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Earthen construction materials are often vulnerable to cracking due to excessive drying shrinkage defor-
mations because of the high content of fine particles. Thus, fibrous materials can beneficially be added,
not only to reduce such crack formation but also to improve the mechanical performance. In this study,
recycled polyethylene fibres (R-PE) obtained from discarded fishing nets are added to adobe bricks in dif-
ferent fractions (1–5% by weight). Besides a chemical and geotechnical characterization of the raw mate-
rials used for the adobe production (Fine-grained Greenlandic sediments (GP) and a coarser gravel
fraction (KG)), the investigation described in this paper includes the mechanical properties and restrained
drying shrinkage deformations in manufactured, laboratory-scale adobe specimens. The crack formation
due to restrained shrinkage is analysed using a digital image correlation (DIC) technique, which allows
detailed, continuous monitoring and quantification of surface deformations. The results show that the
evaluated adobe material can provide adequate mechanical properties, which makes the raw materials
suitable for adobe brick production. From the mechanical tests, the addition of R-PE fibres resulted in
improved flexural toughness, flexural strength and compressive strength. A detailed analysis using the
DIC technique revealed that the addition of R-PE fibres significantly and quantitatively reduces the degree
of shrinkage cracking.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Earthen construction materials such as adobe bricks have been
used for construction purposes by ancient civilizations and are still
commonly used as building materials [1], mostly in non-
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industrialized markets and alternative, green construction tech-
niques. The relatively simple and inexpensive production process
makes adobe bricks produced from locally available resources suit-
able for areas with poor infrastructure such as the Arctic region.
Other advantages such as low environmental footprints and inter-
esting material properties have led to a generally increasing inter-
ests in these alternative building materials. Some of these include
the low embodied energy compared to e.g. steel and concrete, good
thermal properties and their ability to regulate the humidity and
indoor climate in buildings [2-4]. Some of the negative aspects of
earthen construction materials are the poor mechanical strength
and cracking resistance, volumetric instability and low durability
in wet and harsh environments [3,5-7]. Therefore, adobe bricks
would mostly be relevant for use in indoor applications when used
in cold climates.

Fibres are commonly added to earthen materials to improve the
mechanical properties and reduce the risk for cracking as a result of
drying shrinkage deformations [1,3]. The fibres often originate from
local resources or by-products [8], such as fibres extracted from
plant products [2,9,10], animal fibres [11-14] and different types
of agricultural and industrial waste products [15-19]. Several stud-
ies also proved that low-modulus synthetic fibres from virgin or
waste materials can be effective in improving various properties
of adobe bricks and other earthen materials [5,7,15,16,20-27].
Araya-Letelier et al. (2019) [5] studied the use of virgin PP fibres
in adobe materials and found that the addition of PP fibres added
at up to 1 wt% had a positive effect on the flexural toughness and
the degree of restrained shrinkage cracking. Although the inclusion
of PP fibres resulted in an increase of the flexural strength, those
increments were found not to be statistically significant. Pekrioglu
Balkis (2017) [7] found that the addition of 0.5% of PP fibres resulted
in the highest flexural and compressive strength for most of the
tested materials, while larger fibre contents up to 2.0% caused a
decrease in strength. Tavares et al. (2019) [16] studied the influence
of R-PET fibres extracted from waste plastic on the linear drying
shrinkage and compressive strength of adobe materials and found
that the addition of R-PET fibres at 0.25–0.5 wt% had a positive
effect on both properties. One of the challenges when producing
adobe bricks reinforced with fibres of synthetic materials is the
recyclability of the resulting composite material. However, the
adobe bricks investigated in the present study do not contain any
additional binder, which might enable a reuse of the raw materials
in the production of new adobe bricks [4].

Regarding the composition of materials suitable for adobe brick
production, the clay content primarily influences the workability
and cohesion of the fresh mixture as well as the degree of shrink-
age of hardened materials [28]. There are suggestions on the opti-
mum clay content in the literature ranging from 12% to 20%
[10,13,28]. As a high clay content results in a higher degree of
shrinkage (both volumetric shrinkage and shrinkage cracking)
[29], coarser material fractions can beneficially be added to reduce
inherent shrinkage deformations [3,10]. A previous study by the
authors on adobe bricks of fine-grained Greenlandic sediments
(GP) showed that materials produced purely with GP experienced
extensive cracking during drying [25]. This shrinkage-induced
cracking could be overcome by adding a coarser aggregate fraction,
or, fibre reinforcement to further control the degree of shrinkage
cracking. The fibre influence on unrestrained shrinkage deforma-
tions of earthen adobe materials has been widely studied, e.g.
[16,19,24,28,30-32], while fewer studies have investigated the
effect of adding fibres to earthen materials, which have been
restrained from deforming freely [5,13,33].

There seems to be no agreement on an effective standardised
method to quantitatively evaluate the susceptibility to shrinkage
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cracking in earthen building materials and the effect of crack mit-
igation strategies. Available methods for restrained shrinkage
cracking have been previously presented in the literature
[5,13,14,24,33-37]. Losini et al. (2019) [36] applied earthen plas-
ters measuring 15 � 250 � 250 mm3 on a rough substrate made
by fired bricks and added a thin layer of earth slip to improve
the adhesion between the studied plaster and the restraining sub-
strate resulting in shrinkage cracking. Earthen plasters were also
investigated by Hamard et al. (2013) [34]; quadratic tiles
(20 � 250 � 250 mm3) were placed vertically on a wall in order
to study the shrinkage as well as the adhesion between the wall
and the plaster. Araya-Letelier et al. (2018, 2019) and Concha-
Riedel et al. (2019) [5,13,33] studied the restrained drying shrink-
age of adobe materials on flat circular tiles (Ø180 mm2 � 10 mm)
placed on a rough underlay, which resulted in extensive randomly
orientated surface cracking. The influence of different fibre types
(pig hair, PP and jute fibres) was evaluated based on the reduction
of crack widths. The measured crack width reduction ratio (CWRR)
ranged from 63 to 91% for pig hair fibres added at 0.5–2.0 wt%; 68–
86% for jute fibres added at 0.5–2.0% and from 54 to 82% for PP
fibres added at 0.25–1.0 wt%. The method for restrained drying
shrinkage test described in [5,13,33] was adopted as inspiration
for the testing procedure and geometry in the present study.

