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Gypsum has historically been used as an additive in rammed earth construction 
to enhance its mechanical properties. However, its application has declined 
in modern practice, and scientific literature on gypsum-stabilized rammed 
earth remains limited. This study investigates the effectiveness of gypsum as a 
stabilizer to improve the compressive behavior of rammed earth, presenting it 
as a sustainable alternative to Portland cement, which, despite its widespread 
use, entails higher environmental and economic costs. To assess the influence 
of gypsum, uniaxial compression tests were performed on rammed earth 
specimens with varying gypsum contents (0%–15%). The results demonstrate 
significant increases in compressive strength (up to 130%) and elastic modulus 
(up to 262%) with gypsum inclusion, with the highest values recorded for the 
15% gypsum-stabilized mixture (3.2 MPa and 267 MPa, respectively). Statistical 
analysis, including analysis of variance (ANOVA), confirmed the significance 
of these enhancements, with only the difference in elastic modulus between 
the 10% and 15% mixtures showing no statistical significance. These findings 
highlight gypsum as a viable eco-friendly solution for improving the mechanical 
performance of rammed earth construction.
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 1 Introduction

The improvement of the mechanical properties of rammed earth (RE) has been a subject 
of study since ancient times to the present day. This construction technique, which allows 
the building of walls by compacting moist earth between temporary formwork, offers a good 
balance between its mechanical behavior, its cost, and–especially relevant in recent years–its 
limited environmental impact. However, when these mechanical properties are insufficient, 
RE also allows for the straightforward incorporation of additives to enhance its performance.
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Additives can be classified into two main groups: fibers 
(synthetic or natural, improve the mechanical behavior of RE 
due to their shape) and chemically reactive mineral additives. 
The latter are also referred to as stabilizers, leading to the so-
called stabilized rammed earth (SRE). The most common mineral 
stabilizer for RE nowadays is Portland cement, present in the 
majority of modern building projects using this technique, due 
to its capacity to significantly increase the compressive strength 
(also tensile and shear strength, although there are fewer studies 
in this regard) of the material (Ávila et al., 2022a). However, 
it should be noted that an extensive use of cement significantly 
reduces two of the main advantages of RE construction: reduced 
economic cost and low environmental impact (Arrigoni et al., 2017;
Morel et al., 2001).

Some alternatives to cement can be found if one looks at 
traditional RE constructions. Traditional improvement techniques 
for RE include the use of a wide variety of additives, from natural 
fibers of animal or vegetable origin to chemical stabilizers such 
as lime or gypsum. Several studies in recent years have evaluated 
the behavior of RE stabilized with natural fibers (Koutous and 
Hilali, 2021; Laborel-Préneron et al., 2016; Raavi and Tripura, 
2020) or lime (Ávila et al., 2022b; Arto et al., 2021; Ciancio et al., 
2014), due to their potential to enhance the mechanical properties 
of the material with a reduced impact in its environmental 
cost. However, scientific studies on the effect of gypsum 
stabilization on the mechanical performance of RE remain 
very limited.

Gypsum is a soft sulfate mineral composed of calcium 
sulfate dihydrate (CaSO4.2H2O), commonly used in diverse 
fields, such as the building industry, agriculture, chemical 
industry and medical treatment (Jiang et al., 2024). For building 
applications, it is frequently employed in the form of gypsum 
binder, consisting of calcium sulfate in any of its various 
hydration phases (European Committee for Standardization, 2009) 
(e.g., hemihydrate or anhydrite). Like other common chemical 
stabilizers, such as cement or lime, gypsum modifies soil properties 
through cation exchange, and particle restructuring and bonding, 
while also promoting the formation of cementitious hydration 
products like calcium silicate hydrate and calcium aluminate 
hydrate in clayey soils (Abdolvand and Sadeghiamirshahidi, 2024;
Latifi et al., 2018).

