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A B S T R A C T   

This paper presents the results of an extensive experimental campaign aimed at evaluating the feasibility of using 
steel-reinforced earthen materials for load-bearing structural applications, with a focus on a new category termed 
"shot-earth". Addressing excavated soil, a major source of construction waste, shot-earth demonstrates remark-
able properties, such as notable green strength and reduced water sensitivity. The experimental program includes 
four-point bending tests on steel-reinforced shot-earth beams, along with pull-out tests to assess the adherence 
between ribbed steel bars and shot-earth. A flexural design approach, traditionally suited for reinforced concrete, 
is presented and validated to establish a reliable model for reinforced shot-earth elements in bending state. These 
findings suggest that leveraging existing models for reinforced concrete can overcome some traditional chal-
lenges associated with earth-based constructions, promoting them as a viable and ecological alternative to 
conventional construction materials.   

1. Introduction 

Earthen construction has stood the test of time, serving as a funda-
mental resource for building projects around the world for centuries. Its 
enduring appeal among the scientific community stems from its unique 
attributes that combine sustainability with utility [1]. Three notable 
advantages of utilizing earth building materials are: (i) Their potential to 
reduce CO2 emissions, given that even when stabilized, earthen con-
structions contain a lower amount of cement compared to other mate-
rials [2,3]. (ii) The cost-saving benefits arising from the direct use of 
excavated soil in the field. (iii) The natural aesthetic value they confer 
[1,4]. Currently, the predominant methods of earth-based construction 
— suitable for the erection of single or two-story civil buildings — 
involve the use of adobe, cob, and rammed-earth techniques [1,4]. 

Recently, a soil-based construction material known as "shot-earth" 
(hereafter referred to as "SE") has been introduced to the global scientific 
community, with studies undertaken to analyze its mechanical, thermal, 
and hygrothermal properties [5–10]. SE represents a new category of 
sustainable construction materials composed of excavated soil, aggre-
gates, and a small amount of stabilizer, if dictated by performance re-
quirements. To minimize the depletion of natural resources, the 
utilization of recycled aggregates is preferred in the manufacturing of 
SE. Stabilization can be achieved not only through the addition of 
cement but also by incorporating agents with a lower carbon footprint, 

such as lime, hydraulic lime, and plaster. The mixture of raw materials 
undergoes a high-speed projection process allowing for the spraying of 
SE into formworks, which ensures a high degree of compaction. This 
fabrication process, rooted in shotcrete technology, imbues SE with 
green strength. Following a standard 28-day curing period, SE attains a 
compressive strength exceeding 9 MPa [5]. 

The interest in SE is steadily growing, driven by compelling research 
that not only showcases its potential applications but also elucidates its 
limitations, offering clear guidelines to architects, engineers, contrac-
tors, and building owners. 

Often, classic earthen materials still face significant challenges in 
being accepted as structural materials [11] due to prejudices related to: 
(i) low compressive strength, albeit it can exceed 5 MPa when stabilized 
with cement [12,13]; (ii) water sensitivity; (iii) high maintenance re-
quirements; and (iv) the absence of predictive models to accurately 
calculate and detail structural members. These prejudices can be over-
come through innovation and research. To equip structural designers 
with the tools necessary to build safely with SE, numerous research 
studies have been undertaken. This paper presents the study and vali-
dation of a mechanical model devised to forecast the flexural response of 
reinforced SE beams. This model builds upon those established for 
concrete structures. Capitalizing on the existent knowledge of RC, the 
model modifies and tailors it to accommodate the distinct characteristics 
of earthen materials reinforced with steel. This approach paves the way 
for designs that are both reliable and sustainable in the construction of 
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earthen structures. 
This paper presents experimental results to validate the proposed 

model. Within the structural investigation, three reinforced SE beams 
(labeled hereafter “B_SE772”) are analyzed. 