Eid et al. (2015) and Kanema et al. (2016) [24,37] studied the
drying shrinkage cracking of thin quadratic tiles of natural silt
and earthen concrete, respectively. A 2D digital image correlation
(DIC) technique was applied to enable an objective evaluation of
the influence of flax fibres or a synthetic mesh [24]; and recycled
concrete aggregates [37]. Kouta et al. (2020) [29] studied the
early-age shrinkage cracking of earthen concrete and used the
method proposed in ASTM C1579-13 [38]. The DIC technique
was applied for studying the evolution of surface deformations
over time. DIC is an image-based technique, which is often applied
to monitor crack formations and deformations in solid materials
[39], e.g. cracks induced by shrinkage deformations in earthen
materials [24,29,37] as well as in cement-based materials [40-
42]. A comprehensive method for automated crack detection and
quantification of restrained cement-based mortars is shown in Ber-
telsen et al. (2019) [42,43]. The 2D-DIC technique was also applied
in the present study to monitor surface deformations and cracking
and to enable an objective, quantitative assessment of the influ-
ence of R-PE fibres.

In previous studies by the authors, the use of fine-grained Green-
landic sediments, which are available in the entire Arctic region
[44], was investigated as the main raw material in fired clay bricks
[44-46]. The raw material characterisation showed that the sedi-
ments also could be used in the production of unfired adobe bricks
[25]. Small-scale production units located in the vicinity of the raw
material sites could significantly reduce the need formaterial trans-
portation and, thereby, be a simple and cheap alternative to other
conventional building materials that need to be imported to Green-
land. Considering the possibilities of using local by-products along
the Greenlandic coastline, waste fishing nets are available in large
quantities and discovering new applications for these nets is essen-
tial. Discarded waste fishing nets are generally difficult to dispose
of, costly to transport and take up a lot of space in landfill sites. Sim-
ilar recycled fibres extracted from waste fishing nets of polyethy-
lene (R-PE) have previously shown to be beneficial in controlling
plastic shrinkage cracking in restrained cement-basedmortar over-
lays [43]. Other studies, e.g. [47-51], also investigated the use of
waste fishing nets as reinforcement in cement-based materials.
Their findings showed that the addition of fibres or fishing net
pieces resulted in improved mechanical properties such as flexural
strength, toughness and tensile post-crack performance.
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1.1. Aim and novelty

The scientific novelty of this study is the application of a 2D-DIC
technique for crack monitoring and quantification of the drying
shrinkage behaviour of earthen adobe materials. The focus of the
investigation is on fine-grained Greenlandic sediments (GP) as
the main raw material in order to facilitate a local production of
adobe bricks. R-PE fibres from locally available waste fishing nets
are used as fibre reinforcement. The effect of R-PE fibre contents
of 1-5wt% is evaluated on the basis of the mechanical strength
and the restrained drying shrinkage cracking of adobe specimens.
2. Materials and methods

2.1. Characterisation of raw materials

The raw materials used for the production of adobe bricks are
shown in Fig. 1 and comprise fine-grained Greenlandic sediments
(GP) collected near Nuuk, Greenland; silty gravel (KG); R-PE fibres
as fibrous materials and water as lubricant. Based on initial inves-
tigations of GP, it was observed that a coarse, stabilizing fraction
should be added to the GP to obtain a satisfactory grain size distri-
bution for the production of adobe bricks [25]. Thus, a coarser
gravel fraction 0–8 mm (KG) from Kallerup, Denmark, was used
in the production of the adobe bricks. For practical reasons, the
gravel was collected from a gravel pit in Denmark; however, gravel
resources are common in Greenland, and a similar gravel fraction
can likely by found locally.

The grain size distribution for GP, KG and a mixture of 50% GP
and 50% KG (50/50 GP/KG) was determined in accordance with
CEN-ISO/TS 17892–4 [52] on bulk samples. The sieve analysis
was used on the sand fraction and the hydrometer analysis on
the silt and clay fraction. The grain density for GP and KG was
determined by following the procedures in CEN-ISO/TS 17892–3
[53]. For the test, a sample of 10 g dried at 105 �C was used.
Organic matter was only present in very small amounts and was
therefore not removed from the samples (this is confirmed by LoI
measurements shown in Section 3.1). The determination of the
liquid- and plastic limit was carried out in accordance with CEN-
ISO/TS 17892-12 [54] on a remoulded GP sample and on a 50/50
GP/KG sample sieved through a 0.5 mm sieve. For the fall cone pen-
etration test, a 60 g/60� fall cone was used.
a) Fine-grained Greenlandic 

sediments (GP)
b)  Silty grav

Fig. 1. Raw materials used

Table 1
Properties of R-PE fibres [43,55].

Density q [g/cm3] Length L [mm] Diameter d [mm] Asp

R-PE 0.95 14.2 ± 9 280 ± 30 50.