Gypsum was a common additive in traditional RE constructions 
in the southwestern zone of the Iberian Peninsula, both as a stabilizer 
mixed with the soil and as an external protection applied as a 
plaster to the wall surface (La Spina, 2016; Vegas et al., 2014; 
Mileto et al., 2021). Some examples of gypsum-stabilized rammed 
earth (GSRE) are the Mudéjar city walls of Teruel (14th century), 
the Almoad city walls of Seville (12th–13th centuries), and the tower 
of the Castle of Villel (12th–13th centuries) (Martín-del Rio et al., 
2021; Sanz Zaragoza, 2014), in Spain, or the Castle of Silves 
(Portugal, 8th–13th centuries) (Varela Gomes and Varela Gomes, 
2014). GSRE building technique has traditionally been used in 
these areas due to the availability of gypsum, but there are 
several other countries and regions (e.g., Northern Africa, South 
Africa, United States, Mexico, Argentina, China, India, Australia) 

with very significant gypsum production nowadays (Reichl and 
Schatz, 2024), which suggest that gypsum could be a competing 
stabilizer for RE (due to the reduced transportation costs) in
several areas.

Despite this long tradition and the well-known applicability of 
gypsum for soil stabilization (Pu et al., 2021), there is a lack of 
scientific literature regarding GSRE. A few authors have presented 
case studies about gypsum-stabilized adobe (referred to as Alker) 
(Isik and Tulbentci, 2008; Pekmezci et al., 2012) and earth bricks 
(Ashour et al., 2015; Türkmen et al., 2017), all of them indicating 
the ability of gypsum to increase the compressive strength and 
improve the hygric performance of the earthen material. In addition, 
these studies indicate that the embodied energy of gypsum-
stabilized earth is less than that of cement-stabilized earth, due 
to the lower production energy of gypsum compared to that of 
cement (Isik and Tulbentci, 2008). In fact, studies indicate that the 
production of one tonne of gypsum plaster generates about 0.05t
CO2 (Ecofys, 2009), a value significantly lower those estimated 
for cement (0.9t  CO2 t) (CEMBUREAU, 2013; Portland Cement 
Association, 2022) and lime (0.7t CO2 t) (Shan et al., 2016)
manufacturing.

Regarding rammed earth, gypsum stabilization has been 
explored only in a limited number of studies, including an MSc 
thesis from the Eindhoven University of Technology (Netherlands) 
(Vroomen, 2007) and a PhD thesis from the University of 
Florence (Italy) (Loccarini, 2017). The first study assessed the 
compressive strength of RE samples with gypsum contents ranging 
from 5% to 30%, observing an almost linear improvement 
and identifying 10% gypsum as the most effective content for 
stabilization. The latter investigated gypsum contents between 0% 
and 25%, reporting a maximum increase in compressive strength 
(+46%) at 15% gypsum. Additionally, this study suggested that 
gypsum may help reduce the linear shrinkage of RE during curing. 
However, these investigations represent only a few attempts at 
understanding gypsum stabilization in RE, and further research 
is required. In particular, no evaluation of other mechanical 
properties, such as the elastic modulus, was performed, leaving 
gaps in the comprehensive assessment of gypsum’s effects on RE 
compressive behavior.

In this context, the present study is developed with the aim 
of assessing the capacity of gypsum to enhance the mechanical 
behavior of rammed earth. Particularly, the effect of gypsum 
stabilization on the compressive strength and stiffness of RE is 
evaluated, as the main parameters that define the mechanical 
performance of this material. To this end, RE specimens with 
increasing gypsum contents were manufactured, cured, and 
subjected to uniaxial compression tests. Particular attention was 
paid to the manufacturing and compaction processes, following 
the Proctor compaction methodology to minimize dispersion 
in the results, which were subsequently analyzed and discussed, 
with their statistical significance validated through analysis of 
variance (ANOVA). Both careful preparation and statistical 
analysis are essential to ensure the relevance and accuracy 
of the findings in an intrinsically heterogeneous material like
rammed earth.
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FIGURE 1
Particle size distribution of the soil.

