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Abstract Rammed earth has a longstanding tradi-

tion as a construction method and has recently gained

renewed interest as an eco-friendly building tech-

nique. To employ it effectively in contemporary

constructions, proper characterization of its mechan-

ical properties and the development of predictive

models become essential. Rammed earth structures

usually work under compression, but their low shear

strength makes this a key parameter for failure.

Considering this, in the present study a mechanical

characterization of rammed earth under compression

and shear is carried out via laboratory tests, and the

results are used to develop a numerical model (finite

elements method) that can simulate rammed earth

behavior under compressive and shear loads. The

results show a good performance of the numerical

models, accurately replicating the material behavior

observed in laboratory. These numerical models are

essential to predict the behavior and ensure an efficient

and safe design of rammed earth structures.

Keywords Unstabilized rammed earth �
Compressive strength � Shear strength � Mechanical
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1 Introduction

In an increasingly sustainability-conscious world,

traditional construction techniques and environmen-

tally friendly materials are gaining renewed interest

from builders and researchers. One such example are

the building techniques using raw earth as a primary

construction material.

Earthhas beenusedas abuildingmaterial for thousands

of years, with several and diverse construction techniques

developedall over theworld [1–3].Even today, about30 to

40% of the world population lives in houses built with

earth [3–6]. The historical and current success of this kind

of constructions is due to the availability of the material at

low price and their mechanical and hygrothermal proper-

ties, together with a construction processes that do not

require highly specialized labor [1, 7].

When earth is compacted in layers between tempo-

rary formwork, the construction method is called
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rammed earth (RE). This technique is present in several

countries, used both for small houses and for bigger

structures such as fortress, palaces or citywalls [1, 8–10].

The most traditional technique is the so-called unstabi-

lized rammed earth (URE), which uses only water and

soil, including a certain amount of clay that acts as the

only binder for the mixture. In the last decades, the

addition of stabilizers –mainly cement– to improve RE

properties has been very common [11]. Also reinforce-

ments based on natural and artificial fabrics have been

investigated [12, 13]. However, the use of stabilizers

increases the environmental impact of RE (e.g. RE

stabilized with 8% cement implies more than 14 times

the carbon emissions and 10 times the embodied energy

than the same volume of REwithout stabilizers) [11], so

URE is again generating growing interest as a much

more eco-friendly construction technique that can still

offer a very good mechanical performance [14–17].

Structural safety of traditional RE construction was

based on geometrical relationships and qualitative

rules, but more accurate design bases are needed

nowadays in order to meet the high requirements

established by construction standards. With this aim,

several studies have been developed over the last years

regarding the mechanical characterization of RE.

Also, some authors have proposed constitutive models

to represent the mechanical behavior and failure

mechanisms of the material. The research, however,

has been mainly focused on the compressive behavior

(RE is intended to work under compression) and has

been developed mostly for stabilized rammed earth

(SRE), in the pursuit of finding the material with the

best mechanical performance [11].

Considering the relevance of URE as a historic

construction technique and its huge potential as a

modern eco-friendly building method, the present

study aims to develop a numericalmodel ofREwithout

stabilizers that accurately reproduces its behavior both

under compression and shear. As complex behavioral

models need a significant amount of input data,

experimental tests were developed: unconfined com-

pression tests (UCT) on cylindrical specimens to

analyze the compressive behavior – this kind of tests

have been frequently carried out for RE characteriza-

tion by diverse authors –, and diagonal compression

tests (DCT) on larger prismatic samples to define the

shear behavior and fracture and failure mechanisms.

Despite the fact that tensile and shear behavior is one of

the most relevant parameters in the analysis of RE

failure (especially under extreme conditions) [18, 19],

there are very few examples in literature regarding

diagonal (shear) testing of RE [5, 6, 20].

In a secondpart of the study, a finite elementmodel of

the diagonal test was developed, defining an elastoplas-

tic behavioral model for the material that included the

mechanical properties obtained experimentally. Some

other parameters that could not be assessed from the

tests were obtained from literature, and then their

influence was evaluated though a sensitivity analysis.

