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There are many examples of historical rammed earth constructions for which the development of valid
methods for evaluation of their conservation state is a major concern for conservation agencies of all
around the world. On the other hand, rammed earth is attracting the attention of modern architecture
trends because of its outstanding performance from an ecological perspective. Thus, the development
of reliable non-destructive tests for the inspection of new and existing rammed constructions is of major
interest. Ultrasonic and sonic tests are among the most commonly used. While the former has been the
subject of numerous studies in rammed earth soil, sonic tests still requires further experimental devel-
opment. In general, both tests demand a more precise study of their performance according to different
states of loading and damage to evaluate the state of structural degradation. Additionally, the procedure
commonly used to apply both tests need to be revised in order to provide a more reliable and precise
assessment of the time-of-flight of elastic waves. Therefore, on the one hand, this paper evaluates and
compares the sensitivity of both non-destructive inspection techniques to different levels of damage
induced on the tested samples and possible heterogeneous properties such as compaction energy distri-
bution during the manufacturing process. On the other hand, an automated procedure for the analysis of
the experimental recordings and the identification of the time-of-flight of sonic and ultrasonic waves is
developed to facilitate the applicability of these techniques. This new procedure consists of a simple sig-
nal analysis algorithm that avoids the time-consuming task of manual inspection of the signals and
reduces uncertainty in the final results. The results show that sonic test is a valid a promising tool for
the inspection of this type of constructions. It performs better than ultrasonic test, which could also be
used in practice with some limitations.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The use of earth as a building material is a common practice all
around the world since ancient times. Earth constructions exhibit
attractive features that have been observed by many authors, such
as good insulation (thermal and acoustic), fire resistance, low cost,
easy to handle, etc [1]. In modern architecture, there is a revival of
the use of earth because of its excellent performance from an
environmental perspective: low emissions, no demolition waste,
possible use of industrial by-products or recycled aggregates as
additives, etc. Relevant architectural projects committed with
environmental preservation use earth as a modern building mate-
rial. Significant examples of these projects can be found in the
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Terra Award competition (http://terra-award.org/). However, there
is still a lack of guidelines and standards for the structural design,
quality control, inspection, etc [2–6].

Rammed earth is one of the traditional techniques that use soil
as a building material. It is the most common technique in earthen
heritage sites in Spain [7]. It mainly consists in pouring and com-
pacting a certain amount of moist soil (called layer) into a mold.
The thickness of a layer is usually between 100 m and 150 mm.
Rammed earth walls are built up by adding successive layers. Tra-
ditionally, the compaction process is performed manually by using
wooden rammers. Nowadays, electro-mechanic and pneumatic
compaction hammers are usually considered in modern architec-
tural projects.

Apart from the advantages mentioned previously, rammed
earth has other virtues derived from its construction technique.
For example, by using a small amount of water for mixing, it is
quick to execute and improves the production output of the con-
struction site. However, aspects such as high thermal conductivity
are disadvantages, especially in terms of compliance with certain
building regulations. In this respect, several authors have proposed
external improvements such as coatings [8] or the use of various
additives to reduce thermal conductivity without compromising
mechanical properties [9].

As for other types of construction techniques, various instru-
mental techniques for the physico-mechanical characterisation of
rammed earth are being studied and developed. These are indis-
pensable both for the control of the execution and for the inspec-
tion of existing structures. So far, some pioneering recent works
have been published about the use of slightly destructive or non-
destructive techniques. Related to the first, Lombillo et al. [10]
applied the flat-jack, hole-drilling and mini-pressuremeter tech-
niques to in situ evaluate the stiffness and deformation. In
[11,12], the rebound index technique was used, and different com-
paction levels could be detected within different layers of rammed
earth specimens. This phenomenon can be more significant for
higher layer thickness. A homogenization approach can be used
to account for this issue in the numerical modeling of rammed
earth layers [13].

Non-destructive techniques based on the propagation of elastic
waves are well known and have been successfully applied for the
inspection of building materials. They are based on the fact that
the wave propagation velocities (WPV) depends on the density
and the stiffness of the material (Young modulus and Poisson coef-
ficient for linear elastic isotropic materials). Moreover, the wave
propagation can be affected by the presence of damage (cracking,
voids, etc.). The WPV is determined by measuring the time that
an elastic wave takes to travel from one point to another located
at the boundary of the solid. An emission probe is located at one
point and excites the solid (usually with an excitation pulse),
whereas a receiver probe detects the arrival of the wave at a differ-
ent point. An accurate and precise measure of this time is a major
challenge when applying these techniques. Depending on the fre-
quency content of the excitation, the WPV can be determined in
the sonic range or ultrasonic range. Thus, the Sonic Wave Propaga-
tion Velocity (SWPV) or the Ultrasonic Wave Propagation Velocity
(UWPV) can be identified.

Studies on UWPV applied on compacted soil have been
addressed by several authors, who in general demonstrate the pos-
sibilities and limitations of this approach for the indirect character-
isation of this material. An empirical analysis of the relationship of
some physical–mechanical properties of lime-stabilized rammed
earth (dry density, effective porosity, moisture content and com-
pressive strength) with UWPV has been studied by Canivell et al.
[14]. They found that UWPV can be a promising tool for quality
control of rammed earth samples. Those with higher density and
lower porosity exhibited higher UWPV. A relationship between
2

UWPV and moisture content (MC) or compressive strength was
not found in that work. However, the presented results showed
that higher UPWV is likely to be found for higher compressive
strength samples. In a later work [15], the same authors found
some direct relationship between compressive strength and UWPV
perpendicular to the compaction direction, whereas an inverse
relationship was found for the UWPV in the compaction direction.