2 Materials and methods

2.1 Materials

2.1.1 Soil
A soil identified as well-graded sand, according to 

the European Soil Classification System (EN ISO 14688-2 
(European Committee for Standardization, 2018)), originating 
from the municipality of Seggiano (Grosseto, Italy) was used 
to manufacture the RE samples in this study. The natural soil 
was passed through an 8 mm sieve to remove the coarser 
particles, obtaining the particle size distribution shown in 
Figure 1. This resulting soil contains 14% clay, 31% silt, 42% 
sand and 13% gravel, in agreement with the recommendations 
found in several studies about RE (Bui and Morel, 2009; 
Burroughs, 2010; Corbin and Augarde, 2015; Loccarini et al., 
2020; Walker et al., 2005). Table 1 shows the mineralogical 
composition of the Seggiano soil, evaluated through X-ray 
diffractometry, including clay minerals identification obtained 
by the interpretation of the variations of lattice distances related 
to the basal reflections that occur following specific treatments
(Banchellil et al., 1997).

The consistency limits of the soil were determined following the 
procedure establish in ASTM D4318 (ASTM, 2017b), obtaining a 
plastic limit of 18%, liquid limit of 38% and plastic index equal to 
20, all values within the recommended intervals for rammed earth 
construction (Houben et al., 1994; Maniatidis and Walker, 2003). 
Also a standard Proctor test (method C) was carried out according 
to ASTM D698 (ASTM, 2012b), obtaining the optimum moisture 
content (OMC), equal to 13%, and its corresponding maximum dry 
density (MDD), equal to 1,830 kg/m3. 

2.1.2 Gypsum
Gypsum building plaster B1/20/2, according to European 

standard EN 13279-1 (European Committee for Standardization, 
2009), with minimum compressive strength of 2.0 MPa at 28 days, 
was used as the RE stabilizer in the present study. The gypsum 
building plaster contains at least 50% calcium sulfate as the 
principle active binding component and not more than 50% 
calcium hydroxide (lime). Further chemical and physical properties 

TABLE 1  Mineralogical and geotechnical properties of the Seggiano soil.

Parameter Value

Quartz [%] 27

Calcite [%] 25

Illite [%] 19

Vermiculite [%] 19

Kaolinite [%] 10

Plastic limit [%] 18

Liquid limit [%] 38

Plastic index [–] 20

OMC [%] 13

MDD [kg/m3] 1,830

TABLE 2  Technical data of the B1/20/2 gypsum, as indicated by the 
manufacturer.

Parameter Value

Bulk density (powder) [kg/m3] 650

Maximum particle size [mm] 0.3

Compressive strength at 28 days [MPa] 4.0

Flexural strength at 28 days [MPa] 2.0

Elastic modulus at 28 days [GPa] 3.5

Thermal conductivity [W/(mK)] 0.39

Reaction to fire A1

Minimum initial setting time [min] 60

of the gypsum plaster used for the stabilization of the samples 
are shown in Table 2.

2.2 Specimen manufacturing

Four series of specimens were manufactured in this study, 
with increasing gypsum contents of 0%, 5%, 10% and 15% by 
weight, designated U, G5, G10 and G15, respectively. Each series 
consisted of four specimens, as shown in Figure 2B. The selected 
gypsum contents were defined based on prior work (Loccarini, 
2017), which investigated various soils–including the one used 
in the present study–and different gypsum additions, showing 
both improved mechanical performance and a significant 
reduction in linear shrinkage for RE samples stabilized within
the 0%–15% range.
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FIGURE 2
Compaction process with Proctor mold and rammer (A) and manufactured RE specimens (B).

A manufacturing procedure based on the well-known Proctor 
compaction test was applied (Figure 2A), using a standard 
cylindrical Proctor mold (ASTM, 2012a) with a diameter of 10.1 cm 
and a height of 11.5 cm, where the soil was poured and compacted 
in three uniform layers of ca. 3.4 cm by dropping 25 times per 
layer a standard Proctor rammer (2.50 kg) from a height of 30.5cm, 
subjecting the soil to a total compactive effort of about 600 kN m/m3 
(ASTM, 2012b). This manufacturing methodology, that allows an 
accurate control of the compaction process and the compactive 
energy, has proven to be effective in significantly reducing the 
dispersion of the results of compression tests (Ávila et al., 2023a), 
which is typically quite high in studies regarding rammed earth. It 
is important to note, however, that the slenderness of these samples 
is lower than the standard ratio of 2.0 typically used in compression 
tests on cylindrical concrete samples. While this may introduce 
some variation when comparing the results to those of other studies 
in the literature, it does not affect the evaluation of the strength 
improvement assessment due to gypsum addition conducted in 
this article.