2 Experimental campaign

2.1 Materials

The natural soil used in the experimental campaign of the

present study comes from Seggiano (Grosseto, Italy), and

can be classified, according to the European Soil Classi-

fication System (ESCS, ISO 14688-2:2018), as well-

graded sand, after been passed through an 8mm sieve in

order to remove the coarser particles. The particle size

distribution of the resulting earthen material – shown in

Fig. 1 – contains 14% clay, 31% silt, 42% sand and 13%

gravel, in agreement with several recommendations for

URE source materials [14, 17, 21, 22]. The mineralogical

composition of the soil is shown in Table 1; it was

determined by X-ray diffractometer, and clay mineral

analysis was successively performed interpreting the

variations of lattice distances related to the basal reflec-

tions that occur following specific treatments [23].

The consistency limits, maximum dry density

(MDD) and optimum moisture content (OMC) where

also evaluated. The soil had a plastic limit equal to

18% and liquid limit equal to 38%, leading to a plastic

index of 20, according to the methodology indicated in

ASTM D4318 [24]. The standard Proctor test (method

C) was performed according to ASTM D698 [25],

obtaining a OMC of 13% corresponding to a MDD

equal to 1.83g/cm3. The geotechnical characteristics

of the soil, together with its mineralogical composi-

tion, are summarized in Table 1.

2.2 Specimen manufacturing

Two different types of unstabilized rammed earth

specimens were prepared for the experimental tests:

small cylinders (diameter 10.1cm, height 11.5cm) for
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the uniaxial compression tests, and large panels

(50 cm � 50 cm � 10 cm) for the diagonal compres-

sion tests. The dimensions of the cylindrical samples

were chosen in order to be able to use the Proctor mold

[26] to manufacture the samples, which ensures that

the soil receives the targeted compaction energy and

makes the manufacturing process easily replicable.

This is particularly useful considering the great variety

of testing methodologies currently present in RE

literature [18]. It should be noted, however, that the

slenderness of these samples is lower than the usual

one used for compression tests on cylindrical concrete

samples (i.e. 2.0), so it may generate some variations

if the results are compared to that of other studies in

the literature.

The prismatic samples are a scaled version of the

specimens used in the standard test method for

diagonal tension in masonry assemblages [27]. These

reduced dimensions have already been successfully

used in previous studies for the evaluation of the shear

strength or RE materials [5, 28].

To prepare the specimens, the natural soil was

uniformly mixed with 13% water, reaching the water

content equal to the OMC of the soil, in agreement

with the recommendations of Walker et al. [17] and

standard NZS-4298 [29]. This mixture was then

poured into the molds and compacted. A 10.1cm-

diameter Proctor mold was used for the cylindrical

specimens, compacting the soil in three uniform layers

by dropping a standard Proctor rammer (2.50kg) 25

times per layer from a height of 30.5cm, subjecting the

soil to a total compactive effort of about 600kN m/m3

[25]. Although Proctor compaction tests do not apply

the same energy as the one applied on a construction

site, they are considered as a useful to assess the

appropriate manufacturing water content for RE

Fig. 1 Particle size distribution of the soil

Table 1 Main

mineralogical and

geotechnical characteristics

of the soil

Mineralogical composition Geotechnical properties

Quartz 27% Plastic limit 18%

Calcite 25% Liquid limit 38%

Clay minerals 48% Plastic index 20

– Illite 40% OMC 13%

– Vermiculite 40% MDD 1.83g/cm3

– Kaolinite 20%
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structures [17, 18, 30, 31]. According to previous

studies [18, 32], results of standard Proctor tests could

be more accurate when a manual rammer is used for

the construction, while modified Proctor tests could fit

better if pneumatic compaction is expected.

A wooden formwork was manufactured for the

prismatic samples, externally reinforced with steel

bars to avoid undesired deformations (Fig. 2). The soil

was compacted in six ca. 8.33cm-thick layers using a

modified Proctor test rammer [26] (4.54kg) dropped

123 times per layer from a height of 45.7cm, in order

to reach the same compactive effort per unit volume.

Just after the final layer was compacted, the samples

were carefully removed from the mold and stored for

curing under constant ambient conditions –about 25�C
and 60% relative humidity– during 28 days. After 10

to 15 days of curing, the mass of the specimens

reached a constant value. A total of four cylindrical

samples (C1 to C4) and three panels (P1 to P3) were

manufactured. The compaction process for each

sample was completed within an hour after the water

was added to the soil, to avoid significant moisture

losses due to evaporation [33, 34].

