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 A B S T R A C T

Thermal damage results in a depth-dependent variation in concrete mechanical properties, which is commonly 
investigated by invasive sampling and destructive testing. Ultrasonic Rayleigh wave (R-wave) testing offers a 
non-destructive alternative for mapping mild to moderate thermal damage in cementitious materials. However, 
the coupled influence of damage and moisture gradients on the ultrasonic measurements is not known, while it 
is known that rehydration causes partial recovery of mechanical properties. In this study, we prepare concrete 
and mortar blocks subjected to two distinct heating scenarios: a short-duration high-temperature exposure 
following the ISO fire standards, and a lower-intensity longer heating using radiant panels. We then use P-wave 
refraction, R-wave phase velocity and attenuation and diffuse field analysis to test the exposed blocks first at 
ambient conditions and later after water saturation, in order to decouple the influence of water saturation 
from that of thermal damage. The ultrasonic results are interpreted in relation to other non-destructive 
measurements: resistivity and capacitance. We find that although R-wave phase velocity is indeed sensitive to 
thermal damage, it is also significantly affected by the effect of moisture as it can hardly distinguish between 
exposed and intact surfaces after post-fire re-curing. In contrast, coherent R-wave attenuation effectively 
discriminates a damaged surface. The distinct analysis of coherent and incoherent attenuation enables to 
separate the impacts of thermal damage and moisture content. Overall, this article highlights the potential 
of attenuation for assessing damage under unknown moisture conditions.
1. Introduction

Concrete is widely used in construction because of its strength and 
durability. However, its advantageous mechanical properties can be 
compromised in service by various forms of environmental or acci-
dental factors, such as thermal exposure [1]. In particular, thermal 
exposure creates a thermal gradient throughout the material, leading 
to depth-dependent variations in concrete properties [2]. The effects 
of elevated temperatures on concrete are well documented [3,4] and 
include both chemical and physical changes depending on the tem-
perature level. Traditionally, assessing these changes requires invasive 
sampling and destructive testing [5]. Non-destructive evaluation (NDE) 
methods provide an alternative for assessing these alterations; however, 
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their assessment can be influenced by other factors such as moisture 
gradients. Non-destructive profiling of material property gradients of-
ten involves surface measurements tuned to inspect various depths. 
For instance, the propagation of Rayleigh wave (R-wave) is primarily 
affected by the mass density and shear modulus of the test medium, 
the probing depth is controlled by the excitation frequency [6]. If the 
P-wave velocity increases with depth, measuring the travel time of 
the refracted P-wave as a function of the distance from the source 
allows for the inversion of the velocity profile [7,8]. Direct Current 
resistivity (DC-resistivity) measurements, which are sensitive to ions 
concentration present in poral space, measure apparent resistivity be-
tween electrodes disposed on the surface; by adjusting the distance 
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between the electrodes, the depth of investigation can be tuned [9]. Ca-
pacitive measurements, sensitive to volumetric water content, rely on 
the sensor’s geometry, allowing for different electrode configurations 
to achieve varying inspection depths [10].

Previous research has investigated the impact of water content on 
NDE measurements in concrete, often assuming uniform saturation 
throughout the sample, without addressing surface gradients. As wa-
ter content increases, resistivity decreases [11,12], and capacitance 
increases [13], while ultrasonic wave velocities and attenuation show 
varying trends depending on the material examined and water satura-
tion level. While there is a consensus that near-total water saturation 
generally leads to higher ultrasonic velocities, the observations differ 
for partially saturated materials. Some studies report a U-shaped trend 
for wave velocities as water saturation rises [14–16], while others 
report a monotonic increase [17–19] with P-waves being particularly 
sensitive. The assumption of homogeneous moisture content was chal-
lenged in [14], which demonstrates that R-wave velocities decrease for 
larger wavelength (deeper) in fully water saturated concrete, showing a 
pronounced dispersion even in saturated conditions. Wave attenuation 
vs. water saturation exhibits a bell-shaped pattern [14]. However, 
accurate measurement of attenuation is notoriously challenging and 
requires a significant number of spatial averages to minimize the 
contributions of the incoherent field [6]. Consequently, the attenuation 
vs. water content relationship is less investigated.

This paper investigates the coupled influence of damage and water 
saturation gradients on ultrasonic testing of concrete and mortar blocks. 
These blocks were first exposed to elevated temperatures for a short 
period of time, stored under ambient laboratory conditions for several 
months, and then immersed in water. Multiple independent surface 
measurements were carried out using a home-made dry-contact multi-
element ultrasonic probe to enhance accuracy and minimize noise. 
Material properties extracted from ultrasonic measurements are com-
pared with those from electromagnetic testing, namely capacitance 
and DC-resistivity techniques, which help compare moisture contents 
at initial stage, follow the kinetics of water saturation and re-curing, 
and identify porosity gradients caused by the exposure. In particular, 
we show that attenuation analysis provides two complementary pieces 
of information: the effects of damage on the microstructure through 
coherent field analysis and the presence of moisture content through 
incoherent field analysis.

2. Materials and methods

The experimental procedure involved the preparation of ordinary 
concrete and mortar blocks, followed by exposure to thermal treat-
ments using both ISO standard fire exposure and radiant panels. Non-
destructive evaluation techniques, including ultrasonic measurements, 
capacitive, and DC-resistivity testing, were employed on the samples. 
The non-destructive tests were repeated during and after water satura-
tion.

2.1. Materials

In this section, the specimens of the study are presented. The 
material mixes, and the mechanical properties obtained from the 28-
day compression tests, are first detailed. Then, the thermal damage 
applied to the specimens is discussed in relation to what is known 
in the literature. Finally, the imbibition saturation protocol and the 
monitoring of saturation are outlined. Fig.  1(c) summarizes the global 
timeline of the specimens preparation.
2 
Table 1
Concrete and mortar composition 𝑘𝑔∕𝑚3.
 Cement Sand Aggregate w/c  
 Concrete 350 890 984 0,59 
 Mortar 538 1367 0 0,59 

2.1.1. Preparation
Four specimens were prepared: two concrete blocks and two mortar 

blocks, each with dimensions of 50 × 25 × 12 cm3. The concrete mix 
consisted of CEM I 52.5 𝑁 SR3 cement, admixtures, 0/4 mm sand, 
4/12 mm limestone aggregates, and a water-to-cement ratio 𝑤∕𝑐 of 
0.59 (see Table  1), densities of 2395 ± 3 kg∕m3 for the concrete and 
2262±5.7 kg∕m3 for the mortar. Then, the blocks and five standardized 
cylindrical specimens, each measuring 11 cm in diameter and 22 cm in 
height, underwent 28 days of water curing. The compressive strength at 
28 days conducted on standardized cylindrical specimens, as per the NF 
EN 12390-3 standard, was 42.4 ± 0.3 MPa for concrete and 40.8 ± 1.3 
MPa for mortar.

