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ARTICLE INFO ABSTRACT

Keywords: Sustainable construction materials and local solutions are crucial for meeting urbanisation de-
Poured earth mands in tropical regions like French Guiana. Poured earthen construction, primarily composed
Dispersant

of local soil, offers a cost-effective and environmentally friendly alternative. To ensure good
consistency for pouring, the use of dispersants to deflocculate clay particles is an effective strategy
that reduces water demand while enhancing the material’s physical and mechanical properties.
However, the variability of soil impacts the effectiveness of dispersants and the earth’s material
properties. It is currently unknown how the specific properties of tropical soils can influence the
mix design of poured earth and how it impacts their resulting physical and mechanical charac-
teristics. This work examines the soil properties that could help select suitable soil for poured
earth construction. Four tropical soils of French Guiana were characterised in detail and used to
prepare mortars with varying amounts of water and dispersant (sodium hexametaphosphate). The
consistency and compressive strength of the mortars correlated with the mineralogical and
geotechnical characteristics of the soils. In particular, soils with high levels of metal oxides
produced mortars with the highest compressive strength. Using a dispersant consistently
increased the compressive strength and dry density of the mortars and enabled a reduction in
water content. Importantly, the analysis revealed that two easily measurable soil properties, the
passing at 63 ym and the pH measured in potassium chloride (pH KCI), could predict the me-
chanical properties of the mortars and the amount of dispersant needed. Specifically, the pH KCl
correlated with the proportion of iron and aluminium oxide and showed a positive linear cor-
relation with the compressive strength. Overall, this study identifies easily measurable soil
properties, in particular the pH KCl, for selecting and designing high-performance earth materials
with tropical soils. It offers promising prospects for industrialising poured earth construction.

Tropical soils

1. Introduction

Rapid urbanisation in tropical regions in South America, such as French Guiana or elsewhere in Africa and Asia, requires new
sustainable construction techniques to reduce resource consumption and greenhouse gas emissions [1]. Earth construction represents
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an attractive solution due to its local availability, abundance, minimal environmental impact, and high recyclability [2,3]. Specifically,
the hygrothermal properties of earth materials can improve thermal comfort and reduce the energy required for air conditioning in
tropical regions [4]. Despite the advantages of earthen materials, traditional earth construction techniques are time-consuming,
labour-intensive, and possess reduced mechanical properties and durability. Additionally, they are highly dependent on soil vari-
ability, limiting their widespread adoption in the construction industry [5]. Thus, developing modern earth construction techniques
that adapt to soil variability is critically needed.

Earth materials are primarily composed of soil. Soils are made of gravel, sand, and silt, forming the granular skeleton, and clay, the
finest fraction, that acts as the cohesive binding phase. Soil mineralogical and geotechnical properties are related to their geological
history and can vary significantly, even within a relatively small area [6-9]. As a result, earth materials exhibit inconsistent perfor-
mance. To better understand and control this variability, recent research has focused on identifying essential soil properties critical for
selecting and designing high-strength earthen materials [10-16].

Shrinkage and rheological characteristics of earth materials are strongly correlated with soil properties such as the Atterberg limit,
particle size, and solid volume fraction [10-12,17]. The strength of earthen materials is attributed to capillary forces and ionic in-
teractions between clay particles and are influenced by the soil’s specific surface area and cation exchange capacity [10-12,18].
However, most studies have been performed using moderately weathered soils in temperate climates, and it is unknown whether these
findings also apply to highly weathered tropical soils.

In temperate climates, the clay fraction is usually composed of phyllosilicates and consists of sheets of aluminosilicate carrying a
negative charge on their large basal face. As a result, these soils have a net negative charge and can retain cations, which can be
assessed by the cation exchange capacity or the methylene blue test. By contrast, in highly weathered soils in tropical and humid
climates, the clay fraction typically contains high levels of metal oxides in addition to phyllosilicates, mainly aluminium and iron.
These metal oxides can carry variable charges, either positive or negative, depending on the pH and ionic strength of the soil [19]. In
tropical soils, which typically have acidic pH (pH < 7), metal oxides carry positive charges and absorb onto the negative basal face of
phyllosilicate, causing clay particles to form durable aggregates that reinforce soil structure [19,20]. When metal oxides cover all the
negative charges of phyllosilicate, they can generate a net positive charge. This charge can be measured using the anion exchange
capacity test. However, measuring anion exchange capacity is a complex procedure not commonly conducted in soil laboratories [21].
Alternatively, a simple method comparing the pH in water and in potassium chloride (KCl) provides information on soil charge. In most
soils, the pH is lower in KCI solutions than in water, except for certain acidic, weathered tropical soils where the opposite occurs [22]. A
ApH (pH KCl - pH water) < 0 indicates a net negative charge (cation exchange capacity), while a ApH > 0 indicates a net positive
charge (anion exchange capacity). Measuring soil pH in water and KCl holds promise for rapidly assessing soil charge in tropical soils
[22,23], as shown later in this manuscript.