2.3 Testing methodology

The experimental part of the present study includes the

evaluation of the compressive and shear behavior of

the URE samples, through uniaxial and diagonal

compression tests, respectively. The UCT, in the

absence of specific standards for RE materials, were

performed according to ASTM D1633 ‘‘Standard Test

Methods for Compressive Strength of Molded Soil-

Cement Cylinders’’ [35], applying a homogeneously

distributed load on the upper face of the cylindrical

specimens, in the direction perpendicular to the earth

layers. The surfaces in contact with the bearing blocks

were leveled by means of a disc grinder. A displace-

ment-controlled testing machine was used for the test,

with loading speed equal to 1.3mm/min. A specimen

subjected to UCT, after failure, is shown in Fig. 3a.

For the DCT, the indications of standard ASTM

E519 ‘‘Standard Test Method for Diagonal Tension

(Shear) in Masonry Assemblages’’ [27]. The load was

applied on the top steel loading shoe, as a monotonic

displacement at a rate of 1.2mm/min. The displace-

ments along both main diagonals, in both faces, were

measured by means of displacement transducers with

gauge length 150mm. The setup for the DCT is shown

in Fig. 3b.

2.4 Experimental results

From the uniaxial compression tests, the stress–strain

curves were obtained (Fig. 4); calculating the stress as

the ratio between the applied load and the cross area of

the sample, and the strain as the ratio between the total

vertical displacement and the initial height of the

specimen (i.e. stroke of the test machine). It is possible

to observe an initial linear branch, where the behavior

of the material can be assumed elastic, followed by

another linear branch with lower slope, where the

Fig. 2 Prismatic sample: compaction process (a) and manufactured specimen (b)
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generation and propagation of microcracks becomes

more significant. A non-linear behavior continues

until reaching the peak strength, followed by a

softening branch until failure.

Table 2 shows the main parameters obtained from

the UCT. At the moment of testing, the specimens had

an average water content equal to 3.9%. The

unconfined compressive strength (UCS) obtained in

the tests is within the range usually indicated in the

existing literature about URE, between 1.00 and 2.00

MPa [18]. Similar compressive strengths have been

obtained by several authors for RE without stabilizers

using both cubic and cylindrical specimens [36–39].

Very small dispersion between the UCS results was

Fig. 3 Cylindrical specimen under UCT, after failure (a), and prismatic specimen under DCT, before failure (b)

Fig. 4 Stress–strain curves from uniaxial compression tests
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observed – coefficient of variation (CV) equal to 1.8%

–, especially considering the intrinsic heterogeneity of

material; which proves the effectiveness of the man-

ufacturing and testing methodology followed in this

study.

Diagonal compression tests were performed on

three different prismatic specimens, loading them until

failure, obtaining the cracking patterns represented in

Fig. 5. Cracks started approximately at the center of

the specimens and spread following a diagonal

orientation towards the loading shoes. Crack propa-

gation was also conditioned by the presence of the

interfaces between the earth layers. Smaller cracks

also appeared, before reaching the peak load, near the

interfaces at border of the panels.

From the results of the DCT, the shear stress

(SS ½MPa�) and shear strain (c ½mm/mm�) of the

specimens were calculated, according to Eqs. 1 and

2, as defined in ASTM E519 [27]. The relationship

between these two parameters along the test is

represented in Fig. 6. The softening branch is shorter

for sample D3 because one of the gauges moved after

the peak load and so further displacements could not

be properly measured.

Ss ¼
0:707P

An
ð1Þ

c ¼ Dxþ Dy
g

ð2Þ

where

• P is the applied load in N;

• An is the net area of the sample in mm2;

• Dx and Dy are de displacements in the direction

parallel and perpendicular to loading, respectively;

and

• g is the gauge length.

The values obtained for these parameters in the

DCT, together with the initial modulus of rigidity (G0)

– calculated as the initial slope of the shear stress–

strain –, are shown in Table 3. The average water

content in the samples at testing was equal to 5.8%. As

it happened with the UCT, the dispersion in the results

is very low for the strength and higher for the modulus

of rigidity and the strain. The average Ss obtained in

this study, is similar to the values found in literature

[19, 39], although there are very few studies evaluat-

ing this parameter for URE. The shear strength of the

material, according to the present study, is equal to

10% of the compressive strength. There are not

relationships defined in literature between these two

parameters, while the same relationship (1:10) has

been found by several authors between the tensile and

the compressive strength [19, 37, 39–41].

