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ARTICLE INFO ABSTRACT
Keywords: This study investigates the physical and mechanical behaviour of tropical earthen mortars,
Clay plasters focusing on the influence of clay content, mineralogy and moisture condition. To address the

Tropical earth
Shrinkage

Water content
Mechanical strength

limited documentation on tropical earthen mortars, eleven mortars were produced using three
tropical earth and three proportions of added sand. Two of the earth were of pedogenetic origin,
whereas the third was derived from gneiss aggregate washing residue. The added sand consisted
of crushed basalt fines generated during gravel production. Materials were characterised by
particle-size distribution and mineralogical composition, and the mortars were evaluated for
porosity, bulk density, shrinkage, flexural (FStr) and compressive (CStr) strengths. Moisture
sensitivity was assessed under high-humidity conditioning through the degree of saturation at
mechanical failure. The results show that clay content and mineralogical characteristics strongly
influenced water demand, shrinkage, porosity and density. Porosity ranged from 30% to 48%,
with higher values in clay-richer mortars. Sand addition substantially reduced shrinkage,
reaching up to 79% in the most clay-rich mixtures. FStr ranged from 0.6 to 1.0 MPa, while CStr
ranged from 0.5 to 1.0 MPa, with several formulations exceeding the minimum requirement of EN
998-1. Moisture had a marked effect on performance, with CStr generally decreasing more
sharply than FStr as saturation increased. Overall, the results demonstrate that clay content,
mineralogy and moisture state play a decisive role in the behaviour of low-embodied-energy
tropical earthen mortars, supporting their wider application as building plasters.

1. Introduction

In recent years, the interest in earthen construction products has increased due to the search for low-carbon building solutions,
circular use of resources, and healthier indoor environments [1]. Among these products, earthen mortars are attractive because of their
low embodied energy, vapour permeability, and hygroscopic buffering capacity [2-7]. However, the broader use of unstabilised
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earthen mortars is still limited by concerns regarding durability and moisture sensitivity, particularly when no chemical stabilisers are

used [8].

Earthen mortars are typically composed of a clay-rich earth acting as binder and an additional granular fraction that contributes to
dimensional stability and packing. In practice, sandy correction is often required to reduce shrinkage and improve overall performance

Table 1

Literature synthesis of earthen mortars studied and test results.

Study source

Mortars analysed

Results

Deliniere et al. [27]

Gomes et al. [24]

Santos et al. [5]

Santos et al. [30]

Lagouin et al. [15]

Santos et al. [2]

Randazzo et al. [31]
Pachamama et al. [17]

Hamard et al. [32]

Gonzalez-Calderon et al.

[13]

McGregor et al. [3]

Parracha et al. [33

Lima et al. [34]

E:S 1:2.0-1:2.4; Cc: 6-11%); R: France; M: montmorillonite, chlorite, illite, kaolinite; W: 17-21%.

E:S 1:0-1:3.8; Cc: 10-19%; R: Portugal; M: mica, illite, kaolinite, chlorite.

E:S 1:4.82; Cc: 8%; R: Portugal; M: kaolinite/illite; W: 10%.

E:S 1:3.08; R: Portugal; M: illite; W: 17-20%.

E:S 1:1-1:4; Cc: 1.5-17%; R: France; M: illite, chlorite, vermiculite, montmorillonite, kaolinite; W:

18-45%.

E:S 1:4.8; R: Portugal; M: illite, kaolinite, microcline, montmorillonite; W: 21%.

Cc: 9-31%; R: Ttaly; W: 20-25%.
E:S 1:1.57-1:3.96; Cc: 5-14%); R: Portugal and Brazil; M: illite, kaolinite, goethite; W: 20-22%.

Cc: 3-18%; R: France.
Cc: 13%; W: 25%.

E:S 1:1-1:4.89; Cc: 4-17%; R: France; W: 14-22%.

M: illite, kaolinite, hematite; R: Portugal; W: 25%.

E:S 1:3.63-1:12.2-1:4.46; R: Portugal; M: illite, kaolinite, hematite, montmorillonite; W: 13-21%.

WBD: 2.00-2.10 g/
cm3

DBD: 1.70-1.80 g/cm?®
LS: 1.5-2.5%

FStr®: 0.5-0.7 MPa
CStr: 1.3-2.1 MPa
WBD: 1.87-2.00 g/
cm?®

DBD: 1.66-1.91 g/cm®
P: 25-35%

LS: 0-1.2%

FStr®: 0.2-0.4 MPa
CStr: 0.5-1.0 MPa
WBD: 1.56 g/cm®
DBD: 1.77 g/cm®

LS: 0.1%

FStr’: 0.2 MPa

CStr: 1.0 MPa

WBD: 2.00-2.06 g/
cm?®

DBD: 1.77-1.79 g/cm?®
LS: 0-4%

FStr®: 0.2 MPa

CStr: 0.4-0.6 MPa

VS: 2.5-22%

FStr: 0.2-0.9 MPa
CStr: 0.5-2.4 MPa
WBD: 1.97 g/cm®
DBD: 1.72 g/cm®

LS: 0.7%

FStr: 0.5 MPa

CStr: 1.8 MPa

P: 25-34%

WBD: 1.40-1.85 g/
cm3

DBD: 1.57-1.70 g/cm?®
LS: 0.4-2.0%

Fstrd: 0.4-0.7 MPa
CStr: 0.7-1.4 MPa

LS: 4-17%

DBD: 1.74 g/cm®

P: 29.6%

FStr: 0.6 MPa

CStr: 2.4 MPa

DBD: 1.60-1.83 g/cm®
P: 18-32%

WBD: 2.00 g/cm
DBD: 1.69 g/cm®

P: 29.8%

FStr®: 0.3 MPa

CStr: 0.7 MPa

WBD: 1.96-2.13 g/
cm3

DBD: 1.74-1.91 g/cm?®
P: 25-34%

LS: 0.4-3.3%

FStr®: 0.2-0.3 MPa
CStr: 0.5-0.9 MPa

Notation: E:S — Earth to Sand mass ratio (wt); Cc - Clay content; R - Earth origin country; M — Fine fraction minerals; W - Water content; WBD - Wet
bulk density; DBD - Dry bulk density; LS - Linear shrinkage; VS - Volumetric shrinkage; P - Porosity; FStr - Flexural strength; CStr - Compressive
Strength; Conditioning - ® 23 + 2 °C and 50 = 5% RH, ® 20 + 2 °C and 65 + 5% RH, 21 + 5 °C and 65 + 2% RH, 9 26 + 3 °C and 63 + 5% RH, ¢ 18 &

2 °Cand RH 46 + 5%.
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[9-14]. Although recent research has frequently focused on stabilised formulations containing lime, cement, or alkali-based binders
[2,15-18], such additions increase embodied energy and reduce reversibility and moisture buffering of the mortars, thereby partially
offsetting the environmental advantages of earth-based products [5]. For this reason, a better understanding of the behaviour of
unstabilised earthen mortars remains essential, especially under variable moisture conditions.

A major limitation in the current literature is that most available datasets are based on earth from temperate regions and mild
climates, whereas tropical earth remain comparatively underexplored [8,17,19]. This is relevant because tropical earth commonly
present distinct pedogenetic and mineralogical features, including higher proportions of kaolinite, iron oxides, and gibbsite [20-22],
which may affect shrinkage, porosity, and mechanical behaviour. Therefore, performance trends established for temperate-region
materials cannot be directly assumed for mortars produced from tropical earth.

A further challenge lies in the mismatch between empirical data and existing normative frameworks. Standards such as DIN 18947
[23] were largely developed from temperate-region materials tested under moderate laboratory environments, typically around
20-23 °C and 50-65% relative humidity. Such conditions are useful for standardisation, but they do not represent the humid exposure
regimes frequently encountered in tropical climates. As a result, the behaviour of unstabilised earthen mortars under high relative
humidity and increasing moisture content is still insufficiently documented.

A review of recent studies also shows that shrinkage and strength are not yet addressed in a sufficiently integrated way. Linear
shrinkage (LS) is commonly reported, whereas volumetric shrinkage (VS) is much less frequently included [8,15,24,25], despite its
relevance for cracking risk and dimensional stability [24,26,27]. Likewise, mechanical performance is generally assessed after con-
ditioning under moderate laboratory climates, with limited attention to how strength changes with increasing moisture or degree of
saturation. From the perspective of unsaturated soil mechanics, this is a critical gap, since capillary forces and suction-related effects
contribute to apparent cohesion and stiffness in earthen materials, but these contributions decrease as saturation rises [28,29].