The bond between concrete and steel rebars is a pivotal factor in 
determining the flexural performance of reinforced concrete members 
[14]. Accordingly, to scrutinize the bond behavior between SE772 and 
steel bars, six pull-out tests were conducted. Subsequently, a critical 
comparison was undertaken involving the bond stress–slip relationship 
delineated in the CEB-FIP model code 90 [15] and the CEB-FIP model 
code 2010 [16]. The bond behavior can also be influenced by the co-
efficient of thermal expansion between materials. As the constituent 
materials used in the production of shot-earth are the same as those 
employed in general earth-based materials, the conclusions drawn for 
rammed Earth and Compressed Stabilized Earth Block materials can be 
extrapolated to shot-earth, specifically the identical coefficient of ther-
mal expansion between steel and shot-earth, as stated in [17,18]. 

2. Materials and methods 

2.1. Materials and mixture proportions 

SE represents a novel class of sustainable construction materials 
composed of excavated soil, aggregate (sized 0–8), stabilizing agents, 
and water. In the experiments, the mix proportion designated as SE772 
(mix proportion by mass: 7 parts of soil, 7 parts of aggregates, and 2 
parts of cement) was employed for four-point loading bending test of the 

reinforced SE beams. The same mix proportion was exploited for the 
pull-out tests. However, it is worth noting that two distinct types of soil 
were used for each test. As a result, the mix used in the pull-out tests will 
be subsequently referred to as SE772 * . The purpose of the pull-out tests 
is to assess, for a generic SE772 recipe, whether the assumption of 
perfect adhesion proves to be valid, assuming that minor variations in 
the composition of the earth do not affect the bonding behavior. In order 
to characterize the soils, a particle size analysis was conducted to assess 
its granulometric distribution according to the EN 933–1 standard [19], 
see Fig. 1. Additionally, the USCS classification was established [20], 
leading to the conclusion that SE772 can be grouped into CL-ML, while 
SE772 * falls into the CL category. The extraction of both soils occurred 
at a depth greater than 60 cm to avoid the presence of organic material. 

The water content in the mix stands at 8.66% of the dry mixture’s 
mass, as detailed in [6]. The application of SE involves a high-speed 
(300 km/h) dry projection process using a specially designed machine. 
This rapid projection technique endows SE with a notable density 
(approximately 2100 kg/m3) and significant green strength immedi-
ately post-placement, as it is capable of maintaining its shape inside the 
formwork without visible deformations and without cracking before 
reaching its maximum strength. For constructing load-bearing struc-
tures, such as beams, SE is reinforced using steel rods compliant with the 
Swiss standard type B500B. This reinforcement method aligns with the 
recommendations for concrete beam reinforcement. The same steel rods 
were also incorporated in the pull-out test specimens. 

Nomenclature 

SE Shot-earth. 
RC Reinforced concrete. 
SE772 SE mix design composed by 7 parts of soil, 7 parts of 

aggregates and 2 parts of cement by weight. 
SE772 * SE mix design with the same proportion of SE772 but with 

the use of a different streak of earth. 
B_SE772 SE772 beams for the four-point bending test. 
P_SE772 * _l_ ø SE772 * prisms for the pull-out test with an 

embedding length “l” and a rebar diameter “ø”. 
SE772 * _C-28 Cubic samples for SE772 * characterization in terms 

of C-28 and BD. 
C-28 28-days compressive strength. 
BD Bulk density. 
EM Elastic modulus. 
EMSE SE Elastic modulus. 
EMSE772 SE772 Elastic modulus. 
χ Curvature. 
Ma Bending moment for a defined cross section corresponding 

to a specific value of χ. 
M0 Midspan moment due to the self-weight load of the 

reinforced B_SE772. 
J Inertia modulus of the cross section. 
Jom Inertia modulus of the homogenized cross section. 
δ Midspan displacement. 
P Total load applied during the four-point bending test. 
P1 Load applied by the first servo-hydraulic actuator in the 

four-point bending test. 
P2 Load applied by the second servo-hydraulic actuator in the 

four-point bending test. 
Pmin Minimum load applied in phase S1. 
Pmax Maximum load applied in phase S1. 
Pu Maximum load recorded during the four-point bending 

test. 