It is well established that the casting process itself creates an ini-
tial near surface properties gradient in the material due to the wall 
effect [6,20,21]. The wall effect in concrete refers to the uneven dis-
tribution of aggregates caused by the presence of formwork (mould 
blocks). Our blocks were cast vertically from the face of size 25 𝑥
12 cm2, i.e. the wall effect affects the faces where non-destructive 
measurements are conducted. This effect perturbs the particle distri-
bution by repelling larger aggregates [20], which furthermore tend to 
act as a barrier to smaller, nearby aggregates [21]. This results in a 
predominance of small particles and an increase of the porosity near 
the boundaries, and a higher concentration of larger particles inside the 
element, and in turn in lower wave velocities near the surface [6,22]. 
The depth of this wall effect is a function of the volume ratio of 
aggregates to the total volume and the maximum size of the aggregates 
(Eq. (9)-c in [20]). In our case, this results in a depth of approximately 
9.6mm for concrete and of approximately 2.5mm for mortar.

2.1.2. Thermal exposures and damage due to temperature
For each set of material, one block is exposed to temperature on 

one side (50 𝑥 25 cm2), while the other block is kept as a reference, 
as represented in Fig.  1(a). The test specimens underwent two specific 
heat treatments, carefully designed to create varying temperature gra-
dients within the top few centimetres beneath the surface. The first heat 
treatment was aimed to establish a strong temperature gradient near 
the surface. It consisted of a 20 min exposure to a fire in accordance 
with ISO fire standards and resulted in an increase of the temperature 
from ambient to 370 ◦C at the surface and to 130 ◦C at a depth 
of 3 cm. In contrast, the second treatment was aimed to produce a 
milder and more penetrating temperature increase. It consisted in a 
1-hour exposure to radiant panels and resulted in an increase of the 
temperature from ambient to 240 ◦C at the surface and to 135 ◦C at 
a depth of 3 cm. Fig.  1(b) presents the temperature curves recorded 
by five thermocouples positioned at various depths during the heating 
phase and subsequent cooling under ambient temperature conditions.

The effects of high-temperature exposure on concrete are well doc-
umented and can be categorized into two main types: physical and 
chemical changes [23–26]. The former refers to physical damage, 
including mass loss due to the evaporation of free water and the forma-
tion of cracks resulting from the pressure caused by water migration, as 
well as cracks induced by the differing thermal expansion rates of the 
cement mortar matrix and aggregates. The latter pertains to chemical 
changes, which include the decomposition of both the hardened cement 
matrix and the aggregates.

Crack formation is partially attributed to the evaporation of free 
water [23]. As the temperature rises, free water near the heated surface 
evaporates rapidly, leading to a reduction in moisture content and the 
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Fig. 1. Experimental setup: (a) Specimens of the study; (b) Temperature curves recorded by the five thermocouples for the two distinct types of damage. The thermocouples TCi 
i=0,1,2,3,4 and 5 are placed at depths of 0, 2, 3, 4, and 5 (cm) respectively beneath the exposed surface; (c) global timeline of the specimens preparations.
development of a dry zone. This process creates a moisture imbalance 
and causes water migration towards cooler regions within the concrete 
(deeper in the material). The water trapped in the pores generates 
increasing pressure due to its inability to escape quickly. When the 
vapour pressure exceeds the concrete’s tensile strength, microcracks 
form. The faster heating rate during the ISO fire (17.5 ◦C/min) com-
pared to the radiant panel exposure (3.6 ◦C/min) produces higher 
pressures due to the evaporation of free water in concrete, resulting 
in the formation of more cracks. 

Cracks also form due to the different thermal expansion rates be-
tween the cement paste and the aggregates. The difference in thermal 
properties between the mortar matrix and the aggregates induces ther-
mal stresses and possibly cracking in the concrete. Three types of 
thermal cracks have been identified: radial cracks (between two neigh-
bouring aggregates), tangential cracks (in the aggregate-mortar matrix 
interfacial zones) and aggregate cracks. The formation and propagation 
of these cracks depend on the difference in the CTE (coefficient of 
thermal expansion) between the aggregates and the mortar matrix. 
The average CTE of aggregates, primarily limestone in this study, 
𝐶𝑇𝐸𝐴 ≈ 6–13 με ◦C−1 [27], is less than that of the cement matrix, 
𝐶𝑇𝐸𝐶𝑀 ≈ 126–26 με ◦C−1 [28]. Numerical [24] and experimental [25] 
studies have shown that in this case, tangential cracks are formed 
along the interface between the matrix and the inclusion. The presence 
of aggregates in concrete intensifies the thermal expansion mismatch 
between aggregates and the cement paste, leading to more severe 
cracking compared to mortar. 

The chemical process of thermally damaged concrete is well known 
and described in [26]. The main chemical process responsible for the 
internal damage of concrete is the alteration of hydrates. A series of 
transformations occurs during heating, beginning with the dehydration 
of ettringite at 80◦C. The transformation of C-S-H occurs between 
180◦C and 300◦C, while the dehydration of calcium hydroxide starts, 
3 
with the decomposition of portlandite initiating at 400◦C. The first 
chemical transformation in aggregates, specifically the quartz phase 
change, takes place at 570◦C, though this is not relevant to the present 
case study. In concrete, exposure to the ISO standard fire reaches 
approximately 370 ◦C, while the radiant panels exposure in mortar 
reaches only around 240 ◦C. This temperature difference affects the 
level of dehydration in the two materials. 

The overall timeline of specimen preparation is presented in
Fig.  1(c). Measurements under ambient moisture conditions were per-
formed during a 14-month storage period under controlled laboratory 
conditions. The laboratory temperature was maintained between 18 ◦C 
and 22 ◦C, with a relative humidity estimated between 30% and 40%. 
Ultrasonic measurements were performed at 8 months into this storage 
period. The results did not show any significant variability, indicating 
that ambient storage conditions had no notable impact on the analysis.

