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Abstract: High temperature effect on cement-based composites, such as concrete or mortars,
represents one of the most important damaging process that may drastically affect the mechanical
and durability characteristics of structures. In this paper, the results of an experimental campaign on
cement mortars submitted to high temperatures are reported and discussed. Particularly, two mixtures
(i.e., Normal (MNS) and High Strength Mortar (MHS)) having different water-to-binder ratios were
designed and evaluated in order to investigate the incidence of both the mortar composition and the
effects of thermal treatments on their physical and mechanical properties. Mortar specimens were
thermally treated in an electrical furnace, being submitted to the action of temperatures ranging from
100 to 600 ◦C. After that and for each mortar quality and considered temperature, including the room
temperature case of 20 ◦C, water absorption was measured by following a capillary water absorption
test. Furthermore, uniaxial compression, splitting tensile and three-points bending tests were
performed under residual conditions. A comparative analysis of the progressive damage caused by
temperature on physical and mechanical properties of the considered mortars types is presented. On
one hand, increasing temperatures produced increasing water absorption coefficients, evidencing the
effect of thermal damages which may cause an increase in the mortars accessible porosity. However,
under these circumstances, the internal porosity structure of lower w/b ratio mixtures results much
more thermally-damaged than those of MNS. On the other hand, strengths suffered a progressive
degradation due to temperature rises. While at low to medium temperatures, strength loss resulted
similar for both mortar types, at higher temperature, MNS presented a relatively greater strength loss
than that of MHS. The action of temperature also caused in all cases a decrease of Young’s Modulus
and an increase in the strain corresponding to peak load. However, MHS showed a much more brittle
behavior in comparison with that of MNS, for all temperature cases. Finally, the obtained results
demonstrated that mortar quality cannot be neglected when the action of temperature is considered,
being the final material performance dependent on the physical properties which, in turn, mainly
depend on the mixture proportioning.
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1. Introduction

Thermal damage in cementitious composites represents a topic of key interest for controlling
strength, durability and serviceability conditions of concrete structural components [1]. The most
relevant thermo-physical and mechanical properties of cement-based composites (i.e., cohesion, friction,
stiffness, strength, cracked configurations and durability parameters) suffer severe degradation
as a result of long-term exposure to high temperatures [2,3]. Many factors influence the
thermo-hygro-chemo-mechanical response of cement-based composites, which can be grouped in two
main categories [4]: (i) the material or composite factors and (ii) the environmental (conditioning)
factors. The first one deals with the dehydration processes in the hardened cement paste due to high
temperatures [5] and with the characteristic meso-structure of the composites under investigation,
such as presence of inclusions (aggregates), aggregate-matrix bonds, air bubbles/voids, fibers, etc.,
which leads to incompatibility of strains among components under a thermal process [6]. The second
one deals with environmental and/or conditioning factors such as rate, duration, i.e., thermal history,
exposure and distribution of the heating/cooling process together with the considered loading
conditions which also influence the thermal effects and induced damages [7].

Many researches have already been performed with focus on the thermo-hygro-mechanical
properties of cementitious composite materials affected by high temperature at several scales of
applications. Recent works investigated the effect of using by-products for modifying the residual
strength after high temperature exposure [8–10]. Some works also highlight how the addition of
(nano- [11], micro- [12] and macro- [13,14]) fibers can improve the residual strength of components
and structures after high temperatures exposures.

In the literature, numerical procedures are also available for describing the physico-mechanical
processes resulting from the exposure to high temperatures in cement-based composites like different
types of concretes and mortars. The most classical examples in this field are those based on a further
development of the well-known smeared crack procedure to deal with the thermo-mechanical behavior
of concrete [15–17]. Advanced models dealing with meso-scale descriptions [18–20], multi-physics [21]
and multiscale approaches [22] are also available in this matter. It should be mentioned that, so far,
only a few of the mentioned models are capable to accurately describe the complex response of
cementitious materials under high temperatures. In this sense, it is imperative the need for an
extensive experimental database that covers not only the thermo-hygro behavior of cement-based
compounds but also their mechanical response when subjected to a complete spectrum of stress states
including the effect of high temperatures and documenting the strain response including pre and post
peak behavior.

Regarding mortars, it is well known that their mechanical response is highly dependent on the
applied confinement level and this is a crucial factor to be included into constitutive relationships [23]
even more they are under high temperatures, particularly over 300 ◦C. The most recent works are
related, on one hand, to the study of mechanical response of mortars under different confinement
levels at ambient temperature [24,25] and, on the other hand, to residual peak strengths at different
levels of high temperatures but they rarely present the complete stress-strain curves including lateral
and/or volumetric strains [4,26–31].

