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A B S T R A C T

Rammed earth is a traditional construction technique that has recently gained attention because of its benefits
from an ecological perspective. The conservation of the existing valuable cultural heritage sites and the quality
control of new constructions built with this material require the development and application of practical
inspection techniques. This paper explores the application of sonic tests and sonic tomography as practical
tools for monitoring the state of conservation of existing structures and the identification of heterogeneities or
damaged areas. Two groups of 6 rammed earth specimens were manufactured and tested. The manufacturing
process of each group allowed the application of compression loads and the identification of the Sonic
Wave Propagation Velocities along directions parallel and perpendicular to the compaction forces during
manufacturing. The SWPV were identified for the different paths between 9 measuring points located at two
opposite sides of the specimens, leading to up to 6 different planes for each specimen. The SWPV are identified
by identifying the Time-of-Flight of the elastic wave between each pair of excitation and receiver points. A
discretized coloured map of the SWPV distribution for each plane defined by the measurement points array is
obtained by the application of an algorithm already developed by the authors to obtain tomographic images
for other materials and applications. The SWPV are identified after 2 different increasing values of a uniform
compressive load is applied to each specimen. The results show that the analysis of the SWPV and tomographic
images is sensitive to heterogeneities, such as compaction gradients from the manufacturing process, and also
to the accumulated damage in the solid. The paper demonstrates that the proposed technique can be potentially
used for a qualitative inspection of the state of conservation of specific rammed earth constructions.
. Introduction

Earth construction is one of the most ancient and worldwide spread
uilding technique. For this reason, a vast amount of valuable earthen
eritage sites and historical buildings exist all around the world. How-
ver, since its use has almost disappeared in high-income areas of
he world, this material has not attracted the attention of researchers
ntil few years ago. One reason for the increasing interest in this
aterial from the academy, is that the development of scientific knowl-

dge is still necessary for dealing with the conservation of earthen
eritage sites. Another reason is the concern about the necessary reduc-
ion of CO2 emissions from the construction industry. It is estimated
hat 40% of the total CO2 emissions in the world comes from the
ement-based construction industry. Earthen construction provides an
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attractive eco-friendly alternative to more structurally efficient but
ecologically harmful building materials.

Among the different construction techniques that use raw earth
as a building material, rammed earth is one of the most widespread
and well-known. As with any earth-based construction technique, it
requires a suitable composition of the soil (portions of clay, silt, sand
and gravel) and a suitable moisture content (typically in the range 8%–
15%). Rammed earth walls are built by pouring the humid earth into
a mould and compacting it until it is stiff enough. Traditionally, the
compaction process is performed manually by using a wooden rammer.
A qualitative criterion based on the sound of the impacts is used to
determine a sufficient compaction level. The material is poured and
compacted in layers (typically 5–15 cm thick). The moisture content is
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small enough to make the compacted earth stable, so the mould can be
immediately removed after compaction of several layers and be placed
at another position of the wall to subsequently manufacture additional
layers. The external appearance of rammed earth walls is indeed clearly
characterized by the identification of the compaction layers.

There are many examples of medium and large size residential
buildings, fortresses and defence walls made of rammed earth around
the world. Some very well known examples of heritage sites can be
found in China (the Big Wall, traditional residential buildings called
tulou, etc.), Spain (walls of the Alhambra Palace, etc.), Peru (walls of
the Chan-Chan city, etc.) and many other countries [1]. Nowadays,
rammed earth is probably the most competitive earthen building tech-
nique. The main drawback of this technique is that it is very labour
intensive when the compaction process is made manually. In mod-
ern architecture, however, the compaction is performed by automatic
compactors. As a result, the building process is much faster and more
efficient. The automatic compaction level can be also higher than the
traditional one, making the walls to be more resistant. The mechanical
properties of rammed earth are also very good when compared to
other earthen building techniques. However, the strength is much lower
than other common building materials. The mechanical properties can
be enhanced by adding additional binders that combine their effect
with the natural effect of the clay in the soil. Rammed earth walls
are called stabilized or unstabilized depending on whether or not
additional binders are used. Lime is a traditional binder that has been
used since ancient times, whereas cement has also been used in the
last decades. However, the use of cement reduces the environmental
benefits of rammed earth. One of the main research topics related
to the use of rammed earth is the study of new eco-friendly binders
containing natural materials (biopolymers, etc.) or industrial waste (fly-
ash, recycled coarse aggregates, etc.) [2], which make rammed earth
more attractive from an ecological and structural point of view.