2.1.3. Water saturation
After being subjected to thermal damage, the blocks underwent a 

saturation process through imbibition. The intact surfaces of the blocks 
were placed in a water tank, initially submerged to a depth of 3 cm, 
as shown in Fig.  4(a). The water level was gradually increased by 
3 cm each week until the blocks were fully submerged. The saturation 
process was monitored by periodically measuring the mass of the blocks 
and conducting all the other NDE measurements, first on a weekly basis 
and then less frequently. The protocol and results of the multiphysics 
monitoring, including mass gain, ultrasonic Rayleigh wave phase ve-
locity and coherent attenuation measurements, as well as capacitive 
measurements, are presented in Fig.  4. Fig.  4(b-c) illustrates the mass 
gain of the blocks throughout the imbibition process, showing that 
the concrete block absorbed ≈ 1.1 kg of water and the mortar block 
absorbed ≈ 1.8 kg. It is also noted that between the 21st and 114th 
day, when the blocks were fully submerged in water, the concrete, and 
mortar mass blocks gained additional grams.
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Fig. 2. Experimental ultrasonic measurement setup and representative raw data: (a) experimental setup using a custom-made Macsys probe; (b) B-scan obtained at a specific 
location on the intact concrete surface; (c) averaged B-scan from 25 measurements at different locations on the same surface; (d) single trace recorded at a source–receiver distance 
of 7.5 cm; (e) average of 25 traces recorded at the same distance but at 25 different surface locations.
 

2.2. NDE methods

This section is divided into two parts. The first part describes 
the setup, data processing, and inversion procedures for ultrasonic 
measurements, including Rayleigh wave attenuation, phase velocity, 
and time-of-flight measurements of refracted longitudinal waves, all 
of which will be inverted. The second part focuses on electromagnetic 
measurements, including capacitive and DC-resistivity measurements.

2.2.1. Ultrasonics measurements
The experimental setup uses a home-made dry-contact multi-element

ultrasonic probe, as shown in Fig.  2(a). This probe consists of 13 Acsys 
P-wave S1803 transducers. The transducers are arranged to simulate 
1 source and 40 receivers located 25 mm to 240 mm from the source, 
with a 5 mm spacing. A chirp signal is emitted between 15 and 480 kHz 
and correlated with the measured signals to simulate a Ricker wavelet 
with a central frequency of 120 kHz. Two thousand temporal averages 
are taken to achieve a suitable signal-to-noise ratio for the P-wave. Ad-
ditionally, 50 measurements are conducted at different probe positions 
on the surface of the block, allowing for the mitigation of incoherent 
wave fields through spatial averaging [6]. An example of a B-scan 
for an intact concrete surface under ambient environmental conditions 
is shown in Fig.  2(b) for one measurement location. Fig.  2(e) shows 
the average B-scan resulting of 25 measurements at different locations 
on the surface of the block. Fig.  2(d) and (e) display an example of 
the measured signal at a source-receiver distance of 7.5 cm for one 
measurement location, and the spatially averaged results, respectively.
4 
The use of coherent and incoherent fields allows us to measure four 
parameters. From the coherent field, we measure (1) the Rayleigh wave 
(R-wave) phase velocity, (2) the attenuation, and (3) the direct and 
refracted P-wave velocities. From the incoherent field, we measure (4) 
the attenuation caused by material damping.

The 50 data measurements are used to define 5 averaged datasets, 
each one consisting of 25 randomly chosen measurements. For each av-
eraged data set, the R-wave phase velocity dispersion curve is extracted 
using a 𝑝 − 𝜔 transform [29], and the attenuation factor is estimated 
from the decrease in the amplitude spectrum of the coherent field after 
correction of the geometric attenuation. The final curves represent the 
average of the 5 curves resulting from the random selections.

The dispersion curves are inverted to infer the 1D S-wave velocity 
profile using a Monte Carlo approach, as in [30]. Additionally, a cost 
term was introduced to penalize the norm of the gradient of the 
parameters with depth (Tikhonov regularization [31]).

The inversion method requires, as input, a dispersion curve with its 
associated uncertainty. The uncertainty of the dispersion curve is esti-
mated as the sum of two main sources. The first source is related to the 
𝑝−𝜔 transform, which considers the lobe width and is evaluated using 
the relationship 𝑐

𝑓×𝐿  [32], where 𝑐 represents the phase velocity, 𝑓 the 
frequency, and 𝐿 the measurement line length. The second source of 
uncertainty arises from the material heterogeneity and is defined here 
as the standard deviation among the five randomly selected dispersion 
curves. The final inversion result considered is the median of the 1000 
best solutions. An example of the results is shown in Appendix  A.
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Fig. 3. Experimental setup for electromagnetic measurements: (a) Capacitive measurement system with seven different electrode arrays. (b) A 14-electrode probe for DC-resistivity 
measurements, including a schematic of the Schlumberger electrode configuration, where a and b represent the electrode spacings, A and B are the injection electrodes, and M and 
𝑁 are the measurement electrodes. (c) and (d) show the raw measurement results of relative dielectric permittivity and apparent resistivity for an intact surface of the concrete 
block under water saturation after 88 days cure. Error bars for the capacitive measurements indicate the standard deviation of the mean of nine measurements taken at the central 
area of the surface, while error bars for resistivity measurements represent the standard deviation of the mean for measurements taken at the same depth level in the Schlumberger 
configuration.
First-arrival picking was performed on the same dataset, with flight 
times determined as the average from 50 data measurements. The 
resulting curves were then fitted using a bi-layer refraction model. 
The fitting procedure, along with an application example on an intact 
concrete block under ambient temperature, is shown in Appendix  B.

The attenuation of the incoherent field of the signal is extracted 
from the evolution of the diffuse energy, which occurs on a much longer 
timescale than the time necessary for the coherent wave to propagate. 
The received data were first processed using time-frequency analysis 
(Short Time Fourier Transform) with a window duration of 8 μs. The 
mean energy < 𝐸(𝑓, 𝑡, 𝑑) > at a given source-receiver distance 𝑑 was 
then obtained by averaging these (squared) band-passed signals over 
the 50 measurements. The incoherent attenuation is finally determined 
by fitting an exponential decrease to the long-time decay (𝑡 > 0.5 ms), 
after averaging ⟨𝐸⟩ over 𝑑.

2.2.2. Electromagnetic measurements
Capacitive measurements assess the relative dielectric permittiv-

ity of concrete, denoted by 𝜀′𝑟. It is also referred to as ‘‘apparent’’: 
it is the permittivity of a homogeneous medium whose capacitance 
measurement is the same as that of the medium being tested. This 
parameter quantifies the material’s ability to store electrical energy 
when subjected to an external electric field [33]. Relative dielectric 
permittivity is represented by the real part of a complex value, which 
depends on the oscillation frequency and the polarization of the electric 
field.