3

The carbonate content was determined volumetrically by the
Scheibler-method and calculated assuming that all carbonate pre-
sent is calcium carbonate. The pH and electrical conductivity were
measured in a suspension of 1:2 (solid: distilled water) after 1 h of
agitation. The concentrations of leachable anions (Cl-, NO3

–, SO4
2�)

were measured in the same suspension by ion chromatography
(IC). The loss on ignition (LoI) was found after heating the dried
samples for 60 min at 550 �C and 950 �C, respectively. The miner-
alogical composition was characterised on bulk samples of GP and
KG by XRD-analyses. A PanAnalytical X-ray diffractometer for stan-
dard powder samples were used for the measurements. Cu-Ka
radiation with a wavelength of 1.54 Å was used as the X-ray
source. The XRD diffractograms were qualitatively evaluated using
X’Pert HighScore Plus software with data from the International
Centre for Diffraction Data (ICDD).

2.2. Fibres

Synthetic fibres of recycled polyethylene (R-PE) obtained from
discarded fishing nets were used as fibre reinforcement in the
adobe specimens. The fishing nets used in Greenland are typically
made of PE materials with net types of varying strengths and qual-
ities. When the nets used in Greenland are discarded, they are
stored outside at local dump sites. The R-PE fibres used in this
study were provided by a Danish recycling company, Plastix A/S,
and were obtained by mechanical cutting of discarded fishing nets
of similar types as those used in Greenland. See Fig. 1. The fibres
were cleaned using tap water to remove sand and impurities from
the fishing operation etc. Fibre properties were determined in pre-
vious studies by the authors [43,55] and are summarized in
Table 1.

2.3. Mixture proportions

The raw materials, GP and KG (see Fig. 1) were oven-dried at
50 �C for at least 48 h. For the adobe production, the dry materials
were added in weight proportions of 1:1 (50/50 GP/KG). A test
series with varying additions of R-PE fibres (0.0, 1.0, 2.0, 3.0, 4.0
and 5.0 wt% to the dry weight of soil) was carried out. For the
mixtures, a w/s-ratio of 0.22 was used for all specimen types.
The workability of the fresh material was determined using the
flow table test in accordance with UNI/EN 1015-3 (1999) [56].
The fresh material was introduced in two layers into a lightly
el (KG) c) R-PE fibres

for adobe specimens.

ect ratio L/d [–] Tensile strength rt [MPa] Tensile modulus E [GPa]

8 ± 32 420 ± 50 1.5 ± 0.5



Fig. 2. a) Mould (180 � 10 mm) used for restrained shrinkage test; b) Specimen after casting and with the application of a high-contrast surface pattern (t = 30 min); c)
Specimen with cracks at the end of the test (t = 6 d).
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lubricated steel mould with a conical shape measuring
40 � (75–65) mm (h � di,bottom � di,top). The mean flow diameter
was calculated from two measurements perpendicular to each
other with each mixture being tested with three replicates.
2.4. Specimens preparation

The specimen preparation was the same for all test series. The
dry ingredients (GP, KG and R-PE fibres) were mixed in a Hobart
mixing machine for 2 min. The water was added (t0) and the mate-
rial was wet-mixed for 4 min. The respective moulds were filled
and vibrated on a vibration table (60 Hz for up to 1 min), where-
upon the surface was finished using a smooth steel trowel. The
total casting process took approximately 15 min from t0
(t = 15 min).

Two types of specimens were prepared for the experimental
testing: Prismatic specimens measuring 40 � 40 � 160 mm3 were
used for determination of the linear drying shrinkage and dry den-
sity, and for the three-point flexural bending test and compression
test; and flat circular specimens measuring Ø180x10 mm3 were
Fig. 3. 2D-DIC test setup for restrained drying shrinkage test.

Table 2
Details of specimens.

Specimen type Dimensions [m] Purpose of test

Fresh mixture 40 � 75–65 mm3 Workability by fl
Prismatic specimen 40 � 40 � 160 mm3 Linear drying shr

Dry density
Three-point bend
Flexural toughne

40 � 40 � ~ 40 mm3 Compressive stre
Flat circular specimens Ø180 � 10 mm3 Restrained dryin

4

used for the restrained drying shrinkage test. The prismatic speci-
mens were cured inside the moulds for 72 h, whereupon they were
demoulded and air-cured in a controlled climate (t = 25 ± 0.2 �C
and RH = 64.5 ± 1.1%) until 28 days after casting. The specimens
were turned around every 7 days allowing each side to dry simi-
larly. The linear drying shrinkage (with respect to change in length)
and dry density were measured on the prismatic specimens after
28 days of drying. The flat circular specimens used for restrained
drying shrinkage were left inside the moulds for the entire test per-
iod of 6 days in the same controlled climate.
2.5. Experimental testing

2.5.1. Mechanical tests
Three-point flexural bending tests were carried out on the pris-

matic specimens (40 � 40 � 160 mm3) in accordance with UNI/EN
196-1 (2005) [57] in an Instron 6022 hydraulic testing machine
with a maximum load capacity of 10 kN. The displacement con-
trolled loading rate of 1.0 mm/min was applied. With a displace-
ment controlled loading rate a stable crack propagation was
obtained and the fibre influence during deflection could be deter-
mined [12]. The test was carried out on three replicates per mix-
ture. The toughness was calculated in accordance to ASTM C1018
(1997) [58]. The uniaxial compressive strength was determined
on each half of the prismatic specimens after the flexural test. Six
specimens were tested for each mixture. A load controlled loading
rate of 0.04 MPa/s (corresponding to 64 N/s) was applied on a sec-
tion measuring 40 � 40 mm2. The linear drying shrinkage and dry
density were determined on the prismatic specimens before
testing.
2.5.2. Restrained drying shrinkage
The restrained drying shrinkage was evaluated on flat circular

specimens (Ø180x10 mm3) with a large surface area to volume
ratio to promote shrinkage cracking. For the test, a stiff bottom
plate of PVC with a fixed piece of sand paper (roughness P40) glued
on the plate was placed in the bottom of the mould before adding
Replicates Standard/Ref.

