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1. Introduction.

Rammed earth (RE) is a common construction system based on load-bearing wall
structures, with examples found in all continents. From the Neolithic revolution to the
20th century, many cultures have used this system in their residential and heritage
buildings, incorporating local and traditional solutions that turn these structures into
vernacular architecture elements [1-3]. Different and distant cultures such as the Roman,
Chaldean, Yangshao and Incan cultures frequently used soil as a construction material.
From the historical and patrimonial perspectives, structures made of RE represent more
than 10% of the assets declared as Cultural Heritage of Humanity by UNESCO [4]. Some
unique and emblematic examples are the historic center of the city of Lyon, the Lasha
palaces in Tibet, the Great Wall of China, the Alhambra in Granada or the citadel of Bam
in Iran. The latter had the highest density of buildings made with soil in the world until a
6.5 magnitude earthquake destroyed 80% of its structures on December 26, 2003 [5]. As
in this case, many of the heritage structures built with RE are located in high seismic
hazard areas, and consequently, the risk of destruction and loss is very high.

Because these are historic structures that have existed for a long time, many of
them have been affected by past earthquakes of varying intensities. For this reason, it is
very likely that in its current state of conservation, RE has internal or external cracks that
will result in fractures, which may or may not be visible, and is in no way similar to
homogeneous and continuous materials. Therefore, knowledge of the fracture behavior
of RE is necessary to accurately assess its current state. In addition, knowledge of the
actual remaining capacities of existing structures is essential for analyzing the risks of
heritage buildings exposed to seismic or other stresses. Thus, characterization of the
fracture behavior is one of the fields with the most potential for this type of material.

In addition, RE is a material that offers great environmental advantages because
structures made with it have a very low carbon footprint due to various favorable
circumstances. Soil, as a basic material, is very abundant and easy to obtain. Its
availability in the same place where a building is to be erected makes the need to move it
over long distances unnecessary, and this reduces energy expenditure in transport. In
addition, the technology and auxiliary means used to raise RE walls are very simple and
reusable and rely on natural materials based on the use of simple wooden boards as
formwork and rammers made of wood or stone [6-8]. Furthermore, at the end of their
useful life, RE structures are easily removable, and the material that constitutes their walls
is directly returned to the land without generating construction waste. Toxic or polluting
materials are also not used during its manufacture; therefore, no hazardous waste is
generated.

Finally, it should be mentioned that the thickness of RE walls, together with the
low thermal conductivity of soil, allows buildings constructed with this technique to
maintain very stable interior thermal conditions. For this reason, these dwellings require
very little energy to achieve adequate levels of thermal comfort, which also reduces their
environmental impact [9].
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Domestic buildings made with RE, despite their great use, have a link to poverty
because on many occasions, the use of RE is based on a shortage of materials or economic
means. Additionally, it is clear when looking at many heritage buildings, that RE
structures can have a very long useful life if they are well built and maintained. Therefore,
to increase the social acceptance of this type of material, it is necessary to explain their
medium-term environmental and economic advantages and to study their weaknesses at
a mechanical level to improve them and achieve stronger structures [10].

To date, most of the research on the mechanical capacities of RE have focused on
the improvement of these capacities through various strategies. Numerous studies can be
found in which the authors increase these capacities with the addition of both textile and
natural fibers, glass or plastic inside [11-17] as well as outside [18] the material. The
results of these studies vary, and it is difficult to compare these studies due to the different
materials, RE compositions and types of tests used. Another strategy used is the addition
of stabilizers to the RE mass. Only a few authors have researched the capacities of the
material in its simplest form, which is a mixture of soil with aggregates and water, without
any type of stabilizer [19-21]. The main stabilizer used in previous research is cement
[12,13,15-17,22-25], while a smaller number of studies have used lime [26,27] or various
materials such as pozzolans or guar gum [16]. Historic RE buildings have almost
exclusively used lime as a stabilizer, either in the form of aerial lime or natural hydraulic
lime [28-31]. There are also references to the historical use of animal products such as
blood, urine or manure with stabilizing functions [32]. Their use improved the mechanical
behavior and workability of RE during its manufacture.

