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The development of non-destructive techniques has currently a high interest, such as those based on non-linear
ultrasonic measurements. In this work it has been assessed the possible application of non-linear ultrasonic
measurements for getting information related to the microstructure and properties of Portland cement mortars
exposed to real and non-optimum environments. The pore structure was studied using mercury intrusion
porosimetry and differential thermal analyses. Mechanical strengths and linear ultrasonic pulse velocity were

determined. Regarding non-linear ultrasonic measurements, the results of parameters R and DIFA were analyzed.
The tests were performed at 28 and 250 days. At later ages, a loss of microstructure refinement and a worsening
of mechanical performance of the mortars were observed. The results of non-linear ultrasonic parameters R and
DIFA overall agreed with those obtained for the microstructural and mechanical characterization performed. In
particular, an adequate correlation between parameter DIFA and the pore size distributions was observed.

1. Introduction

The real construction elements are in contact with different envi-
ronments. Therefore, the geographical location of buildings and other
civil engineering works may influence the properties development of
their constituent materials, in particular when cementitious materials
are used (Ortega et al., 2017; Xue et al., 2021). These environmental
conditions (Shattaf et al., 2001; V Venkata and Mahindrakar, 2017),
such as temperature, relative humidity, rainfall and presence of
aggressive substances, among others, could play a major role in the
evolution of pore structure, durability and mechanical performance of
these materials, thus having a direct influence in their service life (Fu-
ropean Committee for Standardization, 2004). As a consequence, the
evaluation of the behavior of these materials kept in real climate con-
ditions (Thomas and Matthews, 2004; Thomas et al., 2008; Chalee et al.,
2009) and non-optimum laboratory environments (Cakir and Akoz,
2008; Detwiler et al., 1991; Ramezanianpour and Malhotra, 1995)
would be interesting, as well as the use of non-destructive techniques
(Kogbara et al., 2015; Williams et al., 2017; Ghosh and Tran, 2015,
2015de Grazia et al., 2021) for studying their properties when they are
subject to these harmful conditions. Nowadays, the development of
techniques for non-destructive testing (NDT) has a high interest, in
particular those that could be used for the inspection of structures.
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Elastic wave methods have been frequently applied in the field of
NDT for evaluating the mechanical performance and for the detection of
pathologies in structures and materials. The propagation of waves along
a material (i.e. concrete), is reactive to the presence of discontinuities or
other defects (voids, cracks, etc.), or material development properties.
The most important wave-based methods for evaluating damages in
structures made with concrete are: acoustic emission (AE) (Ospitia et al.,
2023), impact echo (IE) (Fiilop et al., 2022), ultrasonic pulse velocity
(UPV) (Revilla-Cuesta et al., 2022), surface-wave techniques (Lefever
et al., 2022, 2023; Ahn et al.,, 2018, 2022a; In et al.,, 2015) and
diffuse-wave techniques (Quiviger et al., 2012; Payan et al., 2013; In
et al., 2017; Zhang et al., 2018; Ahn et al., 2022b) for monitoring and
evaluation of healing, cracks or discontinuities in concrete.

Measurements obtained by ultrasonic waves allow the evaluation of
some durability indicators. Ultrasonic pulse velocity measurement is one
of the simplest non-destructive testing methods and it is extensively
applied in construction industry (Del Rio et al., 2004; Ohdaira and
Masuzawa, 2000). The UPV is used to estimate the mechanical strength
and for the characterization and classification of concrete, as well as for
assessing internal defects and concrete thickness (Ohdaira and Masu-
zawa, 2000). In addition, there are several theoretical models which
allow predicting the relationships between UPV and other
physico-mechanical parameters. Several examples of these parameters
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are permeability (Panzera et al., 2008; Lafhaj et al., 2006), density
(Panzera et al., 2008), modulus of elasticity (Trtnik et al., 2008; Yildirim
and Sengul, 2011), and porosity (Lafhaj et al., 2006). Additionally, the
effects of the water/cement ratio (Lafhaj et al., 2006), the particle size of
the aggregates (Berriman et al., 2005; Tanyidizi and Coskun, 2008), the
hydration process (Trtnik et al., 2008; Zhang et al., 2009) and the curing
conditions (Zhang et al., 2009) have been investigated and modeled by
numerous researchers as a function of the UPV.

