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ARTICLE INFO ABSTRACT

Keywords:

In this study, earth blocks (EB) and compressed earth blocks (CEB) are fabricated and investigated along with the

CEB development of a mathematical model of compressive and tensile loads. The investigated specimens are man-

Compressive strength
Three-point flexural strength
Material modeling

ufactured from a mixture of soil, ground recycled concrete (GRC) powder and water in weight fractions of 4:1:1.
EBs are molded and CEBs are obtained by quasi-static compression in wet state. Material samples extracted from
the blocks are tested in dry state for compressive strength and three-point flexural strength according to ASTM

standards. The results indicate that CEB exhibits 130% higher compressive load capacity and 63% higher tensile
strength compared to EB. Furthermore, the proposed and calibrated mathematical model is able to adequately
describe the strength and damage behavior of both materials. Finally, microstructural/micromechanical in-
terrelationships with the modeled material response are established based on a characterization of postmortem
CEB samples using EDS elemental analysis and SEM micrographs techniques.

1. Introduction

In the last few years, there has been a renewed interest in earthen
construction, particularly in the technological advancement of the
compressed earth block technique. Compressed earth blocks (CEB) are
manufactured by compacting a mixture of soil with water and other
materials in smaller proportions to form a solid block. More sustainable
and environmentally friendly measures have been adopted in the field of
construction, such as the reuse of biodegradable materials in the
manufacture of CEBs using waste or stabilizing by-products obtained
from the agricultural, livestock and general industrial residues [1-4].

According to the scientific literature, the mechanical behavior of CEB
depends on several parameters: some derived from the material itself,
such as the composition, properties and particle size distribution of the
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soil, stabilizer, fibers or additives; while others are from the
manufacturing variables such as the compaction mode, curing time,
shape and dimensions of the block [5-8]. The resulting packing density
of the mixture, directly correlated with void density fraction, explains
the strength variation of earth based materials. Applying the packing
particle theory, some authors have reported to determine the optimal
particle size distribution for manufacturing CEB [9]. However, the
strength of CEBs is still largely dependent on soil particle compaction
and stabilizer application [9-11].

Overall, a CEB with adequate mechanical behavior is considered
sustainable and cost-effective because soil is an abundant and readily
available natural resource, with low cost and lower carbon footprint
compared to conventional building elements. In addition, the use of
CEBs instead of other construction elements such as concrete blocks or
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fired bricks reduces manufacturing cost, energy and environmental
impact [12]. Since CEBs require the use of local soil for their production,
together with their known low capacity to withstand applied loads, their
strength and performance to compression and tension must be particu-
larly determined. A comprehensive study of mechanical properties of
quasi-fragile materials is generally carried out using various experi-
mental techniques, such as uniaxial compression test, biaxial compres-
sion test, bending test (three or four point), uniaxial tensile, direct shear
and even with indentation testing. There are different standards for
testing CEBs depending on the research and country of potential appli-
cation [4], with the compressive response identified as being of most
interest by researchers. As for the tensile response, it can be obtained
directly by uniaxial testing or indirectly by flexural testing. These tests
allow the determination of different material parameters such modulus
of elasticity, yield point, strength, fracture strain, among others. The
identification of these parameters constitutes the mathematical models
that describe the mechanical behavior of a quasi-fragile material, which
can be further integrated in a computational tool to simulate the con-
struction element in a building structure.

Natural stabilizers, agro-industrial wastes or industry by-products
incorporated into the compressed earth blocks modify the durability,
strength, permeability, porosity, density and cohesion properties of the
CEBs [13-18]. Fine materials act as binders while manufacturing
compaction primarily contributes to improve cohesion of the CEBs in the
wet state. In our work, fine soil and ground recycled concrete are
assessed as binders and the compaction of mixtures is applied to quantify
the strength improvement of CEB compared to EB.

Much research remains to be done to understand and optimize the
use of ground recycled concrete as a binder in compressed earth blocks,
since most of the work focuses on mortars and concrete manufacturing
[19-23]. In this paper we focus on the ability of CEB to contain a
considerable proportion of GRC evaluated in responses to
damage-producing loads.

The two main objectives of this research are: (a) to report the
manufacturing achievement of a novel compressed earth block (CEB)
containing ground recycled concrete (GRC), with superior properties to
earth block (EB) in terms of response to experimental tests of uniaxial
compression and three-point bending loads; and (b) to propose and
calibrate a mathematical model that simulates the macromechanical
response for the observed stress-strain and hardening/softening
behavior. Additionally, the microstructural characteristics of the fabri-
cated and post-deformed CEBs are evaluated by SEM-EDS techniques, in
order to identify and analyze the microstructural differences and the
micromechanical damage and fracture mechanisms providing a
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roadmap to pursue the strength improvement of CEBs.

