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a b s t r a c t
The addition of engineered polypropylene fibers to earthen materials offers new opportunities to control
their damage evolution and mechanical properties that altogether provides more reliability and extends
the life span of these materials. The latter is of special interest considering that earthen materials are still
widely used in the form of adobe blocks for earthen masonry, cob, rammed earth or even earthen mortars
for new construction and conservation of historic buildings. In this work, the effect of dosage of micro
polypropylene fibers (MPPF) in the damage-mechanical performance of earthen mixes is studied experimentally. Part of the experiments includes two different tests to assess distributed and localized cracking
of reinforced earth subject to restrained drying shrinkage. In addition, the experimental results showed
that the incorporation of MPPF increases up to 83 times the impact strength and 11 times the flexural
toughness of earthen mixes. Other mechanical properties such as compressive and flexural strength
are not statistically affected by the incorporation of MPPF.
Ó 2018 Elsevier Ltd. All rights reserved.

1. Introduction
Earthen construction materials have been around for millennia
but only over the last decades new advances, such as earthbags
[1,2] and incorporation of engineered fibers such as steel wire
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[3], have been proposed. Currently, approximately 50% of the population of developing countries and 30% of the global population
lives in houses constructed with earthen materials [4]. In countries
with seismic activity like Chile, approximately 55% of the damaged
housing by the 2010 earthquake was constructed with earthen
materials [5]. On the other hand, production of cement-based
materials is responsible for 5–7% of global anthropogenic carbon
dioxide emissions [6]. Considering the current trend to reduce
environmental impacts it is reasonable to understand why
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low-embodied energy construction materials like earthen materials are being reconsidered nowadays as an option for construction
[7].
Besides its reduced embodied energy [8] (compared to other
more industrialized materials), earthen materials present other
advantages such as low cost [9], ease of processing [10], recyclability [11], and good performance as regulators of humidity and temperature of buildings [12]. On the other hand, earthen materials
exhibit disadvantages like reduced mechanical strength and cracking resistance, low water erosion resistance, and volumetric instability compared to other more industrialized materials [4,13]. To
lessen some of these disadvantages, earthen materials can be reinforced incorporating vegetal fibers (e.g., straw), animal fibers (e.g.,
wool) and synthetic fibers (e.g., polypropylene). Among synthetic
fibers, polypropylene fibers have been incorporated to earthen
materials, with promising results. Yilmaz [14] assessed the compressive and split tensile performance of sand-clay mixtures. The
mixtures were made of poorly graded sand (classified as SP,
according to the Unified Soil Classification System (USCS) [15])
combined with up to 10% by dry weight of high plasticity clay
(CH, according to the USCS). The sand-clay mixtures of [14] were
reinforced with different dosages of micro polypropylene fibers
(MPPF) finding that the addition of MPPF ‘‘had a limited effect on
the strength of the composite, but increased the span length of
the peak deviator stress”. Prado and Gonzalez [16] used a silty sand
with low plasticity silt (SM(ML) according to the USCS) to assess
the influence of MPPF on the compressive and flexural strength
of earthen plasters finding increments of up to 15% and 30%,
respectively, compared to unreinforced earthen plasters. Donkor
et al. [17] used also a silty sand with low plasticity silt (SM(ML)
according to the USCS based on the information provided by Donkor et al. [17]) to studied the effect of macro polypropylene fibers
on the flexural and compressive strengths and deformation of stabilized earth blocks, reporting that flexural strength and toughness
were improved by the addition of fibers. Balkis [18] used two different types of soils (both soils classify as CL, according to the USCS
and the information provided by Balkis [16]) to evaluate the effect
of waste marble dust and MPPF on the compressive and flexural
strengths of gypsum stabilized earthen materials, finding optimum
combinations of marble dust and MPPF. Balkis [18] reported that
both compressive and flexural strengths were improved compared
to plain gypsum stabilized earthen materials. These studies have
contributed significantly to the investigation and improvement of
polypropylene fiber-reinforced earthen materials. Yet, the authors
of this work think that the evaluation of cracking due to drying
shrinkage, flexural toughness, and impact strength of MPPFreinforced earthen materials should be explored to show the real
benefits of this addition, enhancing the performance of traditional
earthen construction materials (e.g., adobe blocks and earthen
mortars) that although are sustainable construction materials,
exhibit reduced mechanical-damage performance.
The originality of this study resides on assessing some of the
benefits that have not been studied exhaustively in previous works
(e.g., crack reduction, flexural toughness, and impact strength) and
possible drawbacks (e.g., mechanical strength reduction) as a
result of adding MPPF to earthen materials. Moreover, this study
presents two simple and effective experimental procedures to

assess distributed and localized drying shrinkage cracking reduction caused by the fiber-reinforcement of earthen materials. One
experimental procedure uses a flat specimen with one of its surfaces restrained by a rough surface to induce random distributed
cracks as a result of the intrinsic volumetric instabillity of earthen
materials. The other experimental procedure uses a slab on top of
stress raisers to induce a localized crack. This paper names the
mixes of clayey soil, water and fibers generically as earthen mixes.
The use of earthen mixes, which can be cast in different shapes
(e.g., beams and cubes), allows the preparation and execution of
different tests (e.g., flexural toughness and shrinkage cracking) that
would be more difficult to perform with a fixed sample shape such
as adobe blocks. Although these mixes are mainly intended to produce adobe blocks for earthen masonry, they could also be used in
cob, rammed earth or even earthen mortars for new constructions
and conservation of historic buildings [19].
The objectives of this paper are: (i) to assess quantitatively distributed and localized drying shrinkage cracking reduction generated by the incorporation of MPPF in earthen mixes using two
different experimental procedures, and (ii) to evaluate the impact
of different dosages of MPPF on the mechanical properties and
crack resistance of earthen mixes.
2. Material and test methods
2.1. Materials properties
2.1.1. Soil
The clayey soil of this paper was obtained from a location in
southern Santiago, Chile. This soil has been previously characterized and tested with a reinforcement of natural fibers by ArayaLetelier et al. [13]. The contents of the soil used in this work are silicon oxides (sand and silt), silicates (clays) and organic components. The main properties of the clayey soil are provided in
Table 1. The soil used in this study classified as a low plasticity clay
(CL) according to the USCS [15] since more than 50% of the soil
passed the N°200 (0.075 mm) sieve, the plasticity index (PI) is
greater than 7 and PI plots above the line A in the plasticity chart.
This soil was selected based on both suitability for earthen construction (as results of field and laboratory test) as well as availability (the soil was obtained from a deposit near by the
laboratory where the experimental program was implemented).
From the four previous studies on polypropylene fiber-reinforced
earthen materials [14,16–18] discussed on this paper, only the
two soils used by Balkis [18], which classified as CL, are similar
to the soil used in this study (also classified as CL). However, as
mentioned previously, Balkis [18] stabilized those soils using gypsum and marble dust and, consequently, comparisons cannot be
easily drawn between the study by Balkis [18] and this study. It
is recommended as future research to explore the use of MPPF in
soils with higher plasticity (e.g., clay of high plasticity, CH) that
are more prone to shrinkage and the effect of the MPPF could be
enhanced. Although this study did not perform a chemical composition analysis of the clayey soil, in general, characterization of soils
for earthen construction is based on laboratory tests such as particle size distribution and Atterberg limits as well as field tests such
as the cigar test, which were performed in this study.