The main objective of this work is to contribute with additional experimental data involving
the incidence of temperature on cement mortars having different qualities. Therefore, the results
of an experimental campaign aimed at investigating the damage caused by the action of elevated
temperatures on the physical and mechanical properties of normal and high strength mortars are
presented. Physical tests include the measurement of specific weight losses and water absorption
coefficients. Mechanical tests include uniaxial compression, splitting tensile and three-points bending
tests. The influence of various temperature levels (100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C and 600 ◦C),
applied through a thermal treatment in an electrical furnace, is considered. Laboratory measurements
are carried out in residual state. In particular, the uniaxial compression test results include the
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measurement of lateral strains together with the axial ones, which are fundamental data to be
considered in the development of constitutive models.

The paper is structured as follows. Section 2 reports Materials and Methods of the experimental
program and outlines the key physical characteristics of the investigated mortars. Section 3 provides
the specific weights and weight losses after thermal treatments in both considered mortars. Section 4
outlines the results and main conclusions of the water absorption tests. Then, in Section 5, the results
of the mechanical tests for both normal and high strength mortars are presented and discussed.
Finally, concluding remarks and future developments of this research are addressed in Section 6.

2. Materials and Methods

In this section, the employed materials, methods and experimental program details are presented.
Two mortar mixtures were designed and evaluated in order to investigate the incidence of both the
mortar composition and the effects of thermal treatments on physical and mechanical properties.
Different water to binder (w/b) ratios were considered for achieving a normal strength mortar and a
high strength one, respectively. The mixes were designed based on the corresponding compositions of
two concretes with target compressive strengths of 30 MPa and 80 MPa, respectively, developed in
previous experimental campaigns [14,32]. The resulting material contents were adapted for obtaining
1 m3 of mortar, without the coarse aggregates and maintaining the same w/b ratio. The following
nomenclature will be used along the document for identifying the two mortar types

- MNS: normal strength mortar
- MHS: high strength mortar

2.1. Materials and Mix Design

The details of the mix proportioning of the two considered mortars are summarized in Table 1.
It can be observed that the water to binder ratio for MNS was w/b = 0.49, while for MHS it was
w/b = 0.35.

Table 1. Mix proportioning of the two mortar systems.

MNS MHS
[kg/m3] [kg/m3]

Water 287.8 301.0
Cement 589.5 (CPN40) 602.0 (CPN50)
Blast furnace slag - 258.0
River sand 971.0 393.1
Crushed sand 416.1 709.8
Super-plasticizer - 4.3
w/b 0.49 0.35

Two commercial locally available cements, namely CPN40 and CPN50 according to IRAM
norms [33,34] were used for casting the normal (MNS) and the high strength (MHS) mortars,
respectively. In particular, CPN50 is a high early-strength Portland cement, analogous to ASTM Type
III. Table 2 shows the main properties of the cements used in the experimental campaign. MNS was
elaborated by employing only CPN40 cement type, while the MHS binder contained CPN50 and also,
blast furnace slag with a specific surface area of 440 m2/kg.

Table 2. Properties of CPN40 and CPN50 cements employed in the experimental activities.

Cement Type Strength after 2 d Strength after 28 d Density
[MPa] [MPa] [kg/m3]

Portland CPN40 >10 ≥10 ≤60 3150
Portland CPN50 >20 ≥20 - 3150
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A suitable workability for the mixture MHS, having a w/b ratio of 0.35, was achieved by the
addition of 4.3 kg/m3 of Sika Viscocrete 3085, a high range water reducing and superplasticizing
chemical admixture, made of polycarboxylate polymer.

A combination of siliceous river and granitic crushed sands was used as fine aggregates,
with fineness modulus (FM) of 1.97 and 3.45, respectively. Their water absorption properties and
densities are highlighted in Table 3.

Table 3. Water absorption and density of sands.

Sand Type Absorption Density
[%] [kg/m3]

River sand 0.50 2630
Crushed sand 0.80 2670

Concrete specimens were cast in steel molds. After 24 h, they were removed from the molds
and cured in moisture curing room under 100% relative humidity and 20 ◦C during 28 days.
Afterwards, specimens were kept under the humidity and temperature conditions of the lab at least
seven days till they were submitted to the thermal treatment.

2.2. Experimental Campaign

The experimental program was designed for evaluating certain physical and mechanical
properties of the considered mortars. Concerning physical properties; specific weight (W) and capillary
water absorption (CA) were measured. On the other hand, for the mechanical characterization;
uniaxial compression (UC), splitting tensile (ST) and three-points bending (TPB) tests were performed.
Table 4 reports an overview of the full experimental program considered for both MNS and MHS
mortars. Specimens were tested at an age between 35 and 42 days. In the table, the number of samples
tested per each mortar type and per each test type and considered temperature is shown.