2. Materials and methods
2.1. CEBs manufacturing

The constituent raw materials of the CEBs used in this research
include soil of maximum grain size of 0.525 mm, ground recycled con-
crete powder of 0.074 mm and neutral water (Fig. 1). The GRC particle
size is comparable with those added in other previous studies [24,25].
According to ASTM, the soil is considered as fine to medium sand.
Neutral water is selected as sulphate-rich water is known to destroy the
hardened hydraulic binding matrix and increase the moisture sensitivity
of the block. In addition, water containing organic matter and salt water
can cause efflorescence. A suitable percentage of soil, ground recycled
concrete powder and neutral water was established in a 4:1:1 ratio.
These percentages were defined according to the drop test of the wet
mixture and the morphology of an impacted ball sample. The mixtures
with brittle behavior were discarded and the proportion close to the
middle range of plastic behavior was selected.

The components were mixed manually in a container until a homo-
geneous mixture was obtained. Subsequently, the mixture was poured
into a rectangular parallelepiped-shaped steel mold with a lid; this de-
vice made it possible to produce large blocks in compression by a
manual hydraulic pressing in two step of ultimate pressure of 3000 kgf/
cm? according to the hydraulic pressure gauge. The CEBs were manu-
factured by quasi-static compression in wet state and maximum
compaction pressure was performed with dwelling time of 30 s before
performing the second compaction step. The hydraulic pressure applied
for the resulting compaction pressure after the second step was
2000 kgf/cm? with dwelling time of 2 min in order to slowly release the
residual water. The dimensions of the block were 16 mm thick, 38 mm
wide and 150 mm long. After the drying stage at room temperature in
the laboratory for 28 days, the CEBs were cut with circular saw to
produce compression specimens for mechanical testing. Finally, the
specimens were tested for compressive strength and three-point flexural
strength based on ASTM C 39 and ASTM C 293.

2.2. Experimental tests: uniaxial compression and three-point bending

The required properties to evaluate the performance of the blocks are
obtained from compressive strength test and three-point flexural
strength test based on ASTM C 39 and ASTM C 293, respectively. An
Instron 3369 universal testing machine with maximum load of 50 kN for
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Fig. 1. Constituents, proportions and stages for CEBs manufacturing.
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both test is used (Fig. 2). The displacement velocity control for
compression test was set at 1 mm/min while for bending test the ma-
chine was load rate controlled with 0.3 kN/min. The samples di-
mensions for bending were 38 mm height, 16 mm depth, total length of
150 mm. The compression block specimen dimensions were 19 mm
width, 26 mm depth and 39 mm height. For three-point bending, the
block was placed with its greatest transverse length in the direction of
the center load and on two rigid steel supports spaced at a distance of
100 mm from each end. The load was applied at the center of the block
until complete fracture. The maximum applied load was 230 N. For
compression tests, two steel plates (50 mm thick) were placed one above
and one below the block in the universal testing machine. A maximum
load of 1.2 kN was reach until initial failure of the samples. Three
samples per each type of tests were considered.

2.3. SEM-EDS analysis

The identification and quantification of the elements present in the
CEB sample was performed by SEM-EDS analysis. This method also al-
lows to determine qualitatively the chemical composition and
morphological structure of the as-manufactured CEB samples, as well as
to perform analysis of failure mechanism of the CEB under the tensile
and compressive stress state. The results from the spectra and element
distribution maps, indicate that the matrix of the soil sample includes
mineral fractions that are organized in three-dimensional structures.
According to the SEM images, the CEB matrix is observed to be het-
erogeneous, including SEM-visible porous and granular structure.