Non-linear ultrasonic techniques (NLU) show promise for the
research of non-linear dynamic properties of structures and materials
because of their enhanced detection of features related to pore structure
within materials. The existence of defects on a wide scale range (from
nanoscale to macroscale) enhances non-linear acoustic phenomena
(Eiras, 2016; Climent et al., 2022). Overall, materials whose mechanical
behavior has a high dependence on the quality of the bond between their
constituents fall into the non-linear mesoscopic elasticity (NMEM) class
(Guyer and Johnson, 2009). Common examples of these materials are
rocks, soil, concrete, damaged materials and granular media. In these
materials, the elastic waves interact with heterogeneities and defects,
producing non-linear acoustic phenomena, that may be used for
non-destructive evaluation (Kundu et al., 2019) or for establishing
damage thresholds (Miro et al., 2021). Between those phenomena, it is
noteworthy to highlight the amplitude and frequency wave modulations
(Warnemuende and Wu, 2004; Chen et al., 2019; Den Abeele et al.,
2000a; Climent-Llorca et al., 2020), higher harmonic generation (Shah
and Ribakov, 2009; Kim et al., 2014; Stauffer et al., 2005; Scalerandi
et al., 2013; Climent et al., 2019) and amplitude-dependent resonant
frequency and attenuation shifts (Van Den Abeele and De Visscher,
2000; Payan et al., 2007; Eiras et al., 2018).

Then, the purpose of this research is to evaluate the possible appli-
cation of non-linear ultrasonic measurements (Miro et al., 2021; Cli-
ment-Llorca et al., 2020; Climent et al., 2019) for obtaining information
about properties and microstructure of mortars exposed to different
environmental conditions. These conditions were a real outdoor Medi-
terranean climate environment and a non-optimum laboratory envi-
ronment with low relative humidity. In addition, a group of specimens
were stored in an optimum laboratory condition. The results of the pa-
rameters obtained from non-linear ultrasonic measurements were
compared to pore structure characterization of the mortars, performed
with mercury intrusion porosimetry and differential thermal analysis,
and with their mechanical strengths and classical linear UPV results.

2. Experimental setup
2.1. Materials and preparation of samples

Mortars have been tested. They were made with an ordinary Portland
cement CEM I 42.5 R (AENOR and UN E-EN 197-1:2011, 2000). The
aggregate/cement ratio was 3 and the water/cement ratio used was 0.5.
The fine aggregate accomplished the prescriptions of UNE-EN 196-1
standard (AENOR and UNE-EN 196-1:2005, 2005).

Prisms with dimensions 4 cm x 4 cm x 16 cm were made, being kept
at 20 °C temperature and 95% relative humidity in a chamber along
their initial 24 h since setting. The specimens were de-moulded after that
time. Lastly, the testing ages were 28 and 250 days.

2.2. Environmental conditions

Three environments were studied. The first one was an optimum
laboratory environment, in which the mortar specimens have been
placed in a chamber with 100% relative humidity and 20 °C tempera-
ture. It was named as environment A.

The second environment consisted of placing the mortar specimens
in a real outdoor exposure station. This condition was called environ-
ment B. The exposure station was in the town of Orxeta (38° 33’ 47" N,
0° 15’ 43" W, 177 m.a.s.L.), being placed at 10 km from the coast. This
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town belongs to the province of Alicante, in the southeast of Spain.
Therefore, the mortar samples were matured under a real Mediterranean
climate condition without weather conditions protection. This envi-
ronment would be compatible with the prescriptions of exposure class
XC4 (corrosion induced by carbonation, cyclic wet and dry) according to
the Eurocode 2 (European Committee for Standardization, 2004).
Testing period covered from February to October. Along this time, the
temperatures were mild. The relative humidity presented noticeable
variability. Total rainfall registered during the exposure period was
212.5 mm, of which 86 mm were registered in the first 30 days and 176
mm in the first 90 exposure days. The daily average humidity and
temperature in the site are represented in Figs. 1 and 2, respectively.
Mortar samples of this condition B were cured during 7 days before
being moved to the exposure station (Thomas et al., 2008; Rameza-
nianpour and Malhotra, 1995).

