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Compressed earth block (CEB) masonry represents a sustainable construction technique aligned with environ-
mentally and socially responsible building practices. This study investigates the mechanical behavior of an
unreinforced cement-stabilized compressed earth block (SCEB) masonry system currently under development in
Senegal, using locally sourced soil from the Sindia region for both block and mortar production. The mechanical
properties of the system are evaluated at the unit-scale, with particular attention to the influence of specimen
geometry and moisture conditions. At the meso-scale, masonry panels are tested under uniaxial compression to
investigate load-bearing capacity, deformation behavior, crack development, and failure mechanisms. Experi-
mental results highlight the role of block geometry and material heterogeneity in governing the mechanical
response of masonry. A data-efficient numerical model is proposed and calibrated against the experimental re-
sults. The model captures the primary mechanical response of unreinforced SCEB masonry while requiring a
limited set of input parameters, making it suitable for applications where material variability and limited
experimental data challenge conventional modeling approaches. The results contribute to a more systematic
understanding of stabilized compressed earth block masonry and provide a methodological basis for its me-

chanical assessment and future optimization for structural applications.

1. Introduction

Affordable housing has been in growing demand, particularly in low-
to middle-income contexts [1,2], prompting renewed interest in con-
struction materials and techniques which allow for a reduced environ-
mental impact [3,4], while remaining socially and economically viable.
In a broader sense, as adopted by international frameworks, sustain-
ability encompasses environmental performance, economic accessi-
bility, and social equity [5], dimensions that are particularly relevant
within the building sector. In many regions, particularly in the Global
South, access to industrialized materials such as fired bricks or rein-
forced concrete remains constrained by cost, availability, and
supply-chain barriers, which can contribute to limitations in their
adoption within affordable housing programs [6,7]. In this context,
earthen construction techniques such as adobe, rammed earth, and
compressed earth blocks (CEBs) may offer a more sustainable option for
construction applications, as they rely on locally available resources
(soil) [8-11], require lower embodied energy and environmental
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footprint [3,8,9,12,13], and exhibit enhanced thermal behavior and
indoor comfort [14-16], making them an appealing solution for envi-
ronmentally and economically sustainable housing.

Among earthen technologies, compressed earth blocks have
increasingly been adopted as a technically refined reinterpretation of
traditional sun-dried earth blocks (adobe) [9,17], proposing a
semi-artisanal approach to earth building with improved performance
and reproducibility. They combine the environmental sustainability and
local adaptability of earthen constructions with the modularity and
construction efficiency of masonry, allowing for scalable implementa-
tion through simple, low-energy manufacturing techniques [18-22].
The CEB system offers a technically reliable yet economically accessible
solution for housing, consistent with the goals of sustainable construc-
tion. Beyond material efficiency, the low-tech and semi-artisanal process
enables in situ fabrication, adopting simple equipment, without
requiring highly specialized labor. This aspect enhances replicability in
resource-limited contexts, reinforcing both social and economic di-
mensions of sustainability.
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Raw earth, in its natural state, lacks mechanical strength and dura-
bility required for structural applications when compared with con-
ventional construction materials such as fired brick or concrete [23-26].
To achieve minimum performance levels, compatible with structural use
and adequate resistance to external actions, stabilization is one widely
employed solution in earthen construction [8,19,27-30]. Stabilization
can be achieved through mechanical, physical or chemical alteration of
the soil mix. In the case of chemical stabilization, organic or inorganic
binders are added to improve cohesion among soil particles, stiffness,
and long-term durability [18,31]. Common chemical stabilizers include
cement, lime, and bitumen, while industrial by-products (such as fly ash
or rice husk) are increasingly explored to improve the environmental
compatibility of stabilized soils [32,33]. Despite its environmental
impact, cement remains one of the more effective and widely adopted
stabilizers for achieving structural-grade strength, dimensional stability,
and water resistance in compressed earth block production and, more
generally, in earthen construction techniques [25,34-40], especially
when sandy soils are employed [19,41,42]. Comparatively standardized
formulation and predictable behavior make cement particularly suitable
for research and structural applications, where earth itself remains a
highly heterogeneous material with limited regulatory and testing
frameworks. For these reasons, cement stabilization continues to be
employed when structural reliability and repeatability are key design
considerations.

At the material scale, earthen materials exhibit intrinsic heteroge-
neity due to their three-phase composition comprising solid particles,
water, and air, which vary according to local soil type and moisture
conditions, and grain size distribution [43,44]. The use of site-sourced
soils, a defining feature of earthen construction, leads to additional
variability in mineralogical composition and particle grading. Combined
with the often semi-artisanal production processes, the resulting mate-
rial presents physical and mechanical properties which are highly
dependent on local practice, locally sourced soil, and, where applicable,
traditional stabilization procedure [45], and therefore it cannot yet be
considered standardized. Geometrical and dimensional variability is
also introduced, as shapes, dimensions, and proportions are not stan-
dardized in the CEB production. Furthermore, testing configurations for
earthen materials remain diverse, with significant variation in specimen
geometry and boundary conditions, which can lead to complications in
cross-study comparability of mechanical data [46-49].

In this context, the present study investigates a cement-stabilized
compressed earth block (SCEB) masonry assemblage, proposed as a
technically reliable solution for affordable housing, evaluating its me-
chanical suitability under quasi-static compressive loading through a
combined experimental and numerical approach. The work is part of a
broader research program investigating the influence of different rein-
forcement strategies at the meso-scale. It should be noted that the
characterization of the constituent materials and the unreinforced earth
masonry panels was carried out to estimate the mechanical properties of
the artisanal materials adopted, rather than to optimize their composi-
tion. Within this framework, the methodology envisages the following
steps:

e characterization of the constituent materials, blocks and mortar, to
estimate their mechanical properties rather than to optimize their
composition.

experimental testing of masonry assemblages under compressive
loading to evaluate the response of the system at the meso-scale.
development of a homogenized finite element model comprising two
steps: (i) a micro-scale homogenization procedure based on the
experimentally determined constituent material properties, and (ii) a
macro-scale model adopting the homogenized properties to repro-
duce the mechanical response of the masonry assemblage and
investigate different modeling assumptions.

The paper is organized as follows. Section 2 describes the geometry
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and production of the SCEBs, and the construction system adopted for
the masonry assemblages. Section 3 presents (i) the identification of the
soil typology based on available literature, (ii) the mechanical charac-
terization of earth blocks and (iii) the mechanical characterization of
earth-based mortars. Section 4 reports the experimental investigation
carried out on unreinforced masonry panels. Section 5 introduces the
numerical modeling strategy, including the homogenization procedure
and the development of preliminary linear and nonlinear models.

2. Material and geometric description of blocks and masonry

The masonry assemblage investigated in this study was developed in
Senegal and consists of cement-stabilized compressed earth blocks
(SCEBs) combined with an earth-based mortar.

Block fabrication, mortar production, and the overall realization of
the construction system rely on a semi-artisanal process, assisted only by
rudimentary equipment. The entire production process relies on
operator-defined practices: raw materials are proportioned by volume
using basic containers rather than by weight, and mold filling for block
compaction is performed manually. These factors introduce human-
induced variability in the composition and compaction of individual
elements, which may affect mechanical response. Such variability is not
considered a limitation of the present study but rather an inherent
characteristic of the investigated system, representative of real con-
struction practice in the target context. The construction system includes
a reinforced frame (steel-concrete frame) integrated within the ma-
sonry; in the present study, however, only the unreinforced configura-
tion was analyzed to isolate the mechanical response of the earth-based
components. The dry mix used for the SCEBs consisted of sieved red
earth, fine sand, and cement in a 10:2:1 ratio, expressed in approximate
volumetric terms based on common on-site batching practices (e.g.,
buckets or wheelbarrows). The earth used for block production was
described by the manufacturer as “sieved”, with no specification of the
sieve size (see Section 3.1 for the adopted soil composition). Water was
added to achieve the desired consistency, corresponding to approxi-
mately 10% by volume of the dry constituents. The workability of the
mixture was adjusted to obtain a slightly damp and friable consistency
suitable for compaction, and the adequacy of the moisture content was
verified through manual handling, whereby the mixture formed a
cohesive lump when compressed by hand without exhibiting plastic
deformation or sticking [8]. This value is consistent with the molding
moisture contents commonly reported for compressed earth block pro-
duction under static compaction, typically ranging between 10% and
13% [50]. The adopted moisture condition is also consistent with the
concept of optimum moisture content governing soil compaction
behavior [19].