Table 1
Physical properties of clayey soil characterized by Araya-Letelier et al. [13].
Particle size distribution

Atterberg limits

Clay (%)

Silt (%)

Sand (%)

Liquid limit (%)

Plastic limit (%)

11

69

20

29.1

17.4

Plasticity index (%)

Specific weight of solids (kg/m3)

11.7

2507
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Fig. 1. SikaÒ Fiber P-12 micro polypropylene fibers: (a) photograph of fibers, and (b) microscopic image of fibers.

Table 2
Main properties of SikaÒ Fiber P-12 micro polypropylene fibers [21].
Length (mm)

Diameter (mm)

Aspect ratio

Density (20 °C)
(g/cm3)

Water absorption
(%)

Elongation to break
(%)

Tensile strength
(MPa)

Young’s modulus
(MPa)

12

0.031

387

1.16

0

60–140

310

1500

2.1.2. Micro polypropylene fibers
This study used commercially available ‘‘SikaÒ Fiber P-12”
micro synthetic polypropylene fibers that met the standard ASTM
C1116 [20] for fibers type III. These micro polypropylene fibers
(MPPF) are used in concrete and mortar to reduce plastic shrinkage
cracking and spalling, and to improve impact strength and abrasion resistance [21]. These MPPF are shown in Fig. 1 and Table 2
presents their main morphological, physical and mechanical
properties.
2.2. Earthen mixes and specimen preparation
As suggested by the standard SENCICO E.80 [22], water was
manually mix with clayey soil (oven-dry condition) until an
homogenous mix was obtained, resulting on a ratio of weight of
water to weight of soil of 0.307, which thereafter is called water
to soil ratio in this paper. Mixing (manual throwing method) was
performed in accordance to the traditional practice of soil blocks
manufacturing and to the plastic consistency of the mixture, as stated by Minke [23]. The selection of the water content was based on
the cigar test, which is a simple field test suited for determining
the binding force of a clayey soil [24]. This test consists of molding
the soil with a given water content in the form of a 20 mm diameter cigar, leaving one end of the cigar-shaped earthen mix hanging
free until it breaks and measuring the length of three consecutive
broken pieces. The same procedure is repeated for different water
contents until the suggested breaking lengths are reached. In the
case of earthen mixes for adobe, which was the purpose of this

study, the recommended lengths range from 60 mm to 120 mm
according to HB 195 [25].
To evaluate the performance of the proposed fibers on earthen
mixes, four different mixes were prepared varying the dosage of
MPPF (0%, 0.25%, 0.5% and 1% weight of MPPF to weight of ovendry clayey soil). Initial tests were carried out to assess the ease of
manual mixing between the selected soil and the MPPF. For
dosages higher than 1%, the initial insights showed that manual
mixing presented difficulties obtaining an uniform distribution of
fibers within the clayey matrix and, therefore, an upper limit of
1% dosage of MPPF was selected for this study. The different mixes
were given an identification number (ID) that indicates the percentage of MPPF included in the mix as shown in Table 3.
The preparation of the specimens (mixing and compaction) was
executed manually in order to replicate the manual confection that
is still widely used in earthen construction projects. Future work
will consider an industrialized manufacturing process to quantify
its benefits versus the traditional manual manufacturing procedure. In particular the traditional manual manufacturing process
implemented in this study (aimed at producing MPPF-reinforced
adobe blocks) can be compared to a more industrialized manufacturing process aimed at producing MPPF-reinforced compressed
earth blocks (CEBs) that require a different (less plastic) mix and
that are compressed under a controlled load. The MPPF were gradually dry-mixed with the soil in order to minimize the density of
clusters. Subsequently, water was incorporated into the mix in four
portions, mixing after each incorporation, to enhance the homogenization of the mix. After the mixing processes, each earthen mix

Table 3
Earthen mixes ID numbers and proportions of materials used in each mix.

1
2
3

Mixes ID

W/S1

Soil2 (kg)

Water (kg)

MPPF (kg)

MPPF3 (%)

0
0.25
0.5
1

0.307
0.307
0.307
0.307

1000
1000
1000
1000

307
307
307
307

0
2.5
5.0
10

0
0.25
0.5
1

Water to soil ratio;
Oven-dry condition;
Weight of MPPF to weight of oven-dry soil in percentage.
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Table 4
Details of specimens.
Name

1

Dimensions (mm)

Experimental tests

Cube

50  50  501

Beam

310  105  70

RILEM beam

160  40  40 (including a 5  3 notch)

Flat
Slab

5  180 (height and diameter)
600  600  50, with 2 stress raisers

Type

Number of specimens tested per
type of test for each earthen mix

Compressive strength (at 7 days)
Compressive strength (at 28 days)
Flexural strength (at 7 days)
Flexural strength, and toughness indices (at 28 days)
Impact strength (at 7 days)
Impact strength (at 28 days)
Distributed cracking due to restrained drying shrinkage (at 7 days)
Localized cracking due to restrained drying shrinkage (at 24 h)

6
6
4
4
3
3
2
2

Geometry from ASTM C109 [27].