The third environment consisted of a non-optimum laboratory con-
dition, which was designated as environment C. In this condition, the
mortars have been exposed to a constant 65% relative humidity and
20 °C temperature. The values of these parameters were chosen because
they are the annual average values of relative humidity and temperature
registered for the eastern coast of Spain, with Mediterranean climate.
For reaching these values, the mortar samples matured in contact with
this environment C, were introduced in hermetically sealed boxes with
glycerol solutions, prepared following the prescriptions of the DIN 50
008 part 1 standard (fiir N. E.V, 1981) for achieving the adequate 65%
value of relative humidity. Finally, these boxes were stored into a
chamber with controlled 20 °C temperature.

2.3. Mercury intrusion porosimetry

Mercury porosimetry is a popular technique for characterizing the
pore network of different types of materials (Diamond, 2000; Ouellet
et al., 2007; Horpibulsuk et al., 2010). This test was performed using a
Poremaster-60 GT porosimeter (Quantachrome Instruments). Specimens
were dried at 50 °C over a 48-h period of time before the beginning of
the test. In this work, pore size distributions and total porosity were
analyzed. The distribution of pores by sizes was established considering
this intervals: <10 nm, 10-100 nm, 100 nm to 1 pm, 1-10 pm, 10 pm to
0.1 mm, and >0.1 mm (Pedeferri and Bertolini, 2000; Ho et al., 2018).
Two tests were made on the mortars for each environment at both
maturing ages. The specimens tested were pieces obtained from prisms
with dimensions 4 cm x 4 cm x 16 cm.

2.4. Differential thermal analysis

The differential thermal analyses were performed with a simulta-
neous TG-DTA model TGA/SDTA851e/SF/1100 manufactured by Met-
tler Toledo, which allows working from room temperature to 1100 °C.
The heating ramp chosen consisted of 20 °C/min until 1000 °C in at-
mosphere of N2. The curve weight derivate versus temperature has been
obtained. Three measurements were made on the mortars exposed to
each environment studied at both testing ages. The powder samples used
for this experimental technique have been obtained from milling pieces
taken from prisms with dimensions 4 cm x 4 cm x 16 cm.

2.5. Mechanical strengths

The flexural and compressive strengths were determined following
the standard UNE-EN 1015-11 (AENOR and UNE-EN 1015-1 1:1999,
1999). For each environment, three prismatic specimens have been
tested at 28 and 250 days.

2.6. Ultrasonic pulse velocity

The ultrasonic pulse velocity was obtained following the standard
UNE-EN 12504-4 (AENOR and UNE-EN 12504-4, 2006). The time of
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Fig. 1. Daily average temperature registered for environment B throughout the studied time period.
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Fig. 2. Daily average relative humidity registered for environment B along the exposure time period.

propagation for ultrasonic waves along the highest size of the prism (16

cm) was determined using direct transmission. Test equipment Pundit

Lab model (Proceq) with contact transducers, emitting ultrasonic pulses —  AMPLIFIER DAQ —
at 54 kHz, was used for performing the measurements. With the prop-

agation time and the length of the prism, it has been calculated the ul- —

trasonic pulse velocity. At 28 and 250 days, three prismatic specimens SIGNAL LAPTOP

were tested for each environment and three determinations were per- GENERATOR

formed on each specimen.

2.7. Non-linear ultrasonic measurements

With regard to the non-linear ultrasonic (NLU) technique, two pure
tones (fp = 20 kHz and f; = 200 kHz) were simultaneously supply using
two transducers. A signal generator (SONY AFG310) was used for the
emission of the high-frequency probe signal at 5 V of amplitude. The
low-frequency pump was generated with a 16-bit ADC resolution I/0
device NI-USB 6361, which was also used for the acquisition of the
frequency modulated signal (sampling frequency of 2 MHz). As micro-
cracking detection depends significantly on the frequency and energy of
the pump wave, an amplifier FS WMA-100 was used for feeding the
pump wave signal, which was transmitted using a Langevin transducer
working at his resonance frequency of 20 kHz. The input voltage (after
amplification) was set to 140 V. The high-frequency signal was received
and emitted with two broadband ultrasonic transducers IDK09 (Dakel,
2022), see Fig. 3. The coupling agent was white soft paraffin (Acofarma).

