

E SPC

T+o (6)

Egpcerr =
Egpc e 1s also collected in Table 3.

So, among the mechanical properties of the calcarenite,
a stiffness degradation effect has been found. The stiffness
degrading coefficient in concrete structures is dependent on
the maximum displacement (Aschheim et al. 2019). This
particular experiment shows that this stiffness degradation
should also depend on the loading time. For a seismic analy-
sis of a construction with heritage value, the real loading
conditions should be reproduced using tests to evaluate the
current elastic modulus.

Table 3 and Fig. 8 show that, for a given applied compres-
sive load, calcarenite stone subjected to dead loads will suf-
fer a greater instantaneous deformation than a non-preloaded
specimen.

4 Conclusions

In this work, the mechanical properties and the creep behav-
ior of Santa Pudia calcarenite are studied. Based on the
results obtained in this research, the following conclusions
can be drawn:

1. The uniaxial compressive strength of SPC
(4.82 +1.58 MPa) showed a decrease with high tem-
peratures for both air-cooled (3.09 +0.93 MPa) and
water-cooled (2.61 +0.46 MPa) procedures (of 35.9%
and 45.8%, respectively, in comparison with SPC-0).

2. The stress—strain (o—¢) curves of Santa Pudia calcarenite
at ambient temperature (SPC-0), and cooled using two
different procedures (air-cooled (SPC-A) and water-
cooled (SPC-W)) after heating at 550 °C showed a simi-
lar ultimate strain. In addition, SPC-A and SPC-W c—¢
curves showed a descending part with a slope smaller
than SPC-0, resulting in better ductility.

3. The static elastic modulus and Poisson’s ratio of SPC are
11595.19+1974.19 MPa, and 0.32 +0.12, respectively.

4. The creep model proposed by the CEB-FIP Model Code
2010 has been applied to SPC. SPC has been considered
to be similar to very old concrete. The MC2010 creep
model provided a good approximation of the experimen-
tal creep curve.

5. Well-known rheological models, such as the Burgers,
Kelvin and fractional Maxwell models, have been fitted
to the experimental results. Fitted parameters are pro-
vided for each model to be applied in the modelling SPC
creep behavior. The fractional Maxwell model showed
the best fit to the experimental results over the full range
of time.

6. The deterioration of the mechanical properties due to
extreme events and the long-term response of heritage
building materials such as SPC is of great importance in
the structural assessment of historical buildings. In this
work an instantaneous additional compressive load was
introduced at the end of the creep tests (while maintain-
ing the original load). The elastic modulus after creep
tests was calculated as the ratio between increments of
stress and strains: E'qp-=4399.36 +1028.34 MPa. A
stiffness degradation effect can be observed if the val-
ues of Egpc and E'gpc are compared. Consequently, SPC
specimens subjected to maintained loads suffer a bigger
instantaneous deformation than non-preloaded speci-
mens. Seismic analysis needs to account for this effect.
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