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Abstract

One major drawback of excavation earth-based composite construction materials is the variability in
excavation earth characteristics from site to site. This variability can affect certain physical properties,
and, in turn, the design models used to create a structure. To solve this problem, a methodology has been
developed to predict the physical properties of earth-based composites for any mix-design variation,
which enables a robust structural design process.

This new methodology has been tested for Shot-earth, a new class of earth-based composite material
made using high rates of excavation earth, aggregates, and a low rate of stabilization if needed. Shot-
earth is placed using a high-speed dry-mix process.

The methodology was tested by preparing small, inexpensive specimens through a process that simulates
the dry-process used to fabricate Shot-earth in the field. An adaptive technique, used in conjunction with
the experimental methodology, allows for the identification of the variant of possible Shot-earth mix-
designs that provides optimal physical properties for a specific project. This technique is potentially
applicable to any type of earth-based composite. The proposed methodology's reliability enables a fast

and cost-effective detailing of Shot-earth constructions.

Keywords: Earthen materials, eco-building constructions, mechanical characterization, mix-design
optimization, experimental campaign.

1. Introduction
For thousands of years, soil has been utilized as a reliable construction material. In fact, the fortified city
of Catalhoyiik in Turkey, which dates back to 6000 BCE, was constructed using soil [1, 2]. This versatile
material has been used to build some of the world's most iconic structures, including the Great Wall of

China and the Pyramid of the Sun in Mexico, as depicted in Figure 1.



Figure 1. a) Great wall of China /3], b) The pyramid of the Sun in Mexico [4].

The use and development of earthen construction techniques throughout the centuries have been strongly
influenced by the availability of suitable earth and several socio-economic factors. Figure 2 displays a
selection of sites where the rammed earth technique was used to construct buildings in different

historical periods.

O Phoenician
@ Berber Muslim
O Christian Spain
@ Post-Cointeraux
@ 20" century

Marseilles, ‘
Mouries,

Marignane

Carthage

Figure 2: Chronological development of rammed earth techniques in Europe [5].

Today, there are still three main types of traditional earthen construction techniques used for
constructing single or two-story buildings: adobe, cob, and rammed earth [5, 6]. Adobe is primarily used
to produce earthen blocks utilized to construct walls, vaults, arches, and domes, which are difficult or
even impossible to construct with rammed earth [7, 8, 9, 10]. Earthen blocks are manufactured by
compacting a mixture of wet soil and other compounds into a formwork [11]. Comprehensive studies
on optimizing the compaction process to manufacture earth blocks are provided in [12, 13, 14]. Cob is
a wet mixture of earth and vegetal fibers [6], piled or molded to create walls. Cob structures are built in
layers, often referred to as lifts. Each lift has a height of 0.6-0.9 m and must be completely dried before

the next layer can be added [8, 15]. Rammed earth is a technique where a mixture of moistened earth
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and other compounds is compacted in superposed layers within a formwork [7]. Rammed earth is
primarily used to construct walls, even in humid climates where building with adobe bricks is
impractical or impossible [8]. Recent examples of rammed earth constructions are the Chapel of

Reconciliation in Berlin and the Rauch House in Austria (see Figure 3).

Figure 3: (a) Chapel of reconciliation in Berlin [16], (b) Rauch house in Austria [17].

Several studies focused on characterizing rammed earth from a mechanical standpoint can be found in
the literature [18, 19, 20]. One of the most significant advantages of earthen constructions is their low
cost and high sustainability due to the use of locally excavated and reusable raw materials, which require
minimal processing energy, have a low carbon footprint, and reduce transportation-related ecological
impacts [21, 22]. However, traditional earthen constructions have some major drawbacks, such as water
sensitivity, low mechanical performance, high maintenance requirements, and labor intensiveness.
Research has shown that the mechanical performance of soil-based materials can be enhanced by
stabilizing them with binders such as Portland cement and lime [23]. Increasing the compaction energy
is another method of improving the strength of earthen materials [24]. Recently, a novel excavation-
based construction material called "Shot-earth" (hereafter labeled "SE") has been introduced as an
alternative earth-based solution that overcomes the typical drawbacks of traditional earthen materials
such as water sensitivity and low mechanical strength [25, 26]. SE is an ecological composite material
that consists of a high percentage of soil excavated from a construction site, locally sourced coarse sand
(0-16mm in size), and a small amount of stabilizer if required. The stabilizer can be hydraulic or
hydrated lime, plaster, cement, or geopolymer. All ingredients are briefly homogenized in a special
mixer before being projected at high speed (up to 300 km/h). The high-speed projection results in SE
having high density (about 2100 kg/m3), excellent green strength, and lower water sensitivity. The
composition of SE varies based on the designer's requirements and the type of excavation soil available
at the construction site. Some soil types provide high strength without the need for stabilizer. High
compaction of the mix increases the strength but also raises the thermal conductivity [27]. However,
this is not a problem since the compaction level of SE can be reduced or a special mix of SE can be used