Table 4. Overview of the experimental program. The number in the table indicates the number of
repetitions per test-type (for either MNS or MHS, except in the case of CA).

Temperature W CA UC ST TPB

[◦C]
50× 100 [mm] 50× 100 [mm] 50× 100 [mm] 50× 100 [mm] 40× 40× 160 [mm]

(cyl) (cyl) (cyl) (cyl) (beam)

20 4 1(MNS) 3(MHS) 4 3 4
100 4 1(MNS) 2(MHS) 4 3 4
200 4 1(MNS) 1(MHS) 4 3 4
300 4 2(MNS) 1(MHS) 4 3 4
400 4 1(MNS) 1(MHS) 4 3 4
500 4 1(MNS) 2(MHS) 4 3 4
600 4 1(MNS) 1(MHS) 4 3 4

2.2.1. Thermal Treatments

Thermal treatments consisting on a heating process followed by a controlled cooling phase were
performed. Seven levels of temperatures were considered, corresponding to 20 ◦C (room temperature),
100–200 ◦C (low-), 300–400 ◦C (mid-) and 500–600 ◦C (high-temperatures). These temperature levels
were mainly chosen to detailly analyze the temperature effects on mortars, which at lower levels of
temperatures (up to 300 ◦C) mainly consist in changes of their physical properties, while at higher
temperatures (above 300 ◦C) are related to the degradation of their mechanical properties. The limit of
600 ◦C was imposed due to the high thermal damage induced in the mortars by higher temperatures,
which turns almost impossible to evaluate any residual mechanical strength.

An electric furnace, brand Simcic S.R.L., with internal dimensions of 400 × 400 × 700 mm and a
maximum thermal capacity of 1200 ◦C was used (Figure 1). Temperature rise during heating followed
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a constant rate of 10 ◦C/min up to the desired temperature. This latter was kept constant during three
hours. Then, the furnace was turned off and the specimens were kept inside to prevent thermal shocks.
The duration of the whole cooling process was of 24 h by leaving the specimen into the switched off
furnace. The samples were weighted before being placed in the furnace and after being removed
from it.

Figure 1. Internal view of the electric furnace.

2.2.2. Capillarity Water Absorption Tests

In order to evaluate the mortars water permeability by capillary action, an absorption experiment
test was conducted. Particularly, the water absorption (that one accessible through the open porosity
and/or via the micro-to-meso cracks) was calculated using an electronic scale (Mettler Toledo
brand, having ±0.1 g error range) according to the hydrostatic procedure described in the UNE-EN
1015-10:2000 (2007) standard [35]. Specifically, 19 cylindrical specimens (50 mm × 100 mm) were
analyzed: eight samples of MNS mortars and 11 of MHS. Some of them were previously subjected to
temperatures conditioning between 20 and 600 ◦C, as shown in Table 4.

The capillary water absorption coefficients were measured according to UNE-EN 1015-18
(2003) [36]. The absorbed water under capillary action was obtained by leaving the bottom part
of cylindrical specimens (having a diameter of 50 mm) in direct contact with water (Figure 2).
The immersion depth was 5 mm. The measures were estimated by weighting the 50 × 100 cylindrical
specimens before the immersion (0 h) and after immersion at 0.5 h, 1 h, 3 h, 7 h, 24 h and 48 h. No lateral
sealant was used in these tests (as done in some other works in this matter, see [37,38]). All tests have
been performed under controlled (constant) temperature and humidity laboratory conditions.

The following relationship, as employed in other scientific works [39,40] was employed for
estimating the composites open porosity, p = (Wssd −Wd) / (Wssd −Ww) where p is the saturated
accessible (open) porosity (%), Wssd is the specimen weight in air of saturated samples, Wd is the
specimen dry weight achieved by drying the specimen during 72 h in oven at 100 ± 5 ◦C and Ww is
the specimen weight in water.

2.2.3. Mechanical Tests

After the thermal treatment, mechanical tests including uniaxial compression (UC),
splitting tensile (ST) and three-points bending tests (TPB) were performed on the thermally-damaged
samples. A 2000 KN closed-loop servo hydraulic GCTS testing machine with an axial stiffness of
3500 kN/mm and a stroke of 100 mm was used for the mechanical tests.