However, there are some factors that may influence the UWPV
measurements [16] and also the mechanical properties, such as the
moisture content and the hygrometric equilibrium process. As
with any natural building material, the MC and the process of
hygrometric equilibrium can affect the mechanical properties of
rammed earth [17]. The influence of the MC during the curing pro-
cess of rammed earth samples on UWPV was analyzed in [18]. It
was found that UWPV increased as the water content decreased
during the drying process until the hygrometric equilibrium took
place.

The UWPV and SWPV techniques can serve as tools for the con-
trol of the execution of new building structures and for the inspec-
tion of existing ones, which is especially valuable for the
conservation of cultural heritage sites. In that sense, a UWPV
tomography of ancient unfired earth bricks of an archaeological
site was applied by Aguilar et al. [19]. They found that the UWPV
could be used to classify bricks from different soil types and also
to detect damaged bricks.

The sonic tests are not so well-known and established as the
ultrasonic tests for the inspection of materials and structures. It
has been tested and developed for the last two decades (see for
instance [20,21]). In the case of rammed earth, SWPV have been
proved to be sensitive to damage and grout injection in repaired
wallets [22,23]. Silva et al. [24] determined the SWPV of new
rammed earth walls perpendicular to the compaction direction.
They found similar values than those previously obtained in [25]
for a historic building.

In order to apply these non-destructive inspection techniques
whether for the analysis of the state of conservation or quality con-
trol in execution of rammed earth constructions, it is still necessary
prior scientific studies that analyze their sensitivity to damage and
variation of construction parameters. The use of these techniques
to quantify the presence of voids, cracks, defects, etc, is a very valu-
able and established approach for many engineering materials.
However, it is yet a research challenge to be addressed for rammed
earth in practice. This paper is aimed at carrying out a first step in
that direction by evaluating the effect of the applied load on
rammed earth specimens and evaluate the sensitivity of the ultra-
sonic and sonic tests to induced global damage. It contributes to
the development of the required prior knowledge by evaluating
and comparing the performance of sonic and ultrasonic tests in
order to shed light on which technique is more suitable for certain
conditions. To that end, six medium size specimens were manufac-
tured. A grid of measuring points is defined for each specimen, so
the gradients of WPV are analyzed in order to study the capability
of the non-destructive tests to identify possible heterogeneous
properties of each specimen. In addition, the UWPV and SWPV
are determined after different compressive loads were applied, so
the effect of cumulative damage on WPV is analyzed.

For the practical development of these techniques, it is also nec-
essary to develop simple and useful tools that simplify the tradi-
tional time consuming and subjective task of visual inspection of
the recorded signals to identify the time of arrival of the elastic
waves. For the ultrasound inspection, some black-box software
applications provided by the manufacturers are usually available
to automatically estimate the UWPV. However, for the sonic tests,
no commercial software is available. In addition, the analysis of the
raw signals is a more rigorous approach for scientific applications,
specially at preliminary stages. For this purpose, the other
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objective of this paper is to present an automated procedure, that
can be easily controlled and adapted by the user, for WPV identifi-
cation. It is based on some simple criteria to define the time the
pulse excitation begins and the time the elastic wave arrives to
the receiver. The criteria are based on a set of parameters and
the optimal set is selected by an automated search.

The outline of the paper is as follows. First, the physical-
mechanical properties and manufacturing process of the speci-
mens are presented. The specimens were manufactured under con-
trolled conditions in order to reduce the influence that different
values of MC and compaction energy could have on the identified
WPV. The paper presents a simple method to accurately control
the compaction energy of each layer. Next, the compression and
non-destructive tests are described. The details about the algo-
rithm for the automated analysis of time recording signals are pre-
sented. The values of the UWPV and SWPV for each measuring
point and for three different load levels are presented and dis-
cussed in the next section. Finally, conclusions are drawn and some
future works are outlined in the last section.
2. Materials and methods

Six specimens (named from V1 to V6) were manufactured and
tested. Their dimensions were [300x300x600]mm3 (Fig. 1(a)). A
description of the physical properties of the soil, manufacturing
process and destructive and non-destructive tests is provided next.
.

2.1. Soil properties

The particle size distribution affects the voids ratio and contact
between grains of the material. In this work, the sub-soil was
Fig. 1. (a) Scheme of the specimens. (b) Detail of the designed rammer for controllin
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selected and analyzed by a local organization experienced in earth
construction within the framework of Eramus + Project ‘LearnBION
– Learn Building Impact Zero Network’. The soil was selected for
the construction of a new small building in Valverde de Burguillos
(Spain).

The particle size distribution of the selected sub-soil was deter-
mined according to Spanish Standard [26]. Fig. 2 shows the
obtained result. When compared with the well-known Fuller curve
as a reference, a good agreement is found for the sand fraction, but
the selected sub-soil exhibits a slightly excessive portion of gravel
and lack of silt and clay. The soil can classified as fine to coarse
sand (SW), according to the Unified Soil Classification System.

The Liquid Limit and Plastic Limit of the soil were determined
by following Standard procedures [27,28]. The obtained values
were 30.3% and 18.0%, respectively.

2.2. Compaction process

The compaction process is a critical issue for quality control in
rammed earth construction, as it rearranges the particles,
decreases the porosity index and subsequently increases the dry
density. A higher compaction theoretically increases the stiffness
and mechanical strength of the soil. Traditionally, the earth is
poured into the mold and manually compacted until a ‘ringing’
sound is noticed. This sound indicates that the compacted soil is
exhibiting ‘high’ stiffness. However, this is a very qualitative crite-
rion that depends very much on the person in charge of the pro-
cess. Moreover, once the ‘ringing’ sound is achieved, it does not
significantly change even though the compaction process contin-
ues. Thus, this subjective criterion can be used in practice to ensure
a certain level of compaction but not as a measure of the actual
compaction energy that has been applied. This energy depends
on the weight of the rammer, the drop height, and also depends
g the compaction energy. (c) Rammer inside the mold. (d) Removal of the mold.