for structural elements that require low thermal conductivity. Alternatively, the thermal transmittance



can be reduced by rendering the structural element with SE having low thermal conductivity [28, 29,
30, 31]. Rendering can also be done without waiting for the structural stabilized earth (SE) to dry. A
particular care has always been paid to the predictability and repeatability of the mechanical
performances of SE [25] [26]. The mix-design of SE must be adjusted for each new construction site,
as the excavated soil varies from site to site, and its mechanical properties might change. A
representative number of SE specimens should therefore be fabricated in each site, cured, and tested to
develop reliable design models for the structural engineers. Several trials might be needed to adjust the
mix and find the optimal recipe. This procedure is costly and time-consuming due to 1) the costs of
manpower, equipment installation, excavation of a sufficient quantity of soil, and fabrication of SE
specimens by projection at high speed, and 2) the costs required to deliver SE specimens to the nearest
laboratory for conditioning and mechanical testing. A faster and low-cost approach to develop an SE —
or another earth-based composite material- mix adapted to the engineers’ needs is thus of great practical
and economical interest. This paper presents a constitutive relationship able to predict the mechanical
performance of SE by testing a small batch of pressed earth specimens (labeled hereafter as “PE”),
whose fabrication is quicker and cheaper. In fact, PE specimens can be manufactured by compacting the
SE mix that is under study in a mold. The present paper is organized into the following sections. In
section 2, the materials and methods used in this work are described. In particular, this section presents
an adaptive mix-design calibration process that can predict which PE mix-design will match the
engineering properties of SE. The experimental analysis carried out on 28 trial PE mixtures of different
mix-designs is also described. Section 3 includes an exhaustive discussion about the experimental results
and presents a constitutive relationship between the engineering properties of SE and PE. Section 4

summarizes the main conclusions.

2. Materials and methods
2.1 Adaptive mix-design calibration process: control, input, output

In order to find an adapted PE mix-design that provides the same mechanical properties of SE an
adaptive mix-design calibration process (labeled hereafter AMDCP) was used. A schematic illustration

of its structure is reported in Figure 4.

2.1.1 AMDCEP step 1

As shown in Figure 4, input parameters were selected to prepare trial PE mixture for mix-design
analyses. According to the Literature [24, 32, 33, 34] mechanical properties of earth-based materials
depend on several factors related to their mix-design, in particular water content (labeled hereafter
“%w”), type (labeled hereafter “b”’) and amount of binder (labeled hereafter “%b”), use of grinded or
not grinded earth (labeled hereafter “GE”), bulk density (labeled hereafter “BD”) and compaction



pressure (labeled hereafter “p”). Consequently, all features abovementioned were considered in this
investigation.

2.1.2 AMDCEP steps 2 and 3

By fixing input parameters, a trial PE mixture was fabricated, cured and tested (step 2), see sections 2.2,
2.3, 2.4 and 2.5 for more details. Experimental results obtained by testing the trial PE mixture were

analyzed and organized as output values, see section 3 for more details.

2.1.3 AMDCEP step 4

A control criterion is requested to find the adapted mix-design of the PE mixture which best fits the
mechanical performances of SE presented in [25]. In order to accept or discharge the mix-design of a
trial PE mixture analyzed in AMDCP input and output values of PE series were compared with the
engineering properties of SE. The engineering properties of SE requested to complete a design model
were considered as reference for the control criterion, in particular BD, 28-day compressive strength
(labeled hereafter “C-28), elastic modulus (labeled hereafter “EM”) and Poisson’s ratio (labeled
hereafter “PR”) [25]. Several features related to the compounds of SE were considered as well, i.e. %w,
b and %b. The authors assumed a threshold value of the maximum scatter between each engineering
property of SE and the corresponding one of the trial PE mixture on the basis of the scatter range of both
mechanical property observed for SE in [25] and the trial PE mixture (labeled hereafter “cpe”), see Table
4. For sake of clarity we describe an example of the control step designed for a particular engineering
property of SE, the EM: the scatter of EM measured on SE specimens in [25] was 10%, so the threshold
value of scatter between EM,sg and EM,pe = ope used in step 4 was assumed to be 10%, which
corresponds to 971 MPa, see details in blue box in Figure 4. If discrepancy between EM,sg and EM,pe +
ope is superior to the threshold value (971 MPa) the trial PE mixture is discharged and a new PE mixture
with different mix-design is manufactured. Then, all steps previously presented start again for a new
trial PE mixture, as can be seen in Figure 4. The same control condition described before was used for
all 7 engineering properties implemented in AMDCP, i.e. %w, b, %b, BD, C-28, EM and PR. The