From the initial modulus of rigidity and Poisson’s

ratio (m) it is possible to estimate the elastic modulus of

an isotropic material as E ¼ 2Gð1þ mÞ. As some

relevant studies have already pointed [19], although it

Table 2 Results from UCT on URE cylindrical specimens

Sample qtest UCS (MPa) eucs
[g/cm3] [MPa] [m/m]

C1 1.94 1.36 0.031

C2 1.94 1.41 0.036

C3 1.95 1.41 0.034

C4 1.96 1.41 0.036

Mean 1.94 1.40 0.034

CV 2.3% 1.8% 6.8%

qtest: density at testing; UCS: unconfined compressive strength;

eucs: strain at maximum strength

Fig. 5 Cracking patterns at failure of the URE panels in DCT
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might be surprising, the assumption of an isotropic

material is totally acceptable for RE. Therefore,

considering a value of the Poisson’s ratio equal to

0.27 [18, 39, 40, 42], an elastic modulus of 655MPa is

obtained. Values of the Poisson’s ratio of URE in

literature are generally between 0.22 and 0.30 [18];

0.27 can be considered as a value of consensus

frequently used by diverse authors in previous studies

[39, 40, 42–44].

The value of the elastic modulus equal to 655MPa

is within the range usually found in URE literature,

frequently between 350 and 1 000MPa

[1, 6, 30, 37, 39, 45–47]. The E=fc ratio obtained,

equal to ca. 470, is also similar to those shown in other

existing studies about URE [37, 43, 48]. The E value

obtained from the DCT is considerably higher than the

one measured in the UCT, equal to ca. 80MPa

(CV ¼ 22%). In fact, it has been observed that

measuring the deformations directly from the dis-

placements of the testing machine – as it was done in

the UCT – significantly underestimates the stiffness of

the earthen material, as the settling of the soil particles

at the contact surface with the supports results in

greater deformations [49, 50]. It should be noted, in

addition, that the enormous variability in the mea-

surement techniques, the differences in preparation

protocols for the specimens and the dispersion in the

results existing in literature does not allow to define a

value of consensus for the stiffness of RE.

3 Numerical analysis

A numerical simulation of the diagonal compression

test was carried out through finite element method

(FEM). The material is modeled as continuum and

homogeneous – without taking into account the

existence of layers or the interaction between them –

, an approach frequently used for RE, as it allows to

obtain accurate results using models with lower

complexity [42, 44, 51]. The numerical analysis

Fig. 6 Shear stress–strain curves from diagonal compression tests

Table 3 Results from DCT on URE panels

Sample qtest (g/cm
3) Ss (MPa) G0 (MPa) css (mm/m)

D1 1.90 0.15 236.5 4.92

D2 1.93 0.14 251.3 2.93

D3 1.92 0.14 288.2 2.82

Mean 1.92 0.14 258.6 3.56

CV 1.1% 3.2% 10.3% 33.2%

qtest: density at testing; Ss: shear strength; G0: initial modulus

of rigidity; css: shear strain at maximum strength
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described in the present study was carried out using

FEM software Abaqus v.2022 [52].

3.1 Constitutive law

The continuum, plasticity-based, damage model ‘‘con-

crete damage plasticity’’ (CDP), implemented in

Abaqus, was used to describe the behavior of the

material. CDP is based on the constitutive model

proposed by Lubliner et al. [53], with the modifica-

tions introduced by Lee and Fenves [54]. Although it

was initially designed for concrete, its characteristics –

such as the different yield strengths in tension and

compression and the fact that it assumes that the main

two failure mechanisms are tensile cracking and

compressive crushing of the material – make it

particularly suitable for advanced macroscopic mod-

eling of brittle and quasi-brittle materials [22, 55, 56].

The uniaxial stress–strain relations used in the CDP

model are shown in Fig. 7.

This behavioral model uses a Drucker-Prager

surface as multidimensional strength domain, which

can be modified by a factor Kc (ratio of the second

stress invariant on the tensile meridian), that allows to

deform the failure surface, with Kc ¼ 1 meaning a

circular yield surface in the deviatoric plane. Other

parameters defining the CDP model are the flow

potential eccentricity (�), representing the rate at

which the flow potential function approaches the

asymptote (when the eccentricity tends to zero the

function tends to a straight line); the biaxial strength

ratio (rb0=rc0); the viscosity parameter (l); and the

dilation angle (u). The values of these parameters

considered in the present study are shown in Table 4

and were defined following the recommendations

present in literature for RE modeling [22, 55, 56] and

in Abaqus documentation [57]. For the dilation angle,

it was analyzed that varying its value from 0� to 20�
had a negligible effect on the stress–strain behavior of

the material.