was sealed using a plastic cover during three hours to generate a
homogenous water distribution and, consequently, material
uniformity.
Each earthen mix introduced in Table 3 was cast in five different
geometries as shown in Table 4. The number of specimens cast for
flat and slab specimens was in accordance with ASTM C1579 –
136.2 [26]. For cube and RILEM beam specimens, the quantity of
specimens was decided by the total volume of the samples, considering that the volume of cubes is approximately half of RILEM
beam specimens. The number of beam specimens for each mix
was defined in order to have a significant number of repetitions,
with a reasonable amount of volume of material, of this test that
requires to measure load and displacement simultaneously. It is
worth noticing that although the number of specimens is different
for every type of geometry, the ANOVA analysis performed in this

study considered this fact in its calculations. Cube specimens and
RILEM beam specimens used metallic molds for casting whereas,
beam and slab specimens were prepared over melamine molds.
Both types of molds, metallic and melamine molds, were moisturized with water to reduce the adherence of the specimens to the
molds as usually perform when working with earthen mixes with
plastic consistency used to manufacture adobe blocks. The fifth
geometry, flat specimens, were cast over metallic molds with a fine
coating of glue and sand, to ensure that friction exists between the
mold and the specimen. The wood molds used for slab specimens
had two stress raisers to ease the generation of localized cracks due
to drying shrinkage. Fig. 2 shows drawings of each specimen.
Slab, beam and cube specimens were manually cast in the
molds in layers of approximately 20–30 mm. To emulate traditional casting of adobe blocks, the edges of the specimen were

Fig. 2. Types of specimens: (a) cube, (b) beam, (c) RILEM beam, (d) flat, and (e) slab.
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Fig. 3. Flexural test setup of beam specimens after Araya-Letelier et al. [13]. Nominal dimensions are presented.

filled and compacted first. As the casting process of the specimens
was manual, the energy applied for compaction of the samples
could not be measured. Due to its short thickness, flat specimens
were cast in only one layer. RILEM beam and cube specimens were
demolded 48 hours after casting and beam specimens immediately
after casting. Cube, beam and RILEM beam specimens were rotated
to their adjacent side, to promote a uniform drying process, every
7 days for 28 days. As slab and flat specimens were cast in the mold
to test crack control of earthen mixes due to the addition of MPPF,
they were not demolded after casting. The number of flat and slab
specimens was determined following ASTM 1579-136.2 [28] that
indicates that the test unit should be comprised of at least two control specimens and two fiber-reinforced specimens. Yet, testing a
larger number of specimens would further reduce the epistemic
uncertainty of the experimental results. Except for slab specimens,
all specimens were kept at 22 °C and 45% relative humidity before
testing.
2.3. Test methods
2.3.1. Compressive test
The compressive performance was evaluated assessing the
compressive strength of each earthen mix testing cube specimens
using a load control protocol (0.04 MPa/s). Individual strength values were calculated as shown in Eq. (1).

rc ¼

F
A

ð1Þ

where rc is the resulting compressive strength at the peak load, F is
the peak compression load, and A is the area subjected to compression (smaller than 2500 mm2 due to shrinkage, but each area was
measured and used individually for each specimen). For each
earthen mix, average (AVG), standard deviation (SD) and coefficient
of variation (COV) results of rc were calculated at 7 and 28 days
after casting.
2.3.2. Flexural test
The same experimental setup implemented by Araya-Letelier
et al. [13] to evaluate the flexural performance of earthen mixes
reinforced with natural fibers was also implemented in this paper
to assess the influence of MPPF. The experimental setup corresponds to a three-point bending configuration with a span of
270 mm and a loading protocol of 1 mm/min. A linear variable differential transducer (LVDT) sustained by a steel frame and placed
at the midspan section of the beam was implemented to obtain

the midspan deflection of the beams. Although this configuration
with only one LVDT to measure the mid-span deflection has been
used by previous studies [10,13], a configuration placing two
LVDTs to measure this deflection exhibits a more robust performance since it allows the control of rotation issues and provides
two measurements to quantify asymmetric cracking of the bottom
of the beam. Fig. 4 shows the setting of the flexural test. Individual
values of flexural strengths were calculated using Eq. (2).

rf ¼

3PL
2BH2

ð2Þ

where rf is the resulting flexural strength at the peak load, P is the
peak load, L is the span (270 mm), B is the width at the failure section of the specimen and H is the depth at the failure section of the
specimen (see Fig. 3). The dimensions of each specimen were measured before testing to use real values for the calculations. For each
earthen mix, AVG, SD and COV results of rf were calculated at 7 and
28 days after casting.
To assess the energy absorption capacity of each earthen mix,
flexural toughness indices were calculated, following the standard
ASTM C1018 [29], as the area under the applied force versus
midspan-displacement curve up to a specific value of the
midspan-displacement, which was divided by the area under the
applied force versus midspan-displacement curve up to the value
of the midspan-displacement where the first crack (d) was
detected using the force recordings. This study assessed flexural
toughness indices, in particular values of I5, I10 and I20, which were
estimated considering the midspan-displacement corresponding to
3d, 5.5d and 10.5d, respectively. It is worth noticing that the minimum toughness index is 1.0, which corresponds to a brittle mode
of failure.
For each earthen mix, AVG, and SD results of flexural toughness
indices were calculated at 28 days after casting from each flexural
load versus midspan-displacement curve. In the field, the strength
of adobe blocks is required to assure that loads during the curing
process (e.g., rotation and transport of blocks) do not cause damage. Loads at 7 days should be lower than the strength of adobe
all the time (pre-peak behavior). Based on the latter, flexural
toughness was not measured at 7 days.
2.3.3. Cracking tests under drying shrinkage and restrained conditions
The incorporation of MPPF into earthen mixes is expected to
reduce the cracking generated by restrained drying shrinkage.
However, there are not specific standards and experimental
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Fig. 4. Experimental setup to evaluate distributed cracking due to restrained drying shrinkage: (a) measurement of cracks after Araya-Letelier et al. [13], and (b) unreinforced
flat specimen cracked.