Blocks were produced using a hydraulic press with geometric stops: a
fixed volume of wet earth mix was manually poured into a mold (up to
150 mm) and compressed to a final height of 90 mm under an average
pressure of 3 MPa, with compaction (F.) applied along the x2 direction
(Fig. 1a). Although this method ensures dimensional consistency, vari-
ations in the introduced volume can affect the physical and mechanical
properties of the blocks, requiring careful quality control. The geometry
of the cement-stabilized compressed earth blocks (SCEBs) adopted in
this study is shown in (Fig. 1b). Two block typologies were produced,
differing in the arrangement of cylindrical voids designed to accom-
modate vertical reinforcement while preserving alignment with the
header-masonry bond (Fig. 1c). In the following, these two configura-
tions are referred to as Block-1 and Block-2, respectively.

A Cartesian reference system xi, xo, x3 is adopted throughout the
study, as shown in Fig. 1, with x, aligned with the compaction and
loading direction, and corresponding to the block height, x; corre-
sponding to the block width, and x5 to the thickness of the masonry wall
tw which corresponds to the block length.

Given the variability of natural earthen materials, the geotechnical
properties of the locally sourced lateritic soils were considered to verify
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Fig. 1. Cement-stabilized Compressed Earth Block: (a) compaction procedure, (b) block typologies and (c) masonry bond configuration.

their suitability for cement stabilization prior to the investigation of
mechanical behavior.

3. Experimental campaign on constituent materials

The experimental campaign was designed to characterize the con-
stituent materials of the masonry assemblage at different scales. The
investigation addressed the suitability of the locally sourced soils for
cement stabilization, based on a previous geotechnical and chemical
study by Diop et al. [51], the mechanical properties of the SCEBS, and of
the earth-based mortar. Hereafter mean values are denoted by (e).

3.1. Soil investigation

In the present study, the soil characterization is referenced to Diop
et al. [51], as the material was sourced from the same site (Ngaparou,
locality of Thies region, Senegal). According to [51], two lateritic soil
samples from the same site were considered, distinguished based on a
4 mm sieve criterion: one consisting of particles passing 4 mm, S-1, and
the other of particles retained on 4 mm, S-2.

The geotechnical properties considered in this work refer to a
mixture of these two samples, composed of 50% S-1 and 50% S-2 (M-1),
as defined in [51]. This mixture can be interpreted as a balanced com-
bination of finer and coarser fractions, representative of the grading
conditions adopted for compressed earth block production. Such a
combination is consistent with common practice in compressed earth
block manufacturing, where a balanced particle-size distribution,
combining fine particles (contributing to cohesion) and coarser fractions
(providing a granular skeleton), is required to ensure adequate
compaction and mechanical stability [52,53].

The chemical composition of lateritic soil from the Sindia region,
reported by Diop et al. [51], is characterized by the presence of silica
(Si02, 79.06% in S-1 and 51.8% in S-2), alumina (Alz0s), and iron oxide
(Fe203, 10.7% in S-1 and 29.84% in S-2), which are typical constituents
of lateritic materials. Variations in the relative proportions of silica,
alumina, and iron oxide reflect differences between finer and coarser
fractions. The low contents of lime (CaO, 0.68% in S-1 and 0.82% in S-2)
and magnesia (MgO, 0.15% in S-1 and 0.11% in S-2) indicate a limited
natural cementation potential, consistent with non-calcareous laterites
reported in the literature [54-56]. At the same time, the relatively high
silica content and moderate alumina levels are indicative of sandy to
silty textures commonly regarded as compatible with cement stabiliza-
tion [53,57].

Based on the particle-size distribution obtained from sieve analysis,
M-1 soil consists of approximately 15.6% gravel (>2 mm), 53.3% sand

(0.063-2 mm), and 31.2% fines (<0.063 mm), according to standard
geotechnical size classifications. The available grading data does not
allow separation of the fines fraction into silt and clay. However, the
Atterberg limits (LL = 23%, PI = 11%) [51] indicate low-plasticity
clayey fines, suggesting a moderate clay fraction without highly
clay-rich behavior.

The mechanical data reported by Diop et al. [51] show that these
soils respond positively to cement stabilization, with compressive
strength increasing as a function of cement content, while no compa-
rable improvement was observed with fly ash. Based on this evidence,
cement stabilization was adopted in the present study as a suitable
approach for the production of SCEB.

At the material level, and within the range of grading conditions
described above, the dry mixture designed for cement-stabilized com-
pressed earth blocks (SCEB) incorporates sand to adjust the grading and
reduce the clay fraction, thereby enhancing the effectiveness of cement
stabilization [57-59]. This adjustment of particle-size distributions
promotes and contributes to the mechanical performance and durability
of the blocks [60,61].

3.2. Mechanical characterization of cement-stabilized compressed earth
blocks

In view of the limited standardization in the construction and testing
of earth-based masonry elements, the mechanical response of the ma-
sonry assemblage was first investigated through an experimental
campaign conducted at the level of the constituent materials, focusing
on the block units and the mortar. Compression and bending tests were
carried out on the earth blocks to assess their structural performance.
For this purpose, both cubic and prismatic specimens were cut from the
original blocks. The blocks were produced in situ and left to cure under
natural sun-drying conditions for 28 days (average ambient conditions
in Dakar in January 2024 were approximately 25 °C and 68% relative
humidity [62]). This curing period allowed the cement stabilization
process to develop the mechanical strength of the units. After curing,
cubic and prismatic specimens were extracted from the original blocks
for mechanical testing. The main specimen physical properties are
summarized below:

e block density (p,) = 1840kg/m> COV = 0.04;
e specimen dimensions: 90 x 90 x 90mm390 x 90 x 270mm?>.

3.2.1. Compression test
To determine the compressive strength flc’ and elastic properties (i.e.,
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elastic modulus E? and Poisson ratio t?) of cement-stabilized com-
pressed earth blocks (SCEB), the mechanical response under uniaxial
compression, conducted under unconfined conditions, was investigated,
assuming an isotropic material behavior at the specimen scale. Consis-
tent with the lack of standardized testing procedures for earthen mate-
rials discussed in Section 1, no universally adopted compression testing
protocol currently exists. Various studies adopt different specimen sizes
and geometries, resulting in limited methodological consistency across
the literature. A common approach involves testing full masonry units.
However, the geometry of full blocks may influence the stress state
during compression tests, potentially promoting the development of
transverse stress components and leading to deviations from an ideal
uniaxial compression condition. Alternative approaches include the use
of prismatic specimens or stacked halves joined with a mortar bed.
However, the introduction of a mortar layer leads to a composite me-
chanical response, which is not representative of the properties of the
block itself [63]. Cube-shaped specimens have also been employed to
mitigate confinement effects. Morel et al. [63] noted that compression
tests on cubic specimens are reliable when the cubes are cut directly
from the blocks, rather than molded separately. In the present study,
both cubic and full block specimens were tested under uniaxial
compression. The following subsections present the experimental pro-
gram for each configuration, followed by the results obtained under
saturated conditions.