Mu Maximum bending moment recorded during the four-point 
bending test. 

δ(Mu) Midspan displacement at Mu. 
MR(z1) Bending moment for the real frame B_SE772 in the variable 

z1. 
Mf(z1) Bending moment for the fictional frame B_SE772 in the 

variable z1. 
MR(z2) Bending moment for the real frame B_SE772 in the variable 

z2. 
Mf(z2) Bending moment for the fictional frame B_SE772 in the 

variable z2. 
S1 First loading step in the four-point bending test 

configuration. 
S2 Second loading step in the four-point bending test 

configuration. 
δint Intrados displacement measured by horizontal LVDTs 

glued on the bottom fiber during the S1. 
δext Extrados displacement measured by horizontal LVDTs 

glued on the top fiber during the S1. 
LVDT Linear Variable Displacement Transducer. 
lcr LVDT characteristic length. 
h B_SE772 cross section height. 
L B_SE772 span length. 
τ Bond stress. 
τmax Average bond stress from experimental results. 
τmax,CEB Average bond stress from concrete predicted model. 
s Slip. 
FP_SE772*,max Pull out force. 
ø Rebar diameter. 
l Embedded length. 
fcm Mean cylinder compressive strength. 
Cmin Minimum cover thickness. 
Cmax Maximum cover thickness. 
Ktr Efficiency of the confinement coefficient.  
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2.2. Fabrication and curing of test specimens 

To perform the four-point loading bending tests, three prismatic 
samples of length 4000 mm and size 300 × 400 mm2 were constructed. 
The geometric features and the layout of the longitudinal and shear steel 
reinforcements are sketched in Fig. 2. 

The mix design used for the SE beams aligns with the methodology 
employed in [5], ensuring consistent mechanical properties across the 
samples. Fig. 3 captures the step of projecting SE into the formworks. It 
is important to highlight that a specific spray angle is necessary to 
prevent aggregate bounding and to achieve optimal compaction. 

Given that perfect adherence between SE and steel rebars cannot be 
taken for granted, several pull-out tests were conducted. To facilitate 
this, prismatic SE samples measuring 150 × 150 x 300 mm3 (hereafter 
referred to as “P_SE772 *_l_ ø”) were crafted. In the P_SE772 * _l_ ø label, 
l denotes the embedded length, while ø represents the steel rebar 
diameter (expressed in mm). A different geometry can alter the results in 
terms of the bond stress-slip relationship, as it can also influence the 
failure mechanism. The shear bond stress at failure exhibits a decreasing 
trend with an increase in specimen size. Experimental findings docu-
mented in [21] suggest that larger specimens, featuring correspondingly 
larger bars, are prone to failure in a more brittle, splitting mode. 

Conversely, smaller bars tend to undergo a less brittle or more plastic 
shear pullout mode upon failure. This shift in failure modes based on 
specimen size aligns with the physical implications of the size effect law 
[22]. For the purpose of the test, it was chosen to have an upper concrete 
cover greater than 5ø, ensuring a good confinement condition according 
to [16]. This configuration also aligns to various tests documented in the 
Literature [23,24]. The bar diameter for all pull-out tests is set at 12 mm, 
matching the specifications employed in the bending tests conducted on 
the beams. 

Within each sample, a single steel rebar was embedded, as depicted 
in Fig. 4. These specimens, with varied embedded lengths (10ø and 15ø), 
were grouped and tested in sets of three for each specified length. 