The Uniaxial Compression (Figure 3a) tests were performed following the ASTM C39-05 [41]
standard procedures. Axial and circumferential strains were monitored with three Linear Variable
Differential Transformers (LVDTs), all with a ±2.5 mm range. Four cylindrical specimens
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(50 mm diameter × 100 mm height) were analyzed per each mixture and temperature level. Tests were
performed under different control steps. In the first stage, for axial stress values lower than 8 MPa,
axial displacement control was applied with a rate of 0.24 mm/s. Then, circumferential strains
control was applied until the end of the test, with a rate of 0.01 mm/s. Top and bottom faces of the
cylindrical samples were polished using a GCTS grinder machine which led to the obtention of flat
and parallel surfaces.

Figure 2. Immersion in water of the specimens for measuring capillary water absorption coefficients of
mortars MNS and MHS.

(a) (b) (c)

Figure 3. Experimental setups in (a) UC, (b) ST test and (c) F tests.

Splitting tensile tests were also executed in accordance with the ASTM C496-05 [42].
Instrumentation of the specimens and test set-up can be seen in Figure 3b. One LVDT (with ±2.5 mm
range) was placed in each extreme face of the cylindrical samples for measuring the crack opening
displacements. For each mixture 3 cylindrical specimens (50 mm diameter × 100 mm height)
were tested under displacement control by adopting a rate of 0.002 mm/s. The axial load P on
the sample was thus recorded during the test, together with the crack opening displacement D,
considered as the average of the two instrumented LVDTs. Tensile stresses f

′ ST
t [MPa] were evaluated

as f
′ ST
t = 2P/(π.D.L) being D and L the specimen diameter and length, respectively.

Finally, to characterize the flexural strength of the two considered mortar types, prismatic samples
were tested under bending according to the procedures described in IRAM 1622 [43] (which provisions
are similar to EN 196-1 [44]). For each mixture, 4 beams (40 mm × 40 mm × 160 mm as shown
in Figure 3c) were prepared and tested under three-points bending scheme. The distance between
supports was 100 mm (±0.5 mm) and the vertical load was applied with a displacement rate of
0.005 mm/sec until failure (i.e., only the peak load was registered). The bending strength f

′ TPB
t [MPa]
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of all mixtures was calculated as f
′ TPB
t = 1.5 Ff l / b3 where b is the width of the beam cross-section,

Ff the applied load at fracture and l the distance between the beam-end supports.

3. Thermal Damages and Weight Loss after Temperature Conditioning

Samples submitted to thermal treatments experiment a typical loss of weight, which evidences the
damage suffered by mortars and concretes under the action of high temperatures. In this experimental
campaign all the cylindrical specimens (50 mm × 100 mm) were weighted before and after being
placed in the furnace. Four specimens per each temperature level and for each mortar type were
analyzed for a total of 56 specimens.

In Figures 4 and 5 the weight loss after thermal treatments is presented for MNS and MHS,
respectively. The histogram views report the specific weights of the sample before and after the
heating (thermal conditioning). Also the values of the Di f f (%) =

(
Wbe f ore −Wa f ter

)
/Wbe f ore × 100

are addressed in these figures, where Wbe f ore and Wa f ter denote the specimen weights before and after
heating, respectively. In both figures, the error bars indicate the scatter of the results, highlighting the
difference between the mean value and the min/max among four sample repetitions.

Figure 6 reports the relative weight loss for both mortars. It can be observed that the high
strength mortars are more affected by high temperature exposures than normal strength mortars.
Samples submitted to the highest level of temperature exposure (i.e., 600 ◦C) have a mean weight
loss of 9.71% for MNS and 12.65 (significantly higher) for MHS. The same trend can be also
observed by analyzing the mid-to-high ranges of temperature exposures (300 ◦C, 400 ◦C and 500 ◦C).
Contrarily, comparable weight loss can be seen for low temperature exposures (namely 100 ◦C
and 200 ◦C).

Figure 4. Weight loss due to thermal treatments for the normal strength mortar MNS.

Figure 5. Weight loss due to thermal treatments for the high strength mortar MHS.
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Figure 6. Relative weight loss (Diff.%) for MNS and MHS.

This different behavior between normal- and high-strength mortars can be attributed to those parts
of the non-evaporable water (trapped in closed porosity) which are normally greater in high strength
composites. The latter, are characterized by being less porous and often, by having less interconnection
inside the poro-structure, in comparison with normal strength mortars, and consequently, capable to
store a significant amount of non-evaporable water. At mid-to-high temperatures, the occurrence of
microcracks leads to a further connection of the closed porosity which allows the water to emigrate
and evaporate, resulting in a higher weight loss at composite level.