When using lime-stabilized specimens, one of the factors to consider in order to
obtain specimens with the most similar characteristics possible is the carbonation rate.
The lime used to produce the specimens, which is present in the form of calcium
hydroxide, Ca(OH)z, requires a certain amount of time to eliminate one water molecule
and incorporate atmospheric CO2 until it once again becomes the original calcium
carbonate, CaCOzs. Therefore, depending on the amount of time elapsed, the amount of
calcium carbonate inside a specimen will increase until the entire section is completed.
As with concrete, the carbonation rate depends on several factors, such as porosity, the
amounts of lime and mixing water, compaction and environmental conditions [33,34].

In regards to the assessment of the nonlinear mechanical capacities of RE, we
should point out that very few studies have focused on its fracture behavior, and even
fewer studies have characterized its value for heritage materials. Most of the authors have
used the wedge splitting test (WST), with some variations to adapt it to the material
[13,16], but all of them have used cement as a stabilizer, thus moving away from historical
RE materials. Very few authors have used the three-points bending test (3PBT) [20], and
no studies have used this type of test on specimens stabilized with lime. The aim of the
present study was to understand the behavior of RE stabilized with lime in a nonlinear
regime, by imitating traditional materials, dosages and forms of execution that are found
in existing heritage structures. To this end, fracture energy values and their softening law
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were obtained through 3PBT tests, and qualitative relationships with other more studied
materials such as mass concrete were established.

During the curing period of the specimens, from their manufacture to the 3PBT
tests, data were collected systematically to learn the weight and density changes
experienced. To do this, the moisture loss in the specimens and the variation in the
propagation velocity of ultrasonic pulses were controlled throughout the curing period.
The number of studies on the behavior of the velocity of an ultrasonic pulse (UPV) in RE
is also limited. This nondestructive evaluation technique has been used by several authors
to obtain relationships between the mechanical and physical parameters of the materials
used in historical structures or to evaluate the differences between different dosages,
degrees of humidity, stabilizers or additives [27,35-37]. By controlling the variation in
the moisture loss and the ultrasonic pulse velocity, a minimum curing period was
established in which the physical and mechanical characteristics of the specimens varied,
regardless of carbonation. Once these two parameters were stable, the specimens reached
maturity and were subjected to mechanical tests.

2. Materials and methods.

The soil selected to produce the specimens analyzed in this paper was from a
quarry in the vicinity of the city of Granada (Spain), had a maximum aggregate size of
less than 10 mm and a chloride and sulfate content of less than 0.002% and was free of
organic matter and light contaminants. A natural hydraulic lime (NHL) 3.5, which is the
product of the calcination of a marly limestone that has been subsequently slaked, was
used as a stabilizer. Figure 1 shows the granulometric curve of the material used and the
curves obtained from existing RE in walls and castles built between the XI and XIV
centuries in Granada (Gr) [38] and in the walls of San Juan de Aznalfarache, which was
built in the XII century in the city of Seville (Se) [39].
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Fig. 1. Particle grading curves for RE.
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The soil was mixed in 3:1 and 4:1 ratios with lime as a stabilizer (parts of
aggregate:lime), with 13% mixing water added as a percentage of weight. The ratios were
taken from the dosage data of two samples extracted from the Alhambra in Granada (XI11-
XIV centuries) [40], where the aggregate:lime ratios are between 73% and 84% of
aggregate versus 27% and 16% of binder, which are comparable to 3:1 and 4:1 ratios,
respectively. Cement was not used as a stabilizer due to the problems of molecular
incompatibility with clays, the petrophysical level (high microporosity of the hardened
cement) and the possible presence of sulfates in the cement, which can cause soluble salts
to appear and alter the cement-soil system [41-46], in addition to differing from historical
solutions and materials [47]. With these dosages, twelve prismatic 440x100x100 mm
specimens were made with the cross section size indicated in RILEM for an aggregate
diameter of less than 10 mm [48].