Poured earth construction is easy to shape and could become a popular alternative to traditional cement concrete [24-28]. Similar
to cement concrete, poured earth construction requires adequate fluidity during the initial stage for casting within formworks, fol-
lowed by rapid solidification. To achieve fluid consistency, earth materials, when used without additives, require a substantial water
content, resulting in low strength and high shrinkage after drying [2,29]. Consequently, dispersants are commonly employed to
deflocculate the clay fraction, enabling fluid consistency, reducing water content, enhancing density and strength, and decreasing
shrinkage [24,30-33]. Dispersants are chemical species that adsorb on the surface of clay particles and generate repulsive forces
between them, leading to deflocculation. Sodium hexametaphosphate (NaHMP) is one of the most commonly used dispersants and has
shown high efficiency in deflocculating various soil types [25,26,29,31,34,35], including tropical soil [9]. However, the efficiency of
NaHMP is highly dependent on the amount used, the type and the quantity of clay [13,32,36,37]. Studies showed that increasing
NaHMP content improved consistency until reaching a maximal deflocculated state, after which further increases had a limited effect
on consistency but notably decreased compressive strength [38]. Therefore, to achieve maximum strength and water reduction in
poured earth, it is necessary to precisely adjust the amount of NaHMP based on the soil type.

The present study aims to identify tropical soil properties that influence the design of poured earth mixes and their resulting
physical and mechanical characteristics. The geotechnical and mineralogical properties of four soils were characterized and used to
prepare mortar with varying concentrations of water and NaHMP. First, the goal was to establish a relationship between soil properties
and the properties of plastic earth mortars made at different levels of water content without dispersant. Second, the effect of increasing
NaHMP content on mortar consistency was evaluated and related to soil properties. Third, poured earth mortars with an adjusted
NaHMP content and a reduced water content was prepared and compared to the plastic earth mortars.

2. Materials and methods
2.1. Materials

2.1.1. Soils and dispersant

Four soils were collected from three different lateritic quarries located along the coast of French Guiana. The soils, named K, S, M1,
and M2, were respectively collected near Kourou, Sinamary, and Mana. According to the geological maps of French Guiana [39], soils
K and S were classified as ancient metamorphic rocks and described as amphibolite and Orapu Schist, respectively. M1 and M2 were
collected from the same quarry used by a local company that provides cement-stabilised compressed earth bricks (SCEBs). These soils
were classified as marine and fluviomarine depositions [39]. These two soils were collected approximately fifty meters apart at similar
depths to assess soil variability within the same quarry. Each soil was air-dried and sieved to a 2 mm size. The remaining clay ag-
glomerates were mechanically crushed with a disaggregating mixer employed in Proctor test NF P94-093 and sieved again. The
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passing 0-2 mm soil was used for all the characterisation and mortar preparation.
Sodium hexametaphosphate (NaPO3)s, 98.0% pure in powder sourced from ThermoFisher, was used as the clay dispersant, and
referred to as NaHMP.

2.1.2. Mix design
Mortars were constituted of different proportions of soil, water and NaHMP. A three-step methodology was proposed to formulate
high-strength poured earth mortars.

1. Establishing the Optimum Water Content OWC: Different plastic earth mortars prepared without dispersant at increasing water
content were characterised. The OWC corresponded to the water content producing the maximum compressive strength of the
hardened mortar.

2. Establishing the optimum NaHMP,p content: The consistency of fresh mortars made at their OWC was tested with increasing
concentrations of NaHMP. The NaHMP,; corresponded to the minimal concentration of NaHMP sufficient to obtain a yield stress of
4 Pa. This yield stress value was based on a previous study that showed that increasing NaHMP concentration decreased the yield
stress until it reached a critical yield stress of 4 Pa, corresponding to the maximum deflocculated state [38]. Beyond this point,
higher NaHMP concentration had a limited impact on yield stress but substantially decreased compressive strength [38].

3. Establishing a suitable pouring water content PWG for a mix of soil and NaHMP,,: The PWC of a mortar composed of soil and
NaHMP,,,; was defined by adjusting the consistency to enable the pouring of the mortar. This consistency was fixed at a yield stress
of 1000 Pa, which enables easy pouring and could be used for vibrated poured walls [40-42].

2.2. Methods

2.2.1. Soil characterisation

All chemical and mineralogical characterisations were performed on crushed samples smaller than 80 ym. The major oxide
composition was evaluated using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES). The loss on ignition (L.O.L.)
was determined at 1000 °C. Soil pH in distilled water and in 1 M KCI (soil solution ratio 1: 2.5) was measured using a standard pH
electrode after 1 h of stirring and 24 h of resting [43].

Crystalline compounds were identified using an X-ray diffractometer (XRD) equipped with a Soller monochromator and a copper
anticathode (A = 1.54 ;\), specifically a Bruker D8 Advance X-ray diffractometer. Thermo-Gravimetric Analysis (TGA) was conducted
on crushed samples heated to 1000 °C at a constant rate of 10 °C/min using a Netzsch SATA 449 F3 Jupiter apparatus.

The particle size was determined using standard methods: XP P94-056 for the coarser fraction (80-2000 um) using dry sieving after
washing and XP P94-057 for the finer fraction (<80 pm) using the hydrometer testing. The Atterberg limit was determined on the
passing at 400 pm according to ISO 17892-12, with the liquid limit determined using the cone penetrometer test. The plasticity index
was calculated by subtracting the plastic limit from the liquid limit. The methylene blue adsorption test was conducted following the
NF P 94-068. The specific surface areas were determined by applying the Brunauer-Emmett-Teller (BET) theory under a nitrogen
atmosphere. The Flowsorb 2300 equipment (Micromeritics) was used to obtain single-point BET surface area measurements.