2.4. Computation of material properties

For compression, the axial stress is obtained from the load (F) and the
current cross-section area (A) of the sample (¢ = F/A). As the applied
axial displacement during loading is length dependent for an objective
unit of deformation, normalized strain from lengthening of the sample of
length I considering an infinitesimal incremental length dl provides the
definition of infinitesimal strain as de = dl/l. Integrating this basic local
strain definition between the initial gauge length (lo) and current length
(D), and assuming uniform deformation we obtain ¢ = In(l/lo), or ¢ =
In(1 + Al/lo) =1In(1 + e), being e the commonly used engineering strain
definition. The mathematical expression of ¢ in the expanded form using
Taylor polynomials is e — €?/2 + €2/2 + ...e"/n, and considering that
for quasi-brittle materials the strain range during loading are generally
small < 0.05, one can neglect the superior order terms, from which the
objective definition of strain becomes ¢ ~ e (Eq. 1) and stress definition
for small strains is now justified and given in Eq. 2:

1 Al
e:ln(f) ~e=—; ¢ < 0.05 (@D)]
lo lo
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azi;for&‘ < 0.05 (2
Ao

For the calculation of strain in symmetric brittle beam under central
transverse load, called here the well-known three-point bending testing,
one can assume that the applied transversal displacement in the center
of the beam produces an incremental lengthening and shortening ds of
an infinitesimal beam proportion dl in the axial axis. Assuming that the
small deflection of the beam in the centroid axis is a circular arc of radius
R, and cross-sectional plane remains plane during deformation, the
infinitesimal angle is dg =dl/R = (dl+d5)/(R+h/2), with h the
height of the beam. Rearranging the two last equivalent terms, one can
obtain h/2R =ds/dl.  The latter is the engineering strain definition in
the axial direction of the beam, and considering uniform deformation in
the axial or longitudinal coordinate (uniform circular arc), the axial
strain (e) can therefore be calculated from the instant applied transversal
displacement (§) times the distance between the two lower supports of
the beam (L). Assuming the linear relation of stress (¢) with strain, as
well as the equivalence between bending moment acting on the cross-
section and the sum of differential bending moment produced from
the local values of stress applied in a differential area located at a certain
distance from the centroid axis, the maximum value of ¢ at the free
lower (tensile) and upper surface (compression) is computed. Besides,
neglecting the asymmetrical stress-strain relations from tensile and
compression behavior, the Flexural modulus (E) is also obtained.

3. Results and discussion

In this section, the processed data from the laboratory tests and the
results of the proposed and calibrated nonlinear model are presented.
Compressive force versus axial displacement and bending forces versus
displacement curves in elastic, maximum strength and damage regime
are compared and examined for the two type of earth blocks. In addition,
failure modes, crack propagation and microcracks are analyzed using
SEM data. CEBs, as other quasi-brittle granular materials, have a dif-
ferential behavior in tension and compression (SD effect). This me-
chanical behavior is well reproduced by a mathematical model that is
provided and calibrated for elasticity and loss of load capacity due to
damage and cracks.

3.1. Stress-strain under compression load

As shown in Fig. 3a, for the experimental CEB specimen loaded by an
axial force of compression, the load increases progressively with
deformation until reaching a maximum strength value of approximately
2.4 MPa and with an axial displacement of approximately 0.61 mm.
Note that the maximum stress value reached is not comparable with
other CEBs obtained by testing method using a low height/width ratio as
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Fig. 2. Experimental mechanical testing of CEB samples using a universal machine. Set up for (a) flexural test and (b) compression testing.
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a triaxial stress state appears instead of uniaxial. The behavior investi-
gated here is uniaxial, so assuring a minimum value of 2 for height/
width ratio is required. The strain at maximum stress is 0.0094, while
the maximum strain experienced by the material at the proportional
limit in response to the applied compressive load is 0.003. On the other
hand, the maximum value of load that the material sample can with-
stand before failure is 1204 N. The increase in stress with strain as seen
in Fig. 3 is almost linear and could be described by a Hook’s law.
However, a more accurate model including the nonlinear macroscopic
observed behavior is also targeted. Note that axial stress is calculated
with load and initial cross-section of the sample. This is valid for non-
damaged sample, however, as its shown in Fig. 3, samples with cracks
presents a reduced cross-sectional area to resist the load. This reduced
area resisting the applied load is subjected to higher stress than the stress
value computed with the initial cross-section of the earth material. This
is valid for both, bending and compression loading.

At maximum load resistance, the computed macroscopic stress in the
samples is non linearly reduced. This behavior is generally called soft-
ening of the material. Tensile stresses induced in the sample by bending
show a rapid decrease with the strain applied in comparison to
compression sample. This phenomenon should be included in the
mathematical modeling.