procedures to evaluate the cracking behavior of earthen materials
due to drying shrinkage and there is only a reduced number of
papers that evaluate this performance qualitatively [30–32] and
quantitatively [33,34]. As mentioned earlier, this study implements two experimental procedures to quantitatively assess the
effect of MPPF (and other fibers in general) on crack development
in earthen mixes. The first procedure to evaluate distributed cracking due to restrained drying shrinkage uses flat specimens cured at
controlled temperature (22 °C) and controlled relative humidity
(45%) for 7 days after casting where crack widths and lengths were
taken. The second procedure consists of inducing localized cracks
as a result of restrained drying shrinkage. This test is an adaptation
to earthen materials of the standard ASTM C1579 [28] aimed to
evaluate the plastic shrinkage cracking of restrained fiberreinforced concrete. For the latter test, slab specimens were cast
into the molds and placed immediately in a room with 42 °C and
20% RH over eight hours and then the specimens were kept at
22 °C and 45% RH for another 16 hours to finally, after 24 hours
of casting, perform crack measurements. The environmental conditions proposed in this study are consistent with dry climates where
earthen shelters are abundant. In summary, the previously
described tests were performed to quantify crack development of
reinforced earthen mixes, under different environmental conditions, when damage localization is: 1) enforced (by a stress raiser)
and 2) not enforced (e.g., using a rough surface). The motivation of
analyzing reinforced earthen materials with different damage distribution patterns arises from previous works on materials with
quasi-brittle behavior (i.e., concrete and mortar) that addressed
the effect of crack distribution on affecting its mechanical behavior
[35–38]. Future work will study the impact of different damage
distribution on the mechanical behavior of reinforced earthen
mixes.
Measurements of cracks’ lengths and widths on both tests were
performed with a caliper (precision of ±0.02 mm) and a crack
width comparator tool (precision of ±0.1 mm), respectively. Specifically for the distributed crack test, a grid (20 mm  20 mm) for
each specimen (see Fig. 4) was used to ease the identifications of
cracks. The crack width average (CWA) was estimated for each
earthen mix on both tests based on Eq. (3).

P
CWAIDx ¼

lIDx  wIDx
P
lIDx

ð3Þ

where CWAIDx is the resulting value of the crack width average of
earthen mix IDx, lIDx are the lengths of the cracks of earthen mix

IDx, and wIDx are the corresponding widths of the cracks of earthen
mix IDx.
Based on the resulting values of CWAIDx , the crack width reduction ratio (CWRR) was calculated for both cracking tests and for
each earthen mix, considering the average value obtained from
the two flat specimens and two slab specimens, respectively, using
Eq. (4).


CWRRIDx ¼

1

CWAIDx
CWAID0


 100

ð4Þ

where CWRRIDx is the value of the crack width reduction ratio (in
percentage) corresponding to earthen mix IDx with respect to
earthen mix ID 0 (unreinforced earthen mix), and CWAIDx and
CWAID0 are the crack width average values of earthen mix IDx and
earthen mix ID 0, respectively.
Values of CWA and CWRR represent the average crack width of
all the cracks presented by an earthen mix and the reduction of
these crack widths compared to a plain earthen mix, respectively.
However, the CWA and CWRR values do not provide information
about the quantity (density) of cracks. Therefore, a crack density
ratio (CDRIDx ) is introduced to account for the percentage of
cracked area (multiplication of lengths and widths of each crack)
compared to the total area exposed to cracking of an earthen
mix. The calculation of CDR (expressed as a percentage) is shown
in Eq. (5).

P
CDRIDx ¼

lIDx  wIDx
A


 100

ð5Þ

where A is the exposed area of the two flat specimens
(2  p  ð90Þ2 mm2 ) for the distributed cracking tests and the area
of the two slab specimens (ð600Þ2 mm2 ) for the localized cracking
tests.
The two restrained drying shrinkage cracking procedures presented in this study differ in terms of obtaining a random (distributed) cracking pattern (first procedure), a type of damage
expected when stress concentrators are not present, versus an
induced (localized) cracking pattern (second procedure) that
sometimes is enforced to avoid distributed, uncontrolled cracking
[35].
2.3.4. Impact strength test
Previous studies have recommended the use of the impact test
to evaluate the impact strength of cementitious mortars [39–42].
This study implements the same impact test setup implemented
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Fig. 5. Impact strength test setup after Araya-Letelier et al. [13].

by Araya-Letelier et al. [13] to assess the capacity of the earthen
mixes to absorb damage. In particular, the experimental setup proposed by Araya-Letelier et al. [13] consisted of a metallic spherical
projectile that was thrown at midspan of the RILEM beam specimens that is presented in Fig. 5. The required number of drops to
collapse each RILEM beam specimen was counted, and the corresponding total impact energy (at collapse) was estimated as shown
in Eq. (6).

Ec ¼ n  m  g  h

These ANOVA tests require the calculation of a critical F value
(Fcrit), which depends on the number of groups of study (four
earthen mixes in this paper for one-way ANOVA tests), the significance level (5% in this study) and the number of observed values
for each group of study (e.g., six specimens and four specimens
for each earthen mix for compressive and flexural testing, respectively). Therefore, the one-way and pair-wise values of Fcrit were
different for flexural testing, compressive testing and impact testing (the ANOVA test was not implemented for distributed and concentrated crack drying shrinkage testing) as shown later in this
paper. For each ANOVA test a value of a fstatistic was obtained and
compared to Fcrit. If the value of the fstatistic was less than Fcrit, this
indicated that the differences between the average performances
of the different four earthen mixes under a specific test were not
statistically significant for the one-way ANOVA test or that the difference between the average performance of two specific mixes
was not statistically significant for the pair-wise ANOVA test. The
ANOVA test is based on the fact sample means might be different
among them because of two reasons: (i) the sample means come
from different populations (also called treatment, which in the case
of this study would be the incorporation of MPPF or the age at testing); and (ii) the sample means come from the same population
and the differences can be explained due to chance or sampling
error. The calculations of the ANOVA tests require the computation
of sums of squares (SS), means of squares (MS), and degrees of freedom (DF) for the treatment as well as the error, and all these calculations are provided for each ANOVA test performed in this
study. Additionally, this study reports the p-value (probability of
finding the observed, or more extreme, results when the null
hypothesis is true) of each ANOVA test performed. For further
information about the ANOVA tests see [43].