3.2.1.1. Compression test on cubic specimens. Cubic specimens were
selected as the primary configuration for mechanical characterization,
as this geometry most closely aligns with standardized testing proced-
ures commonly adopted for concrete and cement-based materials. Given
that the material was stabilized with 8% cement, standardized proced-
ures for concrete testing were considered appropriate for defining the
test setup. According to UNI EN 12390-1:2021, Testing hardened con-
crete — Part 1: Shape, dimensions and other requirements for specimens
and molds [64], specimen geometries for concrete include cubes, cyl-
inders, and core-extracted samples. Cubic specimens are often preferred
due to their ability to ensure a uniform stress distribution, thereby
improving repeatability and test reliability. While some confinement
effects may still occur, these are implicitly accounted for within the
standardized testing framework.

The cubic specimens used in this study were cut directly from the
compressed blocks, resulting in a final specimen size of 90 x 90 x
90mm?® as shown in Fig. 2. This differs from the standard dimensions
prescribed by [64] (cube length of 100, 150, and 200 mm), the deviation
being dictated by the block height from which the cubes were extracted
(see Fig. 2b). A total of 13 specimens were tested. No friction-reducing
interface was placed between the specimen faces and the loading
platens, as this could have promoted lateral dilation along the xi
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direction, altering the uniaxial stress state.

Tests were performed under displacement control at a loading rate of
0.5 mm/min. Each specimen was instrumented along the x1 and x di-
rections to evaluate the elastic modulus and Poisson ratio (see Fig. 2).
Strain measurements were performed using biaxial rosette strain gauges
(Micro-Epsilon PL-30-11, 120 Q, gauge length 30 mm, bidirectional),
bonded to the specimen surface using cyanoacrylate adhesive.

The cubic specimens exhibited a compressive strength of (fg) =
5.9MPa (COV = 0.11) with a corresponding axial strain of <sg) =
0.0023. The elastic modulus was evaluated from the tangent slope of
the initial linear portion of the stress-strain curve, i.e., the interval in
which stress and strain remained approximately proportional before the
first evident nonlinear deviation. For compression tests on cubic speci-
mens, the initial linear interval adopted for modulus evaluation is
identified in Fig. 3b by the origin and the reference points A
(~9.7 x107°, 2.8 MPa) and B (—4.0 x10~* 1.32 MPa). The elastic
modulus was determined as (E?) = 6989 MPa (COV = 0.4). The Poisson
ratio was (1’) = 0.34, determined asv = — ¢;/é,. The reported axial
strain (e}) refers to the maximum value recorded during the test and
coincides with specimen failure, consistent with the brittle response of
the material.

Two distinct crack patterns were observed. The most frequently
observed failure mode consisted of diagonal cracking across the spec-
imen, forming an X-shaped pattern (see Fig. 4a) which is consistent with
the crack configuration considered acceptable for concrete cubic speci-
mens according to UNI EN 12390-3 [65]. In fewer cases, failure
occurred through predominantly vertical cracking developing in the
x1 —x2 and x3 —x2 planes, leading to progressive fracture and eventual
splitting of the specimen (Fig. 4c). In these cases, no cracking was
observed in the x; —x3 plane, and the vertical cracks were distributed
symmetrically with respect to the loading axis. On this basis, the
observed failure mechanisms were considered compatible with the
acceptance criteria prescribed by UNI standards.

3.2.1.2. Compression test on full block specimens. Full block specimens
were tested to assess the influence of block geometry, specifically the
presence of voids, on compressive strength. Due to the heterogeneous
cross-section (shown in Fig. 1b), the block presents internal voids,
resulting in a two-phase cross-section comprising compressed earth and
void regions. Elastic parameters, such as elastic modulus and Poisson
ratio, would reflect the combined response of the earthen material and
the void geometry, rather than the intrinsic properties of the material
itself. For this reason, strain instrumentation was not employed and
elastic parameters were not derived. The characterization of elastic
properties was therefore carried out exclusively on cubic specimens, as
reported in subsection “Compression test on cubic specimens”.

To assess the influence of specimen geometry on compressive

90 inm

Strain-gauge

Fig. 2. Extraction of a cubic specimen from the full block and uniaxial compression test setup under unconfined conditions: (a) experimental setup; (b) full block; (c)

cube specimen with strain gauge configuration.
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X3 (aju

strength, six full-sized blocks from both block typologies were tested
under uniaxial compression (three Block-1 and three Block-2 ). The same
experimental setup adopted for the cubic specimens was used (see
Fig. 2a).

Block-1 exhibited an average compressive strength of
8.5 MPa (COV = 0.18) and Block-2 showed (f#?) = 8.1 MPa (COV =
0.15). Given the limited difference between the two configurations, an
8.4MPa (COV = 0.17) was

FB1
¢ ) =

average compressive strength of (f) =
adopted as representative for the SCEB unit.

3.2.1.3. Compression test under saturated conditions. Since the mechan-
ical performance of earthen-based materials is strongly influenced by
moisture content, additional compression tests were performed under
saturated conditions for both cubic and full block specimens. Prior to
testing, specimens were submerged in water for 24 hours, in accordance
with procedures commonly adopted in the literature [66,67]. Five cubic
specimens and six full blocks (three Block-1 and three Block-2 speci-
mens) were investigated. The same experimental setup adopted for the
dry configuration was used.

Water absorption results for saturated specimens are reported in
Table 1. Both specimen types exhibited comparable absorption levels

Table 1
Dry weight (P), saturated weight (P;), and absorbed water (A,) for SCEB.

(P) (P;) (Aw)
Ig] cov (gl cov [%] cov

Cube 1334 0.011 1515 0.012 13.6 0.034
Full block 9281 0.032 10460 0.036 12.7 0.042

“(b)

“(©)

Fig. 4. Crack pattern typologies for cubic specimens, X-shaped pattern in (a) perspective and (b) frontal view, and (c) vertical cracking.

(Ay), with average values of 13.6% for cubic specimens and 12.6% for
full blocks.

Compressive strength under saturated conditions exhibited a marked
reduction with respect to the dry state. For cube specimens, the mean

strength decreased from 5.9 MPa to (f?") = 2.8 MPa (COV = 0.14),
corresponding to a retention of approximately 48%. A larger reduction
was observed for SCEB units, whose mean strength dropped from
8.6 MPa to (f22%) = 3.3 MPa (COV = 0.35), corresponding to about
38% of the dry value. One SCEB specimen showed a higher residual
capacity (5.6 MPa, 65% retention).

Cubic specimens exhibited a conjugate diagonal cracking pattern
under saturated conditions. Full block specimens failed predominantly
through tensile cracking initiated at geometric discontinuities and sec-
tion reductions along the loading plane, with cracking frequently
observed in correspondence with the void regions (see Fig. 5).

3.2.1.4. Compressive test results and discussion. The results obtained
across the different specimen configurations and moisture conditions are
discussed here comparatively, with reference to the influence of spec-
imen geometry and moisture on the measured compressive response.
Compressive strength for SCEB falls at the higher end of strength
values suggested by CRAterre [68] as well as for elastic parameters (1,
EP), indicating that the material meets the requirements for building
construction. The relatively high variability observed for the elastic
modulus (COV = 0.4) may be related to the inherent heterogeneity of
the material.
In terms of compressive strength, the values obtained for cubic
specimens are consistent with those reported for SCEB stabilized with
comparable cement contents (~8%) [50,69-72]. Comparable ranges are
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Fig. 5. Failure modes of saturated compressive testing. (a) X-shaped crack pattern in cubic specimens, (b) SCEB units after failure and (c) cracking development
attributable to localized tensile stresses induced by surface non-planarity during loading.

also reported for stabilization systems combining cement with addi-
tional additives [33,73,74], within which the present results fall in the
upper range of reported values. It should be noted that such comparisons
are indicative, as material strength is also influenced by soil composi-
tion, manufacturing process, and testing conditions.