A relevant challenge for the development of conservation and qual-
ity control criteria for rammed earth constructions is the application
of non-destructive inspection techniques that can provide information
on potentially damaged areas, wall heterogeneity, etc. The scientific
community has mainly explored the application of Ultrasonic Pulse
Velocity (UPV) identification and the Rebound Hammer (RH) test. The
application of these techniques as a practical tool for the estimation
of the compressive strength has been studied by several authors [3–6].
The relationship between UPV and other physical parameters such as
density and porosity has also been analysed in [3] although no general
conclusions could be drawn. The combined application of UPV and
RH has been also been considered in [4,6] for the estimation of the
compressive strength. In these works, it has been generally observed
that higher UPV values are obtained for higher compressive strength.
Some regression analysis has also been carried out in order to provide
some mathematical expressions that could be used to estimate the com-
pressive strength from UPV and RH values, either alone or combined
using a single or multivariate analysis. However, these relationships are
obtained for a set of specific rammed earth samples with different soil
compositions, additives, etc. As a result, in practice, similar UPV or RH
values could be obtained for different rammed earth walls, which may
have very different values of the compressive strength due to different
physical properties or manufacturing. In other words, such an approach
could be useful in practice if a prior calibration of the mathematical
correlations is obtained under laboratory conditions for similar rammed
earth samples.

Although the application of UPV and RH inspection is well-
established in practice for the estimation of the compressive strength of
other construction materials such as concrete, the UPV depends directly
on the elastic properties of the material (Young modulus and Poisson’s
ratio for isotropic materials) and not on the compressive strength. The
relationship between stiffness and UPV was addressed in [7] where
a good correlation was found between the UPV estimate and that
2

obtained by updating a finite element model of a rammed earth wall
using modal analysis. However, the value of the Poisson’s ratio was
first selected by considering the value providing the smallest deviation
in terms of natural frequencies. In practice, therefore, the estimation of
the Young modulus from UPV values in practice would be affected by
the uncertainty in the actual value of the Poisson’s ratio.

Sonic testing is another non-destructive inspection technique that is
based on the phenomena of elastic wave propagation and wave veloci-
ties. In a typical ultrasound test, the excitation is a controlled-frequency
wave packet or controlled-width pulse delivered by ultrasound trans-
ducers. In contrast, an instrumented impact hammer is usually used for
the excitation in the sonic tests. The response is measured at specific
points by traditional accelerometers that register wave propagation
time histories. The Time of Flight (ToF) of the elastic wave from the
source of the excitation to the receiver is determined from the analysis
of the recordings from the impact hammer and the accelerometers. The
Sonic Wave Propagation Velocity (SWPV) is then determined by just
dividing the distance between the excitation and receiver points and
the ToF.

Sonic tests have been originally developed and used to inspect
other construction materials, mainly masonry walls [8–14]. Few studies
have investigated the application of sonic testing to earthen struc-
tures [15,16]. In [15] direct sonic tests were used at only 4 locations
of a rammed earth wall to evaluate the agreement between the elastic
modulus estimated from these tests and from a compression test on
samples of the same material. However, the agreement was achieved
by finding a proper value of the Poisson ratio. The work presented
in [16] is more specifically dedicated to the study of the feasibility
of sonic tests as a non-destructive testing technique for the inspection
of rammed earth structures. It compares the performance of sonic and
ultrasonic tests and demonstrates how sonic tests are a more powerful
approach for practical applications in earthen constructions. Because of
the typical thickness values of earthen walls, the ultrasonic tests might
not be possible to be performed because of the higher attenuation of
the ultrasonic waves. This effect becomes more significant when there
is accumulated damage due to the loading history of the structure.

As described above, previous applications of sonic and ultrasonic
tests have been focused on the estimation of mechanical properties
based on elastic wave velocities or the study of their relationship
with physical and mechanical properties. However, the application
of these techniques to the assessment of heterogeneities in specific
rammed earth samples has not been sufficiently explored yet. These
heterogeneities may be due to different material properties resulting
from a different manufacturing process (different soil composition,
additives, compaction energy, moisture, etc.), defects or damage in-
duced by mechanical loads. It is necessary to study the application
of these techniques from this perspective. One of the motivations for
inspecting real structures by non-destructive tests is to assess their state
of preservation and to identify potentially damaged areas. These goals
can be addressed by a qualitative analysis of the map of wave velocities
at different points and different directions. A single analysis of this
type at a specific time can be used to identify possible heterogeneities.
Monitoring or comparing the results obtained at different times can
provide information on the evolution of damage. A decrease in the
identified UPV or SWPV might indicate the appearance or evolution of
damage. This qualitative concept is applied in the present paper, being
damage or heterogeneity quantification out of the scope of this work.