ð6Þ

where Ec represents the impact energy absorbed (at collapse), n
stands for the required quantity of drops to collapse the RILEM
beam, m represents the mass of the metallic projectiles (47 g), g is
the gravitational acceleration (9.81 m/s2) and h represents the
height at which the projectile was thrown (496 mm). For each
earthen mix, AVG, SD, and COV values of impact strength were calculated at 7 and 28 days after casting.
2.4. Statistical analysis of experimental results
To statistically check the significance of the effect of MPPF on
earthen mixes’ mechanical and damage performance this study
implemented ANOVA tests. First, the one-way ANOVA test was
used for determining if differences existed between the four
groups of study (ID 0, ID 0.25, ID 0.5 and ID 1) under a specific
experimental test at a given age of casting (e.g., compressive
strength at 28 days). The one-way ANOVA procedure tested the
null hypothesis (H0), that the average performances of all the
earthen mixes are equal (indicating that the incorporation of MPPF
had no effect over the specific experimental test under study),
against the alternative hypothesis (HA), that at least one average
performance is different, under a specific significance level (usually
5%, as used in this study). If H0 was rejected, pair-wise single factor
ANOVA tests were implemented to identify if each fiber-reinforced
earthen mix performed (on average) different from the plain mix.
The pair-wise single factor ANOVA tests were also implemented
to check the significance of the effect of age at testing since the
compressive, flexural and impact strength tests were performed
at both, 7 and 28 days after casting. In the later case, each earthen
mix performance under a specific experimental test (e.g., ID 1 flexural strength) at 28 days was compared to the performance of the
corresponding mix at 7 days.

3. Results and analysis
3.1. Effect of MPPF on earthen mixes mechanical performance
3.1.1. Compressive performance
Values of AVG (as bars), SD (represented as error bars) and COV
(as percentages in each bar) of compressive strength are shown in
Fig. 6 for 7 and 28 days. At 7 days after casting (Fig. 6(a)) values of
AVG, SD and COV ranged from 1.21 MPa (ID 1) to 1.29 MPa (ID
0.25), from 0.16 MPa (ID 0) to 0.23 MPa (ID 1), and from 12% (ID
0) to 19% (ID 1), respectively. At 28 days after casting (Fig. 6(b)),
values of AVG, SD and COV ranged from 1.74 MPa (ID 1) to
2.03 MPa (ID 0.25), from 0.19 MPa (ID 0) to 0.31 MPa (ID 0.5),
and from 10% (ID 0) to 16% (ID 0.5), respectively. Overall at specific
ages, AVG compressive strength was not statically affected by the
addition of MPPF, consistent with Vandna Sharma et al. [44], as
shown by the one-way ANOVA tests of Table 5.
The increment of the compressive strength, from 7 to 28 days
after casting, ranged from 44% (ID 1) to 57% (ID 0.25). Table 5
shows the results of the pair-wise ANOVA tests comparing the
compressive strength of each earthen mix at 7 days to the same
earthen mix at 28 days. The results of these pair-wise ANOVA tests
indicate that there is significant effect of the age of earthen mixes
on the compressive strength. The latter analysis can be complemented by the small p-values obtained, ranging from 0.0001 to
0.0039, for these pair-wise tests. In addition, humidity content (3
specimens per fiber dosage) as well as mass loss (6 specimens
per fiber dosage) measurements were performed for earthen mixes
ID 0 and ID 1, up to an age of 28 days. Specifically, measurements
taken at 7 and 28 days presented a loss of humidity of 85%–45%
and a loss of mass of 21%–32%, respectively. No statistical difference between earthen mixes ID 0 and ID 1 was observed. Reduction of humidity content of earth-based materials is proportional

769

G. Araya-Letelier et al. / Construction and Building Materials 198 (2019) 762–776

(a)

(b)

Fig. 6. Compressive strength: (a) at 7 days, and (b) at 28 days. SD represented as error bars and COV is indicated as percentages in each bar.

Table 5
Results of 5% significance ANOVA tests for compressive strength.
Test

Source

DF

SS

MS

fstatistic

Fcrit

p-value

Yes/Not statistically
significant?

All mixes at 7 days (One-way ANOVA)

Treatment (MPPF)
Error

3
20

0.0194
0.7566

0.0065
0.0378

0.17

3.10

0.9154

Not

All mixes at 28 days (One-way ANOVA)

Treatment (MPPF)
Error

3
20

0.2424
1.2583

0.0808
0.0629

1.28

3.10

0.3083

Not

Mix ID 0 at 7 days versus mix ID 0 at 28 days
(Pair-wise ANOVA)

Treatment (age)
Error

1
10

1.1564
0.3061

1.1564
0.0306

37.78

4.96

0.0001

Yes

Mix ID 0.25 at 7 days versus mix ID 0.25 at 28 days
(Pair-wise ANOVA)

Treatment (age)
Error

1
10

1.6260
0.4185

1.6260
0.0419

38.85

4.96

0.0001

Yes

Mix ID 0.5 at 7 days versus mix ID 0.5 at 28 days
(Pair-wise ANOVA)

Treatment (age)
Error

1
10

1.2657
0.6831

1.2657
0.0683

18.53

4.96

0.0016

Yes

Mix ID 1 at 7 days versus mix ID 1 at 28 days
(Pair-wise ANOVA)

Treatment (age)
Error

1
10

0.8432
0.6072

0.8432
0.0607

13.88

4.96

0.0039

Yes

(a)

(b)

Fig. 7. Flexural strength: (a) at 7 days, and (b) at 28 days. SD represented as error bars and COV is indicated as percentages in each bar.

to increase of compressive strength. This phenomena was previously reported [45].
It is important to highlight that all the earthen mixes of this
study presented average compressive strength (at 28 days) below
the value of 2.07 MPa required by the Earthen Building Code of
the State of New Mexico [46]. However, the minimum average

compressive strength obtained in this study at 28 days
(1.74 MPa) represents 84% of the 2.07 MPa required by the code
and, consequently, improving the confection process (e.g., use
mechanical compaction) might increase the minimum compressive strength of the earthen mixes to the required value of
2.07 MPa.
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Table 6
Results of 5% significance ANOVA tests for flexural strength.
Test

Source

DF

SS

MS

fstatistic

Fcrit

p-value

Yes/Not statistically
significant??