The Fast Fourier Transform algorithm was used for transforming the
signal registered to the frequency domain. The mechanical non-linearity
of a system gives rise to additional sidebands output frequency com-
ponents. Otherwise, if the system behaves linearly, the sideband fre-
quencies are not generated. The frequencies at which IMD occurs are the
difference and/or the sum of integer multiples of the fundamental fre-
quencies. The amplitude of the sidebands with regard to the amplitudes

TRANSMITTERS []

MORTAR SPRCIMEN [
RECEIVER

Fig. 3. Experimental setup used for the nonlinear ultrasonic measurements and
relative positions of the transducers: Langevin emitter (fy), IDK emitter (f;), and
IDK receiver.

of the pump and probe waves enable the quantification of the non-linear
constitutive elastic properties (Den Abeele et al., 2000a) or the detection
of localized defects (cracks) (Climent et al., 2022; Mir¢ et al., 2021;
Climent-Llorca et al., 2020; Wu and Warnemuende, 2005; Donskoy
et al., 2001). Therefore, the probe amplitudes (f;) and the frequencies of
intermodulation first-order (f; +fp) and second-order (f; + 2f,) were used
to assess the non-linear parameters R (intensity modulation ratio) and
DIFA (difference of amplitudes), see Ec. (1) and (2). Fig. 4 shows a
schematic representation of the non-linear wave modulation effect for a
non-linear system.

The intensity modulation ratio, R, used in many studies as the
damage index (Miro et al., 2021; Pieczonka et al., 2016; Den Abeele
et al., 2000b; Muller et al., 2005; Aymerich and Staszewski, 2010), is
defined as:
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Fig. 4. Schematic representation of the spectrum resulting from a Nonlinear
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A short time ago, a new parameter has been proposed for getting
information about the micro-damage through the intermodulation
nonlinear features. This new parameter was named as DIFA (difference
of amplitudes), being considered in order to represent the redistribution
of elastic energy between the fundamental frequency component and
the various intermodulation products, generated when the elastic wave
travels through the medium in which there is presence of critical micro-
defects (Climent et al., 2022; Climent-Llorca et al., 2020). This param-
eter is defined as:

N

DIFA=A; = > (47, + A% @
n=1

where Al and Alghe consisted of the amplitudes of the N sideband

intermodulation products, and A; is the amplitude of the fundamental
high-frequency probe. In this research, the first-order (A1) and
second-order (Af;2f) intermodulation products were only taken into
consideration for determining the values of both R and DIFA parameters
(N was set to 2). When there is a boost in the non-linear characteristics,
for example crack development, it is produced the increase of parameter
R and decrease of DIFA.

Finally, at both testing ages, three samples were tested for each
environment and three measurements were performed on each sample.

204 Il Total porosity
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Environment A Environment B Environment C

Fig. 5. Total porosity results noted for the exposure conditions studied.
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3. Results
3.1. Mercury intrusion porosimetry

The results of total porosity are depicted in Fig. 5. The lowest po-
rosities were overall noted for environment A along the time period
studied. At 28 days, it was similar for specimens exposed to environment
A and B, whereas it was higher for those stored in environment C. From
28 to 250 days, this porosity scarcely modified for environments A and
C, whereas it notably rose for condition B. At 250 days, the greatest
porosity was obtained under non-optimum conditions, with scarce dif-
ferences between both.

The distributions of pores by size obtained for the tested mortars
have been represented in Fig. 6. A similar volume of pores <100 nm
were noted at 28 days for those exposed to conditions A and B, though
the volume of pores with sizes in the interval <10 nm was more
noticeable for environment B. At early ages, samples matured in con-
dition C also showed similar volume of finer pores (intervals <10 nm
and 10-100 nm), although it presented higher volume of pores with
diameters >100 nm, in comparison to the other conditions. From 28 to
250 days, it has been noted a rise of volume of pores <10 nm for spec-
imens matured under condition A. On the contrary, samples kept in
conditions B and C presented a drop of the volume of voids with di-
ameters <100 nm, although greater volume of finer pores (interval <10
nm) was noted for condition B. In addition, an increase of the volume of
pores with sizes >100 nm has been noted for conditions B between 28
and 250 days.