To evaluate the bulk density (subsequently termed “BD”) and the 28- 
day compressive strength (referred to as “C-28”) of SE772 * , an addi-
tional four cubical specimens with dimensions of 150 × 150 x 150 mm3 

were produced. 
All specimens were cast on a single day at a construction site in 

Moudon, Western Switzerland. After a curing period of 7 days under 
summertime external conditions, the specimens were transported to the 
laboratory at Haute Ecole d’Ingénierie et de Gestion du Canton de Vaud 
(HEIG-VD) to complete the curing (28 days) at T = 23 ± 3 ◦C and RH 
= 50 ± 5%. The curing process does not involve immersion in water, as 

Fig. 1. Granulometric analysis of: a) SE772 soil, b) SE772 *soil.  

Fig. 2. B_SE772: layout of the longitudinal and shear steel reinforcements.  
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this could result in strength losses due to the presence of soil in the mix 
proportion, making it susceptible to water. 

An overview of the executed tests and their corresponding standards 
can be found in Table 1. 

2.3. Compressive test 

To ascertain the C-28 for the SE772 * mixture, uniaxial unconfined 
compressive tests were executed in line with the European standard used 
for concrete materials [26]. These compressive assessments were carried 
out utilizing a 5000 kN Perrier testing apparatus. The procedure 
entailed an initial preload of 15 kN, followed by a loading rate of 
0.3 MPa/s, consistent with the standards. 

2.4. Pull-out test 

The bond between steel rebars and SE772 * was assessed using pull- 
out tests. Each test was conducted by applying a consistent slipping 
speed of 0.03 mm/s, as cited in [25,31]. The total displacement of the 
rebar in relation to the SE772 * support was gauged using a specific 
LVDT sensor setup, as illustrated in Fig. 5. Both the LVDT displacement 
readings and the pull-out force were captured at a frequency of 10 Hz. 

As the stress distribution along the embedded length is not uniform is 
usual to define an average bond stress as reported in Eq.(1), 

τmax =
FPSE772∗,max

π × ∅ × (l − s)
(1)  

where: FP_SE772*,max is the pull-out force (N), ø is the rebar diameter 
(mm), l is the embedded length (mm) and s is the slip between the steel 
bar and the SE772 * (mm). 

For monotonic loading conditions, the bond stress can be calculated 
according to the predictive models as a function of the relative 
displacement as reported in Eq. (2), 

τ =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

τmax

(
s
s1

)α

0 ≤ s ≤ s1

τmax s1 < s ≤ s2

τmax −
(
τmax − τf

)
(

s − s2

s3 − s2

)

s2 < s ≤ s3

τf s > s3

(2)  

where the required parameters are listed in Table 2. It should be noted 
that these values are valid for: (i) a “good” bond condition, (ii) splitting 
failure, (iii) ribbed bars in which the tensile strain is lower than its yield 
limit. Regarding the CEB-FIP MC2010 model, the τmax value takes into 
account the confinement effect provided both by the concrete and the 
stirrups as reported in Eq. (3), 

τu,split = 7 ×

(
fcm

20

)0.25

(3)  

where fcm is the mean cylinder compressive strength evaluated as 83% of 
the cubic one (MPa). 

2.5. Four point loading bending test 

2.5.1. Experimental setup 
The beams were supported on a roller and a spin support, with a span 

length equal to 3810 mm (labeled hereafter “L”). A load frame was 
assembled and equipped with two 300 kN servo-hydraulic actuators 
intended to apply two pointwise loads to the beam in accordance with 
the four-point loading bending test setup, see Fig. 6(a). 

The load was applied by a deflection rate of 2 mm/min [27–30]. A 
displacement sensor was connected to the piston that was loaded with 
“P2” (see Fig. 6(a)) to define the correct testing speed. The pistons were 
connected to the same oil circuit, ensuring uniform force values 

Fig. 3. a) Fabrication of B_SE772, b) B_SE772 realized portion during the projection process.  

Fig. 4. SE772 sample used to perform the pull-out test.  

Table 1 
Experimental tests carried out on specimens.  