3.2. Stress-strain from flexural load

The maximum load that the material can withstand before fracturing
under bending loads for the tested CEB prism is 231 N, which is equiv-
alent to a maximum bending tensile stress value of 0.858 MPa (Fig. 3b).
Compared to the EB tested with a maximum tensile stress of 0.53 MPa
and extruded soil blocks reported in the literature with similar charac-
teristics [26,27], CEB proves to exhibit superior strength as expected.
Note that calculated stress value in bending is equivalent to the
maximum stress reached under uniaxial tensile deformation. The dif-
ference relies on the proportion of material in the homogeneous stress
state, which in conventional tensile testing is the entire cross-section. As
for bending, only a line of material where the maximum stress occurs
can be considered uniaxial. This is because in the upper and lower free
surface of the material there is no shear stress, causing the stress and
strain state to be equivalent to the tensile stress. The figure also shows
that the strain exhibited by the CEB prism at the maximum stress value is
0.55%. Subsequently, the damage of the material begins to be seen in the
material curve, showing a drastic drop. Note that the rate of decrease of
stress as a function of strain may be further accentuated by the consid-
erations made in the derivation of the mathematical equation governing
the calculation of maximum stress in the beam and applied to compute
the macromechanical experimental stress in the damage zone of the
graph in Fig. 3b.

E =370 MPa

Compressive stress (MPa)
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3.3. Modeling of strength and damage of quasi-brittle CEBs

The compressive behavior of CEB is fully modeled using the
nonlinear stress-strain relationship expressed mathematically in a rising-
descending curve (Eq. 3). Fig. 4b shows the experimental and model-
defined axial stress-strain-compression curves calibrated with a mean
average percentage error (MAPE) of 4%. The model is fully dependent of
only two material parameters, the stress-strain point at maximum uni-
axial compression stress (&max, Omax ), and a softening-damage parameter
n > 1 given in Fig. 4b.

n(e)
-1+ (%)

Note that in building construction, the force in soil blocks is multi-
axial. The experimental data needed to calibrate the mathematical
model are uniaxial. If multiaxial compression data are available, a finite
element simulation is required for computing the stress tensor with the
corresponding hydrostatic and deviatoric components. From the devia-
toric stress, using the equivalent Mohr—Coulomb (M&C) stress, the value
of the maximum stress can be calculated to calibrate to the mathematical
model.

In the case of tensile stress state, the observed behavior is signifi-
cantly different. The linear material behavior in the elastic regime until
the maximum tensile stress is modeled using a classical Hook’s law.
After the peak, incremental deformation produced by increase of load
are described by the exponential equation depending inversely from the
increase of strain (Eq. 4). The m-value model the rate at which the
material softens due to damage. The calibrated phenomenological
damage model depicted in Fig. 4a slightly overestimate the stress ca-
pacity, with an average accuracy of stress prediction of 62%. This value
is neglected as non-representative prediction capacity due to the nature
of the stress-strain response. High value of stress slope forces to define
the prediction accuracy or calibration error in terms of strains at similar
compared stress value. In this sense, a prediction accuracy of 96.8%
(MAPE of 3.2) is achieved.

Emax "
0 = Omax
£

Stress states and fracture morphology are examined to analyze the
failure mechanism of the EB and CEB materials. For earth and mineral
materials, the failure mechanism observed is generally called brittle
cleavage failure, with smooth specific failure planes well defined.
Another feature of fracture is that as brittle material; ultimate
compressive strength is much higher than the ultimate tensile strength.
According to Barsanescu et al. [28] this behavior affecting the strength
of the material may also be due to the presence of porosities and

3
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Fig. 3. Testing results of CEBs and EB: (a) compression and (b) three-point bending.



M. Valenzuela et al.

Materials Today Communications 37 (2023) 107028

H d:

[] 03

09 T O, = 0.858 MPa
o= 0.00553
0.8 + & Emax\™
0 = Omax -
0.7 +
m = 8.061
w© 06 +
o
205 |
wv
n —— Model
004 T it
& Xperiment
03 +
02 +
01 +
0 t t t t e
0 0.2 0.6 0.8 1 1.2
Strain (%)
u 25
o= 2.4 MPa
3
Enee=0.0094 - 'rz-(g )
p N _ max
57 NS 0 = Omax € \"
-2 y N ("_1)+(s )
o) K N max
a / . n=3137
E (/ 3
/ N
w L3
D15 N N
5 4 X\
’
w b N
g '
= '
@ 1+ N
5 : B
= ' B
g. 1 ‘\\
U ~
Sos 1/ — Model Sl
© Y —~ - Experiment
U
0 + t t t t
0 0.5 1 2 25 3