Together with these general parameters, Abaqus’

CDP model requires the definition of the elastic

properties of the material and the inelastic compres-

sive and tensile behavior. For the RE material

analyzed in the present study, an elastic modulus of

655 MPa—obtained from the experimental DCT—

was considered, with a Poisson’s ratio assumed equal

to 0.27, according to literature, as previously

indicated.

For the compressive behavior, the inelastic stress–

strain data obtained in UCT was introduced. The

tensile behavior of the material was defined by

specifying the fracture energy and the tensile strength,

assuming a linear loss of strength after cracking

[58, 59]. The value of these parameters were assessed

through a sensitivity test on the model.

3.2 Finite elements model

The FEM model for the DCT comprised three parts: a

50 cm 9 50 cm 9 10 cm prism with CDP behavioral

model—as described in the previous section—repre-

senting the URE sample, and two L-shaped loading

shoes defined as rigid solids. The contact surface

Fig. 7 Stress–strain curves in the CDP model under uniaxial loading in compression (a) and tension (b) [57]
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between the loading shoes and the panel was defined

with a ‘‘hard’’ contact normal behavior plus a penalty

(friction) tangential behavior [60], with friction coef-

ficient equal to 0.2. A sensitivity analysis was carried

out for this friction coefficient, observing that changes

near to the chosen value of 0.2 had a negligible effect

on the general behavior of the model, while much

higher values produced an abnormal behavior in the

zone near the shoe-sample contact. The loading shoes

had all displacements constrained but the vertical

displacement of the top shoe; this displacement was

monotonically incremented up to a value of 5.0mm, so

that the significant region of the load–displacement

equilibrium path was covered. Eight-node linear brick

elements were used, and a static analysis was

performed.

Figure 8 shows the geometry of the finite element

model for the DCT in Abaqus.

3.3 Calibration and results

The model was evaluated varying the two parameters

that describe the tensile behavior of the CDP material

model (i.e. tensile strength and fracture energy) in

order to assess their effect. For the tensile strength,

according to the results in literature, values between

0.14 MPa (10% of the UCS) and 0.17 MPa were

assumed [6, 37, 39–41]. For the fracture energy, there

is not much information in URE literature, but some

authors show results between 10 and 20 N/m

[40, 45, 61]; while Abaqus recommends using typical

values from 40 to 120 N/m [57] (as the model is

originally designed for concrete). Considering this, the

model was analyzed for fracture energy values equal

to 10, 20, 30 and 40 N/m. The results (shear strength-

stress curves) obtained simulating the DCT for all the

possible combinations of these two parameters are

shown in Fig. 9.

It can be observed that the first part of the Ss � c
curve, corresponding to the elastoplastic branch for

increasing load, fits very well with the experimental

results and does not vary when modifying the tensile

parameters of the model, as the material here is mostly

under compression. Before reaching the maximum

load, when the behavior becomes more plastic and

tension-dependent, the shape of the curves highly

depends on theGf and ft values. Increasing the fracture

energy increases the peak shear strength and the

corresponding shear stress. Also, high Gf values lead

to a smooth softening branch, while low values cause a

fast decrease of the stress after the peak load. The

tensile strength, on the other hand, does not signif-

icantly affect the post-peak behavior, but increases the

maximum shear stress reached. The shear strain at

which this stress is reached is also increased but not

that much.

According to these results, a fracture energy in the

CDP model of at least 20 N/m is required to reach the

experimental peak stress, and Gf ¼ 40N/m is needed

to properly represent the post-peak behavior. At the

same time, tensile strengths between 0.15 and

0.16MPa were able to provide a good adjustment of

the curve at the peak strength and for the values around

this maximum. With these Gf and ftvalues, the model

reached a maximum shear stress of ca. 0.14 MPa at a

shear strain between 3.2 and 4.0 mm/m, very close to

the values obtained in the laboratory tests. Also the

rest of the Ss � c curves show a behavior similar to the

one observed experimentally.