Fig. 2. Particle size distribution of the selected sub-soil.

Table 1
OMC obtained for rammed earth specimens in previous works.

OMC [%] Method Reference

7 Standard Proctor [12]
18.5 Standard Proctor [14]
11.19 Standard Proctor [15]
15 Standard Proctor [17]
10.1–10.2 Standard Proctor [24]
12,13.1–15.6 Modified Proctor [39]
7–9 BS 1377 – Part 4 [40]
9–10 – [41]
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on the force applied by the mason by pushing the rammer against
the earth when being dropped. There are some previously pub-
lished works that study the effect of different compaction methods
(static or dynamic) on the OMC, maximum dry density and com-
pressive strength [29–31]. However, to the author’s knowledge,
the measurement and control of the manual compaction process
in practice, including the actually applied compaction energy and
its effect on the mechanical performance of rammed earth have
not been thoroughly addressed in the literature yet.

In this work, manual compaction has been tackled using a tra-
ditional wooden rammer, and the compaction energy was con-
trolled by counting the applied impacts and the drop height. The
latter was controlled by means of a steel guide attached to the
rammer (Fig. 1 (b) and (c)). The tip of the steel guide lays on the
top surface of the specimen under construction, and the rammer
can slide along the guide. A block of metal is attached to the guide
and serves as an upper limit for the movement of the rammer. By
fixing the block at the desired position, the drop height of the ram-
mer is easily controlled. The rammer is just dropped to let it impact
the soil, without applying any extra force that could not be other-
wise measured.

In order to obtain a compaction level in agreement with usual
practical values applied in real constructions, the number of
impacts and drop height was defined following the recommenda-
tions of a local experienced mason in rammed earth construction.
The weight of rammer was 6 kg, the drop height was 300 mm and
the number of impacts per layer was 65. The initial thickness of
each layer when poured into the mold was 110 mm, and its final
thickness was 75 mm. Considering that the area of the specimen
was [300x300]mm2, the applied compaction energy was 364 kJ/
m3. After six layers were poured and compacted, the wooden mold
was removed and the specimen was dried in laboratory conditions
(Fig. 1 (d)).

2.3. Moisture content

The effect of the MC on the mechanical behavior of rammed
earth has been partially addressed in the literature [18,32].
Because of the presence of gravel, the MC of rammed earth is typ-
ically lower than other earthen construction techniques such as
cob or adobe. However, unfortunately, there is not a rigorous stan-
dard criterion to define the Optimum Moisture Content (OMC) for
any of them.

The Standard Proctor Test [33,34] and the Modified Proctor Test
[35,36] are well-known standards for the determination of the
OMC of the soil in civil and geotechnical engineering. The OMC is
obtained for a controlled compaction energy of 583 kJ/m3 and
4

2700 kJ/m3. respectively, following a specific manufacturing pro-
cess of specimens of specific dimensions from samples of soil
sieved to a maximum particle size of 20 mm. However, the OMC
of a soil increases as the compaction energy is smaller (and vice
versa) so, consequently, the OMC should be ideally determined
considering the compaction energy that is actually applied during
construction. Moreover, the characteristics of the compaction pro-
cess (manual, pneumatic or mechanical, size of the rammer, size of
the wall or specimen, etc.) and the existence of bigger particle size
fractions can also affect the final dry density and the OMC. Thus,
the OMC obtained from a Standard or Modified Proctor Test should
be considered with caution when applied for rammed earth con-
struction. However, due to the lack of a specific standard method,
the Proctor test has been used as a reference value in previous
rammed earth research works (Table 1). By following the same ref-
erence criterion, the OMC obtained from a Standard Proctor Test
for the selected soil in the present work (5.1%, Fig. 3) was consid-
ered as the target value during the manufacturing process, even
though the applied compaction energy on the manufactured spec-
imens was smaller than that of the Standard Proctor Test. It must
also be noted that the obtained OMC is lower than usual values
for rammed earth. This result can be explained by the relative high
portion of gravel and low portion of silt and clay, as illustrated in
[37,38]. As the proportion of gravel increases, the OMC is expected
to decrease, since the specific surface area of the soil grains
decrease.

In order to obtain the desired MC during the manufacturing
process, the initial MC of the soil was previously determined by
oven drying samples of the soil for 24 h, according to Spanish Stan-
dards [42]. This test was repeated for three samples during five
days before the specimens manufacturing. Previously, the soil
had been left to dry for one week in laboratory conditions so that
it could reach a hygroscopic equilibrium before the determination
of its MC. An initial MC of 1.03% was measured, so the required
additional water to be added to the soil could be determined.

The soil and the added water were mixed in a concrete mixer.
One mixture was made per each of the manufactured specimens.
The final moisture of each specimen was determined by oven dry-
ing three samples per specimen following the same procedure as
for the initial moisture [42]. Table 2 shows the moisture of each
specimen, except for specimen V6, for which no value was mea-
sured. It can be observed that values are close but generally slightly
lower than the target value. This can be due to some evaporation
[43] or some water retention in the concrete mixer.