15
Axial strain (%)

Damage
Omax
Omaxc - T
—— 1 : 01
e
&
N T 03
e’b" _— = 1
OmaxT OmaxC

01 — ko3 = Omaxr

a 0,
with k = ZmexT
Omax C
4‘ Omaxc
y

Fig. 4. Prediction of the calibrated mathematical model for CEB under (a) tension and (b) compression. (c) The failure limit is given according to a M&C criterion

considering the tension-compression asymmetry.

microcracks in the CEB. The tensile strength test of the block shows the
mechanism of crack formation and subsequent propagation and
widening. In the initial process, a microcrack is generated and with
further loading, these microcracks propagate and unite to form macro-
cracks. The growth and propagation of these micro-cracks contributes to
the non-linear macroscopic stress-strain behavior and plastic deforma-
tion of the material. The stress concentrators or maximum material
bonding stress located in the crack lead to this propagation and final
fracture of the material.

The classical failure criterion of maximum combined stress in brittle
materials proposed by Mohr-Coulomb (M&C) is selected to analyze the
safe elastic limit and damage propagation in the CEB. M&C failure cri-
terion is a hexagonal pyramid with the tip on the positive side of the
hydrostatic axis. The cross section in the deviatoric stress plane is an
irregular hexagon (Fig. 4c). Some of the advantages of the
Mohr—Coulomb failure criterion are related to the fact that it is widely
used for brittle isotropic materials (such as rocks or concrete, etc.).
These materials have asymmetric response in terms of tensile and
compression stress-strain relationship, generally called strength differ-
ential effect (SD) [28,29]. Another more complex emerging SD failure
criterion is for anisotropic material, called CPB0O6. This model includes
an anisotropic matrix with several materials parameters, which requires
a larger number of testing data but provides a more accurate represen-
tation of the failure limit in complex materials [30,31]. Fig. 4c shows the
mathematical expression for the failure limit adopted in the major and
minimum principal stress plane (61-63). In addition to the
softening-damage models, a combined directional equivalent stress may

be computed from Eq. 5.

Emaxr\ "
OmaxT
&

&
n
Emax €
;01 OF 63 < Omaxc

e n
(n B 1) + (emaxC> (5)
&
n<£maxC>
e n
(n B 1) + (Emaxc)

3.4. Microstructural features of soil and CEBs via SEM/EDS analysis

;01 O 63 > Omaxt

OmaxC

Om&c =

Omaxt + kgmax(j op — k63 > OmaxT

In this study, the microstructural characteristics of the soil and
earthen block materials are performed using the scanning electron mi-
croscope (SEM). The SEM allows obtaining magnified images of the
shape, size, composition, crystallography and other physical and
chemical properties of a sample. On the other hand, the elemental
composition, as part of this study, is determined by energy dispersive X-
ray spectrometer (EDS) to obtain an elemental mapping and a localized
chemical analysis, allowing to analyze the samples quantitatively and
qualitatively.

From Figs. 5b and 5c, the point elemental chemical composition R1,
R2 and R3 of the selected zone is observed at x500 magnification. The
cementitious particles are observed as small whitish spheroidal particles
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Fig. 5. SEM observations of the (a) soil, and fracture plane from compression testing samples (b) CEB and (c) EB.

attached to the soil minerals. The recycled cement powder provides
these calcium-based minerals, which is evidenced in Fig. 5b (CEB SEM)
by the presence of Ca elements and Na elements (Fig. 6b). During
manufacture, it is expected that calcium silicate hydrate or calcium
aluminate hydrate will be formed by the reaction between water and
recycled cement powder arranged around the particles. The figure also
clearly shows minerals of different shapes and sizes, mainly from the soil
used. The most representative mineral forms are observed as laminated
or layered structures typical of phyllosilicate minerals. In Fig. 5b, R3
shows more Ca than R1 and R2. Finally, Fig. 6a shows the spectrum of
the soil used; where the presence of Ca and Na elements is not observed,
unlike the spectra of Figs. 6b and 6¢ that include these elements due to
the incorporation of recycled cement powder (GRC). Spheroidal
cementitious particles derive from GRC show to provide higher particle
cohesion and consequent material strength. This is proved by comparing
SEM images of aforementioned Figs. 5b and 5c. In CEB region of interest
with highly smashed zones (R1 in Fig. 5b) low values of Na and Ca are
found while, in last local fractures region with no local plastic defor-
mation (R3 in Fig. 5b) higher values of Na and Ca are shown by EDS
analysis (Fig. 6b). In case of EB, comparing the local values in the
marked micro-crack zone on the fracture plane (R2), the low Ca contents
shown by the EDS analysis (Fig. 6¢) are associated with lower strength
and primary occurring cracks.