2.2.2. Mortar preparation and characterisation

All mortars were prepared using the same procedure. The soil was mixed with distilled water for 3 min at a low speed of 62.5 rpm,
followed by 3 min at a high speed of 125 rpm. When NaHMP was used, it was dissolved in distilled water. Subsequently, the con-
sistency of the fresh mortar was assessed by evaluating the mortar yield stress as described in the following section. Afterwards, the
water content was controlled by standard ISO 17892-1. The mixture was poured into lubricated 4x4x16 cm® moulds and stored under
laboratory uncontrolled conditions. Moulds were removed at 72 h, and mortar prisms dried under the same condition until reaching a
stable mass to characterise the hardened mortar.

The fresh mortar consistency was evaluated by measuring the yield stress by conducting two tests: the cone penetrometer test for
the plastic consistency and the slump and spread test for the fluid consistency. The cone penetrometer test, a widely used test to
determine the liquid limits of soils, has proven effective in determining the yield stress of fresh mortar with a plastic consistency [44,
45]. The procedure involved filling a 45 mm high mould with the fresh mortar and dropping a cone (80 g/30°/35 mm height) for 5 s.
The penetration depth is then recorded and used to calculate the yield stress in the 100-0.75 kPa range, as described in [46]. For
accuracy, the fresh mortar paste must be homogeneous, and the largest grain size should not exceed 10% of the cone’s height [45]. The
equation used to calculate the yield stress was described previously [45].

The slump and spread test using the Abrams cone is a standard method to evaluate the consistency of fluid mortar. It has
demonstrated its suitability to evaluate the yield stress of fluid mortar consistency [47]. This study used a reduced-size Abrams cone
with dimensions two times smaller in a homothetic ratio than the standard Abrams cone (height 15 cm, @; =5 cm, @2 =10 cm). The
procedure has been adapted from previous studies [48,49]. It involves moistening the cone, placing it on a flat, wet metal surface,
filling the cone in two layers, each stitched 15 times with a 1.6 cm-diameter metal needle, removing excess mortar and finally, lifting
the cone vertically in less than 2 s and record the final slump and spreading diameter when the flow stops. The slump and spread
measures were used to calculate the mortar yield stress in the range 1500 — 2 Pa as described in [47]. Both tests were performed three
times, and the yield stress’s mean value and standard deviation were calculated. While not exact methods, these methods provide a
reliable measure of the yield stress that can be used to compare samples between experiments.

Several properties of the hardened mortars were measured, including volumetric shrinkage, dry density, and compressive strength.
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The volume and dry density were measured with a calliper ( = 0.05 mm) and balance ( & 0.05 g). Dry density was calculated for the
hardened specimen’s moisture content. Volumetric shrinkage was expressed as the mean percentage volumetric variation between the
fresh and hardened state of the three 4 x 4 x 16 cm® specimens. The compressive strength was tested at a constant speed of 50 N/s and
using a 10 kN or 300 kN sensor, depending on the strength.

3. Results and discussion
3.1. Soil characterisation

3.1.1. Chemical characterisation

The chemical compositions obtained through ICP-AES and loss on ignition at 1000 °C of the four soils studied are presented in
Table 1. As expected for weathered tropical soil, the four soils were mainly composed of silica, and aluminium and iron oxides [6]. Soil
M1 and M2 were collected from the same quarry and had a very similar composition, with high quantities of silica (> 64%) and low
quantities of aluminium (< 16%) and iron oxides (< 10%). By contrast, soils K and S had a lower silica content (< 37%) but higher
aluminium (> 26%) and iron oxides (>19%). A low amount of titanium was also found in all the soils, ranging from 1% to 5%. All the
other studied oxides were either absent or present in very low quantities (<0.5%), with the exception of Magnesium in soil S (0.8%).

The soil pH was measured either in distilled water or in a solution of 1 M KCl. ApH (pH water - pH KCI) was calculated and
presented in Table 1. As expected for tropical soils with heavy rainfall and heavy leaching, the four soils had acidic pH comprised
between 4 and 5.5 either in water or KCl [6]. Measuring the ApH provide an easy measurement of the net charge of the soil. The added
cations (K™) and anions (Cl-) interact with the H, AI>* and OH" terminations of the soil solid surfaces. In negatively charged soils, K*
ions replace H* and AI*' ions on the basal face of the phyllosilicate, lowering the pH and leading to a ApH < 0. By contrast, in
positively charged soils, Cl” ions replace the OH™ present on metal oxides, which increases the pH and leads to a ApH > 0 [22]. Soil K
and S showed a positive ApH, revealing a net positive charge, which is consistent with the high metal oxide content of these two soils.
Conversely, the metal poor M1 and M2 soils showed a negative ApH, indicative of a net negative charge.

Importantly, the total metal oxide content exhibited a strong positive linear correlation with the pH KCl (R? =0.99) but not with the
pH water (R% =0.48) (Fig. 1). A correlation between pH and metal oxide has been observed in several studies on tropical soil [23,
50-52]. It is attributed to the inhibition of acidification generated by amorphous iron, aluminium oxides, and Fe/Al coating on
kaolinite through electrical double-layer interactions [50,53,54]. Importantly, this correlation suggests that a quick and cost-effective
evaluation of the pH KCl could accurately indicate the proportion of metal oxide in tropical soils.