For full block specimens tested in dry conditions, the compressive
strength obtained for the two block typologies was comparable, and an
average value was adopted as representative for the SCEB unit as re-
ported in subsection "Compression test on full block specimens”.

Compressive strength measured on full block specimens was
approximately 28% higher than that obtained on cubic specimens (see
Table 2). The non-cubic geometry of full blocks may promote the
development of transverse stress components and a less uniform stress
distribution, leading to higher apparent strength values. In addition, the
different surface-to-volume ratio of the two configurations may further
influence boundary effects during testing, thereby affecting the
measured compressive strength. These results indicate a marked sensi-
tivity of the measured mechanical response to specimen geometry in
earthen materials.

Regarding water absorption, cubic specimens consistently absorbed
slightly more water than full block specimens (see Table 1). Although
b — AIB)/ATB.100, is limited to
approximately 8%, this observation is consistent with a marginally
higher water uptake capacity in the inner portion of the material,
possibly associated with density gradients induced by surface compac-
tion during block manufacturing. Overall absorption values remain
within the typical range reported for stabilized compressed earth blocks
(approximately 5%-20%), as documented in previous studies [60,66,
75].

The saturated results were interpreted with reference to the CRAterre
guidelines [68,76], which indicate that stabilized earth blocks should
not exhibit a reduction in compressive strength exceeding 50% under
saturated conditions. Cubic specimens with a strength retention of
approximately 48% satisfy this threshold. Full block specimens, with a
mean retention of approximately 38%, fall below this limit, although
one specimen exhibited a retention of 65%.

The differences in saturated behavior between the two geometric
configurations can be partially attributed to geometric factors.

Full blocks often exhibit limited planarity of the loading faces (x1 —xs
plane), which may result in non-uniform contact with the loading plates.
Under these conditions the applied load may not be uniformly distrib-
uted, leading to the development of local bending effects and associated
transverse tensile stresses. These mechanisms are likely amplified under
saturated conditions, where the reduced stiffness and cohesion of the

the relative difference, defined as (A

material lower the resistance leading to premature cracking and failure.
Cracking was frequently observed in correspondence with the void re-
gions, where the effective cross-section is reduced and tensile stresses
can more easily induce failure (see Fig. 5b). For these reasons, when full
blocks are tested instead of extracted specimens, geometric irregularities
may affect the stress distribution and influence the measured compres-
sive strength. The relatively high variability observed for compressive
strength in saturated full block specimens (COV = 0.37) may be asso-
ciated with the testing and specimen-related limitations discussed
above.

It should be noted that the strength retention of approximately 38%
recorded for full block specimens is likely not representative of the
effective saturated compressive strength of the material, as the
measured response is influenced by geometric irregularities and
boundary condition effects specific to this configuration, as discussed
above. Cubic specimens, which better approximate uniaxial compres-
sion and are less affected by geometric irregularities, exhibited a
retention of approximately 48%, satisfying CRAterre guidelines. On this
basis, the material can be considered to meet the minimum durability
requirements for stabilized earth blocks under moisture exposure.

3.2.2. Flexural tests

The flexural behavior of SCEB units was investigated by means of
three-point and four-point bending tests performed on prismatic speci-
mens cut from the blocks. In the three-point configuration, a total of
three specimens were tested over a support span of 230 mm. The tests
were conducted under displacement control, with a central point load
applied at a rate of 0.5 mm/min. In the four-point configuration, three
specimens were tested with a loading span equal to 1/3 of the support
span, selected to reduce shear effects and favor a bending-dominated
response. Two strain gauges were installed at midspan on the x:1 —x3
plane, aligned with x1 direction (see Fig. 6), to record compressive and
tensile strains at the outer fibers. The gauges (Micro-Epsilon PL-60-11,
120 Q, gauge length 60 mm), were adhesively bonded to the specimen
surface using cyanoacrylate adhesive.

Flexural strength in the three-point configuration was determined as

fgf =3F,L/ <2bh2), in accordance with UNI EN 1015-11 [77], where F,

is the load at failure, L the support span length, and b and h the specimen
width and height, respectively. Flexural strength in the four-point
configuration was calculated following ASTM D6272 [78] for
four-point bending test with loading span equal to 1/3 of the support
span as f5, = F,L/ (bhz) .The flexural modulus EJ’Z was determined as the

tangent slope of the linear portion of the stress-strain response taking

Table 2
Compressive strength parameters of SCEB specimens: superscript b denotes specimens extracted from the block; FB denotes full block specimens.
) ) ) (7
n [MPa] Ccov n [MPa] Ccov n [MPa] Ccov n [MPa] Ccov
SCEB 13 5.9 0.11 6 8.4 0.17 5 2.8 0.14 6 3.3 0.35
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Fig. 6. Experimental setup for four-point bending test on SCEB pris-
matic specimens.

into account the deformation &1, recorded at the outer tensile fibers.
The specimens exhibited a brittle failure mode, characterized by

limited deformation capacity. The mean flexural strength was (fgf) =

1.14 MPa (COV = 0.06) and (fﬁf) =1.17 MPa (COV = 0.12) under
three-point and four-point bending configurations, respectively. The
indirect tensile strength, estimated from the four-point flexural strength
following the relation f7, = O.Gfo [79], is f, = 0.71 MPa. Following

[79], tensile strength can be deduced from compressive strength as f?tm

2
=0.34/ (flc’) . Following the latter formulation, tensile strength is flc’,m =

0.98 MPa.

The maximum strains recorded at outer tensile and compressed fi-
bers were of (e},) =2.13 x 107 and (¢2,) = 1.58 x 10~“. From these
measurements, the neutral axis was located at 38.4 mm from the outer
compressed fiber and 51.6 mm from the outer tensile fiber. For a square
cross-section of side 90 mm, the centroidal axis is located at 45 mm, the
neutral axis therefore deviates by 6.6 mm from the centroidal axis (7%
of the section height). The corresponding flexural modulus was calcu-
lated as Ej = 5600 MPa (COV = 0.12).

The flexural strength values obtained are consistent with the upper
range of those reported in CRAterre guidelines for SCEB [68]. The
estimated tensile strength is significantly lower than the compressive
strength, indicating a quasi-brittle behavior with very limited tensile
capacity (see Table 3). An alternative estimation of tensile strength
based on compressive strength, following [64], yields flc’tm = 0.98 MPa,

compared to f%, = 0.71 MPa obtained from flexural tests. This differ-
ence indicates that the evaluated tensile strength is sensitive to the
adopted formulation; however, the relative discrepancy (27%) does not
significantly affect the interpretation of the material as having a low
tensile capacity.

The position of the neutral axis and the overall mechanical response
suggest that, at this stage of the research, the material can be reasonably
approximated as isotropic. The percentage difference, roughly 19%,
between the elastic modulus derived from flexural tests and that ob-
tained from compression (see Table 4) is not sufficiently large to indicate
a fundamentally different mechanical behavior, and can be attributed to
material heterogeneity, test setup, and specimen geometry.

In this context, the material may be reasonably modeled as an
isotropic elasto-fragile material with negligible tensile strength.

Table 3
Flexural strength parameters of SCEB specimens. COV values of fzf and f’c’t are
the same because tensile strength is indirectly derived from flexural strength.

{5 o) (£t

n [MPa] cov n [MPa] cov n [MPa] cov

SCEB 3 1.14 0.06 3 117 0.12 3 0.71 0.12
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3.3. Mechanical characterization of earth-based mortars

Masonry mechanical response is governed by the combined behavior
of units and mortar, with the latter affecting force transfer and defor-
mation compatibility within the system. Modifying mortar composition
is therefore a common strategy to enhance deformation capacity, while
potentially reducing strength and stiffness. The objective is to improve
deformation capacity while preserving adequate mechanical strength,
using materials compatible with low-impact and locally sourced con-
struction; hence, the mechanical response of an earth-based mortar and
of the same mix reinforced with dispersed natural fibers is investigated.