The real component accounts for polarization effects, while the 
imaginary part reflects energy losses [10]. Measurements are performed 
5 
on the material’s surface using various probes configured as coplanar 
capacitors, differing in electrode number and spacing to adjust the 
depth of investigation [13] (see Fig.  3-a). Each of the capacitive probes 
used in this study is connected to a resonant circuit with an oscilla-
tor operating at 33 MHz. Calibration is carried out using reference 
materials with known permittivity, and environmental capacitance is 
accounted for by referencing measurements taken in air. Each mea-
surement sequence provides nine surface values, and the error on the 
average of these measurements for each probe is shown in Fig.  3-
(c). This figure illustrates an example of results obtained on an intact 
concrete surface under water-saturated conditions. Capacitive measure-
ments were conducted on intact and damaged surfaces of concrete 
and mortar blocks following thermal exposures, both under ambient 
moisture conditions and after water saturation.

DC-resistivity in concrete evaluates the material’s resistance to the 
flow of electric charges, denoted as 𝜌𝑎 (Ω m) [33]. Measurements 
are conducted using a four-electrode method in Schlumberger con-
figuration with variable spacing [33]. The probe was connected to a 
multichannel resistivity metre (Iris Instruments Syscal Pro) enabling 
rapid measurement at low frequency (2 Hz). The resistivity probe 
comprises 14 electrodes spaced at 20 mm intervals, enabling depth 
profiling based on electrode separation [9]. The probe and the mea-
surement scheme are shown in Fig.  3-(b). Each measurement sequence 
yields 67 apparent resistivity values. The results take into account the 
geometric effect through a factor calculated using a Finite Element 
model. The investigation depths correspond to the maximum length 
of the Schlumberger configuration during the measurements, denoted 
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as 𝐿 = 𝐴𝐵, ranging from 6 to 26 cm. This provides 10 investigation 
depth levels, as shown in Fig.  3-(d). These depths are considered at 20% 
of the total length of the four-electrode configuration [34]. The error 
bars represent the standard deviation of the mean of measurements 
of each depth level. DC-resistivity measurements were conducted on 
intact and damaged surfaces of concrete and mortar blocks following 
thermal exposures, but only after water saturation. Under ambient 
moisture conditions, the surface was too dry to inject sufficient current 
for measurements.

3. Results and discussion

This section presents the acquired multiphysical data. It first covers 
water saturation monitoring, then electromagnetic test results, and 
finally ultrasonic testing findings.

3.1. Water saturation monitoring

The capacitive imbibition monitoring shown in Fig.  4(d-e) is ob-
tained using a probe with a numerically estimated investigation depth 
of 6.8 cm [13]. On day 0 (before saturation), it can be observed that 
the value of 𝜀′𝑟 is similar for intact and exposed surfaces. This indicates 
a nearly identical volumetric moisture content between them, likely 
due to the storage of samples under ambient laboratory conditions 
for several weeks without protection. Then, 𝜀′𝑟 increases significantly 
between day 0 and day 21, indicating substantial water uptake. After 
day 21, the 𝜀′𝑟 values stabilize, suggesting that the material is nearing 
full saturation. It is also noted that after day 21, a slight decrease 
in 𝜀′𝑟 is observed for the exposed surface to damage. This effect ac-
companies the slight mass gain noticed after day 21 as well. The 
most probable reason behind this effect is post-fire re-curing recovery, 
where the filling of pores and cracks by rehydrated products decreases 
the porosity [35] and increases the mass. Studies summarized in the 
review [36] show that after a few days of saturation, water does not 
just fill the pores but begins to alter the properties of fire-exposed 
concrete, such as strength and permeability, which can be restored. This 
phenomenon is known as ‘‘post-fire curing recovery’’. This recovery 
primarily occurs through a rehydration mechanism, where compounds 
like calcium hydroxide (CH) and calcium silicate hydrate (C-S-H) fill 
cracks and pores. In concrete, the rehydrated products help restore the 
microstructure by reducing the size and connectivity of fire-induced 
pores and cracks [37], although cracks may expand in cement paste 
due to the increase in CH volume [38]. Recovery rates depend on the 
temperature level reached [39] and vary between concrete and mortar. 
Concrete generally exhibits more recovery, as thermal-induced cracks 
around aggregates create space for rehydration products to form [40].

Ultrasonic measurements are sensitive to water content [7,14] but 
also post-fire curing recovery effects. It was shown in [37] that concrete 
heated at 400 ◦C can recover up to 90% of its lost velocity after water 
post-fire curing. Fig.  4 (f-g) illustrates an increase in Rayleigh ultrasonic 
phase velocity at a wavelength of 𝜆 = 1.5 cm. This increase continues 
to occur after day 21 for both concrete and mortar, intact and ex-
posed cases, while trends on the mass and capacitance results indicate 
nearly fully saturated cases. Similarly, Fig.  4 (h-i) shows that after a 
slight (concrete) or strong (mortar) increase in the first days, coherent 
attenuation decreases monotonously after day 21. This behaviour in 
the ultrasonic results is attributed to the post-fire re-curing recovery 
effects. The filling of pores and cracks by rehydrated products increases 
the velocities and reduces scattering, and thereby coherent attenuation. 
Ultrasonic measurements are also sensitive to thermal damage. Indeed, 
despite similar water content at day 0, ultrasonic measurements can 
distinguish between the exposed and intact surfaces. A slight U-shaped 
effect is observed in the Rayleigh wave velocity, particularly for the 
exposed surface, during the period from day 0 to day 21. Conversely, a 
bell-shaped trend is noted in the coherent attenuation curves over the 
6 
same period. This trend indicates a low water content, and the change 
in trend occurs at a saturation level of around 30%–40% [14,41].

The ultrasonic measurements presented in the following sections, 
labelled ‘‘saturated’’, were taken on the 140th day, while the ‘‘satu-
rated’’ electromagnetic measurements were conducted on the 88th day. 
Ultrasonic measurement were conducted at 8 month Rayleigh wave 
phase velocity (Figure a below) and attenuation measurements (Figure 
b below) were performed eight months apart, showing no significant 
variability.