The soil, lime and water were mixed manually until a homogeneous material was
obtained. Once this process was finished, the material was poured into a wooden
formwork in layers of 30 mm. Each layer was compacted manually until a final thickness
of between 15 and 20 mm was reached; consequently, each specimen included 5 or 6
layers. Table 1 shows all the initial data of the specimens, divided into series of series A
specimens, with a soil:lime dosage of 3:1, and series of series B specimens, with a 4:1
dosage. The average initial density of series A specimens was 2.15 g/cm?, with a deviation
of around +1.2%, and the average initial weight was 10044 g, with a deviation between
+1.55% and -2.17%. The average initial density of series B specimens was 2.18 g/cm?,
with a deviation lower than £2.00%, and the average initial weight was 10138 g, with a
deviation of around +0.50%.

Table 1

Initial data of specimens. (Mean values in bold).
Series A — dosage 3:1

Dimensions (mm)

_ Volume Ini_tial Initial Initi_al Initial

Specimen Date Volume (cm?) deviation weight  weight density ~ density
length height  width (9) deviation (g/cmd) deviation

Al 2019-06-26  441.75 104.80 101.10 4680.46 0.03% 10149  1.05% 217 1.09%
A2 2019-05-15  443.00 103.01 101.18 4617.19 -1.33% 9970  -0.73% 216 0.62%
A3 2019-05-13  443.00 102.48 102.00 4630.66 -1.04% 10063 0.19% 217 1.09%
Ad 2019-06-04  443.25 105.80 101.50 4759.93 1.72% 10001  -0.42% 210 -2.17%
A5 2019-06-04  443.25 10545 101.28 4733.90 1.17% 9919  -1.24% 210 -2.17%
A6 2019-06-06 44350 103.12 101.75 4653.41 -0.55% 10159  1.15% 218  1.55%

mean 4679.26 10044 2.15
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Series B — dosage 4:1

) Dimensions (mm) Volume Initial Initial Initial Initial

Specimen Date Volume (cm?) deviation weight  weight density  density
length. height  width (g)  deviation  (g/cm?) deviation

Bl 2019-05-16  442.88 104.16 101.25 4670.70 0.59% 10101  -0.36% 2.16 -1.07%

B2 2019-06-03  443.80 103.26 101.08 4632.17 -0.24% 10133  -0.05% 219  031%
B3 2019-06-03 44425 105.80 101.16 4754.69 2.40% 10189  0.51% 214 -1.98%

B4 2019-06-06  444.03 101.24 101.62 4568.18 -1.62% 10131  -0.07% 222 168%

B5 2019-06-07  443.10 102.91 101.45 4626.06 -0.37% 10172 0.34% 220  0.76%

B6 2019-06-07 44450 102.31 101.32 4607.71 -0.77% 10100  -0.37% 219  031%

mean 4643.25 10138 2.18

The use of wooden formwork, which imitates traditional methods, caused slight
variations in both the length and width of the specimens, although none of the specimens
exceeded 1% of the established size. However, four of the specimens (A1, A4, A5 and
B3) showed height variations of approximately 5%. The method used to produce the
specimens, in which the layers are parallel to the longitudinal direction, requires visual
control of the total height of the specimen, which caused these variations. Once produced,
the specimens were kept in a laboratory environment (24°C and 40% RH) until the 3PBT
fracture tests were performed. The specimens were placed on metal frames to facilitate
contact of the four faces with air and thus encourage equal carbonation in all faces. The
curing conditions were controlled at all times to obtain specimens that were subjected to
the same conditions as the real structures. Figure 2 shows the process of producing the
specimens and the storage and curing process in laboratory conditions.

Fig. 2. Prbdétif specimens (left) and storage and curing process in the laboratory (right).
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The depth of carbonation in the lime-stabilized specimens should be controlled
because the recovery of ambient CO> in the lime cycle increases its resistance. In our
case, a specific specimen was used to measure the carbonation progress over a given
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period of time. The carbonation state of the rest of the specimens on the date of the
fracture tests was thereby inferred.

The method to produce the specimens and the subsequent tests carried out on them
were designed simulate the conditions of a typical section located inside a wall (Figure
3). The method to produce the specimens involved reproducing the arrangement of the
layers and the construction direction of an actual wall, which is upward, and the accessible
wall fronts, exterior face and interior face. It is on these accessible faces that the probes
for UPV tests could be placed, such that the ultrasonic pulse moved in parallel to the
layers along the thickness of the theoretical wall. This is how the UPV tests were carried
out on the specimens.