In a pioneering work of the authors [16], a compaction gradient
was identified by a qualitative analysis of UPV and SWPV from top to
bottom of some rammed earth specimens. The present work presents
an extension of the research described in [16], including results from
additional rammed earth samples and exploring the application of
sonic tomography to these specimens. The sonic tomography is aimed
at obtaining a SWPV map inside the specimen by identifying and
combining the SWPV data in different directions, taking into account
different positions of source and receiver on the surface of the speci-

men. Tomographic approaches are widely used in different disciplines
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Fig. 1. Particle size distribution of selected soil.

for the inspection of solids (medicine, archaeology, geophysics, etc.)
using different types of penetrating waves (X-rays, electric fields, mag-
netic induction, ultrasonic waves, etc.). The application of tomography
for the inspection of various materials and structures based on the
propagation of elastic waves has been studied [8,17,18]. However, its
application to earthen materials has not yet been investigated.

The present paper is organized as follows. First, it includes a de-
scription of the specimens (soil properties and manufacturing process)
and the procedures for each kind of test (sonic, tomography and
compression). Then, the results obtained from the identified SWPV are
presented. By analysing the SWPV obtained for different directions,
the anisotropic nature of the rammed earth samples is analysed. The
study of the SWPV at different locations of the specimens is used for
the identification of compaction gradients and the damage extension
due to the application of increasing compressive loads. This study is
performed based on sonic transmission tomography approach. Finally,
conclusions are drawn and future developments are proposed.

2. Materials and methods

2.1. Soil properties and manufacturing process

The selected soil was employed in a real rammed earth construction
site in Valverde del Burguillo (Spain). The construction was performed
within the European Project ‘LearnBION - Learn Building Impact Zero
Network’ [19]. The soil was selected from locally available materials
by experienced architects and constructors that were involved in the
LearnBI0N project. Fig. 1 shows the particle size distribution of the
selected soil [20]. According to the Unified Soil Classification System,
the soil can be classified as fine to coarse sand (SW). The Liquid and
Plastic Limits are 30% and 18% respectively [21].

Twelve specimens were manufactured following traditional tech-
niques. The manufacturing process was supervised by a local ex-
pert in rammed earth construction. Two different specimen geome-
tries were used. Their dimensions (height × width × depth) were
[600 × 300 × 300] mm3 and [300 × 600 × 300] mm3. They will be
referred hereinafter as ‘Vertical’ (V) and ‘Horizontal’ (H) specimens,
respectively (Fig. 2). The compaction direction was parallel to the
largest dimension for the Vertical specimens and to one of the shortest
dimensions for the Horizontal ones. For each layer, a certain amount
of moist soil was poured into the wooden mould and a controlled
compaction energy was applied and distributed manually for each
layer. By controlling the number of impacts and the drop height of the
rammer, a compaction energy of 364 kJ∕m3 was applied as uniformly as
possible for each layer. The thickness of each layer was approximately
75 mm, so a total of 8 and 4 layers were compacted for the Vertical and
Horizontal specimens, respectively. Based on the obtained Optimum
Moisture Content obtained from a Standard Proctor Test, the moisture
3

content during manufacturing was 5.1%. This is relatively a low value
for rammed earth, maybe due to a low presence of silt and clay in the
selected soil. This could also explain the relatively low compressive
strength obtained for the specimens, as detailed in next section. The
mean value of the dry density of the specimens after manufacturing was
1928 kg∕m3. More details and discussion about the different parameters
involved in the manufacturing process can be found in a previous
related work [16].

2.2. Compression tests

Simple compression tests were performed for each specimen. Two
different loading directions with respect to the compaction direction
were considered. The compressive load was applied parallel and per-
pendicular to the compaction direction for the Vertical and Horizon-
tal specimens, respectively. The loading direction was parallel to the
longest dimension of the specimens, in order to ensure a slenderness
of 2 for the compression tests. Since the loading frame allowed only a
vertical loading direction, the Horizontal specimens had to be turned
upside down 90 degrees. A servohydraulic actuator was used and the
tests were displacement-controlled at 3 mm/min rate. A gypsum layer
was placed in between the upper and lower sides of the specimens
and the platens of the testing machine (Fig. 2(d)). These layers were
introduced in order to mitigate the effect of irregularities of the contact
surfaces and to allow a uniform load distribution.