A compilation of recent studies on earthen mortars is presented in Table 1 and results will be useful for comparison with the ones of
the present study later on. Overall, previous work reveals wide variability in composition and performance, with clay contents ranging
from 1.5% to 31%, earth:sand mass proportions (wt) from 1:0 to 1:12.2, and reported values of porosity from 18% to 35%, linear
shrinkage up to 17%, volumetric shrinkage from 2.5% to 22%, flexural strength from 0.2 to 0.9 MPa, and compressive strength from
0.4 to 2.4 MPa.

Accordingly, and as mentioned before, the literature still shows important gaps, particularly the limited availability of datasets for
unstabilised earthen mortars made from tropical earth, the scarce inclusion of volumetric shrinkage alongside linear shrinkage, and the
still limited understanding of flexural and compressive strength as a function of saturation state under high-relative-humidity
conditioning.

This study addresses these gaps by investigating unstabilised plastering mortars produced from three tropical earth with different
clay contents and mineralogical compositions, combined with different complementary sand correction. Comparing between the earth
properties and materials proportions, the specific objectives are: (i) to characterize the fresh-state, physical, and mineralogical
properties of these mortars; (ii) to assess their dry bulk density, porosity, linear shrinkage, and volumetric shrinkage; and (iii) to
evaluate flexural and compressive strength under different moisture/saturation states, including high-relative-humidity conditioning.
By integrating tropical-material datasets with shrinkage and hygro-mechanical analysis within a single framework, the study seeks to
improve understanding of how clay fraction, mineralogical assemblage, sand correction, and moisture condition may influence the
performance of unstabilised plastering mortars. In this way, it aims to support more context-sensitive material selection and perfor-
mance assessment for unstabilised earthen mortars intended for humid or seasonally wet tropical conditions.

By combining tropical-material datasets with shrinkage and hygro-mechanical analysis in a single framework, this study con-
tributes not only to a more context-sensitive understanding of unstabilised earthen mortars for humid climates, but also to a broader
interpretation of how clay fraction, mineralogical assemblage, sand correction, and moisture condition interact to control plastering
mortars performance. In this sense, the results provide transferable criteria for material selection, sand correction, and moisture-
sensitive performance assessment of unstabilised earthen mortars in other tropical regions where locally available earth are used
under humid or seasonally wet exposure conditions.

2. Materials and methods
2.1. Materials

For the formulation of the mortars, three Brazilian earth of distinct origins were employed, designated as Lv, Bh and Rm, together
with a crushed basaltic sand used for granulometric correction of the mortars. Lv and Bh correspond to excavated soils formed through
pedogenetic processes [35], whereas Rm consists of a fine residue derived from the washing of gneiss aggregates for construction. In
this study, these three materials are hereafter referred to simply as earth. Lv was collected in Apucarana, Parana State, and corresponds
to a Red Latosol, a widespread pedological class in Brazil [36]. Bh was obtained from foundation excavations and earthmoving works
in the Metropolitan Region of Belo Horizonte, Minas Gerais State, without a precise pedogenetic classification. Rm was collected from
settling ponds of a quarry in Minas Gerais, where fine particles generated during the washing of gneiss aggregates are deposited [37].

The aggregate employed was a by-product of basalt rock crushing for construction, supplied by a quarry in northern Paran4, Brazil.
The fraction commercially classified as sand was used in its raw state and sieved into five size ranges (2.36-1.18 mm; 1.18-0.60 mm;
0.60-0.30 mm; 0.30-0.15 mm; 0.15-0.075 mm). In comparison, the remaining fractions were washed through a 0.075 mm sieve to
remove fines and subsequently recombined to establish the grading curve adopted in the mortar formulations. Fig. 1 shows the
geographical origin of the raw materials and the visual appearance of the collected earth samples.
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2.2. Characterization of materials

The raw materials (Lv, Bh, Rm and sand) were characterised in terms of particle size distribution, density, mineralogical
composition and thermal behaviour. Particle size distribution was determined by sedimentation and sieving according to NBR 7181
[38]. Particle density was measured according to NBR 17212 [39], and loose bulk density according to NBR 16972 [40].

Mineralogical composition was determined by X-ray diffraction (XRD) using an AERIS Malvern Panalytical diffractometer oper-
ating at 40 kV and 15 mA, with Cu Ka radiation (. = 1.5406 A). For each material, a representative portion of the fine fraction passing
the 0.30 mm sieve was ground in a mortar and pestle until the entire sample passed through a 106 pm sieve. Diffractograms were
recorded in the range of 4-70° 26, with a step size of 0.02°/s. The diffractograms were analysed according to an internal procedure
based on LNEC E 403 [41], using HighScore Plus software for peak identification and semiquantitative analysis by the Rietveld
method. The structural models used in the refinement were obtained from the Crystallography Open Database [42-49].

Thermogravimetric and differential thermal analyses (TGA/DTA), together with derivative thermogravimetry (DTG), were carried
out using a SETARAM TGA92 simultaneous thermal analyser. The samples were placed in a Pt-Rh crucible and heated from room
temperature to 1000 °C at 10 °C min~! under argon atmosphere (3 L h™1).

2.3. Mortars and samples

2.3.1. Mortars formulation and fresh state characterization
In this study, 11 mortar formulations were prepared. For each earth, a reference mortar without sand addition was produced.

Grading corrections were then applied at mass ratios of 1:1, 1:2, and 1:3 for the more clay-rich earth (Lv and Bh), and at 1:1 and 1:2 for
the Rm earth. The 1:3 mix was not considered for Rm due to its inherently low clay content. Table 2 presents the mass and volumetric
proportions of these mortars. The addition of —1, —2, —3 refers to the sand-added proportions.

Two experimental sets were carried out. The first set involved the evaluation of linear shrinkage (LS) in circular specimens,
volumetric shrinkage (VS) in cubic specimens, and the determination of total open porosity. The second set was used to assess the
mechanical parameters of newly cast mortars. Differences in water content between sets 1 and 2 for the same mortars, as shown in
Table 2, are justified by the consistence adjustment (175 + 5 mm), which was adopted as the control in the mortar production process.
Based on the preliminary shrinkage results, which will be detailed in Section 3.4, the mechanical characterization of the reference
mixtures Lv-Ref, Bh-Ref, and Rm-Ref was not performed in Set 2.

The mortars were prepared in a mechanical mixer following a standardised procedure. The dry materials were first weighed and
placed into the mixer. Afterwards, water (in percentage to the total solids) was gradually incorporated over 30 s to initiate mixing. The
process lasted a total of 9 min and comprised four stages: (i) mechanical mixing at low speed for 1 min 30 s; (ii) manual mixing with a
plastic spatula for 2 min to break down agglomerates; (iii) resting period of 5 min; and (iv) additional mechanical mixing at low speed
for 30 s. The water content was adjusted to ensure adequate workability, assessed by flow table consistence, determined according to
NBR 7215 [50]. A target spread of 175 + 5 mm was adopted, in line with DIN 18947 [23]. This range is recognised as the standard
consistence for mortars, being associated with favourable mechanical performance and positive perception by workers during
application [51]. However, it should be noted that the flow table specified in the Brazilian standard NBR 7215 [50] differs in di-
mensions and weight from that prescribed in the European standard EN 1015-3 [52]. Moreover, the volume of the truncated-cone

specimen and the number of drops also vary, resulting in different energy inputs to the tested mortars. Assuming that energy dissi-
pation in the flow table test arises from the viscoplastic deformation of the sample [53], the potential gravitational energy released at
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Fig. 1. Location of the raw material collection sites in Brazil and visual appearance of the materials used in the study.
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Table 2

Mortars mass and volumetric proportions of earth and sand, and water content as a percentage of total mass in sets 1 and 2.
Mortar Mass proportion Volumetric proportion Water (%)

Earth Sand Earth Sand Set 1 Set 2

Lv-Ref 1 - 1 - 59.6 +£ 0.2 -
Lv-1 1 1 1 0.71 35.7+0.4 34.6 £ 0.3
Lv-2 1 2 1 1.42 31.3+0.2 28.9+ 0.4
Lv-3 1 3 1 2.13 29.7 £ 0.3 27.1+0.3
Bh-Ref 1 - 1 - 56.1 £ 0.5 -
Bh-1 1 1 1 0.57 348 £ 0.4 33.7+0.4
Bh-2 1 2 1 1.14 28.4+0.1 28.0 £ 0.2
Bh-3 1 3 1 1.72 26.0 £ 0.4 25.3+0.2
Rm-Ref 1 - 1 - 49.2 +£ 0.1 -
Rm-1 1 1 1 0.50 254 £0.2 25.2+ 0.2
Rm-2 1 2 1 1.00 20.3+0.5 20.2+ 0.2

each drop can be used to estimate the equivalent work. Based on this approach, it was calculated that approximately eight drops with
the Brazilian equipment are required to match the energy dissipated in the EN 1015-3 [52] procedure, thereby achieving the
consistence limit established by DIN 18947 [23].