Specimens Label Test Regulation 

SE772 * Prism 
0.15 × 0.15 × 0.3 m3 

P_SE772 * _ 
l(a)_ ø(b)_i 

Pull-out test [14,25] 

SE772 * Cubes 
0.15 × 0.15 × 0.15 m3 

SE772 * _C- 
28_i 

Compressive test [26] 

SE772 Beams 
0.3 × 0.4 × 4 m3 

B_SE772 Four-point loading 
bending test 

[27–30] 

(a): Embedding length (mm) 
(b): Steel rebar diameter (mm) 
* Different streak of earth used 
i: Sample number 
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throughout the test. A monitoring was conducted during the test to 
verify compliance, as both pistons were connected to force sensors. 
Notably, the maximum difference recorded at the point of failure, with 
regard to the force measured on the two pistons was less than 0.9%. 

The four-point loading bending test was conducted in two distinct 
loading phases. The first loading step (S1) includes 3 cycles of loading- 
unloading performed in the elastic regime of the beam. For all 3 cycles, 
the minimum (Pmin) and maximum (Pmax) load values are 8–10 kN and 
30–40 kN, respectively. S1 is requested to first simulate the mechanical 
response under operational loads and second to validate the loading and 
the support setup. In the following, the total load (P) acting on the beams 
is considered as the sum of two equal forces effectively applied to the 
beams (P1 and P2), see Fig. 6(a). The second loading step (S2) begins as 
soon as the first one is finished. S2 permits to characterize the me-
chanical response of the beam by applying a total load starting from Pmin 
which gradually increases until to reach the total failure. As showed in 
Fig. 6(b), a LVDT system is fixed on the skin of the beam to measure the 
stretch and the midspan deflection. Specifically, four LVDTs are utilized, 
with two allocated to each side of the beam: one placed horizontally on 
the top fiber and one on the bottom fiber. An additional four LVDTs are 
positioned vertically on the beam: one on the extrados, one in the middle 

of each side, and one on the intrados fibers. Data from these LVDTs are 
continuously recorded using a digital acquisition system at a frequency 
of 10 Hz. 

2.5.2. Modeling 
To establish the relationship between moment and midspan deflec-

tion, a suitable model for RC is proposed in this study. The stress-strain 
relationships considered here involve the classical parabolic-rectangular 
curve with an ultimate compressive strain of 3‰ [32] for the SE. The 
adoption of a constitutive model typically used for concrete is supported 
by analyses of the mechanical properties of SE conducted in [5]. Further 
details regarding the stress-deformation behavior under compression 
are reported in [9]. 

Meanwhile, for the B500B steel, an elastic-plastic relationship is 
used, which accounts for strain hardening up to 5% of the ultimate 
strain. As the curvature, denoted as χ, increases, the corresponding 
moment, denoted as Ma, is evaluated up to the point of failure. Failure is 
determined either when the SE undergoes compression or when the steel 
bars experience traction failure. The foundational assumptions guiding 
this process include: (i) plane cross sections remaining plane even after 
deformation, and (ii) perfect adhesion between the steel reinforcement 
and SE, a finding supported by results presented in Section 3.2. To 
calibrate the model, reference was made to the mechanical properties 
outlined in [5]. 

Through the function that best approximates the χ-Ma relationship 
(see Fig. 7), it is possible to determine the moment of inertia J of the 
cross section as a function of Ma, as reported in Eq. (4), 

J =
Ma

EMSE × χ(Ma)
(4)  

where Ma is the bending moment (Nmm), EMSE is the SE772 elastic 
modulus (MPa) and χ(Ma) is the curvature at a specific value of Ma (mm- 

Fig. 5. a) Detail of LVDTs arrangement setup, b) Pull-out experimental setup.  

Table 2 
Parameters involved in the bond stress-slip relationship.   