The tests were not designed in order to obtain an accurate char-
acterization of the compressive strength of the material by following
recommendations from reference Standards, but to generate progres-
sive damage on the specimens and study its effect on the results from
sonic tests. Loading and unloading cycles were carried out in order
to characterize the velocity of sonic wave propagation after different
load levels (referred as Load 0, Load 1 and Load 2 hereinafter) had
been applied to the specimens. As a result, the effect of the different
damage states on the inspection by sonic tests can be analysed. In
order to analyse the effect of similar expected damage on the different
specimens, similar load levels, defined as a percentage of the com-
pressive strength of each specimen, should be applied. However, this
could not be achieved because of the variation of strength between
different specimens, so it is unknown in advance for each specimen.
Thus, different load levels were applied during the experimental cam-
paign, considering preceding obtained values and expectations for each
specimen. Table 1 includes the final load levels considered for each
loading cycle, also expressed as a percentage of the finally obtained
compressive strength, and the value of the final compressive strength
for each specimen. These estimated values of the compressive strength
should be, however, considered with caution because they could be
affected by the different loading procedure followed for different spec-
imens and the absence of a reference methodological procedure based
on commonly used Standards.

2.3. Sonic tests

As the source of the elastic waves, an impact hammer of 11 mV/N
sensitivity with a hard tip was used (model 056C01 from PCB com-
pany). The receiver sensors were nine piezoelectric accelerometers of
100 mV/g sensitivity (model 256HX-100 from Endevco company). The
accelerometers were fixed to one side of the specimens by attaching
them to a metal base, which was previously glued to the specimen
with wax. A LAN-XI dynamic analyzer module (from Brüel and Kjaer)
was used for the data acquisition. The sampling rate was set the at
maximum available frequency (65 536 Hz). For the determination of
the SWPV between the excitation and the receiver points, 30 impacts
were applied and recorded independently at each excitation point. The
SWPV for each path connecting the excitation point and each receiver
point was determined by the identification of the ToF of the elastic
wave between both points. The SWPV was evaluated as the distance
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Fig. 2. (a) Specimens on their position after manufacturing. (b,c) Dimensions, sides numbers, and measuring points of vertical (b) and horizontal (c) specimens at their position
during the compression and sonic tests. (d) Picture of the experimental set-up.
Table 1
Load values of each loading–unloading cycles, compressive strength (𝑓𝐶 ) of each specimen.
Specimen V1 V2 V3 V4 V5 V6

1st load [MPa], (%𝑓𝑐 ) 0.40 (38) 0.40 (52) 0.40 (53) 0.40 (63) 0.40 (53) 0.40 (39)
2nd load [MPa], (%𝑓𝑐 ) 0.80 (75) – – 0.55 (86) 0.55 (73) 0.8 (78)
𝑓𝑐 [MPa] 1.06 0.77 0.75 0.64 0.75 1.03

Specimen H1 H2 H3 H4 H5 H6

1st load [MPa], (%𝑓𝑐 ) 0.33 (85) 0.13 (30) 0.13 (33) 0.13 (43) 0.13 (29) 0.33 (100)
2nd load [MPa], (%𝑓𝑐 ) – – 0.27 (68) 0.27 (90) 0.27 (60) –
𝑓𝑐 [MPa] 0.39 0.44 0.40 0.30 0.45 0.33
between each pair excitation-receiver points divided by the ToF. For
the determination of the ToF, an automated and calibrated algorithm
developed by the authors is applied [16].

The sonic tests were performed before any load was applied on
each specimen and after the loading–unloading cycles were applied
as explained in the compression tests description. Nine measurement
points were distributed in a Top row (T1, T2, T3), Middle row (M1,
M2, M3) and Bottom row (B1, B2, B3) as illustrated in Fig. 2(b) and
4

(c). The excitation points were located in front of the receiver points
at the opposite side. The SWPV between each point on the excitation
face and the 9 reception points on the opposite face were determined.
Even though measuring points seem to be located precisely at layer
interfaces in Fig. 2(b) and (c), it must be noted that layer heights after
manufacturing were not precisely 75 mm, the size of the accelerometers
base is relatively big (15 mm diameter) and location of manual impacts
have an implicit uncertainty in their precise location. As a result, it
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Fig. 3. Planes defined for tomography.

cannot be considered that measuring points are located at interfaces.
The study of the possible influence of the precise locations of measuring
points within a specific layer would require a detailed experimental
configuration and a specific analysis that is out of the scope of the
present work.

For the analysis of the evolution of the SWPV during the loading–
unloading cycles in the horizontal specimens, the impacts perpendicu-
lar to the compaction direction (from side 2 to side 4) were considered
for both the Vertical and Horizontal specimens. However, for the latter,
an additional arrangement of excitation and receiver points (at sides
1 and 3) was considered when no load was applied yet. The results
from these two different arrangements allow the determination and
comparison of the SWPV when the excitation impact is perpendicular
or parallel to the compaction direction.