All mixes at 7 days (One-way ANOVA)

Treatment (MPPF)
Error

3
12

0.0504
0.0903

0.0168
0.0075

2.23

3.49

0.1372

Not

All mixes at 28 days (One-way ANOVA)

Treatment (MPPF)
Error

3
12

0.0893
0.1511

0.0297
0.0126

2.36

3.49

0.1228

Not

Mix ID 0 at 7 days versus mix ID 0 at 28 days
(Pair-wise ANOVA)

Treatment (age)
Error

1
6

0.0638
0.0353

0.0638
0.0059

10.84

5.99

0.0166

Yes

Mix ID 0.25 at 7 days versus mix ID 0.25 at 28 days
(Pair-wise ANOVA)

Treatment (age)
Error

1
6

0.0486
0.0782

0.0486
0.0130

3.73

5.99

0.1017

Not

Mix ID 0.5 at 7 days versus mix ID 0.5 at 28 days
(Pair-wise ANOVA)

Treatment (age)
Error

1
6

0.0402
0.0643

0.0402
0.0107

3.76

5.99

0.1005

Not

Mix ID 1 at 7 days versus mix ID 1 at 28 days
(Pair-wise ANOVA)

Treatment (age)
Error

1
6

0.1004
0.0637

0.1004
0.0106

9.45

5.99

0.0218

Yes

3.1.2. Flexural performance
Values of AVG (as bars), SD (represented as error bars) and COV
(as percentages in each bar) of flexural strength are shown in Fig. 7
for 7 and 28 days. At 7 days after casting (Fig. 7(a)) values of AVG,
SD and COV ranged from 0.32 MPa (ID 0) to 0.47 MPa (ID 1), from
0.07 MPa (ID 0) to 0.10 MPa (ID 1), and from 19% (ID 0.5) to 27% (ID
0.25), respectively. At an age of 28 days (Fig. 7(b)), values of AVG,
SD and COV ranged from 0.50 MPa (ID 0) to 0.70 MPa (ID 1), from
0.09 MPa (ID 0) to 0.13 MPa (ID 0.25), and from 16% (ID 1) to 24%
(ID 0.25), respectively. Although there was a sustained increment
of the average flexural strengths as fiber dosages were increased
(e.g., 40% increment from ID 0 to ID 1 at 28 days), COV values were
relatively large and, consequently, AVG flexural strength was not
statically affected by the addition of MPPF at specific ages as shown
by the one-way ANOVA tests of Table 6.
There is a sustained increase of flexural strength for all mixes
from 7 to 28 days after casting, where the maximum increment
was 56% for earthen mix ID 0. This was consistent with results presented by Elenga et al. [47] and Millogo et al. [48] that also found
increments in flexural strength as the age of the earthen mixes
increased. However, Table 6 shows that this increment of flexural
strength between 7 and 28 days was not statistically significant
for mix ID 0.25 and mix ID 0.5 whereas this difference was statis-

tically significant for mix ID 0 and mix ID 1. The latter could be
explained by the fact that the sample size of each mix was small
(four specimens) and the dispersions of ID 0.25 and ID 0.5 were
large for both ages of testing. The result of the ANOVA test rejecting
the hypothesis of an increment in flexural strength from 7 to
28 days for mix ID 0.25 and mix ID 0.5 should be considered carefully based on the number of specimens tested in this work, which
means that there is significant epistemic uncertainty that can be
reduced testing a larger number of specimens (recommended in
a future study to further assess this behavior). Additionally, as
shown in Table 6, the p-values of the pair-wise tests for the effect
of the age at testing on earthen mixes ID 0.25 and 0.5 are both
approximately 0.1, which means that for a pair-wise ANOVA test
with significance level slightly larger than 10%, both earthen mixes
would have shown statistically significant difference on the flexural strength between 7 and 28 days.
Comparing the flexural strength values obtained at an age of
28 days, it can be observed that all of them are above the minimum
value of 0.35 MPa required by The Earthen Building Code of the
State of New Mexico [46] for flexural strength.
An example of the flexural load-deformation behavior of the
earthen mixes can be observed in Fig. 8(a), where the load versus
midspan-deflection curves at 28 days of a sample of each earthen

Steel frame

LVDT
(b)

(a)

MPPFs
bridge
(c)
Fig. 8. Flexural testing (at 28 days): (a) representative applied load versus midspan-deflection curves, (b) cracked beam specimen mix ID 1, and (c) fiber bridge of cracked
beam specimen mix ID1 with some of the fibers highlighted in red.
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Table 7
Statistics of toughness indices at 28 days after casting.
ID

ID
ID
ID
ID

I5

0
0.25
0.5
1

I10

I20

AVG

SD

AVG

SD

AVG

SD

1.02
2.15
2.81
4.63

0.02
0.35
0.42
0.93

1.02
3.11
4.27
7.21

0.02
0.87
1.05
1.89

1.02
4.09
6.37
11.08

0.02
1.37
1.69
2.26

mix are shown. From Fig. 8(a), it can be seen that the flexural load
increased linearly until reaching the peak load (except for earthen
mix ID 1), when cracks were observed at the bottom of the specimens. Plain earthen mix beam specimens (ID 0) showed brittle
behavior where the peak load was followed by an abrupt load
reduction as shown at point ‘‘A” in Fig. 8(a). With the exception
of earthen mix ID 1, the fiber-reinforced earthen mixes presented
a sudden drop of load at similar midspan deflection (1 mm approximately) as earthen mix ID 0 (see point ‘‘A” in Fig. 8(a)). The latter
was consistent with the brittle failure of the matrix (a major crack
that formed at the midspan of the specimen). After the matrix failure of the reinforced mixes at point ‘‘A” in Fig. 8(a), the load was
transferred to the fibers. As load increased, the fibers withstand
the load in the fractured section, although, some fibers started
pulling out from the matrix leading to a nonlinear loaddeflection response until the ultimate flexural load capacity at
point B (Fig. 8(a)) was reached. After point ‘‘B”, softening occurred
due to fiber pullout until collapse. In general, the drop of load at
point ‘‘A” of reinforced mixes presented in Fig. 8(a) was higher as
the fiber dosage was reduced. This could be explained by the fact
that less fibers were capable of sustained less load transferred from
the matrix. The behavior previously described is consistent with
what was observed on fiber reinforced concrete (FRC) with volumes of fiber >0.5% [49]. On the contrary, FRC with volumes of fiber
<0.5% showed that initial peak stress and ultimate flexural strength
(point ‘‘A” and ‘‘B” in Fig. 8(a), respectively) coincided with the first
cracking strength and the load-deflection curve descended immediately [49]. In addition, the results presented in this section are
consistent with typical bending load versus midspan-deflection
curves presented by previous studies for compressed adobe blocks
reinforced with fibers [50–52]. A special comment on the flexural
response of the earthen mix ID 1 is required since it showed a nonlinear sustained increase of load before point ‘‘B” and softening