3.2. Electromagnetic test results

The relative dielectric permittivity 𝜀′𝑟 is mainly sensitive to changes 
in the volumetric water saturation level of concrete [42,43], with 
higher values indicating greater volumetric moisture content. The raw 
relative dielectric constants are presented in Fig.  5(a)–(b) for concrete 
and mortar, respectively. Capacitive measurements indicate a nearly 
identical volumetric water saturation state for specimens under ambi-
ent humidity conditions, regardless of whether the concrete or mortar 
is damaged or intact. This is reflected in an apparent dielectric constant 
ranging between 7 and 9.

Capacitive measurements, like ultrasonic incoherent attenuation 
measurements, clearly distinguish between the water-saturated state 
and the ambient moisture state. It should be noted that the depth of 
investigation corresponds to an integrated volume across the entire 
thickness, meaning no conclusions can be drawn regarding gradients 
with depth. All measurements indicate that the relative dielectric per-
mittivity increases with the depth of the integrated investigation vol-
ume. However, a comparison between intact and damaged surfaces can 
be made using differential analysis.

The difference in capacitive measurements between exposed and 
intact surfaces is presented in Fig.  6(a). It can be observed that the re-
sults under ambient moisture conditions show a positive 𝛥𝜀′𝑟, indicating 
slightly higher water content at intact surfaces compared to damaged 
surfaces. However, the comparison between concrete and mortar (red-
black vs. orange-black) is difficult to interpret due to the error bars 
and the narrow gap between the two curves. In the results obtained 
after water saturation, 𝛥𝜀′𝑟 becomes negative, indicating mainly higher 
volumetric water content at damaged surfaces. This suggests that ther-
mal damage increased the density of microcracks near the surface, 
and shows that this difference is more pronounced in mortar than in 
concrete.

The apparent electrical resistivity, 𝜌𝑎, is sensitive to changes in 
the volumetric water content in concrete [42], with higher values 
indicating lower moisture content. The raw relative apparent resistivity 
values are presented in Fig.  5(c)–(d) for concrete and mortar, respec-
tively. Measurements under ambient moisture conditions could not be 
performed due to very high contact resistance, despite localized wetting 
at the contact interface between the electrodes and the block surfaces.

The apparent resistivity values observed in concrete are higher than 
those in mortar. This is likely due to the presence of aggregates, which 
are less porous and electrically more resistant or even insulating. In 
contrast, their absence in mortar results in a higher proportion of 
cement paste, leading to greater water absorption. For exposed surfaces 
subjected to thermal damage (red vs black for concrete and orange 
vs black for mortar), lower resistivity values are observed for both 
materials. As with capacitive measurements, these resistivity values in-
tegrate the entire volume from the surface, corresponding to the depth 
of investigation. To better assess the differences caused by thermal 
damage, differential analysis is more appropriate.

The difference in DC-resistivity measurements between exposed and 
intact surfaces is presented in Fig.  6(b). It can be observed that the 
difference is positive, indicating lower resistivity on exposed surfaces 
due to higher water content. This increase in water content is attributed 
to the higher density of microcracks caused by thermal damage. The 
difference approaches zero beyond a depth of investigation of 3 cm, 
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Fig. 4. Monitoring water saturation by imbibition and curing in concrete and mortar blocks from both exposed and intact surfaces: (a) schematic of the immersion process, with 
the intact surface submerged to a depth of 3 cm during the first week; (b) and (c) show mass gain in concrete and mortar blocks, respectively; (d) and (e) display the relative 
dielectric permittivity measured using the GE2 capacitive probe, with a penetration depth of 6.8 cm; (f) and (g) illustrate changes in Rayleigh wave phase velocity at 𝜆 = 1.5 cm; 
(h) and (i) present coherent Rayleigh wave attenuation under the same conditions. Concrete and mortar blocks are shown in each case, respectively.
while it is more significant within the first 3 cm. Furthermore, this effect 
is more pronounced in concrete compared to mortar.

The comparison of DC-resistivity with the capacitive results is con-
sistent. A low relative dielectric permittivity value is accompanied 
by high apparent resistivity. Spatially, a differential gradient between 
surfaces can be observed over the first 2 − 3 centimetres with both 
methods.

3.3. Ultrasonic test results

3.3.1. P-wave and R-wave velocities
The time of flight (TOF) for the first wave packet, which may 

represent either direct P-waves or a combination of direct and refracted 
P-waves if refraction conditions are satisfied, is shown in Fig.  7(a)–(b) 
for concrete and mortar, respectively. The TOF curves for the first 
arrivals clearly distinguish the different materials and test conditions: 
thermal exposure (red and orange) or intact condition (black), and 
7 
saturated (blue markers) or ambient conditions. As expected, the TOF 
is shorter for intact concrete compared to intact mortar. For both 
materials, the intact surfaces show shorter TOF than the thermally 
damaged surfaces, and water saturation further decreases the TOF 
compared to ambient moisture conditions.

The P-wave inversion results using a bi-layer refraction model are 
presented in Fig.  8(a)–(b) for concrete and mortar, respectively. As 
expected, the inverted P-wave velocities before saturation are higher in 
intact concrete than in intact mortar. The difference in P-wave veloci-
ties is attributed to the presence of limestone aggregates, which exhibit 
higher velocities than mortar, with values reported in the literature 
ranging from 3800 to 6500 m∕s [44]. A low-velocity layer, approxi-
mately 1.2 cm thick, is observed near the surface of both intact concrete 
and mortar blocks, with a velocity decrease of 11% for concrete and 
5% for mortar. This decrease in near-surface velocity could be due to 
surface drying caused by exposure to ambient laboratory environmental 
conditions, leading to a reduction in moisture content in the surface 
layer. The wall effect likely also contributes for concrete (estimated 
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Fig. 5. Raw capacitance and DC-resistivity measurements on concrete and mortar blocks, before and after water saturation and curing, and on exposed and intact surfaces as 
function of investigation depth and temperature reached at each depth: (a) and (b) show the relative dielectric permittivity of concrete and mortar, respectively, with error bars 
indicating the standard deviation of nine measurements per probe. Investigation depths, estimated numerically, range from 0.7 cm (PE1) to 6.8 cm (GE2). (c) and (d) present 
apparent resistivity results for concrete and mortar, respectively; error bars represent the standard deviation of the mean at each level in the Schlumberger configuration. The 
exposed surface corresponds to ‘depth = 0 cm’, and the intact surface to ‘depth = 12 cm’.
Fig. 6. Differential comparison of electromagnetic results between intact and thermally exposed surfaces before and after water saturation and curing, as a function of investigation 
depth and the temperature reached at each depth for each material block: (a) shows the difference in apparent dielectric permittivity, 𝛥𝜀′, and (b) presents the difference in apparent 
resistivity, 𝛥𝜌.
depth: 8.4 mm) but not for mortar as its estimated depth (2.5 mm) is 
smaller.