The wet bulk density was determined according to NBR 13278 [54], and the moisture content was measured immediately after
mixing of the mortar, using the oven-drying method as specified in NBR 6457 [55].

Additionally, to better capture the relationship between mortar water content and consistence, and to enable comparisons with
other compositional and fresh-state parameters, such as clay content and wet density, the Fluidity Index (FI) was adopted. In the
present study, FI is defined as the ratio of the measured consistence (flow-table spread, in millimetres) to the mortar’s water content.
The FI can be interpreted as the spread diameter, in millimetres, corresponding to a 1% increase in the water content. For instance, a FI
of 500 indicates that, for every 1% increase in water content, the spread diameter increases by 5 mm. Accordingly, higher FI values
indicate greater apparent fluidity for a given amount of mixing water. It should be noted, however, that FI is used here as an empirical,
study-specific descriptor of water-normalised spread, intended exclusively for comparative purposes within the present experimental
programme. Therefore, it should not be construed as a standardised rheological parameter, nor confused with the flow index of the
Herschel-Bulkley model or with fundamental rheological descriptors such as yield stress or plastic viscosity.

2.3.2. Mortar specimens

The specimens were prepared in different geometries and conditioning according to the requirements of each test. As detailed in
Table 3, the different specimen geometries were not only defined by the requirements of each test, but also involved distinct moulding
and compaction procedures. Therefore, differences observed between specimen types, especially for density-, porosity- and shrinkage-
related results, should be interpreted considering that specimen geometry and moulding/compaction procedure were not independent
variables in the experimental programme. Table 3 presents the specimen dimensions, preparation procedures, conditioning and
number of samples, while Fig. 2 illustrates the five specimen types employed.

Two conditioning regimes were employed: (i) 14 days in a closed environment, protected from direct solar radiation (25 + 1 °C and
relative humidity of 66 + 11%, set 1); and (ii) 14 days, consisting of the first 7 days under laboratory conditions protected from direct
solar radiation, followed by 7 days in a humid chamber (21 + 2 °C, relative humidity >95%, set 2). The latter condition was adopted to
simulate typical conditions of humid bioclimatic zones, which are widely found across the Brazilian territory, to assess how critical a

Table 3
Details of specimens, preparation, testing, and packing.

Type Dimensions (mm) Number per type of test for each mortar Preparation

DBD NGP LS VS FStr CStr

Cylindrical® 30 x 40 (height x 3 3 Cut from the cubic specimens.
diameter)
Rectangular® 50 x 30 x 15 3 3 Cut from circular specimens.
Prismatic® 160 x 40 x 40 4 4 4 4 Manually moulded and compacted in two layers with 20 manual strokes
per layer, followed by manual surface levelling.
Cubic? 40 x 40 x 40 3 3 Manually cast in two layers, each compacted with 10 manual strokes using

a metallic spatula; after the second layer, the surface was levelled, the
specimen was placed on the flow table and subjected to eight rotations to
homogenise the mortar and release entrapped air; additional mortar was
added to compensate for settlement, followed by final levelling.
Circular® 145 x 15 (diameter 3 Manually cast in a single layer, spread and levelled; three drops of
x thickness) approximately 1 cm were applied to release entrapped air, followed by
refilling and re-levelling when necessary.

Note: DBD - Dry bulk density; NPG — nitrogen gas porosimetry; LS - linear shrinkage; VS — volumetric shrinkage; FStr, CStr - flexural and compressive
strengths; Conditioning: # 14 days in a closed environment; ° last 7 days in a humid chamber.
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' Cylindrical I

Circular Rectangular

Fig. 2. Specimen geometries used in the experimental program: cylindrical cut from the cubic; rectangular cut from the circular.

scenario it can represent for earth-based construction composites. These earthen composites are susceptible to the presence of moisture
due to the hydrophilic nature of clay particles. Under such conditions, the strength of the mechanical bonds between clay particles and
mineral grains (such as sand) can be reduced, eventually compromising the internal cohesion, stiffness, and load-bearing capacity of
the composite [56,57].

2.4. Mortars hardened state test methods

Total open porosity (P), defined as the percentage ratio between the difference of the apparent volume (V) and the real volume
(Vg) relative to the apparent volume: P (%) = 100*(V,4 — Vg)/Va. Vg was determined using a gas pycnometer ACP (model AD 200),
with nitrogen gas as the working fluid. Gas pycnometry is a reliable method for measuring the volume of porous materials based on the
Boyle-Mariotte law, and further details on the procedure can be found in Tamari [58]. V, in turn, was obtained through the paraffin
clod method, adapted in accordance with NBR 16867 [59]. This procedure was performed for both cylindrical and rectangular
specimens. The use of both geometries is justified by the fact that their moulding processes differ, which can influence the porosity of
the specimens and, consequently, their physical properties. The rectangular samples were cut from circular specimens, which simulate
the manual application of the mortars, closely resembling on-site coating practices. In contrast, the cylindrical samples were cut from
cubic specimens that were compacted with higher energy to ensure sample homogeneity, following procedures commonly adopted in
laboratory conditions. The repeatability of the technique was investigated by conducting three independent analyses on the same
sample.

The dry bulk density of mortars was determined on cylindrical, rectangular, and prismatic specimens based on the mass-to-volume
ratio. For the cylindrical and rectangular specimens, bulk density was determined in accordance with NBR 16867 [59]. For the
prismatic specimens, the procedure followed was in accordance with EN 1015-10 [60]. In all cases, testing was conducted with the
specimens in their hygroscopic state, rather than after oven-drying at 105 °C, as specified in EN 1015-10 [60].

Linear drying shrinkage was measured on circular and prismatic specimens. For the linear shrinkage (LS) of circular specimens,
dimensions were recorded at 1, 2, 7, and 14 days after casting. At 1 and 2 days, measurements were obtained through photographic
image analysis following a standardised procedure, since the fresh state of the mortar at these ages prevented the use of a calliper
without damaging the specimens. Moreover, because dimensional variations at early ages are minor, image analysis was considered
more appropriate for detecting slight displacements while also providing a visual record of the mortars over time.

Fig. 3 shows the photographic setup used for image acquisition. The system consisted of a closed box with a circular LED light
source mounted on the upper panel to provide uniform illumination (Fig. 3a), and a camera positioned vertically on the top cover
(Fig. 3b), aligned with a central opening to ensure a constant focal distance and perpendicular imaging (Fig. 3c). The specimens were
placed inside a PVC ring positioned on an MDF plate and levelled with a spirit level to guarantee stability during capture. Images were

Top view
a b :
Circular R @ @ &
LED lighting Front view
Top —- Camera
cover : Vertical
Camera id = focal s
ilength/ Specimen
Front Opening — -MDF Plate

_Leveling
device

Fig. 3. Details of the photographic setup showing: (a) overview; (b) top view; (c) front view.
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obtained using the main camera of a smartphone equipped with a 26 mm-equivalent lens, f/1.6 aperture, 48 MP sensor, and native
resolution of 6048 x 8064 pixels.

At 7 and 14 days, complementary measurements were performed using a calliper (0.01 mm resolution) by recording four dia-
metrical readings. LS was then determined as the relative change in specimen length over time, calculated from the difference between
the initial length (measured immediately after moulding) and the length at a given age, normalised by the initial length.

Photographic image analysis was performed using ImageJ, an open-source software widely used for quantitative image processing.
Specimen contours were manually delineated with segmented lines, and the enclosed area was first measured in pixels and then
converted to metric units, enabling accurate determination of surface area at each age. LS of the prismatic specimens was qualitatively
observed during demoulding and quantitatively determined in accordance with DIN 18947 [23], by comparing the specimen length
with the corresponding mould length.