2.4. Tomography

Transmission tomography based on elastic wave propagation is a
widely used method of non-destructive testing. It allows the recon-
struction of the internal structure of the tested object based on the
information obtained from the acoustic wave propagating through the
tested element. The method allows the determination of the elastic
wave velocity distribution, which depends on the homogeneity and
quality of the tested material. The velocity distribution can be used
to assess voids, compaction, or stratification in the soil. In this work
the 3D analysis is performed by reconstruction the information for 6
different planes (3 vertical and 3 horizontal), as defined in Fig. 3.

The information used in the image reconstruction procedure for
rammed earth samples is the ToF. The flowchart of sonic tomography
is shown in Fig. 4. The procedure starts with data acquisition of the
elastic waves passing through the specimen from the transmitters to
the receivers (Figs. 4 and 5, step 1) and the determination of the time
of flight for each wave (Figs. 4 and 5, step 2). To determine the velocity
distribution in the section under test, the element is divided into small
elements called pixels (Figs. 4 and 5, steps 3–5). Each pixel is assigned
a specific, constant value of the wave propagation velocity.

The ToF of the 𝑖th ray of the propagating wave from the transmitter
to the receiver can be expressed as:

𝑡𝑖 =
𝑛
∑

𝑤𝑖𝑗
1
𝑣

𝑖 = 1, 2, 3,… , 𝑚 𝑗 = 1, 2, 3..., 𝑛 (1)
5

𝑗=1 𝑗
Fig. 4. Flowchart of ultrasonic tomography algorithm.

where 𝑤𝑖𝑗 is the length of the 𝑖th ray passage through the 𝑗th pixel, 𝑡𝑖
is the time of flight of the P-wave propagating between the transmitter
and receiver along the 𝑖th ray, 𝑣𝑗 is the velocity in 𝑗th pixel and 𝑠𝑗 is
the slowness in 𝑗th pixel. The choice of the pixel size sonic tomography
is closely related to the number of measurement points. In the present
study, the distance between the measuring points was 75 mm in the
horizontal direction and 150 mm in the vertical direction. Therefore,
the pixel size was 75 mm × 75 mm in the horizontal planes and
150 mm × 75 mm in the vertical planes. The rays were traced from
a given transmitter to each of the receivers which resulted in m =
9 rays for each of the planes. Nine rays allowed the velocity values
to be reconstructed in 15 pixels, which was sufficient to identify the
anisotropy and compaction gradient of the rammed earth samples. It
should be noted that the total number of pixels was 𝑛 = 25, but only
𝑛 = 15 were active, because rays only passed through 15 pixels, as the
points are on a pair of opposite edges.

Measurements of all the propagating wave paths from the transmit-
ters to the receivers produce a system of equations with known values
for the times of flight (matrix t) and the lengths of the paths passing
through the pixels (matrix w), and with the unknown value of the
slowness in individual pixels, according to the equation:

𝐭𝑚𝑥1 = 𝐰𝑚𝑥𝑛𝐬𝑛𝑥1 (2)

The main purpose of sonic tomography is to calculate the slowness
matrix s. It is worth noting that the path j propagating from the
transmitter to the receiver crosses only a few pixels, leaving the others
out. Therefore, most of the values in the w matrix are equal to zero.
However, it is an ill-posed and sparse matrix (many rows are linearly
related and most row elements are zero). This leads to ambiguity in
the solutions. Commonly used methods such as Gaussian elimination,
matrix inversion, and least squares cannot be used. Furthermore, a
small error in the measurement or interpretation of the results can have
a significant impact on the final image reconstruction result. Special
solution methods have to be used. Most techniques for solving Eq. (2)
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Fig. 5. Illustration of steps 1–5 of tomography algorithm.
are based on specific iterative methods. One of these is the Algebraic
Reconstruction Technique (ART), which updates the solution by suc-
cessively processing each equation separately until the convergence
condition is reached. In the first step, each pixel has the same value of
the wave propagation velocity, assuming that the tested cross-section
is homogeneous. In this case, elastic waves propagate along straight
lines (Fig. 5). Then the iteration process begins, which can be described
mathematically by the formula [22]:

𝑠(𝑘)𝑗 = 𝑠(𝑘−1)𝑗 +
𝑤𝑖𝑗𝛥𝑡𝑖

∑𝑛
𝑗=1 𝑤

2
𝑖𝑗

(3)

where 𝛥𝑡𝑖 is the difference between the original projection time and
the reconstruction time.

The image reconstruction scheme of the tested rammed earth spec-
imens is shown in Fig. 6. In the first step, the image for each tested
plane is made independently, and each pixel is assigned a value. Then
the images for the planes are blurred.