Fractography analysis of CEBs via SEM indicates that the micro-
structure contains several micro voids and cracks, particularly at the
interfaces between the coarse GRCs and soil grains (Fig. 5b). These

initial voids and cracks are generally due to shrinkage during curing.
The defects observed in SEM images of the postmortem specimen are
detected here in the fracture planes after the compressive load is
applied. As stronger bond between the particles is required to increase
material strength, this can be achieved by adding smaller particles or
reduce spacing by functional binder particles such as Portland cement.

To understand the macromechanical behavior of SD effect, the dis-
similar damage and relatively ductile compressive and brittle tensile
behavior (Fig. 4a and Fig. 4b), the correlation with microstructural
fracture characteristics of SEM images explains that low tensile strength
and softening from damage and fracture mechanism due to weakening
of interparticle bond drives a brittle tensile behavior; while the higher
strength and ductile compression observed are due to the occurrence of
micro-cracks and the growth of cracks and friction between fracture
planes from coarse and hard grains. Note that similar behavior is for
both materials, CEB (Fig. 5b) and EB (Fig. 5¢) in terms of brittle and
ductile tensile-compression asymmetric behavior; while the lower EB
strength is explained from its observed fracture surface presenting larger
developed planes of micro-cracks during loadings. Additional work is
further required as the proposed mathematical models of Section 3.3 do
not provide the necessary data to perform a deeper analysis of the
macro/micro fracture morphology. For this purpose, a model based on
micromechanics of porous materials, such as SC11-TNT [29] or the
coupled theory of phase field and plasticity [32] should be investigated
and evaluated.
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Fig. 6. EDS of (a) soil, and compression fracture planes of (b) CEB and (c) EB.
4. Conclusions

In this study, the microstructure and macromechanical behavior of
quasi-brittle manufactured earth blocks (EB) and compressed earth
blocks (CEB) was determine using compression testing, three-point
bending and SEM-EDS analysis. A mathematical model describing the
observed strength-deformation behavior, hardening and damage
induced softening was proposed and accurately calibrated. The direc-
tional evolution of the failure limit in terms of M&C criterion was also
included to account the strong SD effect. According to the analysis of
results, the following general conclusions are given:

e The macromechanical behavior of SD effect, dissimilar damage and
the relatively ductile compressive and brittle tensile behavior are
derived from microstructural features of localized fracture zones;
with lower tensile strength and brittle fracture due to weakening
damage mechanism of interparticle bonding, and higher strength
and more ductile compressive behavior from micro-cracks onset and
cracks development limited by friction between fracture planes from
coarse and hard grains.

The superior strength of CEB compared to EB is associated to higher
compaction pressure, which reduces voids, and increases particle
cohesions and interactions, promoting the formation of cementitious
materials from ground recycled concrete powder. Compaction

Materials Today Communications 37 (2023) 107028

during CEB manufacturing increases strength by reducing size of
micro-cracks planes development during compressive loadings.

The compressive behavior of CEBs was successfully modeled using a
nonlinear stress-strain relationship, expressed mathematically in a
rising-descending curve. The model showed good agreement with
experimental results, with a mean average percentage error (MAPE)
of 4%. The model is fully dependent on two material parameters,
namely the stress-strain point at maximum uniaxial compression
stress (€max, Omax) and a softening-damage parameter (n > 1).

The tensile behavior of CEBs was modeled using a combination of
classical Hook’s law in the elastic regime and an exponential equa-
tion after the peak stress point to capture softening due to damage.
The calibrated phenomenological damage model slightly over-
estimated the stress capacity, but overall, it achieved a high pre-
diction accuracy of 96.8% (MAPE of 3.2) in terms of strains at similar
compared stress values.

The fracture analysis of CEBs reveals the presence of microvoids and
cracks, especially at the interfaces between coarse particles and soil
grains. Our study suggests that the brittle behavior observed in
tension for CEBs is attributed to the weakening of inter-particle
bonds, leading to higher susceptibility to fracture under tensile
stresses. On the other hand, the ductile compressive behavior of CEBs
is influenced by the presence of microcracks and friction between the
fracture planes of coarse and hard particles, which restricts crack
propagation and contributes to a more robust compressive strength.

Additional effort is required for the numerical implementation of the
proposed CEB model in a finite element code. Moreover, for an accurate
simulation of strength in walls and buildings, the evaluation and vali-
dation of the predicted response of the blocks under biaxial, triaxial/
confined compression and direct shear tests is required.
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