VS was assessed 14 days after casting by measuring specimen dimensions with a 0.01 mm-resolution caliper. For each cube, 16
measurements were taken, twelve on the lateral faces along the three orthogonal axes and four along the edges, to obtain mean
directional dimensions and calculate specimen volume. Three specimens per mixture were tested, and volumetric shrinkage was
expressed as the relative change between the measured and initial volumes.

The flexural strength was determined in accordance with EN 1015-11 [61] using a Shimadzu universal testing machine with a
capacity of 300 kN, equipped with a 5 kN load cell and a loading rate of 5 N/s. Compressive strength was determined using the same
equipment, under a controlled loading rate of 50 N/s, with a 5 kN load cell.

To assess post-failure moisture content, following the compressive strength test, the fractured parts of each specimen were
immediately sealed in plastic bags to prevent evaporation. The moisture content after failure was then determined by the oven-drying
method, at 100 + 5 °C, until constant mass was achieved.

2.5. Statistical assessment

The statistical significance of the observed differences was assessed using Welch’s t-test, which was selected because it does not
assume homogeneity of variances and is appropriate for small sample sizes and unequal dispersions. Two comparisons were per-
formed: (i) porosity between cubic and rectangular specimens and (ii) LS between 7 and 14 days. For each formulation, we report the
difference between means (A mean), the t statistic, the degrees of freedom (df) adjusted using the Welch-Satterthwaite approximation,
and the p-value, adopting a 5% significance level. Accordingly, p < 0.05 was interpreted as evidence of a statistically significant
difference between the compared conditions, whereas p > 0.05 was interpreted as no statistical evidence of a difference under the
evaluated conditions. For further details on the test’s mathematical foundations, p-value computation, and limitations related to
multiple comparisons, the reader is referred to Garcia-Pérez [62].

3. Results and discussion
3.1. Materials properties

Particle-size distribution curves are shown in Fig. 4, and the corresponding size fractions and density values are summarised in
Table 4. The three earth differ markedly in granulometric composition. Lv is the finest material, with the highest clay fraction, followed
by Bh, whereas Rm contains a substantially lower clay content and a greater proportion of coarser particles.

The mineralogical composition obtained is presented in Table 5. Results show that Lv, derived from basaltic parent material, is
characterized by a predominance of kaolinite (56.3 wt%), gibbsite (16.9 wt%), and iron oxides, mainly hematite (18.6 wt%) and
maghemite (4.6 wt%). This assemblage is typical of highly weathered lateritic soils, where the leaching of silica and alkalis results in
the enrichment of aluminium and iron residual phases. The presence of minor anatase (TiO3) further supports an advanced stage of
tropical weathering under warm and humid conditions [36,63-66].
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Fig. 4. Particle size distribution of sand, Lv, Bh, and Rm earth.
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Table 4

Size fractions, particle and loose bulk density.

Journal of Building Engineering 125 (2026) 116109

Material Clay (%) [<0.002 mm] Silt (%) [0.002-0.06 mm] Sand (%) [0.06-2.36 mm] Particle density (g/cms) Bulk density (g/cm3)
Lv 72 22 6 2.958 1.117
Bh 51 28 21 2.647 0.899
Rm 21 71 8 2.627 0.790
Sand 100 2.995 1.573
Table 5
Mineralogical composition of samples, expressed in weight percentage.
Mineral Mineral group Chemical composition Samples (wt.%)
Earth Sand
Lv Bh Rm
Kaolinite” Phyllosilicates (1:1 kaolinite) Al,Si>05(0H)4 56.3 62.3 20.5
Clinochlore® Phyllosilicates (2:1:1 chlorite) (Mg,Fe2 M)5A1(SisA1)010(OH)g - - 10.6 -
Montmorillonite® Phyllosilicates (2:1 smectite) (Na,Ca)o.3(AL,Mg)2Si4010(OH)2-nH,0 <0.1 1.2
Vermiculite” Phyllosilicates (2:1 vermiculite) Al,Si,05(0H),4 1.6 -
Calcite Carbonates CaCO3 - - 0.6
Gibbsite Hydroxides Al(OH)3 16.9 12.8
Goethite Hydroxides FeO(OH) 11.2 -
Hornblende Inosilicates (amphiboles) Cay [Mg4(Al,Fes+)]Si7A1022(OH)2 <0.1 -
Diopside Inosilicates (pyroxene) CaMgSi»O¢ - 20.9
Anatase Oxides TiO, 1.3 -
Hematite Oxides Fe,03 18.6 0.8
Maghemite Oxides Fe,03 4.6 -
Magnetite Oxides Fe304 - <0.1 -
Muscovite Phyllosilicates (mica) KAl(Si3Al)10(OH,F), - - 4.7 -
Quartz Tectosilicates SiOo 2.4 11.5 16.9 2.1
Albite Tectosilicates (feldspar) NaAlSi3;0g - - 31.4 -
Anorthite Tectosilicates (feldspar) CaAl,Si;Og - - - 18.9
Labradorite Tectosilicates (feldspar) (Ca,Na)(Si,Al)4,0g - - - 56.3
Microcline Tectosilicates (feldspar) KAISi30g - 1.5 14.3 -

4 Clay minerals.

The Bh mineralogical composition is dominated by kaolinite (62.3 wt%), with significant gibbsite (12.8 wt%) and goethite (11.2 wt
%), accompanied by minor quartz (11.5 wt%) and microcline (1.5 wt%). Compared to Lv, Bh presents a slightly lower degree of
oxidation (hematite being replaced by goethite), indicating a more hydrated and moderately oxidizing environment during soil for-
mation [67]. In contrast, the Rm exhibits a markedly different mineralogical signature. It is dominated by feldspars, especially albite
(31.4 wt%) and microcline (14.3 wt%), along with chlorite (10.6 wt%) and quartz (16.9 wt%). The lower kaolinite content (20.5 wt%)
and the occurrence of minor vermiculite (1.6 wt%) indicate a heterogeneous and less weathered material, with a significant fraction of
primary silicate minerals preserved from the parent rock [68]. The clay mineral assemblages reflect distinct degrees of weathering
among the earth samples.

In terms of the clay minerals, Lv and Bh are both dominated by kaolinite, associated with gibbsite and iron oxides/hydroxides,
indicating advanced lateritic weathering and the formation of low-activity clays typical of mature tropical soils. These minerals confer
low plasticity, limited swelling, and high structural stability to the materials [69,70]. In contrast, the Rm sample exhibits a more
heterogeneous and less evolved clay fraction, comprising kaolinite, chlorite, and minor vermiculite. This composition suggests
incomplete mineral alteration and mixed-layer clay formation, consistent with its origin as a fine residue from the washing of gneiss
aggregates.

The basaltic sand is composed mainly of labradorite (56.3 wt%), diopside (20.9 wt%), and anorthite (18.9 wt%), confirming its
mafic and crystalline nature. The relative absence of clay minerals and the prevalence of plagioclase and pyroxene phases characterize
it as a chemically stable and non-plastic material, playing a passive role in the mineralogical composition of the earthen mortars.

TGA/DTA graphs and the derivative thermogravimetric curve (DTG) of the raw material are presented in Fig. 5.

Results show that the total mass loss of the Lv sample, from room temperature up to 1000 °C, was approximately 18.2%. The first
mass-loss event, occurring between 180 °C and 350 °C, is associated with the dehydroxylation of gibbsite [71,72]. In contrast, the main
mass loss, registered between 350 °C and 560 °C, corresponds to the dehydroxylation of kaolinite and its transformation into meta-
kaolinite, confirming the predominance of 1:1 phyllosilicates in the sample [73]. The Bh sample exhibited a similar thermal pattern
and a very similar total mass loss (18.1%). Its DTG curve reveals the decomposition of goethite between 300 °C and 380 °C [74],
followed by a central endothermic peak within the same range observed for kaolinite (350-560 °C), consistent with its kaolinite
content. In contrast, the Rm sample displayed a single broad mass-loss event (5.3%) with a weak endothermic signal, indicating a low
clay mineral content. Nonetheless, the subtle dehydroxylation feature between 350 °C and 560 °C suggests the presence of residual
kaolinite in minor quantities, as revealed in XRD analysis. The basaltic sand presents a total mass loss of approximately 1%, a result
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consistent with the mineralogical composition identified by XRD. The slight exothermic event, with a peak around 500 °C, is associated
with the decomposition of minor calcite and montmorillonite traces, present in small amounts, since the primary minerals of the
basaltic sand are thermally stable up to about 900-1000 °C [68,75].