R c\‘omiﬁé‘ctiéﬁ“\
gl ¥ &
\\ \ \ \ /

Fig. 3. Simulation of the location of a probe inside a wall. Compaction direction and position of the
accessible faces for the placement of probes in the UPV tests.

The evolution of the weight of the specimens was controlled for at least 30 days
after their production. An Ohaus GEO15 precision balance was used. The time required
to obtain specimens with a stable density and water content was verified once all the
mixing water had been balanced with the ambient moisture or permanently incorporated
into the material.

The evolution of the UPV was measured with a Controls brand ultrasonic tester
model 58-E0048, with a frequency range of 54kHz following standard UNE-EN 12504-
4 [49]. Data were collected from the samples during the 28 days after the specimens were
produced, which confirmed an increase in the UPV related to moisture loss and stabilizer
setting. A longer study was not carried out because, as shown below, starting at 15 days
after the specimens were produced, the UPV values became stable.

To determine the fracture energy, 3PBT tests were carried out on the specimens
after making a notch of 1/6 of the height of the specimen. This notch was made by cutting
with a disk saw. The procedure used to obtain the specific energy was the work-of-
fracture method [48], with the corrections proposed by other authors [50-52].
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The test was carried out by controlling the crack mouth opening with a clamp
transducer. In addition, the vertical displacement of the cross section of the specimen was
measured with an inductive linear transducer mounted on a rigid frame coupled to the
specimen. The supports and the load application system were anti-torsion to avoid
parasitic torsions. Figure 4 shows a picture of one of the 3PBT tests. The weight of the
specimen was compensated for by using elastic bands.

Fig. 4. Three-point bending test of the specimens.

3. Results.
3.1. Results of controlling the weight evolution of the specimens.

The behavior of the water inside the specimens that was incorporated during
mixing was controlled. To do this, the weight variation was checked for at least 30 days.
Figure 5 shows the percentage of the accumulated moisture loss from the moment the
specimens were produced and the mean of each series depending on the soil:lime ratio
(3:1and 4:1).



©CO~NOOOTA~AWNPE

O

2

o~
)

0/, - | = =
,\:8,0 B e e e e ———
S == ——
2 7% - | /—- —— 1
S /
QL L |
£ 6%
& /
2 5% i
T
= 4%
'-E" 31 a
g :1 specimens
= 3% P
2 4:1 specimens
= 2% -
S 3:1 mean values
=
= 104 1 : =2
1% ——4:1 mean values
00/0 " T T I T T T ‘I
0 5 10 15 20 25 30 35 40

Time (days)
Fig. 5. Specimens and mean accumulated moisture loss (%).

The results indicate that the moisture loss was highly accelerated during the first
days for both dosages and stabilized from day 15 onwards, with accumulated values
approximately 7.66%. After that point, the rate of moisture loss became much slower,
with a small increase in the following two weeks until a final accumulated mean value of
7.84%. Different behaviors were not observed in the two dosages, and the curves
representing the means of both practically coincide.

3.2. Results of controlling the evolution of the ultrasonic pulse velocity (UPV).

The evolution of the propagation velocity of an ultrasonic pulse inside the
specimens during the 28 days after their manufacture was also controlled. Early control
of these data provides an idea about the behavior of the water inside the specimens and
the setting speed, which is ultimately related to the density of the material. The probes
were placed on the end faces, with a separation of 440 mm, as would be done on a real
wall of that thickness. Figure 3 shows the arrangement; thus, the pulse advances parallel
to the layers along the thickness of a theoretical wall. The behavior of an ultrasonic pulse
perpendicular to the layers was not studied because this situation cannot be measured in
actual structures, and it has been studied by other authors [27].
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Fig. 6. UPV specimen values and mean curve for each dosage (m/s).