3.1.2. Mineralogical characterisation

The X-ray diffractograms of the four soils are presented in Fig. 2. All the diagrams revealed the strong presence of kaolinite
(Alx(Si205)(OH)4) and quartz (SiO2). Several types of iron and aluminium oxides were observed. Goethite (FeO(OH)) was identified in
soils K, M1, and M2. Al-goethite (Feg g3Aly.170(0OH)) was identified in soil S. Hematite (Fe;O3) was identified in soils M1, M2, and S.
Gibbsite (AI(OH)3) was identified in soils K, M1, and S, diaspore (AIO(OH)) in soil M2 and S. Furthermore, a spinel F (Mg(ALFe)O3)
was identified in soil S and could explain the detectable presence of magnesium measured by ICP-OES (Table 1). Muscovite was also
present in soil S, as confirmed by visually observing shiny grains.

Mineralogical characterisation was completed by thermo-gravimetric analysis (Fig. 3).

In the four soil samples, three ranges of mass loss were identified. The first mass loss occurred between 80 and 160 °C and cor-
responded to the evaporation of water. This hygroscopic water evaporation was greater for soils K and S and was attributed to the high
proportion of iron and aluminium oxides in these soils, which exhibit a strong affinity for water [55]. The second range of mass loss
occurred around 300 °C and corresponded to the dihydroxylation of goethite, gibbsite, and diaspore species. This mass loss showed
higher intensity in soils K and S than in soils M1 and M2, which aligned with the results obtained from the ICP-OES analysis. The third
mass loss occurred around 500 °C and corresponded to the removal of constitutive water from kaolinite as observed in the X-ray
diffractogram. Soil K showed the highest mass loss, followed by soil M2, M1, and S.

A potential mineralogical composition was deducted by combining the chemical composition measured by ICP-OES and L.O.I with
the mineral composition evaluated through X-ray diffraction and thermo-gravimetric analyses (Table 2).

The X-ray diffraction analysis provided qualitative information regarding crystallised minerals in the samples. The chemical
composition and thermo-gravimetric analysis were used for quantitative analysis by assigning certain elements to specific minerals. Of
note, it required strong assumptions regarding the chemical formulas of minerals that can be highly variable. An iterative process was
employed to fulfil the majority of the experimental requirements. Most likely compositions resulting from this process are presented in
Table 2. Soil K was mainly composed of kaolinite and goethite. The two soils collected from the Mana quarry (M1, M2) were highly

Table 1
Soil chemical properties.

SiO, Al,03 Fe,03 MnO MgO CaO Na,O K,0 TiO, P,0s5 LO.1 Total pH water pH KCl ApH

K 28.7 27.0 24.1 0.1 <0.1 <0.1 <0.1 <0.1 4.5 0.1 14.4 98.9 4.96 5.12 0.16
M1 75.4 12.1 6.4 < 0.1 < 0.1 < 0.1 < 0.1 0.1 1.4 <0.1 5.3 100.7 4.96 4.24 -0.72
M2 64.9 15.7 10.0 <0.1 <0.1 <0.1 <0.1 0.2 1.6 <0.1 6.8 99.2 4.58 4.29 -0.29
S 36.1 29.2 19.2 <0.1 0.8 <0.1 0.3 0.3 2.0 <0.1 11.2 99.2 5.32 5.43 0.11
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Table 2
Soil potential mineralogical composition.
K M1 M2 S

Quartz - SiO, 1 62 49 19
Phyllosilicates:
Kaolinite (%) - Alx(Siz05)(OH) 4 61 28 35 34
Muscovite (%) - KAl(AlSi3010)(OH,F), 0 0 0 3
Iron oxides:
Hematite (%) - Fe;03 0 2 4 14-18
Goethite (%) - FeO(OH) 25 5 7 0
Goethite Al (%) - Feg.g3Alp.170(OH) 0 0 0 0-5
Aluminium oxides:
Gibbsite (%) - Al(OH) 3 5 1 0 7-9
Diaspore (%) - AIO(OH) 0 0 2 9-10
Spinel F (%) - Mg(AL Fe)Oz 0 0 0 3
Other oxides: 5 2 2 2
Total phyllosilicates 61 28 35 37
Total metal oxides 35 10 15 35-47

similar and were composed mainly of quartz and kaolinite. On the other hand, soil S demonstrated a more diverse composition, with
approximately one-third of kaolinite and similar quantities of quartz, iron, and aluminium oxide, at around 20% each.

3.1.3. Geotechnical characterisation

Table 3 presents the geotechnical characterisation of the four soils, including particle size, median grain diameter values (D50),
texture, Atterberg limit, methylene blue test, and the specific surface area. Data show mean and standard deviation from three in-
dependent measurements.

(in red: Soil properties exceeding the recommended threshold range).

The particle size distribution of the four soils is presented in Fig. 4.

The clay content ranged from 19.6% to 50.5%, silt from 9.4% to 42.5% and sand from 7.3% to 58.9%. Of important note, the
aggregation of iron and aluminium oxides with kaolinite can result in an underestimation of the clay content in favour of increased silt
and sand contents in iron-rich tropical soils [58,59]. Thus, the high silt fraction of approximately 40% observed in the metal oxide-rich
soil K and S may be an overestimation at the expense of the clay fraction.