after that point (see Fig. 8(a)). The latter is a typical behavior of a
quasi-brittle material, in this case associated to the content of
fibers (1% in weight) [53]. It is possible that the earthen matrix
of mix ID 1 redistributed loads to fibers as micro-cracking evolved,
avoiding the sudden drop of load observed for lower contents of
fiber and described earlier in this section. This is an interesting
observation of a potential change of failure mode associated to
the fiber dosage that requires further research to understand this
phenomenon in more details. Fig. 8((b) and (c)) also show the fiber
bridge generated in one beam specimen ID 1 (Fig. 8(c) highlights
some of the fibers in red), where it can be seen how the MPPF
transfer load, increasing the flexural toughness of the beam and
generating the quasi-brittle behavior of mix ID1 described
previously.
Table 7 presents statistics of flexural toughness indices for each
earthen mix. Estimated values of I5, I10, and I20 of earthen mix ID 0
were approximately 1.0, consistent with the brittle flexural load–
displacement behavior of this mix described earlier. Overall,
toughness indices were proportional to the fiber dosages analyzed
in this work. The latter results, in addition to the analysis of the
load-displacement response, indicate that the addition of fibers
for the dosages presented in this work improved the capacity of
earthen mixes to withstand damage.
The results presented in this section and previous section
showed that statistically compressive and flexural strengths are
not affected by the addition of MPPF. Nevertheless, addition of
MPPF showed increments in average values of both strengths as
MPPF dosages increased. This trend is opposite to the addition of
similar quantities of other fibers such as natural fibers presented
in a previous work using the same matrix [13]. This difference is
explained mainly by the fact that MPPF did not form clusters
(which increase porosity in the matrix), especially on high doses
while natural fibers did as explained by Araya-Letelier et al. [13].

Fig. 9. Example of distributed cracking test of flat specimens due to restrained drying shrinkage.
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Fig. 10. Localized cracking test due to restrained drying shrinkage results for: (a) each earthen mix at 24 h after casting, and (b) one slab cast with one half of earthen mix ID 0
and the other half with earthen mix ID 0.25 and one slab cast with one half of earthen mix ID 0.25 and the other half with earthen mix ID 1.

3.2. Effect of MPPF on earthen mixes crack resistance
3.2.1. Distributed and localized cracking due to restrained drying
shrinkage
An example of the testing results for distributed drying shrinkage cracking is presented in Fig. 9 (only one of the two flat specimens per mix at an age of 7 days are shown). The distributed
cracking presented in Fig. 9 shows that there was a visible reduction of the widths and density of cracks as the MPPF dosage was
increased. The plain earthen mix (ID 0) showed crack widths up
to 2.0 mm, whereas reinforced earthen mixes showed cracks up
to 0.85 mm, 0.80 mm and 0.60 mm for MPPF dosages of 0.25%,
0.5% and 1%, respectively.
Fig. 10(a) presents examples of single cracked slab specimens
due to stress raisers and shrinkage for each mix in this study. Unreinforced earthen mix (ID 0) showed crack widths up to 6.1 mm,
whereas reinforced earthen mixes showed cracks up to 0.97 mm,
0.88 mm and 0.71 mm for MPPF dosages of 0.25%, 0.5% and 1%,
respectively. The resulting maximum and average crack widths
of this test were larger than the corresponding results of the distributed cracking due to restrained drying shrinkage test presented
previously in this section. The latter differences in crack widths
were associated to the type of fracture pattern (localized or distributed) and the exposure to higher drying shrinkage conditions
(42 °C and 20% RH) compared to the conditions of the restrained
drying shrinkage distributed cracking test presented earlier in this
section (22 °C and 45% RH). The increment of the maximum and
average crack widths was more significant for earthen mix ID 0

(plain mix), where the maximum crack width increased from
2.0 mm (distributed cracking test) to 6.1 mm (localized cracking
test). On the contrary, the MPPF reinforced earthen mixes subjected to 42 °C and 20% RH with stress concentrators slightly
increased the average crack widths during the localized cracking
test (0.97 mm, 0.88 mm and 0.71 mm for ID 0.25, ID 0.5 and ID 1,
respectively) compared to the average crack width during the distributed cracking test (0.85 mm, 0.80 mm and 0.60 mm for ID 0.25,
ID 0.5 and ID 1, respectively) at 22 °C and 45% RH. In materials with
volume change related to temperature changes, moisture loss, or
chemical reactions, localized controlled damage is preferred over
distributed random macroscopic crack formation [35,36]. The
results from this section indicate that plain earthen mixes and
earthen mixes with low dosages of MPPF (i.e., ID 0 and ID 0.25)
are more sensitive to stress raisers. On the contrary, earthen mixes
with large dosages of MPPF (i.e., ID 0.5 and ID 1) present similar
maximum crack widths on cases where: 1) a single crack dominates damage and 2) distributed cracks are present. To show the
capacity of crack control of earthen materials with MPPF, a set of
two slab specimens were cast where one half of the first slab
was made with earthen mix ID 0 and the other half with earthen
mix ID 0.25, and the second slab had one half of earthen mix ID
0.5 and the other half with earthen mix ID 1.
All of them were subjected to the restrained drying shrinkage
localized cracking test and results are shown in Fig. 10(b). It is
interesting to observe on the composite with plain mix (ID 0)
and the lowest dosage of MPPF (ID 0.25) how macroscopic cracks
formed and propagated through the earthen mix ID 0 side and
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stopped at the interface with earthen mix ID 0.25 as a result of the
addition of fibers in that part of the composite. The composite
made of ID 0.5 and ID 1 mixes showed similar behavior on both
sides, mostly insensitive to stress concentrators with formation
of few random cracks on the surface of the slab.
Values of CWA and CWRR are shown in Fig. 11(a) in the left and
right axis for the distributed cracking tests. For the distributed
cracking tests, as the dosages of MPPF were increased, the resulting
values of CWA and CWRR were reduced and increased, respectively
(see Fig. 11(a)). The plain earthen mix (ID 0) had a CWA value of
1.1 mm, which was reduced by the addition of MPPF to values
varying from 0.50 mm (ID 0.25) to 0.19 mm (ID 1). The latter corresponds to CWRR values from 54% (ID 0.25) to 82% (ID 1). An
explanation of the latter trends is that as fiber dosage increased,
the characteristic size of a piece of unreinforced mix was statistically reduced and locally, cracking strength was higher when fibers
were present, and after stress reached strength crack width control
was more effective. In addition to reducing the values of CWA and
increasing values of CWRR, the incorporation of MPPF also reduced
the CDR values, obtaining an approximately six time reduction for
ID 1 (0.53%) against ID 0 (3.1%), as shown in Fig. 11(b).
Fig. 11(a) also shows the estimated values of CWA and CWRR in
the left and right axis, respectively, for the localized cracking test.
It can be observed that CWA values were reduced and CWRR were
increased, as MPPF dosages were increased. CWA values were
reduced from 3.8 mm (ID 0) to 0.68 mm–0.23 mm (ID 0.25 and
ID 1, respectively), whereas CWRR values fluctuated between
82% and 94% (ID 0.25 and ID 1, respectively). In comparison with
the results observed for the distributed cracking test, MPPF can
greatly increase values of CWRR in harsh environments (high temperature and low RH). The values of CDR were also significantly
reduced by the addition of MPPF as shown in Fig. 10(b). Although
the values of CWA were larger in the localized cracking tests (compared to the distributed crack test), the values of the CDR were
smaller since cracks were localized over the stress raiser occupying
a smaller fraction of the total exposed area.
The addition of MPPF in earthen mixes reduced and controlled
its distributed damage. This suggests that MPPF can be an effective
crack control mechanism in structural (adobe bricks for earthen
masonry construction) and nonstructural applications (earthen
mortars for plastering). In addition, as earthen mixes are highly
susceptible to water exposition and drying shrinkage, the durability of these materials can benefit from the effective crack reduction
and control achieved with MPPF.