Figure 6 shows the UPV values measured on the specimens for 28 days and the
curve of their mean trend. This figure shows that the 3:1 dosage presented values at 28
days of approximately 1830 m/s, while the 4:1 dosage reached a mean value of 1885 m/s.
The difference represents an insignificant increase of 3%, although the specimens with a
lower quantity of lime tended to have the highest values. Figure 6 also shows how starting
at day 15, the UPV values became stable, without significant variations in the remaining
days.

A review of the increase in the UPV during the 28 days shows that both dosages
had the same behavior. Figure 7 shows the accumulated increases in the UPV during the
test period. It was observed that the increase in the accumulated velocity was 27.52% on
average between both dosages in the first five days. It was 12.20% over the next five days
until day 10, and then in the next five days, it increased another 3.19% until day 15. From
that moment forward, the increase was only 0.44%. Finally, the total accumulated UPV
increase from the beginning to the end of the test was 43.21%.

Table 2 summarizes the density and UPV data of the specimens at 28 days of age.
The series A specimens had a mean density of 1.98 g/cm?, with deviations below + 2.00%,
and a mean UPV value of 1818.16 m/s, with deviations between + 9.59% and -6.22%. At
the same time, the series B specimens had a mean density of 2.01 g/cm?®, with deviations
around £ 1.50%, and a mean UPV value of 1869.36 m/s, with deviations between + 7.98%
and - 6.44%.
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Summary data for the specimens. (Mean values in bold).

Series A - 3:1 dosage

. Final density Final density . Velocity
Specimen Date (g/cm®) deviation Velocity (m/s) deviation
Al 2019-07-24 2.00 1.10% 1992.50 9.59%
A2 2019-06-14 1.99 0.59% 1737.94 -4.41%
A3 2019-06-12 1.99 0.59% 1855.89 2.08%
Ad 2019-07-02 1.94 -1.94% 1705.00 -6.22%
A5 2019-07-02 1.94 -1.94% 1718.23 -5.50%
A6 2019-07-04 2.01 1.60% 1899.39 4.47%
mean 1.98 1818.16
Series B - 4:1 dosage
. Final density Final density - Velocity
Specimen Date (g/cm?) deviation Velocity (m/s) deviation
B1 2019-06-15 1.99 -1.08% 1777.90 -4.89%
B2 2019-07-01 2.02 0.41% 1748.92 -6.44%
B3 2019-07-01 1.98 -1.57% 1807.36 -3.32%
B4 2019-07-04 2.04 1.41% 1964.73 5.10%
B5 2019-07-05 2.02 0.41% 1898.64 1.57%
B6 2019-07-05 2.02 0.41% 2018.59 7.98%
mean 2.01 1869.36

3.3. Calculation of carbonation in the specimens.

To determine the depth of carbonation of the specimens, a control specimen with
a 3:1 dosage was fractured after 48 days to measure the carbonation front. From these
data and using the expression (1) [53], we estimated the carbonation depth in the

30
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specimens on the date of the fracture tests. Expression (1) relates the carbonation depth
(x) with the carbonation rate of the material (k) and the time (t).

x=k-t @

Thus, the control specimen was split at 48 days and the carbonation front was
measured clearly by using a pH indicator. In this case, phenolphthalein dissolved at 1%
in 95% ethanol was used. The measurement indicates a carbonation depth of 19.42 mm,
as shown in Figure 8. With the carbonation depth (x) and time (t) data, the carbonation
rate of the material (k) was obtained according to expression (1). Once the value of k
(equal to 2.803) was obtained, the depth of the carbonation front of the specimens was
calculated as a function of the elapsed time, as shown in Figure 9. This figure confirms
that complete carbonation of the specimens (x = 50 mm) started to occur at 318 days after
their manufacture. This is an extremely long wait period for research; thus, the decision
was made to use specimens with 90% carbonation, which occurred at 130 days.

Fig. 8. Carbonation front measured on the control specimen at 48 days (19.42 mm).

The study specimens were subjected to fracture tests between 145 and 160 days
from their manufacture, which implied a carbonation depth of approximately 35 mm and
an uncarbonated section of less than 10%. It must be considered that carbonation
advances on the four faces of a specimen, and therefore, a carbonation front of 35 mm
implies a noncarbonated inner section of 30 x 30 mm?, compared to the initial section of
100 x 100 mm?. It would be interesting to conduct a larger study that relates the influence
of carbonation to the mechanical performance of RE.