The Atterberg limits are often used to assess soil suitability for earthen construction. The plasticity limit represents the water
content needed to transition from a solid to a plastic consistency, and the liquid limits the water content needed to transition from a
plastic to a liquid state. The liquid limit of the four soils ranged from 44.1% to 72.9%, the plasticity limit from 22.3% to 44.9% and the
plasticity index from 15.2% to 30.9%. The particle size and Atterberg’s limits of soil M1 and S fell within the range recommended for
earth construction (Table 3 and [56,57]). For soils K and M2, the clay contents and liquid limits of were above the recommended range,
as highlighted in red in Table 3. However, the liquid limit showed a positive linear correlation with the clay fraction (< 2 um) (R?
=0.92), as previously observed [60]. Thus, supplementing soils K and M2 with sand could be an easy solution to reduce the clay
fraction and the liquid limit in order to align with the recommended ranges.

The specific surface area obtained by the BET theory under a nitrogen atmosphere was comprised between 13 and 41 m?/g for the
four soils. Interestingly, the specific surface area positively linearly correlated with the passing at 63 um (R? =0.97), as observed in
Fig. 5. This outcome is likely attributed to the presence of aggregated clays within the silt fraction (2-63 um) of tropical soils [58,59].
These aggregates, composed of kaolinite with iron and aluminium oxides, have been shown to affect the specific surface [61-63]. This
strong correlation suggests that a fast and cost-effective evaluation of the passing at 63 ym could accurately indicate the specific
surface area of weathered tropical soil.

The methylene blue test quantifies the absorption of methylene blue by 100 g of soil and is commonly used to assess the cation
exchange capacity of clay. Methylene blue generally absorbs on the negatively charged basal surface of phyllosilicates [64] and, thus,

Table 3
Soil geotechnical characteristics.
K M1 M2 S Recommended threshold[56,57]

Clay: < 2 pm (%) 49.7 £ 2.9 31.4+05 42.1 £1.5 19.6 £+ 1.7 8-32
Silt: 2-63 ym (%) 41.7 £ 6.3 9.2+1.2 128+ 1.3 40.5 + 3.0 10-56
Clay + Silt: < 63 pm (%) 91.5+0.2 40.7 £ 1.7 549+ 0.8 60.1 +1.8 20-64
Sand: 63-2000 um (%) 85+0.2 59.3+1.7 45.1 £0.8 399+1.8 26-80
Texture (USDA triangle) Silty clay Sandy clay loam Sandy clay Loam
D50 (um) 2.0 +29 1328 £1.5 91+1.4 154+ 0.3
Liquid Limit LL (%) 729 + 2.8 47.5 £ 0.6 62.6 +1.8 441 +1.9 25-50
Plastic Limit PL (%) 44.9 £+ 4.9 22.3+25 31.2+28 289 +21
Plasticity Index PI (%) 28.1 £4.5 252+ 25 30.9 + 3.7 15.2+2.2 16-28
Methylene blue (g/100 g) 0.35 + 0.00 0.29 £ 0.01 0.35 + 0.03 0.15+0.01
Specific surface area (m%/g) 40.78 13.23 16.55 23.04
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characterises the soil’s ability to retain and exchange positively charged ions. Here, the methylene blue values of the four soils were
very low, ranging from 0.15 to 0.35 g/100 g compared to values typically observed in temperate climates ranging from 0.5 to
1.7 g/100 g [65]. In weathered tropical soils, the negatively charged basal faces of phyllosilicates are covered by positively charged
iron and aluminium oxides, which can result in a net positive charge. Therefore, methylene blue cannot absorb efficiently on tropical
soils, which makes the test uninformative [6,66]. In temperate climate soils that are governed by negatively charged clays, the
methylene blue test can generally provide reliable information on the specific surface area of the soil [67,68]. In contrast, in this study,
no relationship was observed between the methylene blue value and the specific surface area (Table 3). This indicates that alternatives
to the methylene blue test are needed for tropical soils.

3.2. Plastic earth mortar without dispersant

3.2.1. Influence of increasing water content on plastic earth mortar

The goal of this study was to determine the maximum compressive strength of earth mortars made without dispersant in order to
assess the intrinsic resistance of each soil. For each soil, earth mortars were made with increasing water content between 20% and
70%. The physical characteristics of the fresh and hardened mortars are shown in Fig. 6. For each soil, the Optimal Water Content
(OWCQ) corresponded to the water content resulting in the highest compressive strength.

Fresh mortar consistency prepared without dispersant fell within the plastic domain, and the yield stress was evaluated with the
cone penetrometer test. Yield stress calculations were performed using the methodology detailed in [45] within the 70-0.75 kPa range,
corresponding to a depth penetration between 3.5 and 34 mm. Due to their semi-solid consistency, measurements at low water content
fell outside that range and were not reported (Fig. 6.a). For each soil, yield stress showed a linear log-log correlation with water
content, consistent with prior research [45,69]. Soils S and M1 exhibited a similar decrease in yield stress with increasing water
content, consistent with their closely matched plastic and liquid limits (Table 3). On the other hand, soils M2 and K required higher
water content levels to decrease their yield stress, consistent with their higher plastic and liquid limit (Table 3).

Physical properties were evaluated on the dry mortars. Interestingly, important differences were observed between the soils. Soils K
and S underwent important changes in compressive strength and dry density as the water content increased, around 2.5 MPa and
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Fig. 6. Influence of water content on mortar properties.

250 kg/m*, respectively. In contrast, soils M1 and M2 showed only modest changes, around 0.5 MPa and 130 kg/m® , respectively.
These differences may be attributed to the greater specific surface area of soil K and S, along with their distinctive mineral composition.
In particular, soils K and S were rich in metal oxides that strongly interact with water [55], whereas soil M1 and M2 predominantly
consisted of silicate minerals that have low interaction with water [55].