Thermal exposure reduced velocities in both materials at slightly 
different rates. The damaged layer shows a P-wave velocity decrease 
of 14% in concrete and 13% in mortar.
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The thickness of this damaged layer is approximately 1.7 cm for 
both materials. Since capacitive measurements have shown that water 
content of intact and exposed surfaces is similar at day 0, the reduction 
in wave velocity is attributed to changes in material microstructure. 
After water saturation, the conditions necessary for refraction were not 
satisfied in mortar, either on the surface exposed to radiant panels or 
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Fig. 7. Ultrasonic R-wave and P-wave measurement results on concrete and mortar blocks, on intact and exposed surfaces before and after water saturation and curing: (a) and 
(b) show the time of first P-wave arrivals as a function of source–receiver distance for concrete and mortar, respectively. (c) and (d) present R-wave phase velocity as a function of 
wavelength for concrete and mortar, respectively. (e) and (f) illustrate changes in R-wave coherent attenuation as a function of wavelength for concrete and mortar, respectively. 
The three black curves in (c-f) represent results from the two surfaces of the intact blocks and the unexposed surface of the damaged block. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
on the intact surface. This suggests that the velocity remains relatively 
constant or decreases with depth. This behaviour is consistent with 
variations in the inverted shear wave velocities, as shown in Fig.  8(d), 
in which we observe a decrease in velocity with increasing wavelength 
(or penetration depth). The inverted results show that the P-wave 
velocity increases in both layers after water saturation, although at 
different rates. This increase is due to replacing air with water, as the 
sound velocity in water (approximately 1400 m∕s) is significantly higher 
than in air (approximately 343 m∕s). In the intact blocks, the direct 
P-wave velocity increases by approximately 13% and 8% in the first 
layer of concrete and mortar, respectively. For the damaged surface, 
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the increase reaches approximately 17% for concrete subjected to ISO 
standard fire and 14% for mortar exposed to radiant panels. These tend 
to indicate that concrete absorbs more water than mortar, despite the 
higher cement paste content in mortar. This can be explained by a 
greater density of microcracks in the concrete, caused by the presence 
of aggregates and the intense thermal gradient associated with ISO 
standard fire exposure. Another factor contributing to the increase in 
velocity could be the changes in the microstructure caused by post-
fire rehydration products. These products fill the microcracks, thereby 
reducing both the density of microcracks and the overall porosity.



M. Fengal et al. NDT and E International 156 (2025) 103473 
Fig. 8. Inversion results from ultrasonic R-wave and P-wave measurements on concrete and mortar blocks, on exposed and intact surfaces before and after water saturation and 
curing, as a function of depth and the temperature reached at each level: (a) and (b) show refracted P-wave inversion results using a bi-layer model, for concrete and mortar, 
respectively. (c) and (d) illustrate the inverted shear wave velocity (𝑉𝑠) profiles for concrete and mortar blocks, respectively.
The experimental R-wave phase velocity curves as a function of 
wavelength are presented in Fig.  7(c)–(d) for concrete and mortar, 
respectively. The three black curves in each figure, shown as solid 
lines for concrete and as dotted lines for mortar, include the results 
for the two surfaces of the intact reference concrete block, as well as 
the velocity curve corresponding to the intact surface of the thermally 
damaged block (see Fig.  1(c)). This shows the variability in the pro-
duction of concrete between specimens, as observed through ultrasonic 
measurements, even though the material comes from the same mix. 
At the same wavelength, a difference of up to 80 m/s, representing 
approximately 4%, is observed for concrete, and 35 m/s, approximately 
2%, for mortar. The corresponding dispersion curves as a function of 
frequency are shown in Appendix  A

As for P-wave, R-wave phase velocity curves are clearly distinct 
depending on the damages, moisture condition and material. As ex-
pected, the phase velocity is higher in concrete than in mortar by about 
9%. At 𝜆 = 2 cm, a 14% decrease in velocity is observed in ISO-
standards fire-damaged concrete compared to intact concrete, while a 
similar 10% decrease is noted for mortar exposed to radiant panels. 
These reductions in velocity are attributed to the increased density of 
microcracks since water content is similar in either surface.

Distinct trends in phase velocity are observed for both thermally 
damaged concrete (red solid curve) and mortar (orange dotted curve) in 
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the range 𝜆 ≈ 2 to 𝜆 ≈ 4 cm. They correspond to the sharp variations in 
the inverted shear wave velocities shown in Fig.  8(c)–(d). To compare 
the extent of the two damages, we measure their characteristic depth 
as 80% of the difference between the surface velocity and the average 
velocity from 2 to 4 cm. With this definition, we obtain 1.3 cm for 
concrete exposed to ISO standard fire and 1.8 cm for mortar exposed 
to radiant panels.

As expected, R-wave velocity increases in saturated conditions. The 
effect is moderate for intact surfaces: 0 to 4% for concrete, 0 to 7% for 
mortar, depending on the wavelength. The damaged surfaces respond 
however much more: up to 12% for concrete and to 10% for mortar.

The post-saturation phase velocity curve for damaged concrete 
(solid red curve with blue markers) is similar in shape to the dispersion 
curve for intact concrete (solid black with blue markers), although ther-
mal exposure reduces phase velocity by approximately 6% throughout 
the depth. The remaining gradient (see Fig.  8-(c)) appears similar to 
that of the intact surface, indicating a dominant sensitivity to water 
saturation effects. From this inverted data, one can wonder whether 
the mechanical properties of the saturated damaged surface are close 
to the intact ones. We will see later on that the (coherent) attenuation 
properties remain clearly distinct, hinting on that the surfaces are 
indeed still very different.