ow diameter 3 Principles in [56]
inkage

ing test
ss

3 Principles in [57]
Principles in [58]

ngth on half spec. 6 Principles in [57]
g shrinkage cracking 2 (1 with DIC) Principles in [5,13,33]
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the fresh material. The rough surface of the sand paper was used to
restrain the specimens from deforming freely and to induce further
shrinkage cracking. The specimen geometry and type of restraint
were adopted from Araya-Letelier et al. (2018, 2019) [5,13] and
the restrained shrinkage behaviour was evaluated using a 2D-DIC
setup. The test was carried out in a climate-controlled chamber
(t = 25 ± 0.2 �C and RH = 64.5 ± 1.1%) over a test period of 6 days.
The mould and shrinkage specimens used for the restrained
shrinkage test are shown in Fig. 2 with a) showing the mould with
a piece of sand paper glued on the bottom; b) the specimen directly
after casting applied a high-contrast surface pattern of white and
black chalk-based paint for the DIC analysis; and c) a cracked spec-
imen 6 days after casting. The test was carried out with two repli-
cates to control the crack patterns and the degree of cracking. The
water evaporation rate was calculated based on continuous mass
loss monitoring during the entire test period of 6 days.
2.5.3. DIC analysis
To monitor the crack evolution on the shrinkage specimens dur-

ing the entire test period, a 2D-DIC technique was used. The 2D-
DIC technique enables detection of the strain and displacement
field on the specimen surface and allows precise measurements
Fig. 4. a) Grain size distribution for GP, KG and mix of 50% GP and 50% KG (50/50
GP/KG)) [25]. Recommend range for adobe in accordance with Houben & Guillaud
(1994) [1] is marked in grey.

Table 3
Soil characteristics.

G

Plastic limit [%]
Liquid limit [%]
Plasticity index [%]
Grain density [g/cm3]
Clay (<2 lm) [%]
Silt (2 lm – 63 lm) [%]
Sand (63 lm-2 mm) [%]
Gravel (2 mm –) [%]
LoI 550 �C [%]
LoI 950 �C [%]
pH [-]
Conductivity [mS/cm]
Carbonates (CaCO3) [%]
Cl- [mg/kg] 1
SO4

2- [mg/kg] 1
NO3

– [mg/kg]

5

of the surface cracking. See the test setup in Fig. 3. After casting
the shrinkage specimens, the surface was prepared with a high-
contrast surface pattern for the DIC analysis (at 15 min after t0).
The pattern comprised a uniform base layer of white chalk paint
and speckles of black chalk paint. This paint type was shown not
to influence the evaporation of mixing water from the fresh spec-
imens in a previous study by the authors on plastic shrinkage
cracking of cement-based mortars [42]. This is highly important
when studying shrinkage mechanisms induced by water evapora-
tion. An optical camera (Canon EOS 5DS R; 24/1.4 L II USM; Reso-
lution: 8688x5792 pixels) mounted parallel to the specimen
surface was used to continuously capture the in-plane surface dis-
placements. The camera was set to take images every 1 h for 6 days.
The first image was captured 30 min after t0. The software GOM
Correlate Professional 2016 was used for the DIC analysis. A virtual
mesh was overlaid with subset elements of 20 pixels (1.216 mm)
and a point-to-point distance of 15 pixels (0.912 mm), which
resulted in approximately 28,500 subset elements per specimen.
The post-processing of the DIC data was carried out in Matlab.
For further details on the principles of the DIC analysis, see other
studies by the authors [42,43].
3. Results

3.1. Raw material characterization

The grain size distribution is shown in Fig. 4 showing that the
sample consisting of 50% GP and 50% KG (50/50 GP/KG) is within
the acceptable range for adobe bricks in accordance with Houben
and Guillaud (1994) [1], while the GP sample is too fine-grained.
The GP sample is classified as a ‘‘Silty clay” in accordance with
Gribble and McLean (2003) [59]. The clay, silt, sand and gravel con-
tents for the 50/50 GP/KG sample are approximately 20.5%, 42.3%,
31.2% and 6%, respectively, which classifies the soil as a ‘‘Loam”
[59]. The basic soil characteristics of GP, KG and 50/50 GP/KG are
given in Table 3. Based on the plastic properties, both the GP and
the 50/50 GP/KG samples may be classified as CL (inorganic lean
clay) according to the Unified Soil Classification System (USCS)
[60]. Although several mixture proportions of GP and KG could
prove to be used for adobe production, a mixture 50/50 GP/KG
was chosen for the investigations. This proportion had the maxi-
mum content of GP in order to obtain the most appropriate plastic
properties, while it was within the recommended ranges for grain
size distribution in accordance with Houben & Guillaud (1994) [1].