The DTA curves of the samples are consistent with the DTG mass losses, except for samples Lv and Bh, which show an exothermic
peak at ~900 °C attributed to the formation of a spinel aluminosilicate [76].

3.2. Fresh state mortars properties

Table 6 shows the fresh-state properties of the mortars, namely flow table consistence and wet density, for sets 1 and 2. Fig. 6
summarizes the relationships between clay content, fluidity index (FI), and wet density of the studied mortars. Since two experimental
sets were carried out for each mix of each earth, Fig. 6 combines the parameters obtained from both sets.

Fig. 6a illustrates the effect of clay fraction on FI, showing a clear inverse relationship between the variables, with higher clay
fractions leading to lower FI values. This trend indicates that mortars with elevated clay content require substantially more water to
reach the target workability. For example, mortars produced with the Rm earth (low clay content, 7-21%) exhibit FI values above 700,
corresponding to relatively low water demands to achieve the desired consistence. In contrast, mortars prepared with Bh and Lv earth
(13-72% clay) exhibit progressively reduced FI values, indicating that higher water contents are required to compensate for the
increased surface area and water absorption capacity of the clay minerals. These findings highlight the critical influence of clay content
on water demand and workability: while clay-rich earth improve cohesion, they significantly reduce fluidity, as also observed by Luiz
et al. [8]. Fig. 6b shows a strong positive correlation between FI and wet bulk density, which ranged from 1.66 to 2.22 g/cm?>.

Denser mortars consistently exhibited higher FI values for the same target consistence, and the regression coefficients confirm the
robustness of this trend across the three earth types. As summarised in Table 1, these density values fall within the general range
(1.4-2.1 g/cm®) reported in the literature. Fig. 6¢ integrates clay content, FI, and wet density into a contour map for all mortars. The
colour gradient illustrates how composition affects consistence and density, helping identify compositional ranges that achieve
adequate workability with balanced water demand.

3.3. Porosity and bulk density of mortars

Fig. 7 presents the total open porosity (Fig. 7a) and bulk density (Fig. 7b) of the mortars measured on cylindrical and rectangular
specimens. Total porosity ranges from 28.8% to 48.4%, with the highest values observed in the more clay-rich reference mixtures
(>43%). These values are consistent with those reported by Santos et al. [5] (31.5%), Randazzo et al. [31] (34,1%), McGregor et al. [3]
(33%) and Lima et al. [34] (33.9%) for mortars containing 19-31% clay. Most mortars in Table 1 present porosity between 20 and
30%, typical of coarser composites with lower clay contents. In this study, the most porous mixtures (>35%) correspond to finer
particle-size distributions, while increasing the sand fraction (1:1 to 1:3) leads to a progressive reduction and stabilisation of porosity
around 35-40%. Mortars formulated with Rm earth, characterised by lower clay contents, show the lowest porosity (28.8-33.4%).
Differences between cylindrical and rectangular specimens are small and generally within experimental variation, suggesting that
composition was the dominant factor controlling porosity within the present experimental programme. However, these results should
be interpreted with caution, since the specimen geometries were prepared using different moulding and compaction procedures and,
therefore, do not directly reproduce the manual application of a plaster onto a wall by trowelling. Accordingly, the porosity and density
values reported here should be understood primarily as comparative indicators of the influence of composition under controlled
laboratory preparation conditions, rather than as direct estimates of in-service plaster microstructure.

Bulk density follows the inverse trend, ranging from 1.42 to 2.03 g/cm>. Lower densities occur in clay-rich reference mortars,
whereas sand-rich Rm mortars reach the highest values. Although literature values (Table 1) typically vary from 1.57 to 1.91 g/cm®,
the higher densities observed here (>1.90 g/cm?®) reflect the naturally denser Lv and Bh earth and the use of basaltic crushed sand
(particle density 2.995 g/cm?), which exceeds the densities of river sands used in many studies. As with porosity, density differences
between specimen geometries are limited (<0.03 g/cm®), but they should be interpreted in light of the distinct specimen preparation

Table 6

Fresh mortar flow table consistence and wet density.
Mortar Flow table consistence (mm) Wet density (g/cm3)

Set 1 Set 2 Set 1 Set 2

Lv-Ref 174+ 1 - 1.68 -
Lv-1 175+ 2 165 + 3 1.93 1.95
Lv-2 179 +1 178 £ 0 2.00 2.06
Lv-3 180 + 2 179+ 1 2.06 211
Bh-Ref 169 + 2 - 1.66 -
Bh-1 178 +1 169 +1 1.93 1.94
Bh-2 179 £ 2 175+ 2 2.03 2.05
Bh-3 180 + 2 173+ 2 2.09 2.10
Rm-Ref 178 £ 2 - 1.74 -
Rm-1 178 +£ 3 174 + 2 2.09 2.08
Rm-2 172+ 2 181 +3 2.22 2.21
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procedures adopted.

Complementing the analyses in Figure 7, Figure 8 confirms a strong inverse linear relationship between bulk density and total
porosity across the three mortar groups.

Fig. 8b and c further show that, despite compositional differences among the earth, lower clay content and higher FI consistently
lead to higher bulk density and reduced porosity, indicating more efficient particle rearrangement and compaction during moulding.
These trends are confirmed within each group: in Lv mortars, bulk density increases from 1.6 to 1.9 g/cm® while porosity decreases
from 43-48% to 37-39% as FI rises and clay content decreases. Similar behaviour is observed in Bh and Rm mixtures, where density
increases from 1.4 to 1.5 to 1.9-2.0 g/cm® and porosity drops from ~48% to 29-37%. These values quantitatively illustrate the re-
lationships identified in Figure 8b and c and reflect the lower water demand and more efficient particle packing of mortars with
reduced clay fractions. Therefore, the relationships shown in Fig. 8 are considered robust in relative terms, as they consistently reflect
the effects of clay fraction, water demand and packing efficiency, although absolute porosity and density levels may differ from those
developed under real wall application conditions.

3.4. Linear and volumetric shrinkage of mortars

Fig. 9 shows the 14-day evolution of LS for circular specimens (c) and the mean 14-day LS values for prismatic sand-stabilised
mortars (p). During the first day, LS ranges from 1.0 to 2.3%, with reference mortars showing the highest values, although no clear
trend is observed among the sand-corrected formulations. Most deformation occurs within the first seven days, followed by a stabi-
lisation phase in which variations remain below 0.1%, consistent with the early normal-shrinkage stage described by Leong and Wijaya
[771 and the behaviour reported by Deliniere et al. [27] and Narloch and Woyciechowski [78]. This rapid stabilisation indicates that
water loss and particle rearrangement are largely completed during the early curing period.
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At 14 days, LS ranges from 2.9% to 10.7%, with the highest values observed in the clay-rich reference mortars and the lowest in the
sand-rich ones. The magnitude of reduction depended on both earth type and mix ratio: the 1:1 proportion produced moderate de-
creases (40-49% for Lv and Bh, respectively), while the 1:2 mixes achieved more substantial reductions (52-59% for Lv and Bh,
respectively), representing an effective balance between shrinkage control and formulation feasibility. The most significant im-
provements occur in the 1:3 mortars of Lv and Bh, where shrinkage decreases by 67-71% (Bh-Lv), reaching values of nearly 3%. For
Rm, characterised by lower clay content, the maximum reduction is 54% in the 1:2 mortar. These results align with the literature [24,
27,32], which consistently identifies the clay fraction as the primary driver of shrinkage in earthen composites.

The LS values obtained in this study reached up to 10.7%, corresponding to the upper limit of the 3-12% range reported by Minke
[571 for earthen mortars and bricks. Hamard et al. [32] reported LS values between 4% and 17% for French clays with clay contents
ranging from 3% to 18%, whereas most studies compiled in Table 1 reported LS values below 4%, particularly for formulations richer
in coarse particles or low-activity clays. Gomes et al. [24] obtained LS values below 1.5% using illitic-kaolinitic clays, with clay
contents between 10% and 19%. These results were substantially lower than those measured for the tested Lv-3 and Bh-3 mortars, with
earth which are predominantly kaolinitic and rich in iron oxides, with clay contents of 18% and 13%, respectively. The LS values of
3.1% for Lv-3 and 2.9% for Bh-3 therefore indicate a markedly higher shrinkage compared to the results of Gomes et al. [24], despite
the similar clay contents. Likewise, the values obtained in the present study are slightly higher than those reported by Deliniere et al.
[27], who worked with earth containing 8-11% clay and recorded LS between 1.5% and 2.5%.