Prior to compaction, the natural soil was uniformly mixed 
with the percentage of gypsum powder corresponding to each 
series. Then, a certain amount of water was added to the mixture. 
According to existing studies and standards (New Zealand Standard, 
1998b; Walker et al., 2005), the moisture content for RE 
manufacturing should be within) 1–3)% of the OMC of the soil, 
and frequently a value equal to OMC is considered (Ávila et al., 
2021). For stabilized rammed earth, it is common to use the same 
OMC obtained for the unstabilized soil or to slightly increase 
this value by approximately 1% or 2% (Ávila et al., 2022a). 
Considering this, in the present study the URE samples were 
manufactured with a water content equal to the OMC of the 
soil (i.e. 13%) and the GSRE samples with a moisture content
equal to OMC + 1%.

After completing the compaction process, the specimens 
were carefully removed from the mold and stored for curing 
during 28 days, under constant ambient conditions of 25 °C 
and 60% relative humidity (Ávila et al., 2023b). The compaction 
process for each specimen was completed within an hour after 
the water was added to the mixture, to minimize moist loss 
(Ciancio et al., 2014; da Rocha et al., 2014). 

2.3 Testing procedure

The RE specimens were subjected to uniaxial compression 
tests (UCT) in order to characterize their compressive behavior 
and calculate their unconfined compressive strength (UCS) and 
elastic modulus. In the absence of specific standards for the 
conduct of UCT on rammed earth, tests were performed following 
the specifications of ASTM D1633 for the determination of the 
compressive strength of molded soil-cement cylinders (ASTM, 
2017a). The load was applied homogeneously on the on the 
upper face of the cylindrical samples, perpendicularly to the 
earth layers, using a displacement-controlled testing machine 
with loading speed equal to 1.3 mm/min, in agreement with the 
aforementioned standard. The surfaces of the RE specimens in 
contact with the loading platens were previously leveled using a
disc grinder. 

3 Results and discussion

3.1 Stress-strain behavior

After performing the uniaxial compression tests and obtaining a 
satisfactory failure type for all the specimens according to EN 12390-
3 (European Committee for Standardization, 2020) (Figure 3), the 
compressive stress-strain curves were determined. The stress was 
calculated by dividing the recorded load by the cross-sectional area 
of the specimen, while the axial strain was obtained as the ratio 
between the vertical displacement of the loading platens and the 
initial height of the sample.

As shown in Figure 4, the stress–strain curves of all series 
display an initial quasi-linear segment with high stiffness, followed 
by another quasi-linear branch with lower stiffness. As crack 
propagation progresses, stiffness continues to decrease until the peak 
load is reached, after which the curve exhibits plastic softening 
behavior. The bi-linear pattern in the initial portion of the curve 
is more pronounced in samples with zero or low gypsum content, 
whereas in G15 samples the reduction in stiffness before the peak 
load follows a more gradual trend. The stress-strain curves also 
indicate that increasing gypsum content enhances both the stiffness 

Frontiers in Built Environment 04 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1708488
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Ávila et al. 10.3389/fbuil.2025.1708488

FIGURE 3
Rammed earth specimens after failure under uniaxial compression tests. (A) U. (B) G5. (C) G10. (D) G15.

FIGURE 4
Stress-strain curves of the rammed earth samples obtain from uniaxial 
compression tests.

of the RE material and the maximum load, which is achieved 
at a lower axial strain. However, they also show that gypsum 
addition reduces ductility and adversely affects the material’s post-
cracking behavior.

3.2 Compressive strength and elastic 
modulus

Quasi-brittle materials, like RE, are designed to work mostly 
under compression, so their uniaxial compressive strength becomes 
one of the main parameters to characterize their structural capacity. 
The UCS of the specimens was calculated as the peak load reached 
at the UCT divided by the cross-sectional area of the sample. 
As shown in Table 3, the average UCS obtained for the URE samples 
was equal to 1.4 MPa, and increased with increasing gypsum 
contents. Thus, the mean UCS was 55% higher for G5 series, 69% for 
G10 and up to 130% for G15, all percentages calculated with respect 
to the unstabilized material. A UCS value of 3.2 MPa was reached 
for 15%-GSRE.