3.2. Differential thermal analysis

The curves derivate of weight versus temperature curves noted for
the different conditions at 28 and 250 exposure days can be observed in
Figs. 7 and 8, respectively. The peak due to decomposition of portlandite
(Ca(OH),) can be observed in the range 450°C-550 °C (Taylor, 1997;
Escalante-Garcia, 2003; Kjellsen et al., 1991), whereas the peak of car-
bonates (CaCO3) decomposition is in the interval 700°C-750 °C (Taylor,
1997; Shui et al., 2008). At both ages, the highest area of portlandite
peak was observed for environment A, and it increased with hardening
age. For non-optimum environments, this area reduced with age, being
this drop more appreciable for environment B than C. With regard the
carbonates (CaCOs) peak, its area rose with time for non-optimum en-
vironments, especially for environment B.

3.3. Mechanical strengths

The compressive and flexural strength results are respectively rep-
resented in Figs. 9 and 10. Both strengths hardly differed between en-
vironments A and B at 28 days, presenting smaller values for condition
C. Between 28 and 250 days, these strengths increased for environment
A, whereas it decreased for samples matured under environment B,
keeping practically constant for condition C. At the last testing age, the

I >0.1 mm B2 10 pm-0.1 mm [l 1-10 ym

0.104 SN 100 nm-1 pm [l 10-100 nm  ZZZ2 <10 nm
o 28d
= 0.08
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Fig. 6. Pore size distributions for the analyzed environments.
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Fig. 8. Curves derivate of weight versus temperature for the mortars exposed to
the environmental conditions studied at 250 days.
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Fig. 9. Compressive strength results noted for the exposure environments.

highest compressive and flexural strengths corresponded to environ-
ment A. Comparing both non-optimum conditions, the long-term
compressive strength showed similarities for environments B and C,
while the flexural strength was lower for environment B in comparison
with C.
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Fig. 10. Evolution of flexural strength obtained for the analyzed conditions.

3.4. Ultrasonic pulse velocity

The UPV results are depicted in Fig. 11. It showed scarce differences
between the exposure environments at 28 days. The ultrasonic pulse
velocity increased during the studied time period for mortars matured in
environment A, whereas it kept practically constant for those exposed to
non-optimum conditions.

3.5. Non-linear ultrasonic measurements

The results of parameter R are shown in Fig. 12. It hardly rose with
age for samples matured under condition A. However, the growth of this
parameter was more noteworthy for non-optimum conditions, showing
higher values at 250 days for condition B compared to C.

The results of parameter DIFA have been depicted in Fig. 13. It was
slightly higher at 28 days for mortars matured in environment B in
comparison to A, whereas it was lower for condition C. From 28 to 250
days, it fell for non-optimum environments, and hardly changed for
condition A, which showed the highest values of parameter DIFA at the
last testing age.

4. Discussion
4.1. Mercury intrusion porosimetry and differential thermal analysis

Firstly, with regard to the mercury porosimetry (Figs. 5 and 6), the
lower porosity values overall registered in environment A may be
related to the high humidity of that optimum condition, which may
allow a high progress of clinker hydration (Cakir and Akoz, 2008;
Taylor, 1997), as indicated the increase of the portlandite peak area
observed using differential thermal analyses (see Figs. 7 and 8). This also
led to a higher microstructure refinement in the long term, which would
be suggested by the greater proportion of pores of the smaller diameter
interval at later ages in the case of this condition, compared to the other
environments.

In environment B, where the materials were matured under a real
outdoor condition, at early ages total porosity was relatively low and the
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Fig. 11. Results of UPV noted for mortars exposed to the studied environments.
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Fig. 12. Results of parameter R determined from non-linear ultrasonic
measurements.
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Fig. 13. Results of parameter DIFA based on non-linear ultrasonic
measurements.

pore structure was more refined compared to environment A. It could be
mainly due to the fact that during the first 28 days of exposure there was
relatively abundant rainfall in the site, producing a relatively high hu-
midity of the environment. This would have favoured the progress of
hydration reactions of clinker (Cakir and Akoz, 2008), producing a
noticeable formation of solid phases, giving as a result a considerable
closing of microstructure, with high presence of finer pores. In this
environment B, the total porosity experienced a notable increase at 250
days, which may be due to the effects of the higher temperatures and
lower humidity to which the material was exposed in the long term. On
one hand, this could cause the development of shrinkage (MA et al.,
2007; Kanna et al., 1998), resulting in higher porosities and in a
reduction of refinement of pore structure, revealed by the evolution of
size distributions (see Fig. 6). Additionally, the possible development of
carbonation at later ages could have also influenced these results, as
would suggest the notable increase with time of area of carbonates peak
in environment B, according to differential thermal analyses (see Figs. 7
and 8). Furthermore, the shortage of water in this real exposure condi-
tion could make difficult the long-term development of clinker hydra-
tion, avoiding the microstructure evolution towards a high proportion of
finer pores.