From a practical standpoint, these results are particularly relevant because, even after sand correction, most LS values remain
above the 2% limit established by DIN 18947 [23] for earthen plasters. This indicates that, although sand addition substantially
improves dimensional stability, shrinkage-related cracking may still represent a significant application constraint, especially for
clay-richer formulations. In practical terms, these mortars may require stricter control of substrate suction, layer thickness, drying
conditions and workmanship during wall application, and in some cases additional formulation adjustments may be needed to reduce
cracking susceptibility. Therefore, the present results highlight that compliance with shrinkage limits cannot be assumed solely from
sand correction and must be verified for each earth type, particularly with tropical materials with fine and cohesive matrices.

Among the mortars analysed, Rm-2 exhibits the highest shrinkage relative to its clay content, despite presenting the lowest clay
fraction of all samples (7%). This behaviour is attributed to its more active clay fraction, composed of 2:1 minerals such as chlorite and
vermiculite, which display interlayer swelling capacity. For mortars with similar clay contents to Rm-2, other authors have reported
significantly lower shrinkage values, typically below 1.5% or even near zero, as observed by Santos et al. [5], Deliniere et al. [27], and
Pachamama et al. [17]. These comparisons further reinforce the influence of mineralogical composition over total clay percentage,
demonstrating that 2:1 clays, even in small proportions, can substantially increase linear shrinkage in earthen mortars.

These other studies, conducted with non-tropical earth from Portugal and France, contrast with the tropical earth types Lv and Bh
investigated here. As noted by Pachamama et al. [17], Portuguese earthen mortars with similar sand additions and clay fractions tend
to exhibit lower LS than Brazilian ones, a difference attributed to the mineralogical composition of Mediterranean soils, which are
characterized by lower expansivity and a higher liquid limit due to reduced silt content. The Lv and Bh earth types, though dominated
by kaolinite, also contain iron oxides, imparting a fine and cohesive microstructure that enhances capillary tension and drying
sensitivity. As a result, even with moderate clay contents (approximately 18% for Lv-3 and 13% for Bh-3), both mortars show slightly
elevated shrinkage compared with European counterparts.

Comparison of the two specimen types (c and p) allows assessing the influence of ambient humidity on shrinkage. In the Lv mortars,
LS in prismatic specimens is slightly lower for Lv-1 and Lv-2, indicating greater sensitivity to humidity in the clay-rich mixtures, while
Lv-3 shows equivalent values in both conditions, reflecting reduced sensitivity at lower clay contents. The behaviour of the Bh mortars
is less uniform: Bh-1 exhibits similar LS in both environments, Bh-2 shows slightly lower values in prismatic specimens, and Bh-3
follows the trend of Lv-1, with reduced shrinkage under high humidity. For the Rm mortars, LS values are nearly identical across
environments, with extensive overlap of error bars, confirming minimal hygroscopic sensitivity and high dimensional stability.
Overall, the influence of ambient humidity increases with clay content and plasticity: Lv and Bh mortars respond more strongly to
drying conditions, whereas Rm mortars remain largely unaffected due to their lower clay content and higher sand proportion. For this
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reason, LS alone is not sufficient to fully describe the dimensional instability of the mortars, and its interpretation is complemented by
the volumetric shrinkage results discussed below and summarised in Table 7.

Fig. 10 and Table 7 show that VS is systematically higher than LS for all formulations, reflecting the three-dimensional nature of
drying contraction. This systematic comparison confirms that VS is a more sensitive parameter than LS, since it captures shrinkage
differences among formulations more clearly and reveals volumetric changes that are only partially reflected in one-dimensional
measurements. As observed by Gomes et al. [24], LS alone may underestimate the total magnitude of drying deformation, particu-
larly in clay-rich mortars. The relative reductions in VS at 14 days show clear differences among earth types and sand ratios. For Lv, VS
decreases progressively with sand addition, from 37% (1:1) to 60% (1:2) and 79% (1:3), indicating a strong and continuous stabilizing
effect. Bh mortars follow the same trend, with substantial reductions of 53% (1:1), 62% (1:2) and 70% (1:3). In contrast, Rm shows a
more limited response, with reductions of 42% (1:1) and 51% (1:2). The absolute VS values obtained in this study fall within the broad
range reported in the literature, where volumetric shrinkage generally varies from about 2.5% to 22%, depending on clay content and
mineralogy [24,25].

The VS/LS ratio in this study ranges from 2.0 to 3.3, confirming that volumetric shrinkage is two to three times greater than linear
shrinkage. For Lv and Bh, this ratio decreases with sand addition, indicating that stabilisation reduces both the magnitude of defor-
mation and its directional anisotropy. Mineralogy largely governs these trends. Rm mortars exhibit the highest VS/LS ratios (>3.0),
which remain stable or increase with sand incorporation. This behaviour is attributed to the presence of clinochlore and vermiculite,
whose swelling mechanisms - external surface hydration for clinochlore and interlayer expansion for vermiculite - promote significant
volumetric deformation even when LS remains moderate [79-81]. Their combined action in a feldspathic—chloritic matrix leads to the
atypical combination of low LS and high VS observed in the Rm group.

In contrast, Lv and Bh mortars, dominated by kaolinite and iron oxides, show progressively lower VS/LS ratios with increasing
sand. Kaolinite’s stable 1:1 structure limits swelling, while iron and aluminium oxides promote particle aggregation and micro-
structural cementation [82-85], reducing pore collapse and capillary-induced deformation. As a result, these mortars exhibit more
moderate and directional shrinkage, differing from the more isotropic volumetric response seen in Rm mortars.

Fig. 11 shows the relationships between bulk density and LS (Fig. 11a) and VS (Fig. 11b) for the Lv, Bh, and Rm mortars, with
dashed lines indicating the linear fits. In general, both shrinkage parameters decrease with increasing bulk density, indicating that
denser mixtures undergo smaller dimensional changes during drying. Lv mortars exhibit the highest shrinkage values due to their
lower density and higher clay content, whereas Bh and Rm mortars show reduced shrinkage, reflecting greater compactness and
structural stability.

Although this trend is general, mineralogy modulates its intensity. In kaolinite and iron oxide-rich mortars (Lv and Bh), reduced
porosity corresponds to limited shrinkage due to the non-expansive nature of kaolinite and the cementing effect of oxides. In contrast,
in the Rm mortars, despite their higher density, the presence of expansive minerals such as vermiculite and clinochlore promotes
localized swelling and internal stress development, which may offset the stabilizing effect of densification. This behaviour reinforces
the importance of considering VS together with LS when assessing shrinkage sensitivity, since one-dimensional measurements alone
may underestimate the extent of drying deformation in mortars containing mineral phases capable of promoting volumetric instability.

3.5. Mechanical characterization of mortars

Fig. 12 presents the mean FStr and CStr values of the mortars. Reference mortars were excluded due to excessive shrinkage. Larger
standard deviations in the Lv and Bh groups indicate higher sensitivity to microstructural heterogeneity and moisture variation, while
Rm mortars show more consistent responses.

The variability observed in mechanical performance arises partly from minor differences in specimen preparation and micro-
structural heterogeneity, but it is mainly driven by moisture differences among specimens stored under high-humidity conditions.
Although all samples were moulded using the same procedure, small variations in grain distribution, clay content and porosity,
combined with slight temperature and humidity gradients in the chamber, caused each specimen to absorb moisture differently. As a
result, moisture contents within the same mortar group varied by 0.7-1.7%, producing significant differences in degree of saturation.

Table 7
Summary comparison between 14-day linear shrinkage (LS) and volumetric shrinkage (VS), including their relative reductions with respect to the
reference mortars.