The LoI at 550 �C determines the organic content in the soil
samples and is considered low for both GP and KG. The LoI at
P KG 50/50 GP/KG

17.1 – 13.3
30.9 – 25.0
13.8 – 11.7
2.74 2.56 –

43.5 – 20.5
52.5 31.3 42.3
4.0 57.3 31.2
0.0 11.4 6.0
3.15 1.0 –
3.9 9.7 –
8.2 8.7 –
0.39 0.14 –

13.6 21.3 –
92.3 17.3 –
13.8 14.0 –
36.6 30.3 –
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950 �C is highest for KG, which is in agreement with the results for
the carbonate content obtained using the Scheibler-method and
XRD measurements of the bulk samples. The concentration of
anions (Cl-, NO3

–, SO4
2-) are below the limits for fired bricks [61]

and no salt efflorescence was detected on any of the adobe
specimens after 28 days of drying. The higher concentrations of
anions for GP is in agreement with the results for the electrical
conductivity. The qualitative mineralogical composition is shown
in Fig. 5 for bulk samples of GP and KG, respectively. GP contains
quartz (Q) and K- and Na-feldspar (F) and a small amount of clay
minerals. The clay minerals are not shown in the figure, nor char-
acterized or quantified, but such results for Greenlandic sediments
with similar properties can be found in Belmonte (2015) [44]. KG
contains quartz, calcite (C) and K- and Na-feldspar. Based on these
soil characteristics, which are similar to those materials used in
other studies on adobe bricks, e.g. [12,13,31,32], the 50/50 GP/KG
mix is considered suitable for adobe brick production.
3.2. Adobe specimens

3.2.1. Workability
The workability of the fresh adobe mixtures is highly influenced

by the addition of fibres as shown in Fig. 6 and Table 4 where an
almost linear decrease in the flow diameter is observed. No water
adjustment was done when increasing the fibre content and even
though PE fibres have limited water absorption compared to e.g.
natural fibres, the addition of fibres still resulted in a poorer work-
ability of the mixture. However, besides the poorer workability, a
good fibre distribution was observed in the mixtures containing
fibres. For fibre contents � 3 wt%, the fresh mixtures were not as
easy to form due to the high fibre content. If adobe specimens with
Fig. 5. XRD diffractograms of GP and KG. Q = quartz, C = calcite, F = K- or
Na-feldspar.

Fig. 6. Dry density and linear drying shrinkage with respect to the length of prismatic spe
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higher fibre contents should be prepared in future studies, a mod-
ified water content could prove to be advantageous (Table 4).
3.2.2. Dry density and linear shrinkage
The linear drying shrinkage and dry density is measured on the

prismatic specimens after 28 days. The results are shown in Fig. 6
and Table 4. A clear decrease in both properties is observed with
increasing fibre content. This is in agreement with other studies
on fibre reinforced adobe specimens [16,19,28,30-32]. The linear
drying shrinkage is reduced from 5.2% (REF) to 2.1% (R-PE 5%). A
high linear shrinkage would most likely result in specimens with
surface cracking, which is undesirable with respect to strength,
aesthetics and durability aspects. A visual examination of the pris-
matic specimens showed that fine cracks were present on most of
the specimen surfaces, while the addition of fibres reduced the for-
mation of these cracks. This is a well-known advantage of adding
fibres to earthen materials [11,19]. According to Calatan et al.
(2016) [28], the linear shrinkage should not be above 3–12% for
specimens of soft mixes in order to obtain dried bricks without
cracking. The role of the fibres is to reduce the deformations in
the soil matrix through fibre-to-matrix friction and is therefore
dependent on the bonding between the fibre and the matrix
[30,31]. The decrease in dry density from 1887 kg/m3 (REF) to
1778 kg/m3 (R-PE 5%) with increasing fibre content is a result of
the low density of the R-PE fibres and the fact that the fibres reduce
the volumetric contraction, which was also observed by Gandia
et al. (2019) [19].
3.2.3. Flexural strength and toughness
The flexural behaviour of prismatic specimens was tested for

each mixture after 28 days and the results are shown in Table 4
and Figs. 7 and 8. Fig. 8 shows that the inclusion of R-PE fibres
did not substantially modify the initial elastic response of the curve
before the first crack appeared. On the contrary, the addition of
fibres was observed to have a positive influence on the ultimate
flexural strength (fcr), since it increased from 0.65 MPa (REF) to
1.14 MPa (R-PE 5%). As expected, the flexural stress–deflection
response reveal that the unreinforced specimens (REF) had a brittle
failure mode, since the load dropped immediately when the first
crack appeared, thus the first crack load was equal to the ultimate
flexural strength. The specimens with fibre contents � 2% had a
linear increase in strength until the first crack appeared (equal to
the ultimate flexural strength), whereupon they experienced a
drop in load. When the macro crack was wide enough to activate
the fibres, the internal tensile forces were transferred to the fibres,
which resulted in improved crack control and increased post-crack
performance. These beneficial mechanisms may be due to fibres
bridging the crack, fibre to matrix debonding and matrix and fric-
cimen at t = 28 days; and workability based on the flow diameter of fresh mixtures.



Fig. 7. Mechanical properties of dried prismatic specimens at t = 28 days: Ultimate flexural strength, compressive strength, toughness indices (I5 and I10) and residual
strength factor (R5,10).

Fig. 8. Flexural stress–deflection response of prismatic specimens at t = 28 days. The dotted line represents the slope of the curve before the first crack appears (0.55fcr-
0.75fcr).
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tional pull-out [12]. The specimens with � 3% of R-PE fibres did not
experience this drop in load when the first crack appeared, but had
a more ductile failure mode and a non-linear behaviour when get-
ting closer to the ultimate flexural strength. An examination of the
flexural stress–deflection response revealed that cracks started to
appear when the shape of the curve changed from linear to non-
linear. For these specimens, the ultimate flexural strength was
reached after approximately 0.5 mm of additional deflection. A
similar behaviour of non-linearity was observed in other studies,
e.g. [5] for adobe specimens with the addition of 1 wt% of PP fibres
with a finer diameter (d = 0.031 mm) compared to the R-PE fibres
(d = 0.28 mm), and [12] with wool fibre additions of 2-3 wt%. Dif-
ferent lengths of wool fibres were investigated by [12], which
showed that longer fibres resulted in increased peak loads, while
the first crack load was unaffected by the longer fibre lengths.
Table 4
Properties of fresh material (flow diameter) and dried prismatic specimens at t = 28 day
strength and compressive strength). S.D. = Standard deviation.