Three mortar mixes were produced. All mixes consisted of sieved red
earth, sand, and cement in a mass ratio of 3:6:1.

Mortar production is artisanal, with the water content defined in-situ
to achieve optimal workability, roughly 40% of the dry mass. When the
fibers were included in the mixture, water content was increased to
reach the same optimum level of mortar workability. The increase in
water content was based on practical considerations, the consistency of
non-reinforced mortar mix was taken as reference.

Mix-1 was an unreinforced earth mortar, with a density of p™™ =

1600 kg/m® (COV = 0.029). Mix-2 incorporated hemp fibers at
1.8% by dry mass, a fiber content within the range reported in the
literature [80], density of p™™2 = 1566kg/m> (COV = 0.012). Mix-3
incorporated coconut fibers at the same fiber content, with a density
of pm™3 = 1558 kg/m® (COV = 0.026). Fibers with a nominal length
of approximately 20 mm were incorporated into the dry constituents
prior to the addition of water.

The fibers were incorporated without pre-treatment and no specific
mechanical characterization was performed, as the objective of this
study was not to evaluate the intrinsic properties of the fibers, but rather
to investigate the feasibility of their inclusion in earth-based mortar,
using locally available materials. Fiber treatment procedures would
introduce additional processing steps that are not typically compatible
with semi-artisanal construction practices.

Although natural fibers are known to exhibit limited durability in
alkaline environments, primarily due to alkaline attack and calcium
hydroxide-induced mineralization that lead to embrittlement and pro-
gressive loss of mechanical properties in cementitious matrices [81,82],
this remains an active area of research, particularly regarding durability
enhancement through fiber treatments and coatings [83].

The cement content of the earth-based mortar adopted in this study is
lower than that of conventional cement-based composites. For this
reason, untreated fibers were considered to carry out a preliminary
evaluation of their potential benefits within the specific mortar formu-
lation investigated. Mortar specimens were then prepared according to
UNI EN 1015-11 and cured for 28 days under laboratory conditions (18
°C, 45% relative humidity) to allow adequate development of cemen-
titious strength. Shrinkage was calculated after the period as the per-
centage difference between the reference mold dimension and the
measured specimen length along the same direction x;, according to & =

<lff 712") /U¥. The shrinkage levels (¢f), measured along the three

principal directions, are reported below for the three mortar mixes:

e Mix-1: (¢]) = 0.40%, (¢5) = 250%, (&) = 1.09%;
o Mix-2: () = 019%, (&) = 2.08%, (¢ = 1.04%;
o Mix-3: (¢}) 011%, () = 064%, (&) = 0.40%.

Compared to the unreinforced mortar, fiber-reinforced mixes
exhibited a systematic reduction in shrinkage along all directions,
consistent with previous studies [84-87]. Nevertheless, shrinkage levels
remained markedly higher than those typically reported for conven-
tional cementitious mortars, a behavior commonly associated with the
presence of clay-rich constituents [86,88].
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Table 4
Elastic parameters of SCEB specimens.
(E") o (Ep)
o n [MPa] cov n [MPa] Ccov n [MPa] Ccov
SCEB 13 6898 0.4 13 0.34 0.37 3 5600 0.12

3.3.1. Flexural tests

The three-point bending test setup was defined in accordance with
standard recommendations. Tests were carried out under displacement
control at a rate of 0.5 mm/min. Six specimens for Mix-1 and Mix-2
mortars were tested, and four Mix-3 specimens. Prior to testing, most
of the Mix-3 specimens exhibited visible cracking or partial splitting,
indicating reduced structural integrity already at the specimen prepa-
ration stage (see Fig. 7). This behavior may be related to the presence of
coconut fibers, which can interfere with curing in earth-based mortars.
Coconut fibers are characterized by a high water absorption capacity,
which can adversely influence the mechanical response of moisture-
sensitive matrices [89]. Previous studies on fiber-reinforced cementi-
tious materials have shown that the incorporation of natural fibers may
promote swelling phenomena and interfacial debonding, resulting in a
reduction in tensile and flexural strength [89,90]. In earth-based
matrices, the pronounced hygroscopic behavior of coconut fibers may
increase the internal moisture content, triggering similar mechanisms.
In this context, the poor flexural performance observed for Mix-3
mortar, together with the presence of pre-existing cracking, is consis-
tent with a fiber-induced increase in moisture and associated disruption
of matrix continuity. These effects can reasonably be linked to the loss of
mechanical integrity recorded for the coconut fiber-reinforced mortar.
Within the investigated configuration, their inclusion did not result in a
beneficial effect on the flexural response of the cement-stabilized earth
mortar. Accordingly, coconut fiber reinforcement was not further
investigated within the scope of the present experimental program.

All mortar mixes exhibited limited flexural strength, consistent with
values typically reported for earthen mortars and clay-based materials in
the literature [84,91,92]. Among them, Mix-1 showed the highest flex-
ural performance. Mix-2 specimens exhibited lower strength than Mix-1
but remained within a comparable range (see Table 5). Although no
strength enhancement, typically associated with hemp fiber reinforce-
ment, was observed, Mix-2 specimens displayed a clear increase in
deformation capacity, with a 160% increase in vertical displacement u,
relative to Mix-1 (see Fig. 8). The absence of strength gain may be
related to the selected fiber content.

3.3.2. Compression tests on mortars
To evaluate the compressive strength and elastic modulus of Mix-1
and Mix-2, uniaxial compression tests were performed. While standard
procedures prescribe testing mortar halves using a dedicated loading
frame, this configuration does not readily allow for strain measurement
required for elastic modulus determination. A modified setup was then
adopted. Cubic specimens with nominal dimensions of 40 x 40 x
40mm?® were extracted from the mortar halves, enabling direct strain
measurement while preserving the loading conditions prescribed by the
standard (see Fig. 9). The resulting loaded area was defined to be
equivalent to the standard configuration, ensuring consistency in stress
evaluation. A total of six specimens were tested for both the unrein-
forced mortar and for the hemp fiber reinforced mortar.

Fig. 7. Earth-based mortars, Mix-3 specimens damaged prior to testing.

The same compression test setup adopted for the block specimens
was also used for the mortar cubes (see Section 3.2.1, "Compression test
on cubic specimens"). No surface regularization of the contact faces was
performed. Although no evident irregularities were detected through
visual inspection, this aspect is acknowledged as a possible limitation of
the experimental investigation, since local irregularities at the contact
surfaces may influence the stress distribution and, consequently, the
mechanical response in both the linear and nonlinear stages. Due to the
sandy surface texture and friability of the specimens, conventional
contact extensometers could not be reliably employed. For this reason,
Digital Image Correlation (DIC) was adopted as a virtual extensometer
[93,94]. The homogeneous color and granular surface of the mortar
limited the identification of stable tracking points on the specimen itself;
therefore, a textured reference element was positioned on the same
plane as the specimen (reference point 1), with the actuator load transfer
plate used to track a second reference point (see Fig. 10). While the setup
allowed for &5 extraction, accurate measurement of £; was not achiev-
able, preventing the experimental definition of the Poisson ratio as
defined in subsection "Compression test on cubic specimens". The value
was therefore assigned based on the mortar strength class.