The effects of saturation in mortar are perhaps more surprising. 
Indeed, Fig.  7(d) shows that after saturation, the trend in phase velocity 
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Fig. 9. Experimental results of signal energy density measurements at different frequencies, distances, and case studies for concrete and mortar blocks, on exposed and intact 
surfaces before and after water saturation and curing: (a) and (b) show time-domain signals recorded at a 5 cm source–receiver distance; (c) and (d) present energy density as a 
function of time, ⟨𝐸(𝑓, 𝑡)⟩, for a central frequency of 50 kHz, and (e) and (f) for 180 kHz, for concrete and mortar, respectively.
in both intact and radiant panel-damaged mortar is reversed, as velocity 
increases with shorter wavelengths. This translates into a ‘‘fast-to-slow’’ 
gradient, where velocity decreases with depth (see Fig.  8-(d)). This is 
possibly due to a high concentration of near-surface pores and cracks 
now filled with water (high moisture content) or rehydrated products 
that restore the microstructure (post-fire curing recovery). This trend is 
not observed in intact concrete or ISO standard-fired concrete, where 
an increase in velocity with depth is noted after saturation, but not 
to the extent of reversing the gradient trend. One possible reason 
is the material gradient due to the wall effect, which is prominent 
with a decreasing density of aggregates near the surface. From the 
comparison of velocities in intact mortar and concrete, we can estimate 
the effect of aggregates of about 13%. This figure is bigger than the 8% 
increase due to water saturation in mortar. This suggests that aggregate 
density remains the dominant factor over water content and gives an 
explanation of why this reversed gradient is not observed in concrete.
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3.3.2. Rayleigh wave attenuation
The attenuation results are analysed in two categories: (i) coherent 

attenuation (c-attenuation), obtained from coherent field, and (ii) in-
coherent attenuation (inc-attenuation), obtained from incoherent field. 
Coherent attenuation is presented as a function of wavelength in Fig. 
7(e)–(f) and as a function of frequency in Appendix  B. Incoherent 
attenuation is shown in Figs.  9 and 10.

As expected, c-attenuation in both concrete and mortar generally 
increases with frequency under all conditions, whether the samples 
are damaged or intact, saturated or unsaturated. We observe that c-
attenuation is higher in concrete than in mortar. For example, Fig. 
7(e)–(f) shows attenuation values of about 120 dB∕m at 𝜆 = 1.2 cm for 
intact concrete (matching the maximum aggregate size), compared to 
60 dB∕m for intact mortar at the same wavelength. This increase in c-
attenuation with frequency highlights the sensitivity of R-waves to the 
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Fig. 10. Absorption |𝑎| of the incoherent field (incoherent attenuation): (a) shows an example of the processing applied to ISO-standard fire-exposed concrete at 50 kHz; (b) 
presents the estimated ultrasonic absorption as a function of frequency, comparing exposed and intact surfaces before and after water saturation and curing.
microstructural and viscoelastic properties of the tested materials. How-
ever, interpreting this relationship is complex, as it involves contribu-
tions from multiple processes, including scattering from heterogeneities 
and intrinsic attenuation due to the material’s viscoelasticity.

C-attenuation increases dramatically after thermal damages. At 𝜆 =
1.2 cm, concrete results exhibits an increase of approximately 210 dB∕m
(196%) due to exposure to standard fire, whereas mortar exhibits an 
increase of 40 dB∕m (98%) when exposed to radiant panels at the same 
wavelength, compared to the measurements on the intact surfaces.

Let us now examine the effect of water saturation (lines with blue 
dots). It is striking how small the effect is on concrete: at the same 
wavelength (𝜆 = 1.2 cm), c-attenuation in damaged concrete decreased 
by only 30 dB∕m (10%). The fact that the wavelength seems to be the 
dominating parameter (this is not the case of the frequency, see Ap-
pendix  A) suggests that scattering is the primary cause of c-attenuation 
within this wavelength range. The slight decrease after 140 days of 
saturation might be due to the still ongoing post-fire re-curing effect, 
as indicated by the trend in Fig.  4(h): rehydrated products partially 
fill some cracks, improving the matrix/aggregate interfaces and thereby 
reducing the contribution of scattering. However, it seems that these in-
terfaces still more closely resemble those of the damaged surface before 
re-curing than those of the intact one, which is a qualitatively different 
conclusion from what might be inferred from a velocity analysis alone.

Interestingly, an opposite effect of water saturation is observed in 
damaged mortar: at 𝜆 = 1.2 cm c-attenuation increased by 20 dB∕m
(21%). Our interpretation for this reversed trend compared to concrete 
is that, because of the smaller size of aggregates, the scattering effect 
is much less in this range of wavelengths to a point where material 
damping becomes a significant factor. Indeed, moisture is known to be 
a leading parameter for sound absorption in rocks, with wet rocks being 
more attenuative. Anticipating the inc-attenuation analysis, this is also 
the case here. Finally, we note that although the effect of water on 
c-attenuation in mortar is more noticeable, there is still a very clear 
distinction between intact and damaged surfaces, whatever their state 
of saturation.

In summary, the results of c-attenuation indicate a dominance of 
thermal damage contribution than to water content in concrete, with 
the curves under ambient and water saturated conditions showing a 
clear distinction between the damaged and intact surfaces. The slight 
variations observed after water saturation are attributed to post-fire 
re-curing recovery and absorption effects.

Let us now discuss the inc-attenuation. Because the blocks are 
isolated from neighbouring media (the impedance contrast with air 
is huge), the only source of inc-attenuation is material absorption. 
Absorption refers to various mechanisms that convert vibrational en-
ergy into heat through friction, fluid flow, and thermal relaxation 
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processes. Studies on rocks in the frequency range of 0.1–1 MHz [45] 
have shown that friction at grain boundaries and within thin cracks is 
the main mechanism for inc-attenuation. Measurements under varying 
pressures demonstrate that inc-attenuation drops with higher pressure 
due to reduced friction. However, the presence of water increases inc-
attenuation by wetting crack surfaces and grain boundaries, which 
facilitates frictional sliding through lubrication.

Examples of signals at a 5 cm source-receiver distance are shown 
in Fig.  9(a)–(b), respectively, for concrete (left) and mortar (right). 
The evolution of diffuse energy ⟨𝐸(𝑓, 𝑡)⟩ (at longer times) is shown 
in Fig.  9(c)–(d) for a frequency of, 50 kHz and in Fig.  9(e)–(f) for a 
frequency of 180 kHz. It can be observed that the energy of the incoher-
ent component decays exponentially and attenuates more significantly 
under water saturation conditions and at higher frequencies (shorter 
wavelengths). It is also noted that the evolution and quantity of energy 
in the incoherent component appear to be insensitive to the material 
type or its damage state, but rather to its water content.