4. Capillary Water Absorption Results

In this section physical properties related to water absorption are evaluated considering the two
mortar types (MNS and MHS) at different high temperature levels. In this regard, Figure 7 presents
the Capillary water Absorption (CA), in kg/m2, of the two mortar mixtures measured at different time
steps, in hours, and for different pre-conditioning thermal treatments, in degrees Celsius. The results in
Figure 7 show that complete saturation was almost reached in 24 h all specimens. It can be observed in
Figure 7a that CA-24 ranged from 4.54 (at 20 ◦C) to 22.12 kg/m2 (at 600 ◦C) by considering increasing
temperature levels for the MNS samples, while in Figure 7b CA-24 ranged from 0.58 (at 20 ◦C) to
18.26 kg/m2 (at 600 ◦C) for MHS ones at increasing temperatures.

From these results, it can be noticed that, by considering the same level of temperature
conditioning, normal strength mortar MNS specimens possess a much higher capillarity water
absorption than the MHS samples. Actually, higher levels of capillary absorption can be directly
correlated to higher volume of accessible porosity. In this sense, the w/b ratio plays a fundamental role
in driving the absorption behavior of the composites, especially for those cases conditioning at low
temperatures, i.e., 20 ◦C and 100 ◦C, where the water absorption is driven by only the open porosity
of the specimens. In other words, at low temperatures of conditioning, mortars with high values of
w/b are characterized by high capillary absorption and accessible porosity. Moreover, the results also
demonstrate that temperature effects hugely affect the water absorption of the mortars. Although this
effect is relatively much higher on MHS (since the damages due to thermally-induced cracks are more
evident in high strength mortars) than on MNS, it is significant on both composites. This means
that physical properties of mortars are very sensitive to medium to high temperature levels and
consequently the mortar durability performance is greatly affected by thermal effects.
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(a) (b)

Figure 7. Capillarity water absorption coefficient of (a) MNS and (b) MHS, at several times of immersion
(0 h, 0.5 h, 1 h, 3 h, 7 h and 24 h).

Finally, the values of accessible (open) porosity (p) evaluated as described in UNE-EN 1015-18
(2003) [36], are shown in Figure 8. Particularly, Figure 8a shows the p(%) values for both MNS and MHS
at several temperature levels (20 ◦C, 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C and 600 ◦C). The values
of p(%) varied from 9.39% (at 20 ◦C) to 19.07% (at 600◦) for MNS, and from 3.02% (at 20 ◦C) to
17.26% (at 600 ◦C) for MHS. As expected, the mixtures with higher w/b ratio (i.e., MNS mixtures) are
characterized by higher values of accessible porosity than those of lower w/b ratio (i.e., MHS mixtures).

It can also be observed in Figure 8a that p(%) increased almost linearly for MNS, while for MHS the
increasing of p(%) was more evident from low-to-medium temperatures (up to 300◦). This particular
physical behavior of MHS specimens can be attributed to a higher development of microcracks in high
strength mortars when temperature begins to rise.

On the other hand, Figure 8b reports the dimensionless p∗, defined as p∗ = p(%)/p20◦C(%),
with p20◦C(%) the porosity of the samples at 20 ◦C. This figure mainly helps to comparatively
understand the effects of high temperatures in both normal and high strength mortars.
Particularly, it shows how thermal treatments more affect MHS than MNS mortars, producing in the
MHS ones a greater increase of the p∗ value measured at certain high temperature compared with p∗

measure at room temperature (20 ◦C).
It is worth mentioning that accessible (open) porosity p(%) for specimens submitted to high

temperatures represents a smeared value (i.e., equivalent or apparent open porosity) which accounts
for both the open porosity of the specimens and the crack networks generated by thermal treatments
and induced damages. Particularly, the micro-to-meso-structural damage, after exposure to elevated
temperatures, clearly generates an increase of the water absorption to the specimens. This trend is
relatively much more evident in high strength mortars (MHS), due to their higher damage sensitivity
to high temperature exposure, in comparison to normal strength ones (MNS).
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(a) (b)

Figure 8. Open (and apparent) porosity (a) p(%) and (b) p∗ for MNS and MHS at different
temperature levels.

5. Mechanical Tests

5.1. Compressive and Tensile Strenghts

Performed mechanical tests, as described in Section 2.2.3, included uniaxial compression (UC)
for determining compressive strength and mechanical behavior, and both splitting tensile (ST) and
three-points bending (TPB), for determining indirect tensile strength. A total of 154 specimens were
tested, according to Table 4. Mean strength results are summarized in Table 5.

Table 5. Mean peak stresses in UC, ST and TPB tests.