Mortar LS (%) VS (%) VS/LS LS reduction vs. reference (%) VS reduction vs. reference (%)
Lv-Ref 10.7 £ 0.3 29.7 £ 0.5 2.8 - -
Lv-1 6.4 + 0.4 18.7 £ 1.0 2.9 40 37
Lv-2 51+04 12.0 + 0.4 2.4 52 60
Lv-3 3.1+0.2 6.3 + 0.6 2.0 71 79
Bh-Ref 8.7+ 0.1 245 +1.1 2.8 - -
Bh-1 44 +0.3 11.4 + 0.4 2.6 49 53
Bh-2 3.6 £0.2 9.4+ 0.1 2.6 59 62
Bh-3 2.9+ 0.2 7.4 +1.0 2.6 67 70
Rm-Ref 6.3 + 0.4 19.4 £ 1.3 3.1 - -
Rm-1 3.6 £0.2 11.3+ 0.5 3.1 43 42
Rm-2 29+ 0.2 9.5+ 1.2 3.3 54 51
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Fig. 10. Linear shrinkage, volumetric shrinkage, and VS/LS ratio of earthen mortars at 14 days. Error bars represent standard deviation (n = 3).
Comparisons between LS and VS should consider that these parameters were obtained from different specimen geometries prepared under distinct
moulding/compaction procedures.

These variations directly affect strength, since water content controls particle bonding and effective stress in the porous matrix
[86-88]. Thus, specimens with identical mix proportions can exhibit different mechanical responses simply due to differences in
residual moisture at the time of testing.

In unsaturated earthen materials, the coexistence of air and water in the pore network generates negative pore-water pressure
(matric suction), which governs key behaviours such as swelling, shrinkage and mechanical strength under different moisture con-
ditions [89]. The degree of saturation (Sr) is therefore a fundamental parameter, as it reflects the proportion of pore volume filled with
water and directly controls the interparticle forces responsible for cohesion, stiffness and load-bearing capacity. Sr expresses the ratio
between the volume of water (V;,) and the total void volume (V) in a soil/earth mass and can be estimated indirectly from measurable
physical parameters using Eq. (1), where w is the gravimetric water content (ratio between the mass of water and the mass of solids), ps
is the particle density of soil (g/cmg), e is the void ratio (ratio between the volume of voids and the volume of solids), and p,, is the
density of water, considered as 0.998 g/crn3, corresponding to a temperature of 20 °C.

Sr= PsW Eq. 1
Pu-e

To demonstrate how moisture fluctuations affect mechanical performance, Fig. 13 shows the individual FStr and CStr values of the
Lv (Fig. 13a), Bh (Fig. 13b) and Rm (Fig. 13c) mortars as a function of Sr. The dashed lines correspond to linear fits, highlighting how
closely the experimental data follow the moisture-strength trend.

The Lv and Bh groups (Fig. 13a and b) show similar moisture-strength trends. At low Sr (high matric suction), CStr is higher than
FStr in the Lv-1 and Bh-1 mortars; however, as Sr increases and suction decreases, the curves intersect and FStr becomes higher (more
clearly in Lv-1). In Lv-3 and Bh-3, the curves converge and local regions with FStr > CStr appear, although the crossover is less evident
in Bh-3. For the intermediate mixes (Lv-2 and Bh-2), the lines do not intersect within the measured Sr range, but their progressive
approximation suggests that inversion could occur under slightly lower saturation. These behaviours confirm that matric suction
(inversely related to Sr) governs the relative magnitude of FStr and CStr: as suction decreases, CStr drops more sharply than FStr, as
previously observed by Ajaz & Parry [90]. Consequently, when averaging results from specimens stored under high humidity (without
explicitly accounting for variations in Sr) mean FStr values tend to exceed mean CStr, as seen in Fig. 12. This indicates that compressive
strength is more sensitive to suction loss than flexural strength under humid conditions.

A plausible explanation for this behaviour is that compressive strength in unsaturated earthen mortars depends more strongly on
the contribution of matric suction and capillary bonding to the effective confinement of the granular-clay skeleton. As saturation
increases, the progressive reduction of suction weakens meniscus forces at particle contacts and reduces the apparent cohesion that
stabilises the load-bearing network, leading to a marked loss of compressive resistance. In flexure, although suction also contributes to
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Fig. 12. Flexural strength (FStr) and compressive strength (CStr) of mortars at 14 days as a function of clay content (Cc, right axis). Error bars
represent standard deviation (n = 4). Horizontal reference lines indicate strength thresholds from DIN 18947 and EN 998-1.

strength, failure is governed by tensile cracking localised in a narrower zone, and the residual interparticle bonding may remain
sufficient to sustain moderate FStr values even after substantial suction loss. Under high-humidity conditions, this differential
sensitivity causes CStr to decrease faster than FStr, which can result in local or average cases where FStr exceeds CStr, which is positive
for plastering mortars. Therefore, the inversion observed here should not be interpreted as an anomalous intrinsic superiority of
flexural performance, but rather as a consequence of the distinct way in which increasing saturation affects the two failure modes in
unsaturated earthen mortars.

In the literature, CStr of earthen products is generally reported to be higher than FStr [5,15,24,27,30,91], as is also common for
many other building products. The results obtained here differ from this usual trend, which is likely related not to a fundamentally
different failure mechanism, but to the high-humidity condition under which the specimens were tested and to the greater sensitivity of
CStr to suction loss in the unsaturated state. Typically, previous studies evaluated specimens under intermediate temperature and
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humidity conditions (23 + 2 °C and 50 + 5% RH), in which equilibrium with the environment corresponded to relatively low moisture
contents, thus representing low degrees of saturation. In contrast, the present study investigates specimens under high-humidity
conditions, where the pores of the mortars are partially filled with water, characterizing an unsaturated state. In this regime, suc-
tion contributes to strength through both the tensile effect associated with negative pore-water pressure and the capillary bonding
generated by water menisci at the air-water interface, which together form an important part of the apparent cohesion of unsaturated
earthen materials [29].

Considering the individual FStr and CStr values with respect to the DIN 18947 [23] limits - class SI (CStr >1.0 MPa; FStr >0.3 MPa)
and class SII (CStr >1.5 MPa; FStr >0.7 MPa) - the mortars show distinct performance patterns across the three earth types. In the Lv
group, only Lv-1 reaches CStr values above 1.0 MPa, satisfying class SI and locally approaching the 1.5 MPa threshold of class SII,
though only at lower saturation levels (=50%). Lv-2 and Lv-3 remain below 1.0 MPa and therefore do not meet the compressive
criterion. All Lv mortars show FStr above 0.3 MPa (class SI), with only Lv-1 locally reaching the 0.7 MPa limit for class SIIL. In the Bh
group, Bh-1 displays the highest strengths: all FStr values are above 0.7 MPa (SII), and CStr values exceed 1.0 MPa (SI), although none
reach 1.5 MPa. Bh-2 and Bh-3 satisfy the SI flexural criterion (0.3-0.7 MPa), but their CStr remains below 1.0 MPa. In the Rm mortars,
no sample meets the CStr requirements for SI or SII, as all compressive strengths remain below 1.0 MPa across the tested saturation
range. However, FStr consistently surpasses 0.3 MPa (SI), and several points approach or slightly exceed 0.7 MPa, partially meeting the
SII flexural limit. However, in comparison to the EN 998-1 [92] standard for plastering and rendering mortars, all mortars meet the
lower limit of 0.4 MPa in their average CStr values (Fig. 12).

The mortars Lv-3, Bh-3, and Rm-2, comparable in clay content to the Brazilian formulation evaluated by Pachamama et al. [17],
show average FStr values of 0.74 MPa, 0.84 MPa, and 0.64 MPa, and CStr values of 0.65 MPa, 0.60 MPa, and 0.52 MPa, respectively.
FStr values obtained in the present study are higher than those reported by Pachamama et al. [17] (0.4 MPa), even though the
specimens in the present work have been tested under high-humidity conditions, which are generally unfavourable for mechanical
performance. Conversely, CStr of the mortars developed in the present study are slightly lower than that reported by Pachamama et al.
[17] (0.7 MPa). Overall, the comparison suggests that the tropical earth examined here exhibit mechanical stability under wet con-
ditions comparable to or exceeding that of Brazilian reference earth tested in the dry state [17]. This comparison reinforces that the
relative balance between FStr and CStr is strongly moisture-dependent and that, under wet unsaturated conditions, compressive
performance may deteriorate more severely than flexural one.

Table 8 presents the slope (a), intercept (b), coefficient of determination (R?) and the 95% confidence interval of the slope for the
linear fits shown in Fig. 13. Overall, the fitted slopes are negative for both FStr and CStr in all mortar groups, indicating a general
tendency for strength to decrease as the degree of saturation (Sr) increases. This behaviour is consistent with the strong influence of
moisture on the mechanical performance of unstabilised earthen mortars, since increasing water content reduces matric suction and
weakens capillary forces, thereby lowering apparent cohesion and strength [4,28,29,86-89,91]. However, the confidence intervals
show that the robustness of this linear relationship varies among mortars and between strength metrics. In several cases, the 95%
confidence interval of the slope includes zero, indicating that, although the fitted trend is negative, the strength of the Sr-strength
relationship should be interpreted with caution. For a more detailed visual representation of the uncertainty associated with the fitted
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Table 8
Flexural (FStr) and compressive (CStr) strengths linear fitting parameters as a function of degree of saturation (Sr), including 95% confidence in-
tervals for the slope.