AMDCEP stops when all control conditions are satisfied.
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Figure 4. Flowchart of AMDCP.

Table 1. Water content in SE, excavated soil and coarse sand measured according to the standard
protocol [35]

Specimen Weight of wet  Weight of dry Water content
specimen (g) specimen (g) (%)

SE 24179.00 22460.40 8.67

Excavated soil 9796.90 8920.30 14.22

Coarse sand 13431.50 13183.30 2.38

Table 2. Engineering properties of SE used into the control criterion (step 4 of AMDCP) [25] .

Type of engineering properties Average
magnitude

Bulk weight 2067.3 kg/m*

28 days compressive strength 9.50 MPa

Elastic modulus 9707 MPa

Poisson’s ratio 0.15

Water content 8.66 %

Type of binder CPC-42.5N

Binder content 12 %




2.2 design of the PE mixture

The soil used for fabricating all trial PE mixtures is the same used in SE presented in [25] as well as the
amount of both excavated soil and coarse sand. For the sake of clarity, SE mix-design presented in the
previous work was obtained by using 0.5 volume of excavated soil, 0.5 volume of coarse sand and 12%
of cement by weight of the dry mixture. Further details about the features of the excavated soil and
coarse sand used in this experimental program are reported in [26]. During the projection of SE 3% by
volume of water was injected into the nozzle to promote cohesion and hydration of the cement present
in SE. Though the amount of water added to the dry mix was known, the humidity of both coarse sand
and excavated soil was not, especially for excavated soil whose humidity may change according to the
climate conditions, e.g. it is higher in rainy seasons and lower in drought ones. According to the standard
procedure reported in [35] Table 1 resumes the water content measured by authors in coarse sand and
excavated soil used to fabricate SE in [25]. The water content of SE prior to the projection was measured

as well. In Table 1 the water content (%w) is computed as drawn in Equation 1:

%Yw = (WVQ‘SWS) -100 (%) (1)

where w,, and wy stand for weight for wet and dry SE specimens, respectively.

In order to fabricate PE, a rotational concrete panel mixer was used to mix raw materials together, see
Figures 5a, 5b. In order to add the correct amount of water within the mixture, for each series
investigated all raw materials were first oven-dried to remove their origin moisture [35]. It should be
noted that the water level input to make SE varies according to the effective moisture present in
excavated soils found at the construction site. In particular, excavated soils are wetter in rainy seasons
than in drought ones. SE producers have defined a qualitatively and practical protocol to adjust the water
content within the overall mixture, regardless of the humidity level of each raw material. This approach
is inspired to the drop test described in African standard for rammed earth [36]. The same qualitatively
protocol was used by authors to prepare trial PE mixtures in laboratory. After the consistence
examination, the fresh PE mixture was poured in steel formworks. The specimens were then compacted.
As indicator of adequate compaction level, BDpk (see ‘output’ in Figure 4) was measured and compared
with BDsg (see ‘control’ in Figure 4). If the scatter was too high the compacting pressure was adapted
to the next cycle in AMDCP, see Figure 4. After compaction, the PE specimen was demolded and
covered with plastic sheets until the testing day. Figure Sc shows the PE specimens after demolding. All
PE specimens were visually inspected prior to be cured and prepared for mechanical testing. It was
observed that all PE specimens present a homogenous texture, quite similar to the texture of SE, with
the only difference that interfacial zone between PE layers is not observed in SE, see Figure Sc and [25].
Once cured, prior to be tested, the upper surface of the specimens was smoothed, compensating the
irregularity due to the compaction step for the upper layer. PE series were manufactured under laboratory
conditions (20 + 2 °C, 55 £ 10% RH). Each series was composed by four specimens, so experimental

results, presented in the next sections, represent statistic values. This number of specimens for each



series made it possible to prepare all specimens within an hour, as recommended by [32]. In order to
find a mechanical relationship between SE and PE, by using the AMDCP presented in section 2.1, the
engineering properties of cured PE specimens were measured, in particular all properties useful to
develop the design model of any construction building material, like BD, C-28, EM and PR, plus
properties of mix-design, like %w, b and %b. The test setup requested for measuring C-28, EM and PR

is explained in the following subsections.