The UCS values obtained in this study for the unstabilized 
samples fall within the typical range for URE, usually between 1.0 

and 2.5 MPa (Ávila et al., 2021). The maximum compressive strength 
reached for the GSRE in this study (3.2 MPa) is higher than most 
studies using lime as the main stabilizer (maximum UCS values 
generally below 2.0 MPa) (Arto et al., 2021; Ávila et al., 2022b; 
Ciancio et al., 2014; da Rocha et al., 2014; Koutous and Hilali, 2023), 
and similar to the values obtained for cement-stabilized rammed 
earth in several studies (Kariyawasam and Jayasinghe, 2016; Koutous 
and Hilali, 2021; Raj et al., 2018; Shaaban, 2021; Toufigh and Kianfar, 
2019; Tripura and Singh, 2015), with cement contents from 6% to 
10%. Much higher compressive strength values, however, have been 
obtained in some other studies with cement stabilization, up to 
ca. 10 MPa (Anysz et al., 2024; Arrigoni et al., 2018; Meek et al., 
2021; Strazzeri et al., 2020). Regarding the relative enhancement 
of the UCS, high dispersion of results is found in literature about 
cement-stabilized RE, with values of percent improvement varying 
from 60% to 500% for usual cement contents between 5% and 10%
(Ávila et al., 2022a).

It is therefore possible to observe that using cement as 
a stabilizer has the potential to achieve higher maximum 
percentages of improvement in UCS and greater maximum values. 
However, the results obtained in this study also indicate that 
gypsum could be a valid alternative to cement for enhancing the 
mechanical behavior of rammed earth in terms of compressive
strength.

Regarding the stiffness of rammed earth, there is a lack of 
consensus in the existing literature about the optimal way to define 
the elastic modulus of the material (Ávila et al., 2022a). The two 
most common approaches are the tangent modulus and the secant 
modulus. Several authors (Ávila et al., 2023a; Ciancio et al., 2014; 
Koutous and Hilali, 2021; Koutous and Hilali, 2023) propose using 
the initial tangent modulus, defined as the initial slope of the stress-
strain curve. The secant modulus, on the other hand, is calculated 
according to Equation 1, where (ε1,σ1) and (ε2,σ2) are two points 
of the pre-peak part of the stress-strain curve, with ε2 > ε1. The 
selection of these two points to obtain the secant modulus is not 
straightforward, but two are the most common choices: following 
the indications of ASTM C469 (ASTM, 2014) for concrete samples, 
which sets σ2 as the stress corresponding to 40% of ultimate load 
and ε1 equal to 5× 10−5 (Ávila et al., 2022b; Kosarimovahhed and 
Toufigh, 2020; Toufigh and Kianfar, 2019); or calculating the “peak” 
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TABLE 3  Detailed results from uniaxial compression tests performed on the rammed earth specimens. Coefficient of variation [%] in parenthesis.

Material Specimen Density [g/cm3] UCS [MPa] Et0 [MPa] Es,ASTM [MPa] Es,p [MPa] εc [m/m]

URE

U_1 1.94 1.36 79 78 44 0.031

U_2 1.94 1.41 61 50 39 0.036

U_3 1.97 1.41 95 57 42 0.034

U_4 1.98 1.41 60 50 40 0.036

Avg. 1.95 (1.1) 1.40 (1.8) 74 (22.2) 59 (22.6) 41 (5.4) 0.034 (6.8)

5% GSRE

G5_1 1.94 2.21 147 103 70 0.032

G5_2 1.93 2.10 139 108 66 0.032

G5_3 1.95 2.27 189 146 84 0.027

G5_4 1.95 2.10 187 140 85 0.025

Avg. 1.94 (0.4) 2.17 (3.8) 166 (15.8) 124 (17.6) 76 (12.9) 0.029 (12.4)