The volumetric shrinkage showed a positive linear correlation with water content (Fig. 6.c). This outcome aligns with traditional
findings suggesting that the increase in initial water content leads to greater evaporation, augmenting porosity, and shrinkage [70-72].
The dry density and compressive strength exhibited the typical proctor compaction curve (Fig. 6.b/d). For each soil, dry density and
compressive strength increased with water content until a maximum value before decreasing (Fig. 6.b). This expected result aligns
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Fig. 7. Compressive strength versus dry density.
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with observations made on earth material made with different shaping processes, such as compaction or casting [72-74]. In addition,
as demonstrated by several studies [3,73,75], the compressive strength showed a positive linear correlation with the dry density
(Fig. 7).

The OWC was selected based on the maximum compressive strength of the polynomial fitting curve, as shown in Fig. 6.b, M1 and S
displayed the lowest OWC at 27%, followed by M2 at 32.5% and K at 48%. These OWC were used in the following sections to produce,
characterise, and compare mortars at their highest strength.

3.2.2. Earth mortar made at their OWC

For each soil, the OWC closely matched the Atterberg plastic limit, differing by less than 5%. This observation is consistent with
prior research that indicates that soils reach their highest solid volume fraction and, consequently, their maximum compressive
strength near their plastic limit [17]. Interestingly, fresh earth mortars exhibited a similar consistency at their OWC, with an average
yield stress of 22.5 + 3.7 kPa (Fig. 8) corresponding to a depth penetration of 6.2 + 0.5 mm.

This implies that a simple consistency test using a penetrometer test on fresh mortar (with < 2 mm soil) could offer good yield str in
defining the OWC and the soil’s highest packing density. Since measuring the plastic limit is often slow and imprecise, the pene-
trometer test on fresh mortar could represent a simpler and potentially more accurate alternative. As another benefit, the penetrometer
test was conducted directly on the fresh mortar paste (<2 mm), while the plastic limit is measured on particles passing through a
400 pm sieve. This is consistent with other studies that advocate for evaluating water requirements directly on the whole soil paste
instead of relying on plastic or liquid limits measured on modified particle size [10,11].

Inspired by a recent study predicting the yield stress of various soil pastes based on the solid volume fraction [12], a relationship
was observed between the yield stress and the ratio of the water content to the OWC. The yield stress showed a linear log-log cor-
relation with the ratio of water content to the OWC (R? >0.93) (Fig. 9).

This result implies that earth mortar yield stress could be predicted relying solely on water content and the OWC, which can be
determined through a simple penetrometer test on fresh mortar. Given that adobe bricks share a similar consistency range to plastic
earth mortar, these insights hold promise for controlling the consistency of adobe bricks.

The compressive strength of earth materials is attributed to capillary forces and ionic interactions between clay particles. Studies
made on temperate climate soil showed that the clay fraction (<2 pm), the cation exchange capacity, the methylene blue value and
specific surface area are positively linearly correlated with the compressive strength [10-12,18]. By contrast, these correlations were
not observed in this study (Fig. 10.a/b/c). Instead, the compressive strength showed a strong positive linear with the total metal oxide
content (R* =0.99) (Fig. 10.d) and the Fe,O3 content (R? =0.81) (Fig. 11.e). These results showed that the compressive strength
increased with the metal oxide content, which aligns with previous research conducted on tropical soil [9,19,23,76-78]. This result is
attributed to the ability of the iron and aluminium sesquioxides to aggregate and cement the other individual soil particles in the
matrix, thereby improving soil cohesiveness [19,76,79]. Importantly, since the pH KCI and the total metal oxide content are highly
correlated (Fig. 1), the compressive strength also correlated with the pH KCl (R% =0.99) (Fig. 10.1). This finding implies that a simple
pH KCI measurement could predict the potential strength of earth mortar. This observation also highlights that the recent finding
linking the compressive strength of earth materials with the methylene blue value and cation exchange capacity is only adapted for
non-tropical soils with a net negative charge and likely cannot be used for positively charged tropical soils [10-12,18]. Consequently,
the pH KCl could represent an alternative to the Methylene Blue rest for tropical soils.

The different soils reached their maximum compressive strength with an OWC ranging from 27% to 48%. OWC are known to
correlate positively with the soil surface specific area, depending on the amount of water needed to cover the surface of all the grains
and form a dense packing fraction [9-12]. Confirming these prior studies, the OWC correlated with the soil specific surface area of the
four soils examined (R? =0.85) (Fig. 11.a). Furthermore, since the specific surface area and the passing at 63 pm are themselves
correlated, (Fig. 5), the OWC showed a positive linear correlation with the passing at 63 um (R? =0.84) (Fig. 11.b). This suggest that
the passing at 63 um could be used to estimate the optimal water content.
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Fig. 8. Yield stress at OWC of the four soils.
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Together, these results have significant implications for soil selection in tropical regions for earth construction materials
manufacturing. It showed that the passing at 63 um and the pH KClI could be used to quickly estimate the specific surface area and the
metal oxide content of soils, and, in turn, predict the water requirement and the resulting mechanical properties.