Figure 5. a) Raw materials used to make trial PE mixture, b) Rotation panel concrete mixer, c) PE

specimens after demolding.

2.3 Compressive Test

The uniaxial compressive strength of PE was determined at 28 days ageing according to the European
standard test adopted for concrete materials [37]. A 5000 kN force-controlled testing machine was used
for compressive test, see Figure 6. The testing procedure was conducted in an unconfined configuration
by applying a preloading of 15 kN and a loading rate of 0.3MPa/s, in agreement with standard. In some

series a 7 days compressive strength was measured as well in order to speed up the AMDCP.

Figure 6. a) 5000 kN force controlled testing machine, b) Compression testing setup.



2.4 Elastic modulus test

The elastic modulus of PE was determined according to the European standard recognized for concrete
material [38]. As for concrete specimen, a force-time diagram of three loading and unloading cycles was
applied on PE specimens, see Figure 7. The first branch started from the preload and culminated at a
force value corresponding to 30% of the C-28, with a loading rate of 0.3MPa/s. Then the loading
remained constant for 20 seconds before going down. To complete the cycle the unloaded branch was
characterized by the same rate as the loading one. Before taking the next cycle, the value of force is held
constant for 20 seconds. The setup and disposition of gauge strain to measure the specimen deformation

are showed in Figure 8a.
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Figure 7. Force - Time diagram for EM test on PE specimens [38]

Figure 8. Experimental test to measure : a) EM, b) PR

2.5 Poisson ratio test

To evaluate the Poisson’s ratio of PE the same force-time diagram used to estimate the elastic modulus
was applied as well, according to the American standard [39]. However, the setup of gauge support was
designed by the authors in order to be suitable for the specimen geometry. Compared to the EM setup
previously presented, for PR test further strain gauges were placed orthogonally to the load line in

opposite direction in order to evaluate the transverse strain too, see Figure 8b.



3. Results and discussion
The C-28, EM and PR tests were conducted for each trial PE mixtures designed by the AMDCP. The
iterative process of AMDCP is stopped as soon as input and output value satisfy the control
requirements, see Section 2.1 and Figure 4. Input and output data of the AMDCP are listed in Table 3,
while the control check result is reported in Table 4. In control step the threshold values adopted for
each mechanical parameter was defined by considering the expectable scatter of the engineering
properties for earth/cement-based materials. The results showed in Table 3 indicate that the mechanical
behavior of PE is strongly dependent on all input parameters here investigated, especially the %w, b and
%b. On the basis of the experimental data %w must range from 6.5 to 9% to reach the optimum moisture
content. Out of this range a drop of strength is observed, see series 1-11, 13 and 14 respectively. The
use of GE does not seem to significantly influence the mechanical strength of PE, even though the
requested power for mixing PE composed of GE can be reduced as fresh mixture was more workable.
The important influence of the p magnitude highlighted by previous research [24] is confirmed by the
experimental values in which the maximum strength is reached for p=10 MPa and minimum for almost

p=>5.7MPa.