Specimen ID Flow diameter Linear drying
shrinkage

Dr

Mean S.D. Mean S.D. Me
[mm] [%] [kg

REF 104.1 1.1 5.23 0.1 18
R-PE 1.0% 100.7 1.2 4.47 0.1 18
R-PE 2.0% 97.4 1.9 3.17 0.1 18
R-PE 3.0% 94.4 2.8 3.06 0.1 17
R-PE 4.0% 91.3 1.9 2.71 0.0 17
R-PE 5.0% 90.5 1.6 2.08 0.0 17

7

Comparing the results obtained in the present study to other
studies, some researchers also found that the addition of fibres
increased the ultimate flexural strength, e.g. [12,28,31,33]. How-
ever, most studies reported that the ultimate flexural strength only
increased up to an optimum fibre content, whereupon the ultimate
flexural strength again decreased when further increasing the fibre
content [2,7,26,28,62]. From these conflicting observations, the
fibre influence is expected to depend both on the type of fibre,
geometry etc. and on the soil matrix. In the present study, the ulti-
mate flexural strength was increasing with increasing fibre content
and no decrease was observed even at the highest fibre content of
5 wt%. The obtained ultimate flexural strengths for both unrein-
forced and fibre reinforced specimens are in the same range as
the strengths reported in other studies on adobe specimens
[5,7,32,63-65].
s (Linear drying shrinkage with respect to the length, dry density, ultimate flexural

y density Compressive
strength

Ultimate flexural
strength

an S.D. Mean S.D. Mean S.D.
/m3] [MPa] [MPa]

87 5.9 2.60 0.23 0.65 0.07
58 8.7 3.10 0.30 0.64 0.03
33 4.2 3.03 0.10 0.69 0.01
83 4.4 3.14 0.19 0.88 0.08
96 5.4 3.31 0.3 1.03 0.03
78 0.3 3.48 0.1 1.14 0.03
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The toughness values are given in Fig. 7. Since the first part of
the flexural stress–deflection curve is not entirely linear close to
the load at which the first crack appears, this slope is estimated
from the slope between 0.55fcr and 0.75fcr (shown as the dotted
lines in Fig. 8). The areas (Area A, B and C) under the load–displace-
ment curve are calculated based on this slope as specified in the
standard [58]. While the unreinforced specimens (REF) showed
negligible toughness, the addition of fibres caused a significant
increase in toughness, which is evident even for the lowest fibre
content of 1% R-PE. The values for the toughness indices are in
agreement with the results on adobe bricks reinforced with PP
fibres reported by Araya-Letelier (2019) [5].

3.2.4. Compressive strength
The compressive strength was tested on the remaining half

prisms after performing the flexural test. The results are shown
in Table 4 and Fig. 7. Mean values range from 2.60 MPa (REF) to
3.48 MPa (R-PE 5.0%). The results indicate that the compressive
strength increases with increasing fibre content. A similar beha-
viour was observed in a few other studies on fibre reinforced
earthen adobe bricks [11,19]. Gandia et al. (2019) [19] found that
the addition of up to 10 wt% of fibres extracted from glass fibre
reinforced polymer waste increased the compressive strength from
1.41 MPa to 2.05 MPa. These positive effects of glass fibres were
attributed to the reinforcing effects of the fibres, the good adhesion
between the fibres and the earthen matrix, and the fact that the
fibres had reduced the drying shrinkage cracks [19]. Although
there are different findings regarding the role of fibres on the com-
pressive strength, most studies reported that an optimum fibre
content was resulting in an increase in strength, whereupon the
strength decreased when further increasing the fibre content
[2,5,7,30,31]. The obtained compressive strengths in the materials
investigated in the present study fulfil the requirements for a com-
pressive strength above 2.25 MPa in order to classify unstabilised
adobes as high strength earthen materials according to Delgado
& Guerrero (2006) [66]. Moreover, the obtained compressive
strength values for adobe bricks are in agreement with those
obtained in several other studies [2,5,10,11,28,63,65].

3.3. Restrained drying shrinkage

3.3.1. Water evaporation rate
The water evaporation rate for the restrained shrinkage speci-

mens (Ø180x10 mm3) with the different mixtures is shown in
Fig. 9. Water evaporation rate and relativ
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Fig. 9. The initial evaporation rate of 0.055–0.075 kg/m2/h is quite
similar for all specimens independent of the fibre content,
although the higher fibre contents resulted in slightly higher water
evaporation rates during the first days. The evaporation rate is rel-
atively constant during the first 3 days, whereupon it decreases
rapidly until it gradually reduces to zero. Thus, the largest part of
the mixing water evaporates during the first 3 days. Specimens
with higher fibre contents also tended to stabilise faster. The final
stabilisation happens after 5–6 days of drying. This indicates that
the final crack network should have formed after 3 days and that
further crack propagation would stabilize after approximately
6 days under the current test conditions (specimen size, environ-
ment etc.). As it will be seen in the following sections, the degree
of cracking decreases with increasing fibre content. Larger crack
areas increases the surface area of the sample in contact with air,
but for these specimens with a very large surface area to volume
ratio, this does not affect the evaporation rate. Similar observations
were reported by Eid et al. (2015) [24].