3.3. Poured earth mortar with NaHMP

3.3.1. Establishing the optimum NaHMP content (NaHMP )
The amount of dispersant required for complete soil deflocculation depends on the soil’s particle size and mineralogy [13,32,36,

10
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37]. Increasing concentrations of NaHMP were tested on the consistency of the four earth (K, M1, M2, S) mortars made at their OWC.
The yield stress was determined using a penetrometer test for plastic consistency (> 750 Pa) [45] and using a reduced-size Abrams
cone for the fluid consistency (< 750 Pa) [47]. This approximate yield stress calculation provided a relevant order of magnitude and
allowed for a good comparison between the experiments. Fig. 12 shows the decrease of the yield stress as a function of increasing
NaHMP concentration for the four soils (K, M1, M2, S).

At 0% NaHMP, the yield stress of the four-earth mortar made at their OWC was around 20 kPa. As reported previously, the addition
of NaHMP strongly decreased the yield stress of fresh mortars, until it reached a fluid consistency [17,28,30,31,38,73,80].

Previous studies have shown that a yield stress of 4 Pa corresponds to a maximum deflocculated state, and that further increases in
NaHMP concentration had a limited effect on consistency but decreased compressive strength [38]. The NaHMP,, was defined as the
lowest NaHMP concentration sufficient to reach a yield stress of 4 + 0.5 Pa, corresponding in this study to a spread diameter of 41.5
+ 1 cm. The goal was to produce poured earth mortars at both their maximum deflocculated state and maximum compressive strength
[38].

NaHMP’s ability to deflocculate depends on the amount and type of clay particles [37]. Here, the NaHMP,, ranged from 0.25% to
1.4% for the four soils. Soil K and S had the highest NaHMP,,; found at 1.4% and 0.9%, respectively, while M1 and M2 had a lower
NaHMP,,, at 0.25% and 0.26% respectively (Fig. 12). NaHMP induces deflocculation by increasing the overall negative surface being
absorbed as an anion on the positive charge of phyllosilicate edge or positively charged metal oxide [37,38,80,81]. Soil K and S, the
two positively charged and metal oxide-rich soil, required higher amounts of NaHMP than M1 and M2 to be deflocculated. This result
aligns with other studies showing that higher amounts of dispersant are required to disperse positively charged iron and
aluminium-rich soils [58,82]. Furthermore, soil K required a higher amount of NaHMP compared to soil S (Fig. 12). This result was
attributed to a higher quantity of fine particles in soil K than in soil S, which, in turn, increased the specific surface area. Consequently,
a higher NaHMP content was necessary in soil K to induce repulsion. Overall, these results suggested that NaHMP optimal concen-
tration may be influenced by both the metal oxide content and the specific surface area. Confirming this hypothesis, NaHMP,,; showed
a strong positive linear correlation with the product of the specific surface area and the metal oxide content (R? =0.99) (Fig. 13.a). This
result suggests that measuring the soil specific surface area and the metal oxide content could help predict the optimal NaHMP content.
Furthermore, the analysis conducted above showed that the specific surface area correlated with the passing at 63 um and that the
metal oxide content correlated with the pH KCI. This suggest that the passing at 63 um and the pH KCl could help predict NaHMP. To
confirm this hypothesis, NaHMP,,; was further correlated with the passing at 63 um and the pH KCI. As hypothesized, NaHMP,
showed a positive linear correlation with the product of the passing at 63 um and the of pH KCl (R? =95) (Fig. 13.b). This important
result suggests that the optimum concentration of NaHMP could be estimated with simple tests such as the passing at 63 um and the pH
KCL

3.3.2. Poured Water Content (PWC) for poured mortar at their NaHMP ;.

Following the determination of the NaHMP,, for each soil, the subsequent phase involved establishing the PWC required to
produce a high-performance poured earth mortar. The PWC was defined as the water content required to achieve a suitable pouring
consistency, fixed in this study at yield stress of 1000 Pa. The targeted yield stress was determined using the penetrometer test [45],
corresponding to a depth penetration of around 29.5 cm and the Abrams slump test [47], corresponding to a slump of around 5.2 cm.
The selection of the PWC required preliminary testing and was fixed when the yield stress from both determination methods (pene-
trometer depth and Abram’s slump) fell within 1000 + 300 Pa. The final mortar yield stress values made at their PWC are presented in
Table 4. The yield stress values obtained from both methods closely align, validating the effectiveness of these simple techniques in
reporting the yield stress of earth mortar, as supported by related studies [12,38,45,47,83].
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Table 4
Yield stress determination via penetrometer and Abram’s test for poured earth mortar.
Soil K M1 M2 S
Yield stress (Pa) penetrometer test 1122 + 104 788 +12 906 + 39 796 + 21
Yield stress (Pa) 994 + 95 1040 + 108 969 + 125 969 + 88
Abrams slump test
PWC (%) 39 19 26 19