CEB-FIP MC90 CEB-FIP MC2010 

s1 0.6 mm s(τu,split) 
s2 0.6 mm s1 

s3 1.0 mm 1.2 s1 

α 0.4 0.4 
τmax 2√fcm τu,split (Eq.(3)) 
τf 0.15 τmax 0  

Fig. 6. a) Load pattern for four-point loading bending test b) LVDT’s arrangement.  
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1). 
The determination of the midspan displacement as a function of Ma 

was subsequently obtained using the principle of virtual work. As 
reference of the real and fictional schemes, the Eqs. (5) and (6) can be 
drawn, 

MR(z1) = F z1 , Mf (z1) =
1
2

z1, 0 ≤ z1 <
L
3

(5)  

MR(z2) =
F L

3
, Mf (z2) =

L
6
+

z2

2
0 ≤ z2 ≤

L
6

(6)  

and the δ determined as reported in Eq. (7), 

δ = 2

⎛

⎜
⎝

∫ L
3

0

Mf (z1) MR(z1)

EMSE772 J
(
MR(z1)

) dz1 +

∫ L
6

0

Mf (z2) MR(z2)

EMSE772 J
(
MR(z2)

) dz2

⎞

⎟
⎠

(7)  

where: δ is the midspan deflection for B_SE772, MR(z1) and MR(z2) are 
the bending moments due to the real loading, Mf(z1) and Mf(z2) are the 
bending moments due to the virtual unitary loading, L is the effective 
beam length and J(MR(z1)) is the moment of inertia as a function of the 
bending moment due to the real moment. Shear contributions have been 
neglected. 

3. Results and discussion 

3.1. Compressive test 

The crack pattern observed in the SE772_C-28 is deemed satisfactory 
per the criteria laid out in standard [26], as illustrated in Fig. 8. Table 3 
presents a summary of the engineering properties of SE772 * , derived 
from the tests conducted on the cubic specimens. The obtained standard 
deviation aligns with results from compression tests on earth-based 

materials [5,6,33]. 

3.2. Pull-out test 

Despite the confinement offered by the SE cover at a minimum 
thickness of 12ø, all of the P_SE772 * _l_ ø specimens failed by splitting, 
as shown in Fig. 9. This is mainly due to: (i) the insufficient confinement 
provided by the SE, and (ii) absence of stirrups. 

In Fig. 10, a comparison between the experimental results and the 
CEB-FIP MC90 [15] and CEB-FIP MC2010 [16] predictive models is 
presented in terms of bond stress-vs-slip relation. 

In Fig. 10, the initial curved segment derived from the models cor-
responds to the phase where the ribs penetrate the mortar matrix, a 
process accompanied by micro-cracking. Experimental outcomes for this 
initial segment align well with model predictions, irrespective of the 
embedding length. Upon reaching τmax, the declining phase begins, 
attributed to the splitting failure evident in these results. 

Table 4 details a comparison between the τmax observed for each 
specimen and the values predicted by the two models. For an embedding 
length of 10ø, τmax shows a significant alignment with τmax,CEB-MC2010; 
the relative error for each specimen remains under 17%. Conversely, 
P_SE772 * _15ø _12 typically registers values higher than those antici-
pated by the models. Yet, a consistent pattern emerges, demonstrating 
that τmax augments in tandem with the bonded length. As such, for 
embedding lengths exceeding 10ø, there is a pronounced alignment with 
the predictive model tailored for RC materials under optimal bond 
conditions. This suggests that presuming perfect adhesion between steel 
bars and SE is a plausible approximation—mirroring assumptions in 
traditional RC—given a sufficiently long bonded segment. 

While the experimental bond stress at a 6 mm slip closely mirrors the 
standard proposed by CEB-MC90, the declining segment presents a 
gentler gradient in comparison to anticipated trajectories. This 
discrepancy may stem from residual bond stresses caused by concrete 
shearing between ribs. Future investigations are slated to offer a more 
in-depth characterization of the interplay between SE and steel rebars. 