Table 3. Input and output data implemented into the AMDCP

INPUT OUTPUT
Series | b %b P GE BD C7 C-28 EM PR
% - - MPa - kg/m? MPa MPa MPa -
1 55 OPC425N 6 9.05 no | 2103.5+11.6 431066 558+107 4237224 -
2 578  OPC-425N 6 905  yes | 20634+97 - 5924024 4718 £227 -
3 343 OPC-425N 22 905 no 2070.9 + 8.0 - 3284236 - -
4 6.19  OPC-425N 22 905 no 2094.5 +2.9 - 11.68 £2.04 7081 890 -
5 385  OPC-425N 12 905 no | 21244%17.1 - 272 £3.69 - -
6 634  OPC-425N 12 905 no 20092+2.6  7.40%1.53 - - -
7 545  OPC-425N 12 905  yes | 20452+215 - 541£065 4970 +384 -
8 933  OPC-425N 6 102 no | 2254.0+15.6 - 5094073 6168 +751 -
9 343 CPC425N 22 5.66 no | 2002.0+35.0 - 20+1.23 - -
10 | 564  CPC425N 22 905 no 2070723 7.09+1.95 - - -
11 385  CPC425N 12 905 no | 2083.9+18.0 - 2.1+151 - -
12 | 796  OPC425N 6 102 no | 2243.1+134 - 749+£124 7988 + 409 -
13 52 OPC-42.5N 12 9.05 no 21126+9.6  503+056 753+£1.1 5049 +583 -
14 | 619  CPC425N 22 905 no 2059.4 + 6.8 - 998 £0.83 6689 +474 -
15 678  OPC-425N 22 9.05 no | 2086.2+31.4 - 10.42 £2.93 - -
16 | 678 ;?ﬂ’fﬁ%’g}{ 22 9.05 no 2090 £ 11.1 - 1345 £1.89 6691 £1408 0.153 +0.032
17 795  OPC-425N 12 102 yes | 2140.7£11.0 - 1549 £128 11161 +894 -
18 8.6 OPC-52.5R 12 905  yes | 2199.5+88 - 200+£1.65 13716866 0.113+0.073
19 655  OPC-425N 12 102 no | 22401129  892+1.68 927£252 6046 + 762 -
20 | 795  OPC425N 6 102  yes | 216774125 - 1073 £1.61 9714 +694 -
21 8.6 OPC42.5R 12 905  yes | 21685£65 - 1531 £1.29 11597+ 1257 0.087 +0.049
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22 6.55 OPC-52.5R 12 10.2 yes 21538 +15.0 - 144+1.05 9955+£607 0.097 +£0.046

23 7.95 OPC-52.5R 12 9.05 yes 2170.0 £8.1 - 17.06 +1.31 122%15591 0.156 £0.102
83243 + 0.065 +

24 7.61 CPC-42.5N 6 9.05 no 2212.22 +9.96 - 6.94 +1.03 00458 0.0145
8469.2 +

25 727 CPC-42.5N 22 9.05 no 2064.17 £23.38 - 10.75 +0.84 1057 0.17 £0.08
8460.17 =

26 6.78 CPC-42.5N 12 9.05 no 2196.79 + 8.38 - 11.69 £0.9 1839.66 0.03 £0.028

27 7.61 CPC-42.5N 12 9.05 no 2145.6 £7.1 - 11.65+£2.49 7650 +1363 0.133 +0.085

28 7.61 CPC-42.5N 12 5.66 no 2165.49 +16.84 - 8.89 £1.18 911;)36716; 0.09 +0.1041

%w: water content expressed as percentage by weight of dry mixture
(coarse sand + excavated soil + cement)

b: type of binder like Ordinary Portland Cement “OPC” or Composite
Portland Cement “CPC” of class 42.5N, 42.5R and 52.5R

%b: percentage of cement by weight of dry mixture

p: compaction pressure imposed by hydraulic press

GE: yes (grind earth), no (not grind earth)

BD: Bulk density after curing

C-7: 7-d compressive strength value

C-28: 28-d compressive value

EM: Elastic modulus

PR: Poisson’s ratio

Finally, it is evident that with equal mixture composition a higher %b determines a higher strength value.
In particular, it can be denoted that with the optimal %w (from 6.5 to 9%) high strength class of binder
(from 42.5N to 52.5R) leads to higher mechanical performances on resulting PE mixtures (C-28 from 9
to 20 MPa). This result pointed out the analogy of strength development between PE and concrete,
showing the interest to implement concrete model on SE. This aspect is currently investigated but is out
of the topic of this paper. Output data values obtained by experimental testing on trial PE mixtures were
processed in AMDCP which stopped the routing once it detected a trial PE mixture satisfying the control
requirements (see Figure 4). In particular there are two series for which all of them are satisfied (series
27 and 28 labeled hereafter “PE-27” and “PE-28" respectively). As it can be observed in Table 4 and
Figures 9 and 10, the mix-design used in PE-28 permitted to obtain closer values, than PE-27, to the
mechanical performances of SE in regard to the threshold requirements defined at the control step of
AMDCP. Consequently, input and output parameters of PE-28 were used to develop a constitutive
relationship between mechanical performances of SE and PE. Formulations described in Eqns (2) permit
therefore to predict the engineering properties of SE as engineering properties of PE are known, in
particular BD, C-28, EM and PR.