3.3.3. Poured earth mortar properties

In Fig. 14, two types of mortar are compared based on their maximum strength achievable with or without a dispersant. Poured
earth mortar made at their NaHMP,,,; and PWGC, and plastic earth mortar made without a dispersant at their OWC. In line with findings
from previous research [32,38,73], the use of a NaHMP resulted in a reduction in water content (Fig. 14.a) and an increase in
compressive strength (Fig. 14.b) and dry density (Fig. 14.d). The water content showed a similar decrease of approximately 25% + 5%
(Fig. 14.a), accompanied by a similar dry density increase of approximately 9.9% + 1.8%. The compressive strength of the poured
earth mortar increased by over 50% compared to the earth mortar. However, it also displayed significant variability, with soils M1 and
S showing an increase of around 180%, three times that of soils K and M2 around 60%. In contrast, the volumetric shrinkage of the
poured earth mortar with dispersant either remained stable or decreased compared to that of the plastic earth mortar (Fig. 14.c).
Fig. 14.e displays the ratio of four poured earth mortar properties to those of regular earth mortar, allowing for a rapid assessment of
the dispersant’s impact. When a property is greater than one (indicated by a black dotted circle) it indicates an increase between
poured earth mortar and plastic earth mortar, while less than one means a decrease. As previously observed, adding a dispersant
reduces water content and shrinkage while increasing dry density and compressive strength. Notably, this chart highlights the
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dispersant’s most significant effect on compressive strength (Fig. 14.e). Most importantly, all measured properties of the poured earth
mortar with dispersant were primarily related to their corresponding earth mortar properties without dispersant. Mortar properties
from all four soil types, including water content, dry density, shrinkage, and compressive strength, maintained a consistent order of
magnitude between the plastic earth mortar and the poured earth mortar. Regarding compressive strength, soil M1 and M2 had the
lowest earth mortar compressive strength (< 1 MPa) and the lowest poured earth mortar compressive strength (<2 MPa). By contrast,
soil K and S had the highest earth mortar without dispersant compressive strength (> 2 MPa) as well as the highest poured earth mortar
compressive strength (> 4 MPa). This important finding suggests that the most critical criterion for formulating high-performance
poured earth with NaHMP should be to initially select soils with high intrinsic resistance.

4. Conclusion

Achieving industrial-scale earth construction requires a shaping technique that competes with cement concrete and effectively
manages soil variability within the design. Poured earth is a recent, easy-to-shape technique that requires a dispersant to improve the
workability and hardened properties [24,30-33]. However, producing high-performance poured earth from variable soils is chal-
lenging. Particularly in tropical regions, there is a lack of comprehensive studies on the effects of soil on the properties of earth
materials. This study investigated four tropical soils of French Guiana and their effect on the design and properties of poured earth
mortar made with a dispersant (NaHMP). Results highlighted some key parameters allowing the prediction of earth mortar’s fresh and
hardened properties.

First, four tropical soils underwent comprehensive characterisation. Most notably, this analysis suggested that the passing at 63 um
and the pH KCl value could serve as effective proxies for the specific surface area and the metal oxide content. Subsequently, the study
focused on plastic earth mortar without a dispersant and investigated the relationship between mortar and soil properties. Importantly,
the compressive strength of the hardened earth mortar strongly correlated with the metal oxide content and could be estimated by the
soil pH KCl. This result suggests that a simple measure of the soil pH KCl could be a discriminant test for selecting suitable tropical soils
with high metal content and high compressive strength. Additionally, this study revealed that tests commonly used to characterize
temperate climate soils, such as methylene blue tests, are not suitable for tropical soils with high metal oxide content, demonstrating
the need for specific recommendations in tropical regions. Overall, the study highlights the potential of high strength poured earth
construction made with tropical soils with high metal oxide content.

Using NaHMP to design poured earth mortars led to a reduction in water content and an increased in compressive strength and dry
density. The optimal NaHMP concentration increased with the specific surface area and metal oxide content, and a strong correlation
was observed between the optimal NaHMP concentration and the product of specific surface area and metal oxide content. This
correlation was also robust when considering the product of pH KCl and the passing at 63 um, both of which correlate with the specific
surface area and the metal oxide content, respectively. Finally, this study examined poured earth mortars made at a reduced water
content (PWC) to achieve a consistency similar to conventional vibrated cement concrete [40-42]. The strength, dry density, and water
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content of poured earth mortar with dispersant correlated with those of plastic earth mortar without dispersant. Together, this un-
derscores the importance of first examining plastic earth mortars made without dispersant, as their properties reliably predict those of
poured earth mortar. For examples, soils with the highest compressive strength in plastic earth mortar also had the highest compressive
strength when using NaHMP.

Additionally, the OWC, corresponding to the water content required to obtain the highest strength of plastic earth mortar,
correlated with the specific surface area and the passing at 63 um. Interestingly, the OWC was systematically found at a similar yield
stress of 22 kPa (with a penetration depth of 6.2 mm). This result indicated that a simple penetrometer test could be used to adjust
water content for optimal strength for designing plastic earth mortar, such as adobe brick. Furthermore, in poured earth mortars made
with dispersant, the volumetric shrinkage showed a clear correlation with water content regardless of NaHMP use. This indicated that
to minimize shrinkage of poured earth, it is essential to select soils with low water requirement.

Altogether, this study suggests that the simple measurement of the pH KCl and the clay and silt content (the passing at 63 um) could
be used to quickly screen and select tropical soils suitable for earth construction. As an example, among the four soils investigated here,
the metal-oxide rich soils K and S, identified by pH KCl > 4.8, exhibited the highest compressive strength in plastic earth mortar (>
2.5 MPa) and poured earth mortar made with dispersant (> 4 MPa). Between soils K and S, the lowest passing at 63 um of soil S, 60%
versus 90% for soil K, led to a lower water requirement, 19% versus 39%, and a lower volumetric shrinkage 15% versus 10%. This
suggests that soil S is the most valuable soil identified in this study. To improve the validity of these results, tropical soil samples
collected from other tropical regions of Africa and Asia will need to be studied.
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