3.3. Four-point loading bending test 

In Scenario S1, the horizontal LVDTs, which are affixed to the middle 
region of the beam, allow for the approximation of the theoretical cur-

Fig. 7. Ma-χ relationship.  

Fig. 8. Crack patterns of: a) SE772 * _C-28_1, b) SE772 * _C-28_2, c) SE772 * _C-28_3, d) SE772 * _C-28_4.  

Table 3 
Engineering properties of SE772 * .  

Specimens BD 
(kg/m3) 

C-28 
(MPa) 

SE772_C-28_1 
SE772_C-28_2 
SE772_C-28_3 
SE772_C-28_4 

2107.20 
2084.83 
2071.61 
2048.89 

14.38 
13.62 
12.84 
10.04 

Avg.±Std Dev. 2078.13±24.41 12.72±1.89 

C-28: 28-day compressive strength value 
BD: Bulk density after curing 
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vature of the cross-section during loading and unloading cycles, see Eq. 
(8), 

χ =
M0

EMSE772 Jom
+ (δint + δext)

1
lcr

1
h

(8)  

where: M0 is the midspan moment due to the self-weight load of the 
reinforced B_SE772, EMSE772 is the elastic modulus of the SE772 which is 
assumed as reported in [5], Jom is the moment of inertia of the homog-
enized cross section, δint is the extension at the intrados measured by 
horizontal LVDTs glued on the bottom fiber during the S1, δext is the 
shortening at the extrados measured by horizontal LVDTs glued on the 
top fiber during the S1, lcr is the characteristic length of the LVDT, and h 
is the height of the beam cross-section. 

The Fig. 11 shows the total load applied to the beam (P1 + P2) vs the 
midspan deflection. The self-weight deflection contribution 
(δ = 0.93 mm), computed according to the theory of elasticity, has been 
added to the measured midspan displacement. Furthermore, in Fig. 11 
(a) is highlight a comparison between the experimental moment- 
curvature diagram and the Ma - χ relationship as defined in the model 
presented in Section 2.5.2. This comparison is intended to validate the 
theoretical diagram of Fig. 7 in the elastic field. 

Fig. 9. Splitting failure mode for: a) P_SE772 * _10ø_12, b) P_SE772 * _15ø_12.  
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Fig. 10. Bond stress – slip relationship: comparison between experimental results and predictive models.  

Table 4 
Comparison between experimental and predictive models in terms of τmax.  

Specimens τmax 

(MPa) 
τmax/τmax,CEB-MC90 

(MPa) 
τmax/τmax,CEB-MC2010 

(MPa) 

P_SE772 * _10ø_12_1 
P_SE772 * _10ø_12_2 
P_SE772 * _10ø_12_3  

5.27 
4.95 
4.92  

0.81 
0.76 
0.76  

0.88 
0.83 
0.83 

P_SE772 * _15ø_12_1 
P_SE772 * _15ø_12_2 
P_SE772 * _15ø_12_3  

5.36 
6.75 
6.55  

0.82 
1.03 
1.01  

0.90 
1.13 
1.10  
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At the end of S1, the S2 is set to measure the mechanical response of 
the beam as the load increases until to reach the complete failure, see  
Fig. 12. The self-weight offset has been considered in S2 too. 

All beams in both phases (S1 and S2) display consistent trends, 
thereby validating the repeatability of the SE manufacturing process. 
Following the elastic phase, the reinforced SE beams demonstrates 
ductile behavior, attributable to the presence of the steel reinforcement. 
Notably, there’s a distinct phase where the midspan deflection amplifies 
while the force remains constant. This behavior closely aligns with that 
observed in RC beams. The flexural performance metrics for the rein-
forced SE beams can be found summarized in Table 5. 