The mechanical behavior of rammed earth at any time can be
affected not only by the MC during the manufacturing process
but also by its MC at any time. The manufactured specimens were
stored during approximately 90 days in the laboratory before they
were tested. The length of this period was established according to
the organization of the activity at the laboratory, considering that
strength and other physical parameters are expected to be stable
after 28 days approximately after manufacturing. Moreover, it is
assumed that the longer the curing period is, the more stability



Fig. 3. Resulting curve from Standard Proctor test for the determination of the
OMC.
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is achieved. During this period, the average environmental condi-
tions were 24.0�C (2�C standard deviation) temperature and
65.5% (4.8% standard deviation) relative humidity. Just after the
compression test of each specimen, its MC was determined follow-
ing Spanish Standards [42] from three samples of the specimen
that included material from its inner and outer parts. The obtained
values are shown in Table 2. Except for specimen V1, the values are
very similar for all the specimens.
2.4. Dry density

Dry density is closely related to porosity, as both take into
account the amount of voids (volume of air) contained in a specific
mass. In fact, both physical parameters can be determined by the
same test procedure [44]. Thus, a certain correlation between
density-porosity and mechanical strength can be expected. How-
ever, some uncertainties still exist, since other soil and manufac-
turing properties (particle size distribution, particles shapes,
compaction process, MC, additives, etc.) can affect the final
mechanical behavior of the rammed earth [40]. For instance, in
[41], a range from 1700 to 2400 kg/m3 was observed for samples
with compression strength values between 1.5 and 4.0 MPa. How-
ever, values below 1MPa (in the range between 0.67 and 0.97 MPa)
were obtained for samples of dimensions [300x300x600]mm3 and
dry density between 1763 and 2027 kg/m3.

The average dry density of the specimens (dry mass per unit
volume) was 1927.7 kg/m3. This value is lower than the maximum
dry density obtained from the Proctor Test (2250 kg/m3), probably
due to a lower compaction energy, lower MC during manufactur-
ing, different molds and the presence of a low portion of gravel
of size bigger than 20 mm. Nevertheless, the obtained dry density
is a medium value when compared with the usual range from
1700 kg/m3 to 2200 kg/m3 defined in [45].
2.5. Compression tests

After the curing process of the specimens detailed in Section 2.3,
simple compression tests were carried out. A universal monoaxial
servohydraulic testing frame was used. The tests were displace-
ment controlled at 3 mm/min rate.
Table 2
MC during manufacturing, MC during the compression test, compressive strength of each

Specimen V1 V2 V3 V4

MC Manufacturing Process [%] 5.029 5.34 4.85 4.8
MC Compression Test [%] 0.33 0.63 0.56 0.5
Compressive Strength [MPa] 1.0615 0.7678 0.7439 0.6

5

In order to address the analysis of the sensitivity of SWPV and
UWPV to cumulative damage induced by applied compressive
loads, two previous loading–unloading processes to increasing
maximum load levels were carried out for each specimen. There-
fore, the WPV could be determined after different load levels had
been withstand by the specimens and the effect of cumulative
damage on WPV could be subsequently analyzed. Finally, after
the loading–unloading processes, a monotonically increasing load
was applied until rupture and the compressive strength was
determined.

The first unloading was established when a load of 36kN (equiv-
alent to 0.4 MPa compressive stress) was reached. A second load-
ing–unloading cycle was performed at a maximum load level of
72kN (0.8 MPa) for specimens V1, V2, V3, V6 and 50kN for speci-
mens V4, V5 (0.55 MPa). A lower value was considered for V4
and V5 because it was considered that 0.8 MPa was too close to
the compressive strength of the specimens once the specimens
V1, V2, V3 and V6 had been tested. Indeed, the second loading–un-
loading process could not be performed for specimens V2 and V3
since they failed before the specified maximum load of the loading
process was reached. The values of the compressive strength of
each specimen are included in Table 2:
2.6. Non destructive tests

The velocity of propagation of volumetric type P elastic waves
can be determined by introducing an excitation at one point on
one side of the specimen and measuring the time (time-of-flight)
that the elastic wave takes to reach the opposite side, where a sen-
sor is attached to detect the arrival of the wave. This type of test is
known as direct test. The velocity is obtained by dividing the dis-
tance between source and receiver and the time-of-flight. Depend-
ing on the type of the excitation (namely the frequency content)
and the characteristics of the sensors, the test is called sonic or
ultrasonic.

It must be noted that, in the presence of voids, cracks, defects,
etc., the wave might not travel following a straight path between
the source and the receiver. As a result, it must be bear in mind
that the determined velocity is actually an ‘apparent’ velocity
and not the real velocity value.

For the ultrasonic tests, a Pundit Lab system from Proceq com-
pany was used. Two 24 kHz piezoelectric sensors were used. Both
can work either as the excitation or the receiver probe. The sensors
of the lowest available frequency in the market were selected in
order to inspect a distance as long as possible. A pulse of 500 V
amplitude was established as the excitation signal. The equipment
provides the signal of the receiver after the time the excitation
pulse is generated. This signal is analyzed as explained in the next
section to identify the time-of-flight of the elastic wave. A total of
10 excitation pulses were processed at each measuring point by
following the identification procedure described in next section.

For the sonic tests, the excitation is performed by using a small
impact hammer of 11 mV/N sensitivity with a hard tip (model
056C01 from PCB company). The response is measured by using
piezoelectric accelerometers of 100 mV/g sensitivity (model
256HX-100 from Endevco company). The accelerometers were
fixed to the surface of the specimens by attaching them to a light
specimen and their mean value and standard deviation (std).

V5 V6 mean std.

1 5.13 – 5.032 0.216
6 0.63 0.55 0.54 0.11
375 0.7535 1.0331 0.8329 0.1726
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mounting base previously glued to the specimen by using wax. The
signals were processed using a LAN-XI dynamic analyzer module
from Brüel and Kjaer. The maximum available sample frequency
(65536 Hz) was used. A total of 30 impacts were applied and
recorded independently at each measuring point. The time signals
were also processed by following the identification procedure
described in next section.