In relation to the non-optimum laboratory environment C, the po-
rosities were higher and the microstructure was less refined than in the
other environments since early ages. This result may be caused by a
slower development of clinker hydration (Cakir and Akoz, 2008; Taylor,
1997), in combination with the possible development of shrinkage at
high maturing times (MA et al., 2007; Kanna et al., 1998), because of the
low constant relative humidity of this environment mainly compared to
the optimum condition.

4.2. Compressive and flexural strength

Regarding the mechanical properties (see Figs. 9 and 10), the higher
values of compressive and flexural strengths, and their rise with time in
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general noted for environment A, especially in the long term, were
compatible with microstructure characterization results previously dis-
cussed. In this optimum condition, the presence of a higher relative
humidity favoured the development of the clinker hydration reactions
(Cakir and Akoz, 2008; El-Dieb, 2007; Bingol and Tohumcu, 2013),
which leads to greater values of the mechanical parameters. On the
contrary, in environments B and C, with a lower relative humidity, the
development of these reactions at later ages would be slower (Cakir and
Akoz, 2008; Taylor, 1997), as was already discussed for porosimetry
results. Furthermore, this could also lead to the development of
shrinkage cracking at later ages (MA et al., 2007; Kanna et al., 1998),
resulting in lower flexural and compressive strengths, as was observed.
The possible development of carbonation in environment B, suggested
by the increase of carbonates peak, revealed by differential thermal
analyses, could have also influenced in the reduction with time of me-
chanical strengths in this environment (Atis, 2003; Khan and Lynsdale,
2002). The relative high strength values observed for condition B at 28
days, in comparison with environment A, would be a consequence of the
high environmental humidity produced by the rainfall registered in the
first exposure weeks in the station, agreeing with the discussed
short-term microstructural results.

4.3. Ultrasonic pulse velocity

The lower differences between the analyzed environments observed
with ultrasonic pulse velocity (see Fig. 11) would suggest that the
presence of defects or damages in the mortars was not notable. Despite
that, the increasing tendency with time of UPV reported for environment
A would coincide with the growth of strengths and the progressive
refinement of pores observed for mortars kept under this condition. In
addition, the slight decreasing trend of ultrasonic pulse velocity for
specimens matured in conditions B and C, as well as their lower long-
term values in comparison with condition A, would overall agree with
the reduction of pore refinement with age reported for these non-
optimum environments, and their smaller flexural and compressive
strengths at 250 days. Furthermore, the role played by the relative hu-
midity of the samples throughout the studied time period is important
when analysing these results, since while environment A increased the
UPV over time, environments B and C decreased it, which would be in
agreement with other authors (Biondi et al., 2017; Lencis and Korjakins,
2013).

4.4. Non-linear ultrasonic measurements

With regard to the NLU measurements, the lower values of parameter
R (see Fig. 12) at 28 days noted for environment B would indicate a more
linear system (Mir¢ et al., 2021; Climent-Llorca et al., 2020), suggesting
a more compact pore structure, which would be compatible with the
higher percentage of finer pores and greater compressive strength
observed for this environment in comparison with conditions A and C.
The noticeable rise with time of parameter R noted for environment B,
and to a lesser extent for environment C, and its higher values at 250
days compared to condition A, would indicate that the system became
less linear (Miro6 et al., 2021; Climent-Llorca et al., 2020), revealing the
possible development of long-term shrinkage cracking and a reduction
of the refinement of pore network for the specimens kept in these
non-optimum environments. This result would be also in keeping with
porosimetry and mechanical strength results, which was explained in
relation to the effects at later ages of lower environmental relative hu-
midity present in environments B and C. Moreover, the effect of hu-
midity on the non-linearity parameters is a highly influential factor
(Payan et al., 2010). In particular, it has been reported that the
non-linearity of the material is very high at very low humidity, so the
higher long-term values of parameter R for environments B and C would
be also consistent with the results reported by other authors (Payan
et al., 2010).
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In the case of parameter DIFA (see Fig. 13), also determined from
non-linear ultrasonic measurements, its higher values for condition B at
28 days would show that the system was more linear (Climent-Llorca
etal., 2020), entailing a closer microstructure. This would be in line with
the higher refinement of pore network at 28 days observed for mortars
stored in environment B. The parameter DIFA in the short term was
greater in the case of environment A compared to condition C, indicating
a less linear system in this last environment (Climent-Llorca et al.,
2020), which would mean the presence of a coarser microstructure. This
would coincide again with the distributions of pores by size at 28 days,
in whose results mortars exposed to environment A showed higher
proportion of voids with diameters belonging to the intervals <10 nm
and 10-100 nm than those matured in condition C.