For all beam samples, the first macro-cracks appear upon reaching 
the peak load in the midspan. All the samples display similar crack 
patterns. As seen in reinforced concrete beams, there is an almost ho-
mogeneous distribution of vertical cracks corresponding to the position 
of the steel stirrups embedded in the beam, as shown in Fig. 13. As the 
load increases, the cracks gradually widen and increase particularly in 
the neighboring of the supports. At the failure load, the cracks in the 
central region have an average length of 32 mm and a width of 2 
± 1 mm, while the cracks in proximity to the supports are characterized 
by an average length of 20 mm and a width of 0.2 ± 0.1 mm. 

All the reinforced SE beams exhibited failure in a flexural mode. 
Initially, the steel bars in the bottom fiber undergo plasticization, a 
phenomenon further corroborated by the plateau observed in Fig. 12. 
This is followed by a compression failure in the top fiber, as illustrated in  
Fig. 14(a). The ultimate collapse of the reinforced SE beams arises once 
the steel bars in the bottom fiber break, as depicted in Fig. 14(b). This 
highlights a ductile failure, thus confirming the “good bond behavior” 
[15,16] between SE and steel bars as shown in Section 3.2. This cor-
roborates the assumption of perfect adhesion adopted in Section 2.5.2. 

A comparison between the analytical predictions and experimental 
results in terms of P1 +P2 – δ relationship is shown in Fig. 15. It should be 
noted that the model well approximates the experimental results in both 
the elastic and plastic fields. The maximum failure load provided by the 

model is 123.20 kN with a displacement δ of 50.95 mm. At the theo-
retical failure point, the SE strain is 3‰, while the steel in the in the 
lower tension zone reaches 12‰. The differences covered by the 
experiment are due to a twofold cause: (i) the maximum force of the 
model is lower due to an additional hardening effect near the failure, (ii) 
based on the experimentally observed failure domains, it is reasonable to 
assume the formation of a localized plastic hinge, enabling significant 
displacements under constant load. 

4. Conclusions 

In this research, an experimental campaign was conducted to char-
acterize the adherence between SE772 and steel bars. Subsequently, the 
flexural behavior of reinforced SE772 was examined through four-point 
loading bending tests. Due to the lack of predictive models for earthen 
structures, existing models designed for RC were employed. These 
models aimed to predict both the adherence between SE772 and steel 
bars and the load–displacement relationship of reinforced SE772 
members under bending. The presented models were then validated 
against experimental results. From this research, several conclusions can 
be drawn: 
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Table 5 
Load, Moment and midspan deflection peaks measured during the four-points 
loading bending test on reinforced SE beams.  

Specimens Pu 

(kN) 
Mu 

(kNm) 
δ (Mu) 
(mm) 

B_SE772_1 
B_SE772_2 
B_SE772_3 

139.04 
135.88 
133.80 

92.08 
90.08 
88.76 

97.16 
90.92 
85.33 

Avg. ±Std Dev 136.24±2.64 90.31±2.64 91.14±5.92 

Pu: ultimate load 
Mu: ultimate moment 
δ(Mu): Midspan displacement at ultimate moment 
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1. A comparison of suitable predictive models for RC structures with 
experimental results from pull-out tests supports the hypothesis of 
perfect adhesion between steel bars and SE materials. 

2. The model based on the stress-strain relationship, tailored for con-
crete, accurately anticipates the behavior of reinforced earth beams 
under bending. This suggests that the model has potential utility in 
designing steel-reinforced SE beams with an optimal reinforcement 
configuration to fulfill specific structural requirements. Moreover, 
the adoption of this model might address challenges related to 

limited understanding of the behavior of earthen materials and their 
interaction with steel reinforcement. 

In conclusion, this study underscores the potential of projected steel- 
reinforced earthen materials. It also indicates that methodologies from 
existing RC structure models can be applied to reinforced SE structures, 
offering a potential avenue towards more sustainable and cost-efficient 
construction methodologies. 

Fig. 13. a) Undeformed configuration. Crack pattern for: b) B_SE772_1, c) B_SE772_2, d) B_SE772_3.  

Fig. 14. a) SE failure in compression b) Steel failure.  
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