©CO~NOOOTA~AWNPE

(&)
o
)

N
(=]
\
\
\
|

\

/

/

Carbonatation (mm)
(V%)
o

[}
(=}
L

\

0 T T 1
0 50 100 150 200 250 300 350

Time (days)
Fig. 9. Carbonation rate curve of the specimens.

3.4. Fracture behavior and fracture energy.

3PBT tests were performed on the previously notched specimens to determine the
fracture energy. The depth of the notch was 1/6 of the height of the specimen and was
made by cutting with a disk saw. Table 3 shows the dimensional values used to perform
the test, and Figure 10 shows a schematic diagram of the dimensions. Specifically, the
values for the width (B), height (D) and notch depth (ao) of the specimen are shown,
where Aiig is the narrowed area that remains after making the notch.

Alig

Fig. 10. Specimen dimensions.

Table 3 also includes the calculated work of fracture W values, which is the area
under the load-displacement curve (P-8) obtained during the test. The work of fracture
measured on the load-displacement curve and the unmeasured work of fracture, obtained
with the curve tail fitting procedure, are included. Finally, the value of the specific
fracture energy (Gr) was calculated according to expression (2). The data and results
obtained from the test are shown for each of the specimens, except for specimens A2, A4
and A5, which broke during handling or notching. The data of specimen B2 differ from
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the data for the rest of the specimens; it was therefore considered to be an atypical case

and eliminated from subsequent results.

w
Ge=,- (2
Alig
Table 3.
Three-point bending test data. (Mean values in bold).
Serie A - dosage 3:1
Section (mm) i
Specimen ao (mm) A"gz We (Nm) We G (N/m) Gr
D. height B. width (mm?) deviation deviation
Al 104.80 101.10 35 7057 0.215 -9.15% 30.47 -10.25%
A2 - - - - - - - -
A3 102.48 102.00 37 6679 0.257 8.59% 38.48 13.36%
A4 - - - - - - - -
A5 - - - - - - - -
A6 103.12 101.75 32 7236 0.238 0.56% 32.89 -3.11%
mean  0.237 33.95
Series B - dosage 4:1
] Section (mm) Aiig We Gk
Specimen D.height  B.width a (mm) (mm2) WeNM) Geviation  SF V™) Geviation
B1 104.16 101.25 34 7104 0.180 10.02% 25.34 8.98%
B2* 103.26 101.08 34 7001 0.083 - 11.86 -
B3 105.80 101.16 34 7263 0.148 -9.54% 20.38 -12.36%
B4 101.24 101.62 33 6935 0.152 -7.09% 21.92 -5.72%
B5 102.91 101.45 34 6991 0.153 -6.48% 21.89 -5.87%
B6 102.31 101.32 34 6921 0.185 13.08% 26.73 14.97%
mean 0.164 23.25

Figure 11 shows the fracture produced in specimen Al after the test. On the left,
the vertical trajectory of the fracture in the narrowed zone, from the notch to the point of
application of the load, can be seen. The image on the right shows the inside of the
material after the test. In this image, the cut zone of the notch can be clearly seen, with a
smooth appearance unlike the rough area formed by the fracture during the test.



OCoO~NOUITAWNE

LN

. : L\ e “
Fig. 11. Specimen Al. Detail of the fracture zone (left) and interior of the material after the test
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The shapes of the load-displacement curves are very similar to those obtained
from testing mass concrete specimens. As an example, Figure 12 shows the P-6 curve for
specimen Al.
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Fig. 12. Specimen Al. Force-displacement P-6 curve.

3.5. Fracture behavior and bilinear softening law.

In accordance with Hillerborg's discrete crack model [54], the law of cohesive
stresses at the vertex of the crack was obtained using the hinge model [55]. The law is
considered bilinear, as defined in Figure 13.
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As an example, Figure 14 shows the fit obtained for specimen A6 and a
comparison with an adjusted bilinear law. It can be seen that the matching between the
experimental and theoretical curves is fairly good. Table 4 shows the main parameters of
the bilinear softening law obtained for each specimen.