Compressive loading was applied under displacement control at a
constant rate of 0.5 mm/min. As neither the failure mode nor the time to
failure could be anticipated, continuous video acquisition was per-
formed throughout each test. Video recordings were acquired using a
Nikon D5600 DSLR camera at 50 fps, corresponding to a sampling fre-
quency of 50 Hz. Frames were subsequently extracted in post-processing
at a frequency of 1 Hz, following visual inspection of the footage, as this
interval provided sufficient temporal resolution for both failure obser-
vation and DIC analysis while limiting the associated computational
demand.

The compressive strengths of Mix-1 and Mix-2 mortars were com-
parable, although a slight reduction was observed for Mix-2, consistent
with previous studies reporting that fiber incorporation in earthen
mortars can result in a reduction in strength [87,95,96]. Mix-1 speci-
mens failed through sudden vertical splitting accompanied by corner
crumbling (see Fig. 11), indicative of a brittle response and qualitatively
consistent with failure modes reported for concrete cubes in UNI EN
12390-3, as well as for earth-based mortars without fiber reinforcement
[85]. In contrast, Mix-2 specimens exhibited delayed failure character-
ized by the development of multiple vertical cracks. The presence of
hemp fibers appears to contribute to enhanced crack bridging and
delayed crack propagation, leading to increased deformation capacity
without a corresponding increase in compressive strength (see Fig. 11).
As a result, the failure mode becomes more diffuse and cannot be readily
classified within conventional brittle failure typologies.

The elastic modulus E™ was evaluated from the initial slope of the
stress—strain curve (see Fig. 12). Mix-1 exhibited a higher stiffness than
Mix-2, while reaching lower maximum strain levels. The maximum
vertical strains were (¢)"™) = 0.011, (]™) = 0.19. Accordingly,
Mix-1 was selected as the reference mortar for the masonry tests, as it
provides an appropriate balance between stiffness and strength while
maintaining a deformation capacity higher than that of the blocks (see
Fig. 13), thereby ensuring strain compatibility within the masonry.

4. Mechanical characterization of masonry meso-scale

Following the characterization of the constituent materials, the
experimental campaign was extended to the meso-scale to investigate
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Table 5
Mechanical parameters of earth-based mortars.
o) (u3') ) (E™)

n [MPa] cov n [mm] n [MPa] cov n [MPa] cov

Mix-1 6 0.59 0.06 6 0.6 6 1.3 0.18 6 214 0.22

Mix-2 6 0.36 0.14 6 1.57 6 0.9 0.21 6 20 0.29

Mix-3 4 0.04 0.22 - - - - - -

of the reinforcement frame while keeping specimen dimensions con-

300, tained, and without significantly altering the frame-to-masonry ratio.
u: The test setup was defined in accordance with UNI EN 1052-1 [97].
2504 To promote uniform stress transfer, a thin layer of weak cementitious
* mortar was applied to the top and bottom surfaces of the panel. In the
Z. 2001 X absence of a specific design code for cement-stabilized CEB masonry,
E conventional masonry standards were applied by analogy, as commonly
¢ 1504 A T adopted in the literature for stabilized earth masonry construction [19].
g f° ) The masonry panels were cured for 28 days prior to testing under
= 766 laboratory conditions (18 °C, 45% relative humidity). This curing period
i/ ensured the proper development of the cementitious matrix within the

mortar joints.
504 i Unijaxial compression tests were performed under displacement
control at a constant rate of 1.5 mm/min, corresponding to a strain rate
0+— w w w T T T ; w T 1 of approximately 2.6 x 107 s7! for the 945 mm high specimen. Hence,
0 1 2 3 4 5 6 . sps . . .
: the adopted loading rate falls within the quasi-static regime commonly
Displacement, u> [mm] reported in the literature. Owing to the inherent material and structural
— Mix-1 e Mix-2

Fig. 8. Force-displacement plot of representative Mix-1 and Mix-2 mortars
specimens tested in three-point bending along x, direction.

the mechanical response of masonry. The tested configuration consisted
of a header-bond masonry panel with uniform mortar joints of thickness
e =5 mm and overall dimensions of 1225 x 945 x 305mm?, as shown in
Fig. 14.

As the presented research is part of a larger study, testing on unre-
inforced panels was a preliminary step to characterize unreinforced
masonry behavior. The panel dimensions were defined to allow casting

Fig. 11. Failure typologies of mortar cubic specimens tested in compression:
Mix-1 specimens (back row) and Mix-2 specimens (front row).

X3 I (a)

v (b) . (c)

Fig. 9. Mortar specimens: (a) mortar halves from three-point bending test; definition of specimen for compression test (b) in accordance with the standard and (c)

with modified configuration.

« Refefence point 2,

8 X2

Reference point 1 x X
X3

(b)

Fig. 10. Experimental setup of compression test on mortar cubes: (a) test configuration with indication of mortar cube dimension; (b) schematic representation of the

DIC setup with ez extraction points reference.
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Fig. 12. Stress-strain plot of Mix-1 and Mix-2 mortar cubic specimen tested in
compression, xo direction.
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Fig. 13. Stress-strain plot of SCEB cubes and Mix-1 mortar cubes tested in
compression along x; direction.

heterogeneity of earthen masonry, crack initiation and failure patterns
could not be predicted a priori. Accordingly, DIC was employed to
monitor in-plane deformations in the x;-x2 plane (see Fig. 14c). High-
contrast markers were applied to the panel surface, with two markers
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placed on each block head to track unit-level damage (Fig. 14b), pro-
ducing a regular marker grid across the specimen. When required, the
natural texture of the earthen surface was used to supplement point
tracking. Additional reference markers were placed on the concrete
support beam to provide a stable, non-deformable reference. Images
were acquired at interval At = 2s.

The global vertical strain ¢£M, was evaluated using DIC markers
placed on the second and ninth masonry courses, defining a represen-
tative gauge length. Adopting the central third as reference was not
considered appropriate, as the specimen height-to-unit ratio would
include only a limited number of masonry courses, leading to a non-
representative strain evaluation at the assemblage scale. Furthermore,
the first and last courses were excluded to minimize boundary effects
associated with local crushing at the loading interfaces, which would
otherwise result in an overestimation of the panel deformation.
Accordingly, the region between the second and ninth courses was
adopted as a representative measure of the masonry response. The
global axial strain for each specimen was obtained by averaging the
vertical deformation measured between the selected courses along the
length of the panel.

To evaluate the elastic response of the earthen masonry under
compression, the limit of the elastic regime was defined as the onset of
cracking within the panel. Since crack initiation cannot be reliably
identified from the global stress—strain response alone, a local strain-
based criterion was adopted. Local deformation along the x; direction,
€1, was monitored across all masonry units within the panel. Given the
heterogeneous and artisanal nature of the constituent materials, the
location of crack initiation could not be determined a priori. The tran-
sition from linear to non-linear response was identified by a clear in-
crease in local transversal strain within the block where strain
localization was first detected (see Fig. 15). It is worth noting that this
criterion does not aim to characterize the response of an individual block
in isolation, but rather to identify the onset of damage within the ma-
sonry assembly as a whole, which constitutes the relevant scale for the
definition of the elastic limit state. The corresponding time instant was
then mapped onto the global stress-strain response in the x; direction.
The stress-strain state corresponding to this instant was taken as the
limit of the elastic regime, and the elastic modulus of the masonry in the
loading direction, denoted as EgM'd, was evaluated from the initial slope
of the global stress—strain curve up to this limit.

Two wallettes, denoted EM1 and EM2, were tested. Both specimens
exhibited a limited linear elastic response in the initial portion of the
curve, followed by a peak stress of approximately fM Yy = 1.94MPa. A
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-
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(c)

Fig. 14. Masonry wallettes for compression tests. (a) Mortar joint thicknesses e = 5 mm, (b) local marker placement on full block to monitor unit-level deformation,

and (c) panel layout with high-contrast markers distributed across the x1 —xz plane.
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Fig. 15. Crack initiation at the unit-head joint/unit interface. (a) Strain-time
response in the x1 direction for two monitoring points; (b) localization of initial
cracking along the xi1—x2 plane. Rows are numbered from 1 (bottom) to
10 (top).

sudden drop in load-carrying capacity was observed immediately after
the peak, indicating a brittle failure behavior (see Fig. 16).