10% GSRE

G10_1 1.92 2.36 263 148 92 0.026

G10_2 1.93 2.19 235 160 91 0.024

G10_3 1.93 2.38 207 166 89 0.027

G10_4 1.92 2.50 292 218 98 0.025

Avg. 1.92 (0.4) 2.36 (5.4) 249 (14.6) 173 (17.9) 92 (4.5) 0.026 (4.4)

15% GSRE

G15_1 1.91 3.08 254 208 134 0.023

G15_2 1.91 3.19 303 242 146 0.022

G15_3 1.90 3.40 280 259 162 0.021

G15_4 1.92 3.18 230 197 148 0.021

Avg. 1.91 (0.4) 3.21 (4.2) 267 (11.9) 227 (12.8) 148 (7.9) 0.022 (3.9)

Bold formatting is used to distinguish these average values from the individual sample values.

secant modulus as the ratio between the peak compressive strength 
and its corresponding strain (Koutous and Hilali, 2021; Koutous and 
Hilali, 2023).

Es = (σ2 − σ1)/ (ε2 − ε1) (1)

Given this situation, and in order to provide a completer 
characterization of the compressive behavior of the material, 
the modulus of elasticity in the present study is calculated 
according to the three most common approaches for RE 
specimens: the initial tangent modulus (Et0), the secant modulus 
as defined in ASTM C469 (Es,ASTM), and the “peak” secant
modulus (Es,p = UCS/εc).

The results (Table 3) show that the initial tangent modulus is 
greater than the secant modulus calculated for 40% of the peak load 
(Es,ASTM) and the latter is greater than the one calculated for the 
peak load (Es,p). These results were expected, considering that RE 
materials typically show a higher initial stiffness that progressively 
decreases until reaching the maximum load. In the present study the 
secant elastic modulus at peak load was between 0.4 and 0.6 times 

the initial tangent modulus, not far from the ratio of 0.62 observed 
by previous authors (Koutous and Hilali, 2021).

Due to the variability in the measuring techniques and 
calculation procedures and the dispersion of the results, it is not 
easy to compare the results of the elastic modulus obtained in a 
single study with those in literature. In fact, scientific publications 
over the last few year show E values for URE varying from 60 MPa 
to 1000 MPa (Ávila et al., 2021). Considering this, the values 
obtained in the present study are at the lower part of the usual range 
but cannot be considered abnormal. However, the most relevant 
focus of this study is not the value itself of the elastic modulus but 
the ability of gypsum stabilization to enhance it. In this regard, the 
average increase in the tangent modulus is equal to 125% for G5 
samples, 238% for G10% and 262% for G15. Similar percentages are 
obtained for Es,ASTM and slightly lower for Es,p.

These increases in the elastic modulus are very significant if 
compared with the results obtained by previous authors using other 
common stabilizers. The stiffness enhancement for 5% gypsum is 
much higher than the one obtained using the same percentage of 
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TABLE 4  Linear correlation between uniaxial compressive strength and elastic modulus of SRE.

Reference Additive(s) Linear correlation R2

Present study Gypsum (0%–15%)

Et0 = 109UCS− 60 0.78

Es,ASTM = 95UCS− 71 0.89

Es,p = 59UCS− 45 0.97

Kosarimovahhed and Toufigh (2020) Cement (0%–7.5%) + fly ash (0%–7.5%) Es = 111UCS− 586 0.99

Strazzeri et al. (2020) Cement (8%) + EPS (0–0.4%vol.) Et = 182UCS− 131 0.99

Ávila et al. (2022b) Lime (0%–18%) Es = 57UCS 0.75

Zare et al. (2020) Cement (0%–10%) + waste tire fibers (0%–4%) Et = 81UCS− 66 0.55

Ciancio et al. (2014) Lime (0%–6%) Et = 212UCS− 50 0.45

lime in other studies (12%–84%) (Ávila et al., 2022b; Ciancio et al., 
2014). It is also higher than the improvements observed for 
combinations between cement and waste tire textile fibers (22%) 
(Zare et al., 2020) and similar to the ones obtained by (Koutous 
and Hilali, 2021) using 6% cement as the stabilizer. Only some few 
studies present significantly higher improvements of RE stiffness by 
means of stabilization, using higher amounts of cement (10% cement 
for a 417% increase in the elastic modulus) (Toufigh and Kianfar, 
2019) or a combination of cement and lime (4% of each additive to 
increase the elastic modulus by 788%) (Hallal et al., 2018).