The incoherent attenuation (inc-attenuation) is determined by fit-
ting an exponential function to the long-time decay, after averaging 
over distance, as shown in Fig.  10(a). This method applies over the 
frequency range of 30 to 180 kHz to analyse the evolution of absorption 
as a function of frequency. The results appear in Fig.  10(b). Inc-
attenuation results confirm that energy loss in the incoherent compo-
nent is predominantly influenced by water content rather than thermal 
damage or post-fire re-curing recovery effects. It effectively identifies 
the presence or absence of moisture but does not distinguish between 
damage levels or material types. Additionally, the results suggest that 
the initial water content of exposed and intact surfaces before satura-
tion is nearly identical. This observation aligns with previous findings 
from electromagnetic capacitance measurements.

The key findings of the attenuation analysis can be summarized as 
follows:

(a) Coherent attenuation (c-attenuation) generally increases with 
frequency under all conditions, with concrete showing higher 
c-attenuation than mortar.

(b) Thermal damage leads to a significant increase in c-attenuation, 
particularly in ISO standard fired concrete.

(c) Water saturation slightly reduces c-attenuation in concrete but 
increases it in damaged mortar.

(d) Incoherent attenuation (inc-attenuation) is primarily governed 
by material absorption and is sensitive to water content. It 
increases with water saturation, especially at higher frequencies.

(e) The energy decay in the incoherent component is found to be 
independent of the material type and its damage state, being 
predominantly influenced by the moisture content.
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4. Conclusions

Ultrasonic waves provide a non-destructive method for mapping 
mild to moderate thermal damage in cementitious materials. However, 
the combined influence of damage and moisture gradients on ultrasonic 
measurements remains unclear, even though it is known that rehydra-
tion partially restores mechanical properties. To address this knowledge 
gap, concrete and mortar blocks submitted to two distinct thermal 
exposures were inspected using ultrasounds and electromagnetic meth-
ods, first under ambient moisture conditions and subsequently under 
water saturation.

We found that ultrasonic velocities are sensitive to microstructural 
changes caused by thermal damage but are also strongly influenced 
by moisture content and recovery effects. On the other hand, attenu-
ation analysis enables the separation of damage and moisture content 
effects using both coherent and incoherent components. Incoherent 
attenuation distinguishes the presence or absence of moisture but does 
not differentiate damage or material type, similar to electromagnetic 
methods. High absorption is associated with a high moisture con-
tent. Conversely, coherent attenuation demonstrates high sensitivity 
to thermal damage in the microstructure and is weakly (concrete) to 
moderately (mortar) affected by moisture. Resulting of this selective 
sensitivity, exposed and intact surfaces of either materials remained 
strongly differentiable even after 140 days of water saturation and post-
fire curing recovery, while appearing much less different in terms of 
ultrasonic velocities.

Overall, the present study demonstrates the efficiency of Rayleigh 
wave attenuation in distinguishing the effects of thermal damage from 
those of moisture content. Attenuation can be used for non-destructive 
evaluation, complementing velocity, to assess the contribution of mois-
ture content to the gradient of mechanical properties. Another novel 
use could be to monitor long-term post-fire recovery non-destructively 
without the need to dry the samples to separate the effects of moisture 
from recovery.
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Appendix A. Rayleigh wave raw and inverted results

The experimental R-wave phase velocity and coherent attenuation 
curves as a function of frequency are presented in Fig.  A.11 for concrete 
and mortar.

This representation is more usual and closer to raw measurements 
than Fig.  7 as it does not include the conversion from frequency to 
wavelength, but it is also less instructive since penetration depths 
are not readily comparable. Therefore, interpreting the results based 
on wavelength is more appropriate. When plotted against frequency, 
coherent attenuation in concrete (Fig.  A.11(a)) is dependent upon 
moisture.

Fig.  A.12 illustrates the inversion results for an intact concrete 
surface under ambient moisture conditions. The left panel depicts the 
model space, with dashed black lines marking the boundaries of the 
search area. The coloured shear wave velocity (𝑉𝑆 ) models represent 
the 1000 best solutions, while the thick grey line denotes their me-
dian. The right panel presents the fundamental mode Rayleigh wave 
phase velocities (RC0), where the coloured curves correspond to the 
dispersion curves of the 1000 best models, with colours indicating log-
likelihood values. The red curve represents the observed Rayleigh wave 
phase velocity dispersion data used in this inversion.

Appendix B. Refracted P-wave inversion

Fig.  B.13 illustrates the processing procedure for refracted P-wave 
measurements. First-arrival picking (b) was performed on the B-scan 
(a), with travel times determined as the average from 50 data measure-
ments. The resulting curves were then fitted using a bi-layer refraction 
model. The refraction principle is illustrated in (c) for a single-layer 
system of thickness 𝑒1, with a longitudinal P-wave velocity 𝑉1, over-
lying an infinite medium with a P-wave velocity 𝑉2, where 𝑉2 > 𝑉1. 
For an incident angle exceeding the critical angle 𝛼 = arcsin

(

𝑉1
𝑉2

)

, 
the refracted wave does not propagate into the infinite medium, but 
instead travels along the interface. The determination of 𝑉1, 𝑒1, and 𝑉2
requires information on the arrival times of the longitudinal P-wave as 
a function of the source-receiver distance. The fitting procedure, along 
with an application example on an intact concrete block under ambient 
moisture conditions, is shown in (d).

Data availability

Data will be made available on request.
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Fig. A.11. Ultrasonic R-wave measurement results on concrete and mortar blocks, on intact and exposed surfaces before and after water saturation and curing: (a) and (b) illustrate 
changes in R-wave coherent attenuation as a function of frequency for concrete and mortar, respectively. (c) and (d) present R-wave dispersion curves for concrete and mortar, 
respectively. The three black curves represent results from the two surfaces of the intact blocks and the unexposed surface of the damaged block. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. A.12. Inversion results for an intact concrete surface under ambient moisture conditions: (Left panel) Model space, where the dashed black lines indicate the boundaries of 
the search area. The coloured 𝑉𝑆 models correspond to the 1000 best solutions, with the thick grey line representing their median. (Right panel) RC0 correspond to the phase 
velocities of the fundamental mode Rayleigh waves. The coloured curves correspond to the dispersion curves of the 1000 best models, colours correspond to log-likelihood values; 
The red curve with error bars shows the observed Rayleigh wave phase velocity dispersion data inverted in this example. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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Fig. B.13. Processing procedure for refracted P-wave measurements on an example of an intact concrete block under ambient moisture conditions: (a) and (b) present first-arrival 
picking results; (c) illustrates the principle of P-wave refraction, including a description of the medium and the measurement setup; (d) shows an application of this model to data 
acquired from the intact surface of a concrete block under ambient moisture conditions.
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