The wave propagation velocities were determined at 9 points
distributed on two side faces of the specimen. These points are
arranged into three groups according to their relative height,
namely: lower (B1, B2, B3), middle (M1, M2, M3) and upper (T1,
T2, T3). (Fig. 4). Thus, the waves travel perpendicular to the man-
ufacturing compaction direction. The velocities are measured
before each loading–unloading cycle during the compression tests.
Their values are referred as corresponding to Load 0 (no previous
load applied), Load 1 (after the cycle at 0.4 MPa maximum stress
is applied) and Load 2 (after the cycle at 0.8 MPa or 0.55 MPa max-
imum stress is applied).

2.7. Automated procedure for WPV identification

The most critical point for identifying the wave propagation
velocities is the identification of the time that the sensors detect
the movement induced by the elastic wave, from which the
time-of-flight of the elastic wave is determined. The difficulty lies
on the fact that the signals from the sensors are contaminated with
background ambient noise. Thus, the quality and robustness of the
identification procedure depends mainly on the signal-to-noise
ratio of the sensor. This ratio depends on the sensor sensitivity,
amplitude of the incident elastic wave (depending on the excita-
tion amplitude and distance between source and receiver), ambi-
ent noise (electric and physical environmental noise), etc.

In the case of ultrasonic excitation, the excitation is controlled
by the measuring equipment. Thus, the time the elastic wave is
generated is accurately controlled and provided by the equipment.
As a result, it is only necessary to analyze the signal of the receiver.
In contrast, during the sonic tests, the excitation is manually
induced with the impact hammer. In this case, the time the excita-
tion begins has to be identified by analyzing the time history of the
signal of the hammer.

Fig. 5 (a) shows an example of the time history of the impact
hammer and the accelerometer of one sonic test. Apparently, the
Fig. 4. Measuring points grid for non-destructive tests.
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time-of-flight can be easily determined by visual inspection of
the plot. However, its precise determination is significantly
affected by the presence of noise, as it can be seen in Fig. 5 (b). Tra-
ditionally, the time-of-flight is determined by visual inspection of
the signals without any standard criteria. As a result, the human
factor plays an important role and the results can be very much
affected by subjective perception, zoom level used for the analysis,
etc. A clear illustration of the scattering of the results produced by
different human approaches can be found in [46]. Besides the
uncertainty in the results, the visual inspection approach makes
a sonic test inspection very time consuming and might discourage
from the application of this type of test in practice.

In this paper, an automated procedure for the determination of
the time-of-flight is proposed. The authors are only aware of one
previously automated approach published in the literature [47].
The methodology proposed in this paper is more robust since it
considers a more complete set of criteria based on noise analysis,
signal shapes and statistical variables. A set of conditions is defined
in order to establish a criterion to identify the time the excitation
starts and the wave arrives for the exciter and receiver sensors,
respectively. These conditions are defined through a corresponding
set of parameters, which are described as follows:

� The first step of the time-of-flight identification strategy is the
characterization of the ambient noise of each signal. A sample
recording of the ambient noise is obtained for each test from
the time period before the sensor indicates the impact excita-
tion (one second of pre-trigger recording was established for
the sonic tests) or a time window before the arrival of the wave
in the case of the receiver. The average value (lnoise), which is
usually close to zero, and the standard deviation (rnoise) of the
ambient noise recordings from these time periods are evalu-
ated. The time the excitation impact starts or the elastic wave
arrives can only be determined if the reading of the sensor is
significantly higher than the amplitude of the ambient noise.
Thus, the value of a candidate reading (si) has to be higher than
the average value of the noise plus a number of times (param-
eter a) the standard deviation of the noise, as stated in Eq. (1).
A different value of this parameter can be defined for the exci-
tation (aexc) and the receiver (arec).
jsij > jlnoise � a � rnoisej ð1Þ
� Once a sample that satisfies the previous condition has been
found, it must be checked if the signal follows an increasing
or decreasing trend due to the impact or wave arrival effect.
Thus, a similar criterion is applied to subsequent readings
(NPt) considering a higher deviation from the ambient noise
through parameter b (bexc for the excitation and brec for the
receiver) as it is written in Eq. (2).

jsiþjj > jlnoise � a � b � rnoisej ! from j ¼ 1 to j ¼ NPt ð2Þ
� Lastly, in order to ensure that the signal has certainly a sig-
nificant progressively increasing or decreasing trend, the
ratio of the values of the first and last sample for which
the previous conditions have been fulfilled has to be greater
than a certain value (parameter NRatio in Eq. (3)).

si
siþNPt

> NRatio ð3Þ

The readings of each time signal are analyzed subsequently by
progressively applying the previous conditions. The first sample
that fulfills all the criteria is selected. Then, once the time of the
start of the excitation and the arrival of the elastic wave are
identified, the time-of-flight is determined and the WPV evaluated.
A total of 10 pulses and 30 impacts were recorded for the



Fig. 5. (a) Example of hammer (dark grey solid line) and accelerometer (light grey solid line) signals from a sonic test. (b) Detail of figure (a) close to the impact time.
Horizontal lines indicate the limits defined in Eq. (1) for the hammer (dark grey dashed lines) and the accelerometer (light grey dashed lines).
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ultrasonic and sonic tests, respectively. As a result, a set of 10 and
30 values of the velocity, respectively, are obtained.