The failure mode obtained with the FEA was

evaluated and compared with the one observed

experimentally. The ‘‘tensile equivalent plastic strain’’

Table 4 Parameters used

in the CDP model
Parameter Value

Kc 2/3

� 0.1

rb0=rc0 1.16

l 0.001

u 10�

Fig. 8 Finite elements model for diagonal compression test
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(PEEQT in Abaqus) is a useful variable to evaluate the

damage in a brittle material [57, 62]. In fact, it can be

assumed that cracking initiates at points where the

tensile equivalent plastic strain and the maximum

principal plastic strain are greater than zero [53].

These two parameters are shown in Fig. 10, where it

can be observed that the damage in the model

concentrates in central part of the sample, subjected

to strong tensile stresses, and in the stress concentra-

tion zone in the contact between the URE specimen

and the supports. These are the zones were the cracks

were developed in the laboratory tests. This corre-

spondence between the stresses obtained in the model

and the failure in the real sample is also observed when

superimposing the maximum (tensile) principal stress

and the cracks obtained in the tested URE samples, as

shown in Fig. 11.

4 Conclusions

Understanding the mechanical behavior of unstabi-

lized rammed earth is essential in order to introduce

this environmentally sustainable building technique in

new constructions, and also to properly preserve the

abundant architectural heritage built with this mate-

rial. In the present study, the compressive and shear

behavior of URE were evaluated through unconfined

compression tests and diagonal compression tests, and

the results were used to develop a finite element model

of the latter.

From the experimental tests, an average compres-

sive strength of 1.4MPa was obtained, similar to

values frequently shown in literature for URE. A

manufacturing methodology including the use of a

standardized Proctor mold and the control of the

compaction energy allowed to obtain a very small

dispersion in the results (e.g. coefficient of variation of

1.8% for the compressive strength), which is partic-

ularly relevant considering the high heterogeneity

frequently shown by rammed earth. It should be noted,

however, that these results were obtained on a limited

number of samples of a certain soil type with a

particular manufacturing water content and com-

paction energy, and should be taken with caution

before extrapolation to on-site construction

conditions.

Fig. 9 Shear stress–strain curves obtained in the FEA with varying fracture energy (Gf ) and tensile strength (ft)

118 Page 10 of 14 Materials and Structures (2023) 56:118



The shear strength of the material, obtained from

the DCT following the procedure indicated by the

ASTM for masonry assemblages, was equal to

0.14MPa, 10% of the compressive strength. This

relationship has been observed by previous authors

between the compressive and the tensile strength of

rammed earth. In this experiments it was also possible

to observe the crack development process, following a

diagonal from one support to the other, and also

influenced by the interfaces between the earth layers.

In the second part of the study, the FEM model

developed with the software Abaqus using the experi-

mental data, was proved to be useful for simulating the

behavior of the RE material. Concrete damage plasticity

was used as the behavioral model. The experimental data

was enough to define the compressive behavior of the

material, but to simulate the diagonal compression test it

was also necessary to define the tensile strength and

fracture energy as input parameters. The sensitivity

analysis performed showed that minimum fracture

energy of 20N/m was needed to reach the experimental

peak stress, with tensile strengths between 0.15 and 0.16

MPa. The post-peak behavior was more accurately

simulated with higher fracture energy values (30–40

N/m), although they are slightly higher than the exper-

imental values usually obtained for earthen materials.

The numerical analysis of the diagonal tests also

showed a stress distribution coherent with the exper-

imental results and the crack propagation paths that

lead to the failure of the specimen. Shear behavior is

particularly relevant in the failure mechanisms of

rammed earth structures under extreme loads – such as

a seismic event –, so the results of this study can be

used in a further step of the investigation to assess

structural vulnerability of rammed earth constructions

and ensure their integrity.

Regarding the limitations of the present study, it

should be taken into account that the results were

Fig. 10 Isolines of tensile equivalent plastic strain (a) and maximum (tensile) principal plastic strain (b) from FEA of DCT

Fig. 11 Maximum (tensile) principal stress at the end of FEM

test (shear strain 0.01m/m), and cracks from experimental tests.

FE model with Gf ¼ 30N/m and ft ¼ 0; 16MPa

Materials and Structures (2023) 56:118 Page 11 of 14 118



obtained on a limited number of samples, using a

certain soil type with a particular water content

(standard Proctor optimum moisture content), and

providing a specific compaction energy (standard

Proctor compaction energy). These results may vary

for different soil types and/or compaction and man-

ufacturing protocols; further experiments and devel-

opments would be relevant considering the potential

variability of earthen resources and test conditions.
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