Table 4

Softening bilinear values for each specimen (mean values in bold).

A series - dosage 3:1

Specime  Gr fi fi o1 o1 a1 a1 az a
n (N/m) deviatio
(Mpa) deviation (Mpa) deviation (mm?) deviation (mm™?) n
Al 3047 050 274% 0.06 5.88% 12 9.09% 0.041 -20.65%
A3 3848 050 274% 0.05 -11.76% 11 0.00% 0.047  -9.03%
A6 3289 046 -548% 0.06 5.88% 10 -9.09% 0.067 29.68%
mean 0.487 0.057 11 0.052
B series - dosage 4:1
Specime  Gr fi fi o1 o1 a a1 a a
n (N/m) o o o deviatio
(Mpa) deviation (Mpa) deviation (mm™) deviation (mm?) n
Bl 2534 035 -20.81% 0.05 0.00% 12 -16.67% 0.060 14.50%
B3 20.38 0.45 1.81% 0.05 0.00% 15 4.17% 0.058  10.69%
B4 2192 039 -11.76% 0.05 0.00% 15 4.17% 0.060 14.50%
B5 2189 046 4.07% 0.05 0.00% 15 4.17% 0.042 -19.85%
B6 26.73 056 26.70% 0.05 0.00% 15 4.17% 0.042 -19.85%
mean 0.442 0.050 14 0.052
4. Discussion.

4.1. Relationship of the dosage with the moisture loss and UPV.
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In regard to the moisture loss in the specimens, the results indicate that there do
not seem to be differences in the behavior of the specimens depending on the dosage. The
behavior of the twelve specimens is practically the same, with accelerated initial losses
in the first five days, in which 83% of the total moisture loss took place. From that
moment forward, the loss rate decreased until it was practically zero after day 15. This
behavior was expected because the water that is not incorporated into the material and is
on the surface of the specimen evaporates faster than the water inside, which must reach
the surface to evaporate. These data may vary depending on the shape and volume/surface
ratio of the specimen, among other factors.

The percentage of water used during the manufacture of the specimens was 13%
of their weight, and the final loss was approximately 7.84%. Thus, the percentage of water
finally incorporated into the material was approximately 5.16% (for laboratory conditions
of 24°C and 40% RH); this amount remained stable and was either trapped inside the
specimen or became part of the chemical modifications suffered by the material
components.

A similar behavior was observed in the fluctuations of the UPV measurements,
with a similar evolution pattern. Thus, 63.69% of the final velocity increase accumulated
in the first five days. This percentage dropped to 28.23% between days 5 and 10 and to
7.88% between days 10 and 15. From that day forward, the differences were
approximately 1%. The fluctuation in the UPV seems to be related to the amount of water
in the specimens; these both stabilize after 15 days from manufacture. Figure 6 shows
that the UPV in the specimens with a 4:1 dosage is approximately 3% higher compared
to the specimens with a 3:1 dosage. The increase is not very significant and seems to be
more related to the density of the specimens than to the dosage, as shown in Figure 15.
This figure also shows the increasing direction of the velocity-density relationship, which
is similar to that of other types of materials such as mass concrete. As shown in Table 2,
the densities of specimens B4, B5 and B6 are the highest overall, which is not related to
the dosage but to a greater degree of compaction in their manufacture.
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Fig. 15. Velocity (m/s) - density (gr/cm®) relationship in the specimens.
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By comparing the density and UPV mean results for the two dosages in Table 2
(Density 31 = 1.98 g/lcm® UPV 31 = 1818.16 m/s; Density 41 = 2.01 g/cm® UPV 41 =
1869.66 m/s), it can be seen that the differences between the two are very small: 1.51%
for the density and 2.83% for the velocity. These differences indicate that their values do
not appear to be related to the dosage used.