3. Experimental results and discussion

3.1. Anisotropy assessment

The sonic tests performed for the Horizontal specimens, by means
of impacts in the parallel and perpendicular directions to the direction
of compaction, allow the determination of SWPV for both directions.
Fig. 7 shows the SWPV determined at each measuring point when the
excitation source is located just in front of it, obtained for the two
directions. The average and standard deviation of this set of values
for each specimen is represented in Fig. 8. It shows that noticeable
variations can be observed between different specimens, but values for
each direction are similar for each specimen (with the only exception
of specimen H6 for which no reason is found to explain this abnormal
result). Table 2 shows the level of confidence obtained from T-Student
tests performed for SWPV values along the two directions for each spec-
imen. A very low confidence level is only obtained for specimen H6.
The values obtained for the rest of the specimens support the hypothesis
that the average values of SWPV for both directions are unlikely to
be significantly different, even though the confidence interval indicates
that there is a higher probability of finding greater values of SWPV for
the compaction direction. Considering the scattering of the results for
both directions and the different relative values of SWPV for specimens
(bigger or smaller values for any of the two directions are found), the
assumption of expecting similar SWPV values for both directions can
be considered a reasonable hypothesis in practice.
6

In addition, Fig. 8 shows that higher SWPV values, identified along
any direction, are found for specimens with higher mechanical strength.
This observation is in agreement with the results presented in [3,5,6].

Results from Table 1 also show that the compressive strength of the
Horizontal specimens was lower than that of the Vertical ones. Since
the propagation of the elastic waves is actually related to the material
stiffness and density and not to the strength, a possible explanation for
this phenomenon is that the material exhibits similar stiffness along
the directions parallel and perpendicular to the compaction layers, but
the compressive strength might be different when the load is applied
at those two different directions. One explanation for this phenomenon
is the failure mode of Horizontal specimens induced by separation of
the compaction layers during compression due to indirect tensile strains
along the direction perpendicular to compaction. Fig. 9 illustrates the
difference between the usual failure mode of Vertical and Horizontal
specimens. For the first, a smeared cracking is observed at the external
surface of the specimens. In contrast, for the latter, vertical cracks due
to separation between compaction layers are observed. In addition, for
this specific experimental campaign, the compressive tests of Horizon-
tal specimens might be affected by the geometric irregularities of the
top surface during the manufacturing process (side 3 in Fig. 2(c)). The
lack of flatness of this side make the cross-section of the Horizontal
specimens during the compression tests not to be strictly constant
and this phenomenon might lead to localized cross-section reductions
and non-uniform stress distributions, affecting the global compressive
strength of the specimen. A non-uniform load distribution can also be
induced by different stiffness of the layers due to compaction gradients,
as they are identified in next section.

The analysis and quantification of the anisotropic nature of rammed
earth has not sufficiently addressed yet in the literature. One possible
reason for this is the difficulty in manufacturing slender specimens to
be loaded in the perpendicular direction to compaction (parallel to the
layers). The authors are only aware of one related specific work [23].
It shows that rammed earth can be considered an isotropic material in
terms of stiffness and compressive strength. However, it also remarks
that this isotropic behaviour requires a perfect adherence between the
compaction layers. If separation takes place, then a different behaviour
might be observed along the parallel and perpendicular direction to the
layers. Thus, even though a perfect adherence can be assumed at an ini-
tial stage based on the isotropic nature of the identified SWPV at Load
0, a failure mode due to separation of the layers during compression
could also explain the difference in the compressive strength observed
for the Horizontal and Vertical specimens in the present work.

In a previous work [3], it was also observed that similar ultrasonic
wave propagation velocities were obtained in any direction of rammed
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 Fig. 6. Image generation scheme.
Table 2
Level of confidence (p) and 95% confidence interval (ci) for the difference in average values obtained from T-Student tests between SWPV
values for parallel and perpendicular directions to compaction.
Specimen H1 H2 H3 H4 H5 H6

p 0.13 0.48 0.61 0.98 0.39 0.002
ci [−43,323] [−158,325] [−150,90] [−276,269] [−90,218] [−478,-135]
earth samples. This observation is consistent with the results presented
here. In a different study [24] a small difference in these velocities were
obtained for the compaction direction and the perpendicular direction.
However, this work analysed the behaviour of small specimens of
statically compressed earth. Thus, there were no different compaction
layers and the different compaction process could also induce some
anisotropic behaviour in the particles arrangement. In the same work, a
small difference of about 10% was also obtained for the tensile strength
in these two directions.