Regarding the relationship between compressive strength and 
stiffness of RE, it is known that there is indeed a direct relationship 
between these parameters, but the variability of results in the 
literature prevents establishing a value of consensus. The Australian 
standard for RE construction (Walker and Standards Australia, 
2002) propose using a value of E = 500 MPa in the absence of 
experimental data, while the NZS 4297 (New Zealand Standard, 
1998a) indicates that the elastic modulus is equal to 300 times the 
characteristic compressive strength (calculated from the UCS as 
indicated by the standard). These values, however, are both too high 
in most cases. If one looks at the existing literature, despite the 
disparity of results, it is possible to observe a linear relationship 
between the UCS and the modulus of elasticity of RE, regardless 
of the percentage of additive used, with very high coefficients of 
determination (R2) in some cases (Table 4). In the present study, the 
relationships shown in Figure 5 were obtained, with R2 equal to 0.78 
for the tangent modulus and equal to 0.89 and 0.97 for the secant 
elastic moduli Es,ASTM and Es,p, respectively.

3.3 Statistical significance of the results

The dispersion of the results is a frequent matter of concern 
in RE mechanical characterization, due to the heterogeneity of the 
material and, in some cases, the lack of a rigorous control of the 
manufacturing conditions (especially the compaction energy). In 
the present study, however, very small dispersion was observed in 
the UCS results, with coefficients of variation between 1.8% and 

5.4%. The dispersion was slightly higher for the elastic modulus, 
particularly for the initial tangent modulus and the secant modulus 
calculated according to ASTM C469. This fact, a greater dispersion 
affecting the elastic modulus of RE, has also been noted by in 
previous studies (Ávila et al., 2022b; Strazzeri et al., 2020; Toufigh 
and Kianfar, 2019), and it is linked to the difficulty of determining a 
proper E value for an essentially non-elastic material with irregular 
stress-strain behavior, which adds to the aforementioned intrinsic 
heterogeneity of the material and the possible uncertainties in the 
manufacturing process.

With the aim of verifying the significance of the improvements 
in the material stiffness, considering the existing dispersion, an 
analysis of variance was carried out. ANOVA, developed by R. 
Fisher in 1925 Fisher (1925) is a statistical test used to assess if there is 
a statistically significant difference between the means of two or more 
categorical groups. For completeness, the ANOVA was carried out not 
only for the elastic modulus but also for the UCS, even though the 
coefficients of variation for this parameter are significantly lower. 

ANOVA can only be applied to variables with a normal 
distribution, so, as a previous step, the normality of each group of 
data (UCS, Et0, Es,ASTM and Es,p for each series of specimens) was 
evaluated through a Shapiro-Wilk test. This statistical test, proposed 
in 1965 by S.S. Shapiro and M.B. Wilk (Shapiro and Wilk, 1965), is 
particularly suitable for evaluating the normality of populations with 
a low number of samples (3–20). In this test, for an ordered sample of 
size n, (x1,x2,…,xi,…,xn), a statistic for normality W is calculated 
according to Equation 2, where ̄x is the sample mean. Once W is 
calculated, the p-value (tabulated (Shapiro and Wilk, 1965)) can be 
obtained. If p is higher than the chosen alpha level, considered equal 
to 0.05, the null hypothesis is confirmed and there is evidence that 
the data set is normally distributed. The results of this test applied 
to the experimental data of this study are shown in Table 5, where it 
can be observed that all p-values are higher than 0.05 and therefore 
the variables of all groups are normally distributed.

W =
(∑n/2

i=1
an−i+1 (xn−i+1 − xi))

2

∑n
i=1
(xi − ̄x)

2
(2)
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FIGURE 5
Elastic moduli of RE specimens as a function of their unconfined compressive strength.

TABLE 5  Results from Shapiro-Wilk normality test for the uniaxial 
compressive strength and elastic moduli of each RE series. p > 0.05
indicates the normality of the distribution.