The quality and reliability of the obtained set of velocities are
analyzed in terms of the scattering of their values. First, a criterion
is established to define as outlier any result that differs more than
a certain percentage (parameter D) of the median of the obtained
set of velocities. The median is recalculated after the identified out-
liers are disregarded and the outlier criterion is applied again to the
resulting set of results until a final set of samples with no outliers is
obtained. In order to consider valid a resulting set of results, the
number of identified outliers is limited to a certain number (param-
eter NOutl).

Since the values of the identified velocities depend on the val-
ues of the different parameters presented, an automated search
of their optimal values is also done by the automated procedure.
Results are obtained for the values of each parameter defined
within a specific range defined by the user. The step (parameter
Step) for the variation of each parameter during the search is also
be selected by the user. The optimum set of values of the parame-
ters is defined as that one with the lowest standard deviation of the
obtained set of velocities. The average value of this set is consid-
ered as the most accurate measurement of the WPV.

3. Results and discussion

In accordance with the presented objectives of the paper, the
most relevant results are presented next. Firstly, the finding of
7

the most suitable parameters for the application of the automated
procedure for signal identification is discussed and their values are
presented. Secondly, the values of the WPV identified for all the
specimens are analyzed and compared.

3.1. Values of the parameters for the automated WPV identification

In order to find the most suitable range for the parameters
search, a sensitivity analysis of the results obtained for each
parameter should be carried out in order to find a reasonable
searching range for it. Due to the number of the parameters consid-
ered, the possible combinations between all of them dramatically
increase when the range for each one is unnecessarily big and
therefore the computational time may become a limitation in prac-
tice. This preliminary inspection of the results must be done by a
simultaneous detailed visual check of the nature of the signals
close to the time of interest (beginning of the impact for the exci-
tation and arrival of the wave for the receiver), so the effect on the
change of the value of each parameter can be understood. From
visual inspection, values of each parameter can be identified as rea-
sonable when approximate candidate samples are identified and
no erroneous results are obtained.

When performing this task, it must be also taken into account
that the parameters are not totally independent from each other.
For instance, as parameter NPt increases, condition (3) can be easily
fulfilled and therefore the requirement for the increasing or
decreasing rate of the signal is less strict, unless the parameter



Table 3
Range of values defined for each parameter for the search of the optimal set.

– [aexc] [arec] [NPt] [NRatio] [bexc] [brec] [D%] NOutl [Step]

Sonic [6,9] [2,4] [2,3] [2,4] 1.4 1.05 15 20 1
Ultrasonic – 2 [5,10] – – – 15 6 1
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NRatio is also increased accordingly. This increasing or decreasing
trend is previously controlled by the effect of parameters a and
b, which should be defined considering the oscillating nature and
stability of the ambient noise.

On the other hand, the stability of the set of results is also
affected by the selection of the values of parameters D and NOutl.
The higher parameter D is, the less number of outliers are identi-
fied and therefore the limitation of the maximum number of out-
liers allowed (NOutl) is more easily accomplished. In addition, as
NOutl increases and D decreases, the number of valid identified
WPV becomes smaller and with less deviation between their val-
ues. As a consequence, the standard deviation of the resulting set
of identified WPV is also smaller and the set of results can be erro-
neously considered more stable than it actually might be.

In this work, the range for each parameter that was found to be
suitable for this work is defined in Table 3. In order to reduce the
Fig. 6. SWPV at Load 0, Load 1 and Load 2, for each measuring point and for specimens (a)
correspond to top, middle and bottom rows of measuring points.

8

computational time, some of the parameters were fixed to a speci-
fic value after some manual inspection of its influence on the final
results. In the case of the ultrasonic tests, a reduced number of
parameters were used because of the higher signal-to-noise ratio
of the signal and the absence of an excitation signal to be analyzed.

3.2. Evaluation of SWPV and UWPV

Figs. 6 and 7 show the identified SWPV and UWPV for each load
step (Load 0, Load 1 and Load 2), for each specimen and for each
measuring point. The corresponding values are listed in Tables 4–
9. Some relevant phenomena can be identified. First, the velocities
decrease as the level of supported load increase. Due to the internal
damage (disaggregation, cracking, etc.) induced in the material by
the applied load, the elastic waves find more resistance to propa-
gate from one side of the specimen to the other. Second, due to
V1, (b) V2, (c) V3, (d) V4, (e) V5 y (f) V6. Dark (o), medium (+) and light (*) grey lines



Fig. 7. UWPV at Load 0, Load 1 and Load 2, for each measuring point and for specimens (a) V1, (b) V2, (c) V3, (d) V4, (e) V5 y (f) V6. Dark (o), medium (+) and light (*) grey lines
correspond to top, middle and bottom rows measuring points.

Table 4
Values of SWPV and UWPV obtained for each load level and measuring point for specimen V1.

SWPV (m/s) USWPV (m/s)

Point Load 0 Load 1 Load 2 Load 0 Load 1 Load 2

T1 1165.5 1068.0 792.5 1389.0 1197.3 872.8
T2 1411.8 1313.2 777.8 1499.3 1454.1 938.6
T3 1114.0 1089.2 671.7 1464.1 1276.7 1068.5
M1 1413.5 1343.8 910.8 1507.5 1492.4 1089.9
M2 1459.6 1301.6 995.2 1497.5 1491.6 1105.2
M3 1438.9 1176.3 759.6 1507.5 1505.7 1147.8
B1 1043.7 1049.3 870.2 1435.6 1345.1 1143.8
B2 1481.1 1335.1 1196.2 1507.5 1401.8 1002.6
B3 1313.6 1216.5 1097.0 1507.5 1506.4 1105.9
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the compaction process, a gradient of the compaction level can be
expected from the bottom to the upper part of the specimen. As a
result, propagation velocities increase from top to bottom areas of
the specimens. Moreover, since the compaction is more difficult to
be efficiently applied in areas close to the corners of the mold, the
compaction level may be lower at those zones. As a result, for each
line of measuring points, the central points (labeled as ‘2’) exhibit
higher velocities than lateral points (labeled as ‘1’ and ‘3’). In the
work of Bernat-Maso et al. [18], higher UWPV were found for the
9

upper part of rammed earth samples. However, in that work, a
quasi-static compaction process of the whole specimen was
applied for the manufacturing process. In such a case, a higher
compaction level can be expected in the upper part of the sample,
where particles have been moved and reorganized more
significantly.