Mortar FStr CStr
a [CI95%] b R? a [CI95%] b R?

Lv-1 —2.59 [-9.05; 3.88] 2.50 0.60 —7.87 [-17.64; 1.90] 5.64 0.86
Lv-2 —2.60 [-5.76; 0.57] 212 0.99 —4.61 [-5.60; —3.62] 2.92 1.00
Lv-3 —1.25 [-2.53; 0.03] 1.25 0.90 —3.45 [-5.67; —1.23] 2.00 0.96
Bh-1 —3.48 [-6.77; —0.18] 3.06 0.91 —~10.93 [-25.14; 3.28] 7.23 0.85
Bh-2 —4.02 [-8.53; 0.49] 2.89 0.88 —5.34 [-13.21; 2.52] 3.23 0.81
Bh-3 —2.59 [-6.74; 1.55] 1.93 0.78 —6.76 [-8.54; —4.99] 3.42 0.99
Rm-1 ~0.13 [-1.53; 1.27] 0.74 0.08 ~0.15 [-0.54; 0.25] 0.61 0.56
Rm-2 —0.05 [-1.58; 1.48] 0.66 0.16 —0.53 [2.54; 1.47] 0.76 0.92

Note: Linear fits were expressed asy = a*S, + b, where a is the slope and b is the intercept. Values in brackets indicate the 95% confidence interval of
the slope.

regressions, including the 95% confidence bands of the mean response, the reader is referred to the Supplementary Material.

In the Lv and Bh groups, the negative effect of Sr is more clearly supported in specific cases, particularly for CStr in Lv-2, Lv-3 and
Bh-3, and for FStr in Bh-1, where the 95% confidence intervals of the slope do not include zero. In the remaining Lv and Bh cases, the
fitted slopes are also negative, but their confidence intervals overlap zero, suggesting greater uncertainty in the magnitude of the
relationship despite moderate to high R? values. This indicates that moisture is an important controlling factor, but that its effect is
modulated by compositional and microstructural differences among mortars.

In contrast, Rm mortars exhibit the weakest dependence of strength on Sr. Their fitted slopes are close to zero for both FStr and CStr,
and all corresponding 95% confidence intervals include zero, indicating that no robust linear dependence on Sr can be inferred from
the present data. This comparatively stable behaviour is consistent with their feldspathic—chloritic composition and lower clay frac-
tion. Clinochlore, a 2:1:1 phyllosilicate with a magnesium hydroxide interlayer sheet, restricts interlamellar swelling and confines
hydration mainly to external surfaces [81], which may help preserve interparticle bonding under wetter conditions. Although small
amounts of vermiculite may introduce some swelling potential [80], the denser and coarser-grained matrix likely limits
capillary-driven stress redistribution. Therefore, for Rm mortars, the results suggest that strength is less sensitive to changes in Sr
within the tested range, although this interpretation should remain cautious given the wide confidence intervals and limited number of
data points.

3.6. Inferential analysis of mortars' group differences

Table 9 summarizes the outcomes of the Welch’s t-tests performed to evaluate differences between the assessed conditions. For
each mortar, the table reports the difference between means (Am), the t statistic, the Welch-Satterthwaite degrees of freedom (df), and
the corresponding p-value for (i) porosity and (ii) LS when comparing 7 versus 14 days.

Statistically significant differences in porosity were observed only between cylindrical and rectangular specimens for Lv-ref, Lv-1,
and Lv-2; the remaining formulations showed no evidence of differences at the 5% level. These findings may indicate a greater
sensitivity of these mixes to moulding conditions. However, the comparison cannot be attributed solely to specimen geometry, as the
preparation protocol differed between specimen types (higher compaction energy for cylindrical specimens and manual compaction
for rectangular specimens). Accordingly, the observed differences reflect the combined influence of specimen preparation and ge-
ometry on porosity, rather than a geometry effect in isolation. Regarding LS, a statistically significant difference was observed only
between 7 and 14 days for Lv-ref, whereas the other formulations showed no evidence of a difference over this interval. The negative

Table 9
Summary of Welch’s t-tests.
Porosity (cylindrical-rectangular) LS (7d-14d)

Mortar Am (%) t df p-value Sig. Am (%) t df p-value Sig.
Lv-ref -5.0 -9.4 2.2 0.011 Yes —0.011 —4.5 4.0 0.011 Yes
Lv-1 —-2.9 —-11.8 4.0 <0.001 Yes —0.001 -0.3 3.8 0.804 No
Lv-2 -1.6 —-2.8 4.0 0.049 Yes —0.001 -0.4 3.7 0.752 No
Lv-3 +0.2 0.3 3.4 0.808 No 0.000 0.00 4.0 1.000 No
Bh-ref 0.0 0.0 2.2 1.000 No 0.000 0.00 2.0 1.000 No
Bh-1 -0.7 -1.2 4.0 0.288 No 0.000 0.00 3.5 1.000 No
Bh-2 0.0 0.0 29 1.000 No —0.001 -0.6 4.0 0.573 No
Bh-3 +1.8 3.7 2.6 0.068 No —0.001 -0.8 2.9 0.520 No
Rm-ref +1.9 3.6 2.2 0.070 No +0.001 0.4 3.7 0.752 No
Rm-1 -0.7 -29 2.2 0.099 No —0.001 -0.8 2.9 0.520 No
Rm-2 +1.1 2.5 2.7 0.129 No —0.002 -1.0 3.5 0.408 No
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Am indicates slightly higher LS at 14 days than at 7 days, suggesting that shrinkage in Lv-ref may continue to develop beyond the first
week under the tested drying conditions. For the remaining mixes, the non-significant results are consistent with LS being broadly
stable after 7 days within the experimental variability for the available sample size. Given n = 3 and the multiple comparisons per-
formed, this finding should be interpreted cautiously and without extrapolation beyond the present test conditions.

4. Conclusions

This study examined physical and mechanical performance of non-binder stabilised tropical earthen plastering mortars produced
from three distinct tropical earth types with diverse clays and contents (Lv and Bh, both highly weathered lateritic soils, and Rm, a fine
residue from gneiss aggregate washing) and total particle-size distributions, changing the content of added sand (proportions of 1, 2
and 3 vol of sand added, in precise mass, to the earth). The results show that clay fraction, mineralogical assemblage, particle packing
and moisture condition jointly control the behaviour of these mortars.

Lv and Bh mortars, characterised by finer fractions and predominance of kaolinite associated with iron and aluminium oxides,
exhibited higher water demand, lower bulk density, higher porosity and greater shrinkage, with these effects being more pronounced
in the reference and 1:1 mortars. Sand correction promoted clear matrix densification and significantly reduced both linear and
volumetric shrinkage, with the strongest effect observed in Lv-3 and Bh-3. However, even the best-performing formulations remained
above 2% linear shrinkage, indicating that shrinkage control remains a key challenge in plaster application. Volumetric shrinkage
proved more sensitive than linear shrinkage, particularly in mortars containing 2:1 clay minerals. Under high-humidity conditions,
compressive strength generally decreased more sharply than flexural strength with increasing saturation, highlighting the strong
moisture dependence of mechanical performance.

Overall, the results indicate that tropical earthen mortars can be technically promising for low-impact plaster applications.
However, their practical use depends on further optimisation of dimensional stability and moisture-sensitive performance. Future
work should therefore focus on formulation improvements, including reinforcement strategies and compatible additions, as well as on
the systematic consideration of moisture state in mechanical assessment. More broadly, the findings show that the performance of
unstabilised tropical earthen plastering mortars cannot be interpreted solely based on earth type or mixture proportions taken
separately, but rather as the result of the combined effects of clay fraction, mineralogical assemblage, sand correction, particle packing,
and moisture condition. In this sense, the study provides a more context-sensitive basis for selecting and formulating earthen mortars
for humid or seasonally wet tropical conditions, while also highlighting the need for further improvements in shrinkage control and
moisture-resilient mechanical performance.
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