Series p-value

UCS Et0 Es,ASTM Es,p

U 0.086 0.372 0.099 0.655

G5 0.298 0.190 0.258 0.259

G10 0.665 0.967 0.237 0.358

G15 0.407 0.926 0.486 0.783

Once the normality of the samples was confirmed, the ANOVA 
test was performed, obtaining the statistical variable F as the ratio 
between the mean square within the group (MSw) and the mean square 
between groups (MSb). Then, a p-value is obtained, as a measure of 
statistical significance, so if p is lower than the alpha level (with a 
recommended value of α = 0.05 (Fisher, 1925)), the null hypothesis can 
be rejected and the means of the groups can be considered statistically 
different. The test was carried out between the U series and all the G 
series, in order to evaluate the significance of the improvement of the 
mechanical properties with respect to the unstabilized material, and 
between adjacent G series, to assess the effect of each increment of 
gypsum content in the strength and stiffness of the material.

TABLE 6  Results of ANOVA for the uniaxial compressive strength and 
elastic moduli of the RE series. p < 0.05 indicates that the means of the 
distributions are statistically significantly different.

Series p-value

UCS Et0 Es,ASTM Es,p

U – G5 1.95× 10−6 1.00× 10−3 2.18× 10−3 4.37× 10−4

U – G10 6.10× 10−6 1.20× 10−4 4.98× 10−4 5.79× 10−7

U – G15 2.02× 10−7 3.70× 10−5 4.27× 10−5 1.84× 10−6

G5 – G10 4.91× 10−2 9.73× 10−3 4.21× 10−2 2.32× 10−2

G10 – G15 9.37× 10−5 4.97× 10−1 4.48× 10−2 1.04× 10−4

The results, shown in Table 6, indicate that all couple of 
series have different means (p < α), so the improvement of the 
compressive strength and elastic modulus is statistically significant. 
The only exception was found when comparing the tangent 
elastic modulus between groups G10 and G15, where ANOVA 
results indicate that the mean Et0 values could be considered as 
statistically equal. In order to help visualizing the significance of 
the strength and stiffness improvements obtained, the distribution 
of UCS and Et0 values for each gypsum content is represented
in Figure 6.
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FIGURE 6
Boxplots of the uniaxial compressive strength and elastic moduli for the increasing gypsum contents.

4 Conclusion

Gypsum has traditionally been used as a stabilizer in rammed 
earth, yet it is largely absent in modern RE construction and 
research. However, its well-documented role in soil stabilization, global 
availability, and lower embodied energy compared to cement make it 
a promising candidate for enhancing the mechanical behavior of RE. 

To evaluate the potential of gypsum in enhancing the 
mechanical properties of RE, this study conducted uniaxial 
compression tests on specimens with increasing gypsum contents 
(0, 5, 10% and 15%). A manufacturing procedure based on the 
Proctor compaction test was employed to ensure strict control over 
compaction energy, minimizing variability in the test results. Indeed, 
very low dispersion was observed, particularly in compressive 
strength measurements. Statistical significance of the strength and 
stiffness improvements was assessed through ANOVA.

The results demonstrate that gypsum stabilization enhances both 
the unconfined compressive strength and stiffness of RE, achieving 
performance levels comparable to cement stabilization and superior 
to most cases of lime stabilization. The highest compressive strength 
was recorded for the 15% gypsum-stabilized RE, with a mean value 
of 3.2 MPa, representing a 130% improvement over the unstabilized 
material. Similarly, the highest stiffness was observed at 15% gypsum 
content, with a maximum initial tangent modulus of 267 MPa, 
increasing that of the unstabilized material by over 260%. However, 
the improvements between 10% and 15% gypsum were not statistically 
significant, particularly for the elastic modulus. 

Further research is required to explore the effects of 
gypsum stabilization on different soil types, a broader range of 

additive contents, and additional mechanical properties (e.g., 
tensile and shear strength) to achieve a more comprehensive 
mechanical characterization. Future studies should also investigate 
the durability and hygroscopic behavior of gypsum-stabilized 
rammed earth under varying moisture and environmental 
conditions. Nonetheless, the findings of this study already 
highlight the significant potential of gypsum as a stabilizer 
for enhancing the mechanical performance of rammed earth
constructions.
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