The decreasing tendency of parameter DIFA between 28 and 250
days for non-optimum environments would indicate that system evolved
to less linear (Climent-Llorca et al., 2020), suggesting a loss of micro-
structure refinement, again agreeing with the changes of pore size dis-
tributions of the samples in conditions B and C. This reduction with time
of proportion of finer pores of the abovementioned environments was
justified in terms of the lower relative humidity at later ages, leading to
the formation of shrinkage microcracks (MA et al., 2007; Kanna et al.,
1998). Comparing the results of parameter DIFA at 250 days between
environments B and C, it was higher for the first one. In view of this
result, the system would be more linear (Climent-Llorca et al., 2020) for
environment B, so it would be expected a finer microstructure in the
mortars matured in this condition. This may be also compatible with the
results of distributions of pores by size, because mortars kept in envi-
ronment B presented a greater pore refinement at 250 days that those
exposed to condition C. Therefore, it is noteworthy to highlight the
noticeable correlation between the results of parameter DIFA and the
pore size distributions determined with porosimetry, which would
suggest that this parameter DIFA could be useful for getting reliable
information about the microstructural evolution of cementitious mate-
rials, at least under the analyzed environmental conditions. With regard
to the comparison between parameters R and DIFA, the differences be-
tween them come from their own definition. Indeed, there is a clear
non-linear system at 28 days for environment C, which is very evident in
the DIFA parameter, being lower than the values noted for the other two
conditions. However, for R this is also the case, since for this environ-
ment this parameter is higher, even though it is not so evident. This
could be caused by the scale of the graph of the R parameter in Fig. 12.
The large increases in the non-linearity at 250 days of the R parameter (it
is a ratio) for environments C and especially B, overshadow the possible
differences at 28 days. Therefore, the newly proposed DIFA parameter
and the comparison of the two parameters are very useful.

Finally, comparing the results of NLU and UPV measurements, the
changes with time and the differences between the different environ-
ments observed for UPV were low, whereas more noticeable differences
were reported for NLU parameters DIFA and R. This would suggest that
they would be more sensitive than conventional UPV. Then, the non-
linear ultrasonic measurements could be useful for getting consistent
data about the evolution of microstructure of cementitious materials, at
least matured under the analyzed conditions, improving the information
provided by classical linear ultrasonic pulse velocity.

5. Conclusions
The main conclusions of this work can be summarised as follows.

e In general, lower total porosity, higher pore refinement and higher
mechanical strengths were noted in the long term for mortars
matured in the optimum laboratory condition, compared to those
kept in non-optimum environments. This may be a consequence of
the high humidity present in the optimum condition which facili-
tated the clinker hydration. At later ages, for the real outdoor and
non-optimum laboratory environments, the lower relative humidity
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available would hinder the clinker hydration and it could also pro-
duce the appearance of shrinkage microcracking. This may lead to a
loss of microstructure refinement and to a worsening of mechanical
performance of the mortars.
The differences regarding ultrasonic pulse velocity of mortars be-
tween the analyzed environments were lower than those observed
for other studied parameters. Despite that, the evolution of this
parameter with time for each environment was generally compatible
with that observed for other studied parameters.
The results of parameters R and DIFA obtained with non-linear ul-
trasonic measurements for the studied environments were overall in
keeping with those related to microstructure characterization and
mechanical strengths. In particular, it has been observed an adequate
correlation between parameter DIFA and the pore size distributions
determined using mercury porosimetry.

e In view of the results obtained, the non-linear ultrasonic measure-
ments could be useful for obtaining reliable information with regard
to the evolution of microstructure of cement-based materials, at least
exposed to the studied environments, improving the information
provided by classical linear ultrasonic pulse velocity.
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