4.2. Relationship between dosage and the Gr and f; values.

Conversely to the fracture energy data obtained from the 3PBT tests, a clear
difference is seen depending on the dosage. Thus, as shown in Table 3, for the dosage
with the highest quantity of lime (3:1), the mean fracture energy is Gr 31 = 33.95 N/m,
with a deviation of around +13%, while for the dosage with less lime (4:1), the mean
fracture energy is Gr 41 = 23.25 N/m, with a deviation of around +15%. Therefore, by
comparing the Gr data between both dosages, an increase of 46% is observed for the
dosage with the higher lime quantity (3:1), which indicates a clear relationship between
the Gr value and the dosage.

Regarding the effect of the dosage on the values of the softening law, the behavior
observed is similar to that of the fracture energy. Thus, as shown in Table 4, the mean
values of the tensile strength of the specimens with the 3:1 dosage reach values of f; 3.1 =
0.487 MPa, with a deviation of 5.48%, while for the 4:1 dosage, the values decrease to
ft 4.1 = 0.442 MPa, with a deviation of around +25.00%. These values represent a 10.18%
increase in the tensile strength in the specimens with the greater amount of lime. This
behavior is also in accordance with the increase in the initial slope a; of the bilinear
cohesive law (Figure 13), where the value for the 3:1 dosage is a1 3.1 = 11 mm™, with a
deviation of around +9%, while for the 4:1 dosage it increases up to a;_s:1= 14 mm™, with
a deviation between +4% and -16.67%.

From the data, it can be seen how the higher Gr values relate to higher f; values,
as expected for this type of material. Figure 16 shows the trend of the simultaneous
increase of both values, where the differences indicated above are maintained depending
on the dosage.
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4.3. Relationship between UPV and the Gr and f; values.

Once relationships between the material density and UPV values and between the
fracture energy and tensile strength values were established, we related these two blocks
to each other. Therefore, the relationships between the fracture energy and tensile strength
values and the UPV values are shown below, revealing a relationship between the
nonlinear mechanical parameters of the material and a nondestructive method. Different
dosages were considered because it has been proven that the UPV is not related to the
dosage.
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Fig. 17. Relationship between UPV (m/s) and fracture energy G (N/m).
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Figure 17 shows the relationships between the UPV values and the fracture energy
in the specimens. This figure proves that there is a relationship between the UPV and Gr
values, even though the slope of the data trend line is small. Additionally, Figure 18 shows
the relationships between the UPV and tensile strength values. There is a clear positive
relationship between the data and a clear trend toward higher tensile strength values for
higher UPV values.
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Fig. 18. Relationship between UPV (m/s) and tensile strength f; (MPa).

5. Conclusions.

This article analyzes the fracture behavior of RE specimens manufactured in a
traditional manner, with dosages and materials that imitate those of historical RE walls
that are part of heritage structures. Lime was used as a stabilizer in two fixed dosages,
with soil:lime ratios of 3:1 and 4:1. To characterize the materials, tests were carried out
to measure the variations and final values of the density and UPV, and 3PBT tests were
conducted to obtain data on the fracture energy and tensile strength.

From the results, we can conclude that the specimens achieved stable density
values fifteen days after their manufacture, and from that date forward there were no
variations in the UPV measurements. The mean values of the density and UPV were 1.98
gr/cm?® and 1818.16 m/s for the 3:1 dosage and 2.01 gr/cm? and 1869.36 m/s for the 4:1
dosage (Table 2). It was verified that the changes in the density and UPV over time were
not affected by the dosages used in the study (Figures 5 and 7). Regarding the relationship
between both values, it was confirmed that the behavior was as expected, with higher
propagation velocities in the densest pieces (Figure 15).
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Additionally, from the results of the 3PBT fracture tests, it was verified that there
was a clear correlation between the fracture energy (Gr) and tensile strength (f;) data with
the soil:lime ratio employed in the manufacture of the specimens. The increase in the G
values for the 3:1 dosage compared with the 4:1 dosage reached 46% (table 3), and the
increase in the tensile strength reached 10.18% (table 4).

Thus, the general analysis of the fracture behavior of the RE wall showed that,
from a qualitative standpoint, the behavior was totally similar to that of mass concrete.
For this reason, RE could be considered as a quasi-brittle material that follows
Hillerborg's discrete crack model (Figures 13 and 14). The relationship between both
mechanical parameters was as expected, with higher tensile strengths at higher fracture
energy values (Figure 16).
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