Temperature UC ST TPB
[◦C] f ′c [MPa] f

′ ST
t [MPa] f

′ TPB
t [MPa]

MNS MHS MNS MHS MNS MHS

20 46.55 77.12 5.13 6.99 8.35 9.42
100 46.65 62.32 4.77 6.90 7.99 8.88
200 38.42 67.36 4.63 6.60 7.13 9.56
300 37.58 62.58 3.34 5.45 4.99 8.08
400 30.09 44.28 2.99 3.59 4.86 5.02
500 21.66 40.68 1.99 3.00 3.08 4.57
600 12.77 34.00 1.09 1.76 1.14 2.78

Based on the UC results in Table 5, Figure 9 shows the evolution of the uniaxial compressive
strength f ′c , normalized with respect to f ′c at 20 ◦C, for increasing temperatures and for each mortar
type. It can be observed that compressive strength mainly decreases with the increase of the acting
temperatures pre-imposed during the thermal treatments.

A quite gradual reduction in compression strength can be observed in both composites
(see Figure 9), i.e., at 300 ◦C (mid-level) the decrease of the compressive strength was 19% for both
mortar types; while significantly larger reductions occurred under high temperatures exposures
(73% and 56% for MNS and MHS, respectively, at 600 ◦C). It is important to remark that the obtained
strength values of MHS at 100 ◦C were too low, indicating some setup error in the corresponding tests.
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Figure 9. Evolution of compressive strength with temperature. Relative values to the reference
compressive strength at 20 ◦C.

From Figure 9, it can be concluded that compressive strength reductions of both normal and high
strength mortars followed a similar trend under increasing temperatures. However, at temperatures
above 400 ◦C, MNS presented a higher relative strength loss.

The resulting indirect tensile strengths ( f
′ ST
t ) obtained in the splitting tensile tests and detailed

in Table 5, are plotted on the left side of Figure 10, normalized with respect to ( f
′ ST
t ) at 20 ◦C,

for increasing temperatures and for each mortar type. The results show the clear incidence of
temperature on indirect tensile strength, causing a progressive degradation for increasing thermal
effects. MHS specimens were less affected under low temperatures (up to 300 ◦C), while for high heat
treatments they were greatly affected, presenting important thermal damages. Contrarily, strength loss
in MNS mixtures, shows a more gradual (almost linear) dependence on the temperature level than
the MHS ones. However, for temperatures above 400 ◦C, strength loss was very similar for both
mortar qualities.

On the right plot in Figure 10, the obtained flexural tensile strengths ( f
′ TPB
t ) corresponding to

the three-points bending tests are presented, normalized in this case with respect to ( f
′ TPB
t ) at 20 ◦C,

for increasing temperatures and for each mortar type. From this plot, it can be observed that the effect
of thermal treatments leads, as a general trend, to a gradual reduction of the flexural strengths as the
temperature levels increase, for both MNS and MHS.

However, a different response between MNS and MHS can be observed for low temperature levels
(i.e., up to 200 ◦C): the high strength mortars seem to be almost unaffected by thermal treatments up to
200 ◦C, and only for 300 ◦C strength losses can be appreciated. On the contrary, the normal strength
mortars already presented strength reductions when the specimens were submitted to 100 ◦C and their
strengths continuously reduced when the considered applied temperature increased. However, a quite
important reduction was measured in both mortars, especially at 400 ◦C and higher temperatures.

Finally, it can be concluded that strength losses in both types of indirect tensile cases considered,
which at high temperatures above 400 ◦C are much higher that the compressive strength loss,
could be attributed to several factors, such as: (i) the chemical dehydration of hardened cement pastes
(i.e., conversion of calcium hydroxide into calcium oxide) which produces the reduction of mechanical
features of cementitious composites such as cohesion and inner bonds strengths; and (ii) differential
strain localization meso-scale mechanisms which produce stress concentrations and propagation of
internal cracks. These phenomena generally produce an overall strength reduction of the composites
under investigation.
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(a) (b)

Figure 10. Evolution of indirect tensile strength with temperature corresponding to: (a) ST (Splitting Tensile
tests) and (b) TPB (Three-Points Bending tests). Relative values with respect to the reference tensile
strength at 20 ◦C.

5.2. Uniaxial Compression Test Results and Discussion

Considering that one of the main objectives of the experimental campaign was to deepen the
knowledge regarding the mechanical behavior of cement mortars after the exposure to moderate and
high temperatures, a special effort was put on measuring and analyzing axial and lateral strains in
the UC tests. The typical UC test layout with the corresponding measurement devices was showed in
Figure 3. In this Section, the observed mechanical behaviors of the two considered mortar types under
UC and corresponding to the seven considered temperatures are presented and analyzed based on
the obtained stress-strain curves and other fundamental properties. In the following, sub-indexes “i”
(in stresses and strains) indicate i = 3 axial direction while i = 1/2 lateral directions, respectively.