3.3.2. Surface strain and displacement from DIC data
Six different types of specimens for the restrained drying

shrinkage test were continuously monitored from t = 30 min -
6 days using DIC; one without fibres (REF) and five with varying
R-PE fibre contents of 1–5%. The DIC technique is a highly useful
tool for studying surface displacements, since it provides informa-
tion on how the surface is deforming during drying and enables
crack width measurements. The surface strain is the derivative of
the displacement and the abrupt changes in the displacement field
is illustrated by peaks in the strain data [40]. Thus, the surface
strain is useful for illustrating the crack locations. The post-
processing of the data from the DIC software is carried out using
Matlab.

3.3.3. Crack detection and measurements
The final displacement and major strain field at t = 6 days is

shown for the REF specimens in Fig. 10. The cracks appear as the
sudden drops in the displacement field (abrupt colour change on
the plan view) and peaks in the strain field. Positive strain values
represent tensile deformations in the material [24]. To further
illustrate this, the displacement and strain (along the x-direction
of the specimens) are shown for a section parallel to the x-axis
going through the middle of the specimen. The crack widths can
be measured as the difference between the maximum (red dot)
and minimum (blue dot) displacement values on each side of the
e mass loss for shrinkage specimens.



Fig. 10. DIC results for REF specimen at t = 6 days. a) Surface displacement; b)
Major strain; c) Section view parallel to the x-axis showing displacement and strain
in the x-direction and measured crack widths. S.T.L. = Strain threshold Limit of 10%.
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displacement drop. On the section view, it is also confirmed that
cracks are coinciding with peaks in the strain field. Please note that
only the displacements, i.e. crack widths, in the x-direction are
shown in the section view and that the true crack width should
be calculated perpendicular to the crack direction from the dis-
placements occurring in the x- and y-directions. As the cracks
are coinciding with areas of increased strain values, it is relevant
to define a strain threshold limit for when a displacement gap
should be considered as an actual crack. This approach for distin-
guishing between ‘‘cracked” and ‘‘uncracked” areas was applied
in other studies [40,42,43,67]. Mauroux et al. (2012) [40] studied
the drying shrinkage mechanisms of restrained cement-based
mortar overlays using DIC and defined a strain threshold limit in
agreement with microscopy observations. This approach enabled
the computation of the percentage of damaged/cracked pixels in
9

the images. The strain threshold value is not a globally applicable
number since it depends on several parameters, e.g. the matrix
material, stage of curing/drying and the environmental conditions
[42]. In the present work, a strain threshold limit (S.T.R.) of 10% is
chosen in agreement with the strain level at which fine surface
cracks can be detected in the high-resolution images.

3.3.4. Evolution in major strain over time
One of the main advantages of the DIC technique is that it

enables the continuous monitoring of the specimen surface and
the crack network that forms during the drying process. The crack
propagation is visualized in Fig. 11 based on the major strain field
at selected time stages during the test period (6 h, 12 h, 18 h, 24 h,
3 days and 6 days). Considering the REF specimen, no surface
cracking is visible at t = 6 h, when examining the raw image. How-
ever, a fine network of areas with increased strain values are
already present at this time stage. At t = 12 h and t = 18 h, these
areas with increased strain have in some cases developed into
actual cracks, which are also possible to detect on the raw image.
Further propagation in the crack network occurs until t = 3 days,
whereupon the network stabilizes and no new cracks appear until
the end of the test at t = 6 days. This is in consistency with the find-
ings from Fig. 14 and the water evaporation rate which was
decreasing drastically after t = 3 days (Fig. 9).

3.3.5. Evaluation of fibre influence
Regarding the influence of the addition of R-PE fibres, Fig. 11

clearly illustrates that the fibres tend to reduce the degree of
shrinkage cracking. The role of the fibres is to distribute the defor-
mations in the material by providing bridging forces across the
cracks so that more fine cracks appear instead of fewer but wider
cracks [12]. This is also the case when comparing the REF specimen
with those included R-PE fibres. While the major strain field in
Fig. 11 provides a visual presentation of the degree of shrinkage
cracking, more quantitative measurements can be computed based
on the DIC data. Fig. 12a and Fig. 13a illustrate histograms repre-
senting all data points for each specimen represented by the dis-
placement and major strain values, respectively. Greater numbers
of data points with large major strain values indicate higher degree
of cracking. The figures show that the addition of R-PE fibres tend
to shift the peaks in the histograms towards the left, i.e. smaller
values of displacement and major strain, respectively. See also
Fig. 12b and Fig. 13b where the shape of the histograms are shown
together for a comparison between the specimens. The sum of all
displacements and strains are given in each histogram. While the
sum of major strains (Re) is decreasing with increasing fibre con-
tent, the sum of displacements (Rd) is reduced with the addition of
fibres, but is not significantly influenced when further increasing
the fibre content. However, large displacement values are not nec-
essarily associated with cracks, since it is only abrupt changes in
the displacement fields that are actual cracked areas. The decrease
in the sum of major strain confirms that the R-PE fibres have the
ability to distribute the surface deformations, thus, reduce the
large strain values that results in surface cracking.