BDgp = 0.95BDpg; C-285; = 1.07C-28pg;

EM¢g = 1.07EMpg; PRsg = 1.67PRpg. 2)
It is worth remembering that the mixture of PE-28 was composed by the same types and amounts of raw
materials used to fabricate SE, in particular 7:7:2 of excavated soil:coarse sand:cement CPC-42.5N. The
water content of PE-28 mixture was 7.61% (8.67% in SE) and the compaction pressure was 5.66 MPa.
The latter proved to well simulate the compaction effect observed in SE during the projection at high
speed, since BDsg and BDpe.23 are almost the same, see Equation 2. Table 4 summarizes the control

criterion results obtained from the AMDCP.
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Table 4. Control criterion results obtained from the AMDCP

&w &b  &%b  &BD &C &EM  &PR

Control Fitting
requirements 70 - - kg/m’ MPa MPa - quality
2.2 0 1.2 2067 2 971  0.03
Series
1 False False False True False False N.A. 14%
12 False False False True False False N.A. 14%

3 False False False True False N.A. N.A. 14%
4 False False False True True False N.A. 29%
5 False False True True False N.A. N.A. 29%
6 False False True True False N.A. N.A. 29%
7 False False True True False False N.A. 29%
8 True False False True False False N.A.  29%
9 False True False True False N.A. N.A.  29%

10 False True False True False N.A. N.A. 29%
11 False True True True False N.A. N.A. 43%
12 True False False True True False N.A.  43%
13 False False True True True False N.A. 43%
14 False True False True True False N.A. 43%
15 True False False True True N.A. N.A.  43%
16 True False False True False False True 43%
17 True False True True False True N.A.  57%
18 True False True True False False True 57%
19 True False True True True False N.A.  57%
20 True False False True True True N.A. 57%
21 True False True True False True True 71%
22 True False True True False True True 71%
23 True False True True False True True 71%
24 True True False True True True False 71%
25 True True False True True True True 86%
26 True True True True True True False 86%
27 True True True True True True True 100%
28 True True True True True True True 100%

€,w: maximum scatter between SE and PE in terms of water content, 10% of water content of SE, so 2.2%

&,b: logical transformation to compare the type of binder between SE and PE. “0” stands to “equal to SE binder”

€,%b: maximum scatter between SE and PE in terms of percentage of cement, 10% of percentage of cement of SE, so 1.2%
&,8D: maximum scatter between SE and PE in terms of bulk density, 10% of bulk density of SE, so 206.7 kg/m?

€,c28: maximum scatter between SE and PE in terms of 28-d compressive, 20% of 28-d compressive strength of SE, so 2 MPa
EM: maximum scatter between SE and PE in terms of elastic modulus, 10% of Young modulus of SE, so 971 MPa

PR: maximum scatter between SE and PE in terms of Poisson’s ratio, 20% of Poisson’s ratio of SE, so 0.03

It should be mentioned that EM and PR tests were not performed for all PE series, but just for PE

series where mechanical performances of PE were almost equal to those of SE.

12



25 — 15000
20 12000
_ 15 T 9000
< Q o
< 53
3 l =2
w N
A m E a
“ 10 6000 2
5 3000
0 0
1 23 456 7 8 910111213 14151617 18 1920 21 22 2324 2526 27 28
Series number of trial PE mixtures
—PE C-28 = PE_EM C—3PE_BD SE C-28 e= e= SE BD e= == SE EM
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Figure 10. AMDCEP results: output (PR) and control (dotted lines) values at the end of process.

4. Conclusions

For any earth-based composite construction material, a reliable mix-design strategy is essential. The

mix-design strategy accounts for the variability of the waste/recycled material and allows predicting the
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mechanical properties of the hardened material. Once the mechanical properties are available, the
behavior of the material under load and its time-evolution can be predicted and provided to the structural
engineers for safety and serviceability calculations. Shot-earth (SE), a new class of sustainable material
made with high rates of excavation earth is no exception. Based on the test results of the presented

research, it is possible to conclude that:

e A constitutive relationship between the mechanical performances of SE and those of pressed
earth (PE) has been established.

e The developed constitutive relationship permits the determination of the mechanical
characteristics of any SE mix using cost-effective and time-saving pressed earth specimens.

® An adaptive mix-design calibration process (AMDCP) has been developed to quickly identify
the SE mix that will provide the hardened mechanical characteristics that best fit the structural

engineer's requirements.

To sum up, SE proves to be an efficient construction material owing to the availability of mix-design
strategies and design models. Additionally, the principles employed in its development can be readily

applied to other composite earth-based materials.
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