5.2.1. UC—About Obtaining the Mean Stress-Strain Curves

As it was mentioned before, four samples were tested for each mortar submitted to a given
temperature, therefore obtaining four curves of stress vs. axial and lateral strains in each UC test.
It was then necessary to determine the mean curve representative of the average mechanical behavior.

However, obtaining the average mechanical behavior curve for each case, particularly in the post
peak regime, is not a trivial task. Figure 11 depicts an example of a UC test results, in this case, for MNS
and 400 ◦C. It can be observed the obtained axial stress vs. axial and lateral strains curves for three
samples, represented by the thin black lines.

With the purpose of obtaining the mean curves, in the frame of this work a numerical approach
was developed and then implemented in Python language. In general terms, each individual curve
originally defined by a discrete series of points, was converted in a function f (x) using splines for
fitting the points and afterwards, the average value was found for a given coordinate. Several particular
situations were solved which details exceed the purpose of this paper. The implementation of this
automatization for post processing the obtained curves, led to an important saving of time as well
as to an improvement of accuracy. In Figure 11, the thickest lines in blue represent the mean curves
obtained by the previously described methodology.
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Figure 11. Uniaxial Compression—Axial stress vs. axial and lateral strains curves for Mortar MNS
corresponding to a temperature of 400 ◦C.

5.2.2. UC—Stress-Strain Results

The mean axial stress vs. axial and lateral strains curves, with normalized stresses in terms of the
peak stress at 20 ◦C for all the considered temperatures are summarized in Figure 12, for MNS in the
figure on the left side and for MHS, in the figure on the right one.

(a) (b)

Figure 12. Uniaxial Compression—Mean axial stress vs. axial and lateral strains curves, normalized in
terms of the peak stress at 20 ◦C for all the considered temperatures and for: (a) MNS and (b) MHS.

From the figures, it can be seen the progressive damage caused by the action of temperatures on
the mechanical behavior of both mortar types. Moreover, by comparing both mortar types, it can be
observed that the incidence of the mortar quality cannot be neglected. The MHS shows a very brittle
behavior in comparison with that of the MNS. In particular, it can be observed that for the MHS case,
almost no post peak measures could be acquired. This is because of the typical behavior characterizing
high strength mortars and concretes, with an almost linear elastic behavior in the pre peak regime and
an abrupt decay after the peak, which is in general very difficult to be captured with the measurement
devices. This fragile behavior is also evidenced in the smaller lateral strains of MHS in comparison
with those of the MNS.

In the case of MNS, it can be observed how mixed fracture energy increases with higher
temperatures, being the post peak decay much more moderate for high temperatures than for ambient
temperature. Unfortunately, this cannot be verified for MHS considering the lack of post peak data.
However, from 400 ◦C to 600 ◦C it can be seen that lateral strains are clearly larger than those
corresponding to low temperatures, where an abrupt decay after peak and the interruption of the data
acquisition is observed.

The damage caused by the action of increasing temperatures is evidenced not only by the decrease
in peak stress, but also in the decrease of Young’s Modulus and in the increment of the absolute value
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of the axial strain corresponding to the peak stress. Plots in Figure 13 show the obtained values of
those two properties. In particular, Young’s Modulus was obtained following ASTM-496-02 [45] as

Ec =
σ2 − σ1

ε2 − 0.050× 10−3 (1)

being σ2 the stress corresponding to 40% of the peak load, σ1 the stress corresponding to an axial strain
equal to 0.050× 10−3 and ε2 the longitudinal strain produced by σ2.

(a) (b)

Figure 13. Uniaxial Compression: Evolution with temperature of (a) Young’s Modulus and (b) Peak strain.

5.2.3. UC—Volumetric Strains

In this Section, volumetric strains defined as εvol = ε1 + ε2 + ε3 where ε1 and ε2 are the lateral
strains and ε3 the axial one, are analyzed.

In Figure 14 the mean axial stress vs. volumetric strains curves, with normalized stresses in terms
of the peak stress at 20 ◦C for the two mortars and for all the considered temperatures are shown.
The figure on the left, presents the MNS results, while the one on the right, the MHS ones.

It can be observed that the initial tangent to the curves, namely the bulk modulus, tends to
decrease with increasing temperatures. In what respect to the tendency followed by the maximum
compaction with temperature, results are not conclusive. Obtained results of the maximum compaction
are summarized in Figure 15.

Coinciding with the conclusions obtained by Shah and Chandra [46], at ambient temperature,
both mortars almost do not show a critical stress where volume begins to increase instead of decrease.
However, under the action of temperature, it can be observed that this behavior progressively changes
and the corresponding curves do present a turning point.