3.3.6. Evolution in cracking over time
The evolution in the sum of major strain values (Re) and dis-

placement values (Rd) are computed for each time stage and are
shown in Fig. 14 for the different fibre contents. The figures show
a) the sum of all positive major strain values; b) the sum of all
major strain values above the selected strain threshold limit of
10%; and c) the sum of all displacement values. The sum of major
strain is increasing linearly until t = 18 h, whereupon the curves
gradually stabilize at t = 2–3 days depending on the fibre content.
While the sum of major strain stabilizes at t = 2–3 days (and even
slightly decreases until t = 6 days), the sum of displacement



Fig. 11. Major strain at selected time stages (6 h, 12 h, 18 h, 24 h, 3 d and 6 d). Colours: white to black: 0–10%
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continuous to increase with up to 8% from t = 3 days to t = 6 days
(for R-PE 4%). This indicates that the surface continues to deform
even after the final crack network has developed. In Fig. 14b, all
major strain values below the chosen strain threshold limit of
10% have been excluded from the plot, so that only strain values
representing ‘‘cracked” areas are taken into account. This modifica-
tion does not change the shape of the curves, but it reduces the
sum of strains more for the specimens including fibres than for
the REF specimen. This observation again confirms that the fibres
10
have the ability to distribute the deformations in the material
and thereby reduce the amount of ‘‘cracked” areas.
4. Discussion on the influence of R-PE fibre

From the test series presented in the present study, it was found
that all tested properties were improved with increasing fibre con-
tent even at the highest fibre dosage of 5 wt%. The improvements



Fig. 12. Histograms of the relation between surface displacement and number of data points (counts) at t = 6 days. Rd is the sum of all displacement values present on the
specimen surface.

Fig. 13. Histograms of the relation between surface major strain and number of data points (counts) at t = 6 days. Re is the sum of all major strain values present on the
specimen surface.
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were both with respect to the mechanical performance and the
reduction in drying shrinkage cracking. The only difficulty that
encountered for mixtures with high fibre dosages, was the
impaired workability of the fresh mixtures, which complicated
the mixing and forming process. This could probably be overcome
by adjusting the mixing water content, although an increased
water addition could lead to larger drying shrinkage deformations.
The overall findings indicate that it could be relevant to test even
higher dosages of R-PE fibres than the 5 wt% to investigate whether
the improvements would increase further at higher fibre contents.

In previous studies, the influence of R-PE fibres on the mechan-
ical properties of other types of conventional building materials
11
such as gypsum-based and cement-based materials were evalu-
ated [55,68]. Gypsum-based and cement-based materials have
high strength and stiffness compared to the earthen adobe materi-
als investigated in the present study. The overall findings regarding
the gypsum-based and cement-based materials were that the ulti-
mate flexural strength and the compressive strength decreased
with the addition of R-PE fibres, while the post-crack performance
increased. Also, the fibre reinforced materials experienced a drop
in the flexural load before the tensile forces were transferred to
the fibres. Hence, by comparing the R-PE fibre influence on the
mechanical performance of those different types of materials, it
was observed that the fibre inclusion had the most beneficial



Fig. 14. Evolution in a) Sum of major strain � 0%; b) Sum of major strain � strain threshold limit of 10%; c) Sum of displacement during the test period of 6 days; d) Re � 0%,
Re � 10%, and Rd at t = 6 days.
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effects when added to low-modulus materials such as earthen
adobes.

Regarding the R-PE fibre influence on controlling shrinkage
deformations and shrinkage cracking, it was previously observed
that the fibre inclusion showed beneficial effects in controlling
plastic shrinkage cracking in fresh cement-based mortars when
added in volume fraction of 2% [43]. These findings again confirm
the best use of the R-PE fibres is in low-modulus materials such
as fresh cement-based mortars or low-modulus adobe mixtures.

5. Conclusion

The effect of R-PE fibres from discarded fishing nets used as
reinforcing material in earthen adobe materials was evaluated in
this study. The assessed properties comprised restrained drying
shrinkage cracking, linear drying shrinkage, dry density, flexural
strength, flexural toughness and compressive strength. The crack-
ing induced by the restrained drying shrinkage was monitored
and analysed using a digital image correlation technique (DIC).
Overall, the results obtained with the fibre reinforced adobe spec-
imens are promising and the following conclusions can be
highlighted:

1. Distributed crack patterns were obtained on the restrained
shrinkage specimens independently of the fibre content. How-
ever, with the addition of R-PE fibres, the crack pattern changed
so that finer cracks appeared instead of fewer wide cracks com-
pared to the unreinforced specimen. This was a result of the
ability of the fibres to distribute the shrinkage deformations.

2. Besides the ability of fibres to control shrinkage cracking, one of
the main benefits of adding fibres to earthen materials is the
improved flexural toughness and post-crack performance.
While the unreinforced specimens had a brittle failure when
the maximum strength was reached, the fibre reinforced speci-
mens were still able to resist the flexural stresses after reaching
the peak strength.

3. The ultimate flexural strength increased with increasing fibre
content. The specimens containing 5% of R-PE fibres had a
75% higher ultimate flexural strength compared to unreinforced
specimens. For unreinforced specimens and specimens
with � 2% R-PE fibres, a linear increase in load was obtained
until the ultimate strength was reached, whereupon the load
12
dropped until internal tensile forces were transferred to and
carried by the fibres. At higher fibre contents, the linear part
of the flexural stress–deflection curve became non-linear before
the ultimate flexural strength was reached and no drop in load
was observed.

4. The addition of R-PE fibres caused an increase in compressive
strength of 33% compared to unreinforced specimens (REF).
Moreover, the addition of R-PE fibres resulted in a proportional
decrease in dry density and linear drying shrinkage of hardened
prismatic specimens as well as in workability of the fresh mix-
ture with increasing fibre content.

Greenlandic sediments (GP), which are available in most of the
Arctic region, were used as the main raw material for the produc-
tion of adobe bricks. Discarded fishing nets are as well available in
many coastal towns in the Arctic. The use of such local resources
for a sustainable production of adobe bricks would significantly
reduce the energy consumption for production and transportation
of building materials in scarcely populated areas such as the Arctic.
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