The previous observations clearly apply for the sonic test
results. However, results for the ultrasonic tests are not clearly
consistent in terms of the described gradients of velocities caused



Table 5
Values of SWPV and UWPV obtained for each load level and measuring point for specimen V2.

SWPV (m/s) USWPV (m/s)

Point Load 0 Load 1 Load 2 Load 0 Load 1 Load 2

- T1 994.5 848.1 – 1079.8 1017.8 –
T2 1283.7 1024.7 – 1220.6 978.0 –
T3 974.1 794.4 – 1018.6 884.3 –
M1 1305.3 1135.1 – 1377.9 1100.7 –
M2 1326.8 1237.5 – 1298.1 1245.3 –
M3 1263.5 1075.6 – 1068.0 984.4 –
B1 1330.1 1192.3 – 1463.5 1276.8 –
B2 1416.3 1292.9 – 1410.7 1300.3 –
B3 1074.4 951.0 – 1386.7 873.4 –

Table 6
Values of SWPV and UWPV obtained for each load level and measuring point for specimen V3.

SWPV (m/s) USWPV (m/s)

Point Load 0 Load 1 Load 2 Load 0 Load 1 Load 2

T1 912.1 427.5 – 1166.1 1097.5 –
T2 1225.5 957.5 – 1326.8 1027.9 –
T3 856.8 724.0 – 1055.2 1034.2 –
M1 1269.8 1022.8 – 1416.4 1219.6 –
M2 1298.8 1128.9 – 1450.6 1316.8 –
M3 1344.0 1118.2 – 1383.9 1272.5 –
B1 1054.5 1100.7 – 1392.5 1306.7 –
B2 1336.2 1183.8 – 1427.1 1312.3 –
B3 1129.6 1032.0 – 1343.2 1250.2 –

Table 7
Values of SWPV and UWPV obtained for each load level and measuring point for specimen V4.

SWPV (m/s) USWPV (m/s)

Point Load 0 Load 1 Load 2 Load 0 Load 1 Load 2

T1 951.7 460.8 247.1 1284.5 1167.0 867.1
T2 1190.6 637.3 306.4 1390.2 1013.6 951.3
T3 1066.5 614.4 275.9 1027.4 1018.8 999.8
M1 1173.3 877.6 310.1 1450.8 1125.1 1200.1
M2 1276.0 934.5 545.9 1460.6 1093.7 918.1
M3 1244.1 885.3 357.0 1307.6 1007.7 954.7
B1 1125.2 896.5 742.4 1355.3 1261.2 1035.0
B2 1347.6 1127.4 809.4 1445.0 1266.3 1027.3
B3 1160.1 967.1 665.2 1216.1 981.6 1001.8

Table 8
Values of SWPV and UWPV obtained for each load level and measuring point for specimen V5.

SWPV (m/s) USWPV (m/s)

Point Load 0 Load 1 Load 2 Load 0 Load 1 Load 2

T1 982.2 732.2 669.6 977.6 923.4 –
T2 1195.9 979.9 712.3 1275.1 994.3 –
T3 935.2 773.9 598.2 1029.8 1104.0 –
M1 1308.2 1139.7 943.3 1293.4 1206.1 –
M2 1276.7 1135.4 896.0 1342.8 1233.9 –
M3 1117.3 957.9 781.0 1278.2 1152.4 –
B1 1132.7 1099.2 982.7 1241.0 1194.9 –
B2 1324.5 1198.0 1064.4 1474.6 1340.0 –
B3 1255.4 1098.0 1025.9 1269.3 1287.9 –
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by a non–homogeneous compaction process nor the damage level.
Moreover, the uncertainty in the identification of ultrasonic veloc-
ities increases as the material is more damaged because of the scat-
tering and attenuation of the elastic waves. As a result, for instance,
no results could be obtained for Load 2 for specimens V5 and V6,
whereas sonic velocities could be well determined. Another rele-
vant result is that values of UWPV are higher than SWPV.

In order to compare the relative uncertainty from both sonic
and ultrasonic velocities, Fig. 8 shows a statistical analysis of the
10
results for all the specimens at each measuring point for the
undamaged situation (Load 0). The median, the 25% and 75% per-
centiles and the extreme values of each set of results are repre-
sented. It can be seen that the scattering of the results is
significantly lower for the sonic tests. Moreover, the aforemen-
tioned effect of the compaction gradient can be observed for the
SWPV but it is not clear for UWPV.

In order to better illustrate the effect of the decrease of the
wave propagation velocities as the applied load increase, Fig. 9



Table 9
Values of SWPV and UWPV obtained for each load level and measuring point for specimen V6.