5.2.4. UC—Failure Behavior

Finally, in Figure 16, illustrative images of the samples are shown. The two pictures on the left
side of the figure show cylindrical samples of MNS and MHS, respectively, after the thermal treatment
at 300 ◦C. No damage can be observed on the MNS sample. On the contrary, MHS specimen already
presented superficial cracks at that temperature. In the figure, cracks were highlighted on the respective
photograph with the purpose of making them visible without zooming.

In turn, the three pictures on the right side of Figure 16 show sample images after the UC test of
specimens thermally treated at 300 ◦C. The first image corresponds to MNS, the second one to MHS,
and the last one to a self-compacting concrete (SCC) analyzed in the frame of a previous experimental
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campaign (see [14]), having the same w/b ratio of that of the MHS and with almost the same mixture,
besides the coarse aggregates content.

(a) (b)

Figure 14. Uniaxial Compression—Mean axial stress vs. volumetric strains curves, normalized in terms
of the peak stress at 20 ◦C for all the considered temperatures for (a) MNS and (b) MHS.

Figure 15. Uniaxial compression: Evolution with temperature of maximum volumetric compaction.

(a) (b)

Figure 16. Images of specimens after exposure to 300 ◦C—(a) On the left side: MNS and MHS after
thermal treatment, and (b) On the right side: after UC tests on MNS, MHS and SCC samples.

It can be observed that cracks on the MNS specimens are inclined and distributed on the whole
surface, while on the MHS sample, thin and almost vertical cracks can be seen. By comparing the
MHS image with the SCC one, no sustancial difference can be appreciated. However, the maximum
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volumetric compaction achieved for the MHS, as depicted in Figure 15, was 1.43× 10−3, while the
corresponding to the SCC was 1.20× 10−3 [14], a fact that cannot be appreciated in the pictures.

6. Conclusions

In this work, the results of an extensive experimental campaign aimed at evaluating some relevant
physical and mechanical properties of normal (MNS) and high strength (MHS) cement mortars after
the exposure to high temperatures were presented. The considered mortar types are related with
normal and high strength concretes with compressive strengths of 30 and 80 MPa, respectively. Prior to
the physical and mechanical tests, mortar samples were thermally treated considering seven levels
of temperature, ranging from 20 to 600 ◦C. Then, weight loss and capillary water absorption were
measured. Finally, uniaxial compression, splitting tensile and flexural tests were performed in residual
state. In the following, the main obtained conclusions are pointed out, which are certainly limited to
the considered materials and conditions.

- Physical properties: Specific weight loss was similar for both mortar types at low temperatures
(100 ◦C and 200 ◦C). However, for mid-to-high ranges of temperature exposures, MHS achieved
higher relative weight losses than MNS. In turn, MNS showed a much higher capillarity water
absorption than MHS samples. Increasing temperatures produced increasing water absorption
coefficients, evidencing the thermal damage causing an increase in the accessible porosity.
However, that increase was almost linear for MNS, while for MHS it was substantially more
evident from low-to-medium temperatures (up to 300◦).

- General conclusions regarding physical tests: The results demonstrated the fundamental role of
the w/b ratio in the absorption response of cement composites and consequently, in durability.
At ambient temperature, the smaller accessible porosity of high strength mortars indicates a higher
performance in comparison to normal strength mortar. However, under the action of increasing
temperatures, the thermal damage causes the formation of micro cracks, generating further
connection of the closed porosity and consequently, allowing the water, initially trapped in closed
porosity, to emigrate and evaporate. As result, the internal porosity structure of lower w/b ratio
mixtures are more affected by the action of temperature.

- Compressive and tensile strengths: In all cases, strengths suffered a progressive degradation due
to temperature. While at low to medium temperatures, strength loss resulted similar for both
mortar types, at the highest temperature, MNS presented a higher relative loss of strength than
that of MHS. It was also observed that the loss of tensile strength after the exposure to the highest
temperatures was higher in comparison to the loss of compressive strength.

- Uniaxial compression: The action of temperature caused in all cases a decrease of Young’s
Modulus and an increase in the strain corresponding to peak load. The MHS showed a much
more brittle behavior in comparison with that of the MNS, for all the considered temperatures.
Samples of both mortar types that were not exposed to temperature, almost did not show a critical
stress where volume begins to increase instead of decrease. On the contrary, after the action
of temperature, the corresponding stress-volumetric strains curves did present a turning point,
showing a behavior similar to that of concrete.

Future works related with the experimental results presented in this paper include the numerical
analysis of the mesoscopical behavior of concrete considering the mortar relevant properties and
taking into account the mortar quality.
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