3.2. Compaction gradient and damage sensitivity

Figs. 10 and 11 show, for the Vertical and Horizontal specimens,
respectively, the identified SWPV between each excitation point and
the corresponding measuring point in front of it at the different load
7

levels. It is recalled here that SWPV are determined between planes
2 and 4 (Fig. 2(b,c)), so the SWPV values correspond to directions
perpendicular to compaction direction (NC in Fig. 7) . Some trends
can be observed on the results providing practical information about
the performance of the inspection technique. First, it is observed that
the values of the identified SWPV decrease as the level of the applied
load increases. Thus, the SWPV are sensitive to the cumulative damage
on the material. This is an interesting result which illustrates that the
identification of the SWPV over time can be used to identify potentially
damaged areas in real structures during their service life. At this point,
it must be noted that the value of the SWPV by itself does not provide
information about the conservation state. It is the comparison of the
SWPV at a certain position at different times that can be used for this
purpose. In addition, not only one measuring point, but the distribution
and evolution of the SWPV at different positions should be considered
for this kind of analysis.
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Fig. 7. SWPV at Load 0 for each measuring point and directions perpendicular (Non-Compaction, NC) and parallel (Compaction, C) to the compaction direction for specimens (a)
H1, (b) H2, (c) H3, (d) H4, (e) H5 and (f) H6.
Fig. 8. Average (markers) and standard deviation amplitude (vertical lines) of SWPV at
Load 0 for directions perpendicular (Non-Compaction, NC) and parallel (Compaction, C)
to the compaction direction and compressive strength (fc) for each horizontal specimen.

In addition, the results illustrate how the inspection technique is
sensitive to the heterogeneity of the material. Variations in the values
of the obtained SWPV are consistent to compaction gradients due to
the manufacturing process. Due to the subsequent compaction of layers
from bottom to top, the lower layers receive a higher compaction en-
ergy. Moreover, despite taking care of applying a uniform distribution
of the compaction energy over the top surface of each layer, the central
area of the surface usually receives a higher compaction energy since
8

it receives part of the energy that is also applied in the surrounding
areas. In addition, less energy is applied in these areas because of the
difficulty in impacting with the rammer at areas close to the mould.

As a result, Fig. 10 shows that, in general, a gradient of SWPV is
identified from the top to the bottom layers in the Vertical specimens
due to the higher compaction of the lower layers. Higher SWPV values
are obtained for the measuring points at the bottom row and lower
values for the top row. In addition, within each row, a higher SWPV
value is obtained at the central points , since the central areas are usu-
ally more compacted, as explained above. In the case of the Horizontal
specimens (Fig. 11), due to the higher compaction of the lower layers,
a gradient is observed from measuring points 1 to 3. On the other hand,
due to the higher compaction in the central area of the top surface
during manufacturing, higher values are obtained for the middle row
of measuring points. However, this second compaction gradient is less
clear for the Horizontal than for the Vertical specimens due to the fact
that the compaction surface for the Horizontal ones is larger, making
it easier to apply a more uniform compaction energy over this surface.

3.3. Sonic tomography

Figs. 12–17 and 18–23 show the SWPV maps obtained from the
tomography inspection for the Horizontal [H1–H6] and Vertical [V1–
V6] specimens, respectively. They include the maps for the three
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Fig. 9. Illustration of failure modes of (a) Vertical and (b) Horizontal specimens.
Fig. 10. SWPV at Load 0, Load 1 and Load 2, for each measuring point and for Vertical specimens (a) V1, (b) V2, (c) V3, (d) V4, (e) V5 𝑦 (f) V6. Black, red and green lines
correspond to top, middle and bottom rows of measuring points. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
independent horizontal and vertical planes, defined between sides 2
and 4 of the specimens and therefore corresponding to directions
perpendicular to compaction direction, (Figs. 2(b,c) and 3) as well as
their 3D reconstruction.
9

It can be observed from the Figs. 12–17 that, for the Horizontal
specimens, a SWPV gradient can be observed from plane 1 to plane
3. Due to the effect of the compaction process, higher velocities are
observed for the bottom plane during manufacturing (Plane 3). In
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 Fig. 11. SWPV at Load 0, Load 1 and Load 2, for each measuring point and for horizontal specimens (a) H1, (b) H2, (c) H3, (d) H4, (e) H5 𝑦 (f) H6. Black, red and green lines
correspond to top, middle and bottom rows of measuring points. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
general, the distribution of velocity values in tomographic images was
rather uniform at Load 0 on all planes 1–3. Only for specimen H2,
local area with a higher velocity appeared on the map for plane 2.
In addition, the higher compaction level in the central part of the
specimen is illustrated by higher SWPV values at the middle plane.