In both cases, initial cracking was observed at the unit level. Unlike
conventional brick masonry, where cracks typically initiate near mid-
span, cracking developed at locations corresponding to reduced cross-
sections within the blocks, approximately at one-third or one-sixth of
the block head length depending on the block geometry (see Fig. 17).
Cracks propagated vertically through the underlying units without a
consistent preference for a specific block type. In both specimens, final
failure was characterized by the formation of continuous vertical cracks
extending along the height of the wallettes (see Fig. 18).

For comparison purposes, the elastic modulus was also evaluated
following the UNI standard definition (EgM’“), i.e., as the secant modulus
corresponding to one-third of the maximum compressive stress. The
values obtained using the two definitions show noticeable differences,
both in magnitude and relative ranking between specimens. For spec-
imen EM]1, the elastic modulus Eng‘el, determined using the proposed

approach, exceeds the secant modulus Eng’“, whereas the opposite
trend is observed for specimen EM2 (see Table 6).

The compressive strength of the SCEB masonry assemblages obtained
in the present study (see Table 6) is consistent with values reported in
the literature for cement-stabilized compressed earth block masonry,
which ranges from approximately 1.2-3.3 MPa depending on the mortar
type and specimen geometry [98-100]. The result exceeds values re-
ported for adobe-based systems with comparable mortar strength [101,
102] confirming the beneficial role of cement stabilization in improving

2,51
— i3 T
£ 27 e
= A Jee——
=] y
1,5
s 7
7 A
) 7
5 11 v
) 4
.
057/
/
/
0 :
0 -0,001 -0,002 -0,003 -0,004
Strain, &2 [-]
——— EMl e EM2

Fig. 16. Stress-strain
Xo direction.

plot of earth wallettes tested in compression along
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the mechanical performance of the masonry assemblage. The relatively
lower strength compared to systems using cement-sand mortar is
consistent with the influence of mortar compressive strength on ma-
sonry response reported in the literature [98,102].

The sensitivity of the elastic modulus to the definition adopted, i.e.,
to the method used for its evaluation, suggests that the choice of eval-
uation method significantly affects the measured value and may there-
fore influence comparative assessments across studies. This sensitivity
may be partially linked to the inherent heterogeneity of earthen mate-
rials and the variability associated with artisanal production processes,
which can produce a non-uniform stress-strain response.

5. Numerical analysis

To describe the heterogeneous mechanical behavior of cement-
stabilized CEB masonry, a macro-modeling strategy was adopted. The
effective elastic properties of the masonry were derived through a ho-
mogenization procedure based on the mechanical response at the uni-
t-mortar scale [103-106]. In the following section, two Cartesian
systems are used: X1, X3, X3, at the macro-level, whereas y;, y», y3 at the
micro-level, in accordance with the homogenization procedure. For
single-leaf masonry structures, a two-dimensional representative vol-
ume element (REV) is commonly assumed, due to the geometric and
material uniformity of the system along the third dimension.
Three-dimensional homogenization can be required when the masonry
response is influenced by out-of-plane effects, as discussed by Cecchi and
Sab [107]. In the present study, however, the masonry assemblage is
periodic along x3 direction due to the presence of the voids, which
characterize the two typologies of block adopted (see Fig. 1a). In this
context, a three-dimensional homogenization approach was employed.
The 3D REV is defined as shown in Fig. 19a, with the v; and v, rep-
resenting directions of periodic replication with respect to the x; —x»
plane.

Due to geometric symmetry, only one-eighth of the representative
cell was modeled for the homogenization analysis (see Fig. 19b). The
elastic properties of SCEBs and earth-based mortar, experimentally
determined, were used to define the material properties of the cell
constituents. The homogenization problem was solved using a
displacement-based formulation implemented in the Straus7 finite
element (FE) code. The resulting homogenized properties are reported in
Table 7.

The homogenized elastic modulus in the loading direction
(EY = 2398 MPa), obtained using the experimentally determined prop-
erties of the constituent materials, was compared with values derived
from wallette compression tests. The elastic modulus evaluated ac-
cording to standard practice at one-third of the peak load (EgM'“) was
equal to 2172 MPa, corresponding to a deviation of —9% with respect to
the homogenized value. When the elastic modulus was instead evalu-
ated at the end of the experimentally identified elastic regime

(EgM'el = 2390 MPa), the deviation was reduced to —0.33%. This com-
parison indicates that the elastic modulus defined on the basis of the pre-
cracking response is more consistent with the assumptions underlying
the homogenization procedure, which is formulated within the frame-
work of linear elasticity. While the one-third peak method provides a
rapid and standardized estimate of stiffness, an elastic-limit-based
definition enables a more rigorous comparison between experimental
results and homogenized predictions in the context of model verifica-
tion. In order to investigate the influence of internal voids on the elastic
response in the x;-x» plane, a two-dimensional representative volume
element (2D REV) was additionally considered. The objective of this
analysis was to assess whether the presence of voids affects the macro-
scopic elastic properties when the material constituents remain un-
changed. The first 2D REV was defined by directly extracting the y;-y»
external plane of the three-dimensional cell (see Fig. 20b), while pre-
serving the same geometry and material properties. A second two-



J. Baldelli et al.

Construction and Building Materials 529 (2026) 146571

1S

3 Block-2

Fig. 17. Crack propagation in SCEB masonry, (a) localization on specimen surface (x; —x; plane) and (b) schematic representation of the observed crack with respect

to blocks geometry.

(a)

(b)

Fig. 18. Crack pattern of (a) EM1 and (b) EM2 specimen tested in compression, x, direction.

Table 6
Mechanical properties of cement-stabilized CEB masonry panels.
Specimen ffM E)22M‘el Eg'M,st
[MPa] [MPa] [MPa]
EM1 2.14 2540 1945
EM2 1.73 2240 2400
(EM) 1.94 2390 2172
<]
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Fig. 19. Definition of the representative volume element (REV). (a) REV
identification within the masonry panel, (b) geometric configuration of the
3D cell.

Table 7
Homogenized media elastic parameters.

EY = 3180 MPa A =0.204 Vi =0.175 GY, =742 MPa
Ef = 2398 MPa Vi =0.122 Vi, =0.245 G, = 1150 MPa
Efl = 5479 MPa VL =0.160 Vi =0.275 GH, =1160 MPa

dimensional configuration (denoted as 2DF) was then introduced, in
which the dimension along the y; direction was reduced to account for
the minimum effective cross-section associated with the void geometry
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of the three-dimensional cell along the y3 direction (see Fig. 20c). The
reduction was applied exclusively to the block dimension, while the
mortar joints were kept unaltered, so that the overall masonry texture
remained unchanged and only the effective block cross-section was
modified. In both configurations, the mechanical properties of the
constituent materials were kept identical to those used in the three-
dimensional homogenization. The objective of this simplification was
to evaluate whether a reduced two-dimensional cell, obtained by
modifying only the block dimension, could reproduce the in-plane
elastic response of the corresponding three-dimensional configuration
with internal voids, thereby offering a computationally efficient alter-
native to full three-dimensional homogenization. The two-dimensional
investigation provides a controlled framework in which material prop-
erties are kept constant, allowing differences in the in-plane elastic
response to be attributed exclusively to geometric effects associated with
the presence or omission of voids.