SWPV (m/s) USWPV (m/s)

Point Load 0 Load 1 Load 2 Load 0 Load 1 Load 2

T1 1065.9 1066.9 645.8 1436.3 1019.4 –
T2 1315.4 1177.9 816.3 1502.4 1452.0 –
T3 962.3 1017.5 515.4 1507.5 1324.6 –
M1 1196.0 1156.5 840.1 1470.8 1473.7 –
M2 1111.4 1106.1 923.5 1507.5 1493.8 –
M3 1262.5 1169.2 909.3 1497.0 1507.5 –
B1 1077.4 939.6 897.4 1467.7 1429.1 –
B2 1280.9 1232.0 1106.6 1500.5 1506.0 –
B3 1138.9 965.8 1021.6 1490.1 1453.3 –

Fig. 8. Statistical analysis of (a) SWPV and (b) UWPV at each measuring point for all specimens. The red line indicates the median of the results at each point, the box
indicates the 25% and 75% percentiles and the markers indicate the most extreme values.

Fig. 9. Normalized wave propagation velocities (v=VL0) for the corresponding normalized applied load (r=f c) for (a) sonic and (b) ultrasonic tests.
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shows the relationship between the values of the obtained
velocities at loading levels L1 and L2, normalized with their
corresponding values at Load 0, and the normalized stress values
for each load with the compressive strength (f c) of each specimen.
A third order polynomial fit of the data is included in Fig. 9. It
illustrates that, as the level of relative load increases, the
decrease in the wave propagation velocities becomes more
significant. It can be observed that the trend is more clear for
the sonic tests, being more sensitive to the presence of damage
due to the applied load.

For comparison purpose, some reference values of wave propa-
gation velocities that can be found in the literature are summa-
rized in Table 10. A broad range of values can be found in the
literature for rammed earth or other traditional building materials
(adobe, stone, granite). The specific characteristics of each material
(composition, age, conservation state, manufacturing process, etc),
can affect the results. However, despite the scattering of the
results, it can be seen that rammed earth can exhibit similar values
than other clay or stone based building materials. A typical range
11
can be roughly defined between 1000 m/s and 2500 m/s. The val-
ues obtained in the present work are in agreement with previous
results from other authors.

The scattering of results of UWPV and SWPV for rammed earth
walls can be explained because of different soil properties, manu-
facturing process, age, etc. However, in this paper, even using the
same material and controlled manufacturing conditions, different
velocities can be observed for different specimens. This result does
not invalidate the application of the sonic and ultrasonic tests for
the inspection of rammed earth constructions, but indicates that
the identified velocities should not be considered by themselves
in an absolute way for the evaluation of the construction properties
or the conservation state. They should be considered with caution
by comparing them with some reference values. The potential use
of the sonic and ultrasonic tests relies mainly on a qualitative anal-
ysis of the velocities identified at different points of the same con-
struction, as it has been shown in the paper. In addition, the
monitoring of the WPV along time is necessary to obtain reference
values to compare with.



Table 10
Reference values of SWPV and UWPV from the literature.

Velocity [m/s] SWPV UWPV Material Reference

’ [1300, 1700] – X Rammed Earth [14]
’ [1400, 1500] – X Rammed Earth [18]
’ 2000 – X Rammed Earth [15]
’ [500,600] X – Rammed Earth [24]
’ 500 X – Rammed Earth (historical) [25]
’ [2000,2500] X – Rammed Earth [22,23]
’ 1600 – X Adobes [19]
’ [200,900] X – Stone Masonry [48]
’ [2500,3000] X – Stone Masonry [21]
’ [1000, 1500] – X Granite Masonry [49]
’ 4000 X – Concrete [50]
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4. Conclusions

The presented results show that the identification of SWPV and
UWPV can be considered valid tools for quality control and inspec-
tion of rammed earth constructions. Areas where the propagation
velocities are lower can indicate the presence of a higher level of
damage or lower compaction. The practical efficiency of the tests
is enhanced by the application of an automated algorithm for the
determination of the time-of-flight of the elastic waves. This auto-
mated procedure avoids the time consuming and subjective task of
visual inspection of the recorded signals. Data from a large number
of tests and number of measuring points can be efficiently pro-
cessed. From the present research, some reference values of the
parameters involved in the proposed algorithm have been pre-
sented so they can lead to greater efficiency in the management
of the experimental data and to improve the quality and reliability
of the results from future experimental campaigns. The presented
procedure is easy to be implemented and tailored by any techni-
cian to be used in practice.

The results also show that higher consistency and lower uncer-
tainty are found for SWPV than for UWPV. Moreover, SWPV is
more sensitive to changes in the material properties due to differ-
ent compaction levels or to the presence of damage. On the other
hand, because of the high frequency of the ultrasonic waves and
the resultant scattering of elastic waves in the presence of damage,
the UWPV can not be determined for levels of global damage for
which the SWPV can be obtained. For these reasons, sonic tests
are considered more powerful and robust than ultrasonic tests.
However, conclusions drawn from the present analysis can be con-
sidered as preliminary. Further research is required on the analysis
and comparative study of the performance and limitations of both
inspection techniques. The influence of different specimen geome-
tries (specially the distance between source and receiver), soil
properties, stabilizers, etc. should be considered.

The paper shows that different values of WPV can be deter-
mined for samples of the same material and that have been man-
ufactured following the same procedure and under controlled
conditions. More significant differences are found between previ-
ously obtained values for rammed earth samples from different
authors. Thus, the values of the identified WPV for a specific spec-
imen should not be considered by themselves as valid quality con-
trol parameters in an absolute way. A reliable analysis about its
conservation state should be done from the relative distribution
of WPV at different points of the specimen. Monitoring these val-
ues along time can also provide valid information for the analysis
of the evolution of the conservation state.

As future work, the authors propose the evaluation of WPV
along different directions and the application of a compressive load
perpendicular to the compaction direction in order to assess the
anisotropy of the material. On the other hand, mechanical proper-
ties along both directions (static and dynamic Young modulus,
compressive strength) should be determined and analyzed. The
12
influence of moisture content on UWPV and SWPV is also an inter-
esting issue to be addressed.
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