As the applied load level increased, lower velocities were obtained
and potentially damaged areas can be identified from the SWPV maps.
Maps began to reveal heterogeneities in velocity distribution for load
levels 1 and 2. Areas with lower values of velocity indicated regions
with potential damage initiation. In general, this decrease is more
significant at vertical plane 1 and horizontal planes located at top and
bottom positions, indicating the presence of more significant structural
damage in those areas. For specimen H6 and after load 1 is applied
(Fig. 17), extremely low velocities are obtained for the whole specimen.
As a matter of fact, the specimen failure took place at the same load
value as load 1. This result illustrates how low SWPV maps obtained
from this inspection technique could indicate that the material has
been close to failure and therefore is extremely damaged. The possi-
ble lack of adherence between the compaction layers associated with
the failure mode of Horizontal specimens, can justify the presence of
interfaces that could slow down the wave propagation leading to a
decrease in SWPV that is represented by a global decrease in the whole
specimen. The existence of these interfaces or delaminations is not
10
detected from sonic tomography maps for none of the specimens for the
intermediate damage levels induced. More detailed information from
sonic tomography using a higher number on measuring points and pixel
resolution can provide information about this phenomenon and the
actual sensitivity of this inspection technique.

For the Vertical specimens, the compaction gradient can be identi-
fied from the increasing velocities obtained from top to bottom and at
the central part of the specimen (plane 2). As the load increased, lower
values of SWPV are found at horizontal top plane and vertical planes
1 and 3, indicating the likely existence of more significant damage in
those regions. For the specimens that 2 load levels were applied and
they were close to the compressive strength, very low SWPV maps are
obtained for the whole specimen at the final stage.

4. Conclusions

The results from the present work illustrate that the inspection of
rammed earth samples by sonic testing is a feasible technique that can
provide useful information for a qualitative analysis of heterogeneity
due to different compaction levels and cumulative damage.

Similar values of the identified SWPV have been found along per-
pendicular and parallel directions to the compaction layers. However,
different compressive strength values have been found when load is
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Fig. 12. Results from sonic tomography (specimen H1).

Fig. 13. Results from sonic tomography (specimen H2).
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Fig. 14. Results from sonic tomography (specimen H3).
applied at both directions. The lower compressive strength obtained
for the Horizontal specimens (for which the load is applied in a parallel
direction to compaction) could be explained by non-uniform load dis-
tribution due to their geometric irregularities from the manufacturing
process, different stiffness of the layers (parallel to the loading direc-
tion) or a failure mode due to a possible loose of perfect adherence
between the compaction layers. Future experimental tests assessing
the compressive strength values obtained for specimens with only a
single compaction layer could serve for validating or not this hypothesis
about the different compressive strength obtained for the horizontal
and vertical specimens in this work, despite the similar SWPV obtained
for both of them in different directions.

The tomography approach applied in this paper appeared to be an
effective technique for the inspection of this building material. In the
present work, by using 9 pairs of measurement points located at two
opposite sides of the specimen (9 source points and 9 corresponding op-
posite receiver points), reconstruction of the internal structure of earth
12
specimens was obtained. Tomographic imaging in 2D planes (three
vertical planes and three horizontal planes) as well as 3D reconstruction
enabled observation of changes wave velocities inside the specimens.
Despite a relatively low resolution of the measurement points grid
considered in this application, the resulting obtained images of SWPV
provided a comprehensive insight of the heterogeneity of the material
and potentially damaged areas.

The paper illustrates the feasibility of this technique for a qualitative
inspection of rammed earth structures. By comparing SWPV values
for a certain specimen, potentially damaged or less stiff areas can
be identified. In addition, by monitoring the SWPV values along the
service life of the construction, the evolution of potentially damaged
patterns can be achieved. A particularly low SWPV values can be
used as damage indicators providing an alert of extremely severe
damage due to an extreme loading scenario that might have taken
place. Damage quantification and the analysis of the sensitivity to early
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Fig. 15. Results from sonic tomography (specimen H4).
damage in practice require further research on this topic. Tomography
results from a more dense measurement points grid and for different
controlled damage states is considered as a future research work to
provide quantitative information about the actual sensitivity of the
technique to early damage and its evolution.
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Fig. 16. Results from sonic tomography (specimen H5).
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Fig. 17. Results from sonic tomography (specimen H6).
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Fig. 18. Results from sonic tomography (specimen V1).
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Fig. 19. Results from sonic tomography (specimen V2).

Fig. 20. Results from sonic tomography (specimen V3).
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Fig. 21. Results from sonic tomography (specimen V4).
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Fig. 22. Results from sonic tomography (specimen V5).
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Fig. 23. Results from sonic tomography (specimen V6).
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