As a result, the two-dimensional homogenization framework leads to
a closer agreement only along the direction aligned with the void axis, as
reflected by the smaller overestimation of Eg'ZD (+17.9%), where cross-
sectional continuity is preserved. In contrast, the model significantly
overestimates stiffness in the direction orthogonal to the voids, with
increases in E; (+31.2%) and G2 (+18.2%), indicating that the material
discontinuities governing load transfer in the three-dimensional
configuration are not adequately captured (see Table 8). The Poisson
ratios exhibit substantial deviation from the three-dimensional refer-
ence, particularly overestimating v, highlighting a marked amplifica-
tion of transverse deformation coupling. Overall, these results indicate
that a purely two-dimensional homogenization remains insufficient for
representing the anisotropic elastic response of the masonry assemblage,
even when the voids are aligned with the principal loading direction.
The second 2D® REV, refined to account for the minimum effective
cross-sectional area of the blocks, shows an improved agreement with
the three-dimensional homogenization results for E{“DR , with deviation
reduced to 7%, while E; and Gy still overestimating the stiffness, with
no substantial benefit compared to 2D configuration. The Poisson ratios
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Fig. 20. REV configurations and corresponding numerical models: (a) 3D unit cell with cylindrical void; (b) 2D cell based on masonry pattern; (c) reduced 2D cell
(2D®) accounting for the maximum cross-section reduction along the y; axis; (d) model A; (e) model B; (f) model C; (g) model D.

Table 8
Comparison of homogenized media mechanical parameters between two-
dimensional and three-dimensional analysis.

Cell Ei EY v Zh Gl
[MPa] [MPa] [-1 [-] [MPa]
3D 3180 2398 0.204 0.175 742
2D 4172 2826 0.219 0.323 877
2DR 3394 2797 0.224 0.272 886

remain significantly higher than in the three-dimensional case, partic-
ularly vy;. Overall, the 2D® configuration improves the prediction of
stiffness components associated with directions perpendicular to the
void axes but remains inadequate for reproducing the full anisotropic
elastic response, which requires a three-dimensional description (see
Table 8).

A linear elastic analysis was performed on four orthotropic macro-
models to systematically isolate the independent contributions of two
modeling choices: the dimensional assumption at the macro-scale (3D
vs. 2D plane stress) and the homogenization scheme adopted at the
micro-scale. The four configurations are defined as follows:

Model A: elastic properties from 3D homogenization, and 3D macro-
model, (Fig. 20a, Fig. 20d).

Model B: elastic properties from 2D homogenization of a full-block
REV, and 2D plane stress macro-model (Fig. 20b, Fig. 20e).

Model C: elastic properties from 2D homogenization of a reduced
block REV, with the 2D block length corresponding to the minimum
3D block cross-section at the void location, and 2D plane stress
macro-model (Fig. 20c, Fig. 20f).

Model D: elastic properties from 3D homogenization, and 2D plane
stress macro-model to isolate the effect of the macro-model dimen-
sional reduction from any simplification introduced at the micro-
scale (Fig. 20a, Fig. 20g).

Uniaxial compression was imposed in accordance with the experi-
mental configuration through a vertical displacement u, at the top
surface and a fixed base. A single elastic modulus value E: is reported per
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model, as the analyses are conducted within the linear elastic domain
under uniaxial compression, for which the response is fully described by
a scalar stiffness measure. Results are summarized in Table 9.

As is well known, in the context of 2D macro-modeling, plane stress
and plane strain formulations represent the upper and lower bounds of
the 3D response, respectively. Accordingly, the plane stress models are
expected to overestimate the stiffness with respect to the 3D reference,
as confirmed by the results. Among the plane stress models, Model C
reduces the overestimation of the elastic modulus E, to approximately
43% compared to over 75% for Model B, demonstrating the influence of
the REV geometry in the homogenization procedure. Model D, which
retains 3D homogenized properties within a 2D macro-model, shows the
closest agreement among the 2D configurations with approximately
33% overestimation, confirming that the micro-scale homogenization
scheme plays a more significant role than the macro-model dimensional
assumption alone. The three-dimensional Model A shows the closest
overall agreement with the experimental elastic response, confirming
that 2D plane stress formulations remain inadequate for accurately
reproducing the elastic behavior of masonry assemblages with internal
voids.

To examine the non-linear compressive response of the masonry
panels, a three-dimensional isotropic continuum model was developed
using ANSYS. The non-linear model is intentionally preliminary,
consistent with the scope of the present study. In the absence of a
complete experimental characterization of non-linear material param-
eters and given the variability reported in the literature for stabilized
earthen materials, a multi-linear stress—strain relationship was adopted,
with the constitutive points directly derived from the experimentally
measured mean stress—strain response of the masonry panels reported in
Section 4 (see Fig. 18). The numerical model was not intended to
reproduce post-peak behavior, which is not included in the constitutive

Table 9
Comparison of the elastic linear response of homogenized macro models tested
in compression.

Experimental Model A Model B Model C Model D

E, [MPa] 2390 2426 4211 3425 3173
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definition. This limitation is consistent with the brittle failure observed
experimentally and does not affect the interpretation of the pre-peak
response. The simulated compressive response under axial loading in
the x, direction captures the pre-peak experimental trend, supporting
the use of the proposed modeling strategy for interpreting the response
up to peak load (see Fig. 21).

6. Conclusions

This study presents an integrated experimental-numerical investi-
gation of cement-stabilized compressed earth block (CEB) masonry,
aimed at characterizing its mechanical response across material and unit
scales within a consistent framework.

Block scale testing confirmed that specimen geometry and moisture
significantly influence compressive strength: in full-scale SCEB units,
geometric irregularities induce localized stress concentrations and pre-
mature failure in the saturated state. Fiber reinforcement increased
mortar deformability but was associated with a reduction in stiffness
and compressive strength within the investigated range of fiber content
and fiber length. This behavior indicates that, within this range, fiber
inclusion does not provide a mechanical advantage for structural mortar
applications. On this basis, mortar selection was driven by mechanical
compatibility with the masonry units rather than by the maximization of
ductility, leading to the adoption of the unreinforced earth-based mortar
as the reference material. Moreover, although no mechanical advantage
was observed within the investigated range, this does not preclude the
potential of fiber reinforcement. Once an appropriate dosage is defined,
durability, degradation, and compatible fiber treatments should be
further investigated in line with the artisanal construction approach. At
the masonry scale, failure was governed by unit-level cracking initiated
at geometric discontinuities within the blocks, leading to vertical crack
propagation through the panel. The definition adopted for the elastic
modulus was found to significantly influence the estimated stiffness of
earthen masonry. Moduli derived from standard one-third peak stress
definitions and those based on pre-cracking strain limits showed no clear
correspondence. A strain-based definition of the elastic modulus, linked
to the onset of local cracking, was found to be more consistent with the
assumptions underlying the homogenization framework adopted in the
numerical analysis. Three-dimensional homogenization was required to
capture geometric features of the block morphology that are not
described by the masonry texture and are intrinsically lost in two-
dimensional representations. The nonlinear finite element model was
formulated to reproduce the pre-peak compressive response of the ma-
sonry panels using homogenized elastic properties and an experimen-
tally derived multi-linear stress-strain law. The analyses were confined
to the pre-peak regime, in accordance with the brittle experimental
response. The numerical models presented in this study are intentionally
preliminary in scope, developed to support the characterization of the
constituent materials and masonry assemblies as a foundation for the
broader research program on reinforced earthen masonry assemblages.

Within this context, the results presented are subject to limitations
related to the inherent variability of earthen materials, the limited
number of tested specimens, and the semi-artisanal production process,
which may affect the reproducibility of the mechanical response.

Overall, the combined experimental-numerical framework offers a
coherent basis for interpreting the mechanical behavior of cement-
stabilized compressed earth block masonry, particularly in contexts
where material heterogeneity and limited experimental data constrain
the applicability of conventional modelling approaches.
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