(a)
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3.2.2. Impact strength
Manually compacted earthen materials, as well as other construction materials, behave as brittle or quasi-brittle depending
on various factors including sample size, geometry and type of
loading [54,55]. Due to the latter, fibers contribute to the mechanical response after cracking of materials like mortars [39] and
earthen mixes [11,35,50]. Values of AVG (as bars), SD (represented
as error bars) and COV (as percentages in each bar) of impact
strength are shown in Fig. 12 for 7 and 28 days. At an age of 7 days
(Fig. 12(a)) values of AVG, SD and COV ranged from 0.16 J (ID 0) to
4.43 J (ID 1), from 0.02 J (ID 0) to 1.32 J (ID 1), and from 13% (ID 0)
to 33% (ID 0.5), respectively. At an age of 28 days (Fig. 12 (b)), values of AVG, SD and COV ranged from 0.17 J (ID 0) to 13.95 J (ID 1),
from 0.03 J (ID 0) to 3.70 J (ID 1), and from 19% (ID 0) to 46% (ID
0.25), respectively. Overall at specific ages, AVG impact strength
was statically affected by the addition of MPPF as shown by the
one-way as well as the pair-wise ANOVA tests presented in Table 8.
The pair-wise tests were performed for each fiber-reinforced
earthen mix against the plain mix at both ages, showing all of them
significant statistical difference in terms of impact strength, which
can be complemented by the small p-values obtained. Table 8 also
shows the pair-wise ANOVA tests for the influence of age of testing
for each earthen mix. In general, the impact strength is more sensitive to the fiber dosage than the age of the material. Yet, the
increment of impact strength with the increase of fiber dosage
was higher at 28 days (83 times ID 1 with respect to ID 0) than
at 7 days (28 times ID 1 with respect to ID 0). A possible explanation to the latter is that at 28 days the higher strength of the matrix
(compared to the matrix strength at 7 days as seen in Sections 3.1.1
and 3.1.2) allowed a more effective load transfer from the matrix to
the fibers. Earthen mix ID 0.25, with the lowest impact strength
among fiber-reinforced mixes, presented an average energy
absorption value that was nearly eight and 12 times, at 7 and
28 days of age, respectively, the mean value of the plain mix. In
terms of evolution of impact strength with age, there was a consistent increment from 7 to 28 days for each earthen mix, ranging
from 7% (ID 0) to 215% (ID 1). Similar to the behavior of fiber reinforced cementitious materials, the age dependent behavior of
earthen mixes, specifically in this case of impact strength, could
be the result of 1) residual stresses between fibers and matrix
caused by shrinkage [56] and 2) bleeding of the water around
fibers [53]. The results from the impact test are promising, indicating that it is likely that fracture toughness of reinforced earthen
mixes with MPPF increase several times over the value of plain

(b)

Fig. 11. Distributed and localized cracking tests due to restrained drying shrinkage: (a) CWA and CWRR results, and (b) CDR results.
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(a)

(b)

Fig. 12. Impact strength test results: (a) at 7 days, and (b) at 28 days. SD is represented in error bars and COV is indicated as percentages in each bar.

Table 8
Results of 5% significance ANOVA tests for impact strength.
Test

Source

DF

SS

MS

fstatistic

Fcrit

p-value

Yes/Not statistically
significant??

All mixes at 7 days (One-way ANOVA)

Treatment (MPPF)
Error

3
8

29.7841
4.7377

9.9280
0.5923

16.76

4.07

0.0008

Yes

Mix ID 0 at 7 days versus mix ID 0.25 at 7 days
(Pair-wise ANOVA)

Treatment (MPPF)
Error

1
4

1.6732
0.1781

1.6732
0.0445

37.58

7.71

0.0036

Yes

Mix ID 0 at 7 days versus mix ID 0.5 at 7 days
(Pair-wise ANOVA)

Treatment (MPPF)
Error

1
4

6.3896
1.0524

6.3896
0.2631

24.29

7.71

0.0079

Yes

Mix ID 0 at 7 days versus mix ID 1 at 7 days
(Pair-wise ANOVA)

Treatment (MPPF)
Error

1
4

27.2785
3.5089

27.2785
0.8772

31.09

7.71

0.0051

Yes

All mixes at 28 days (One-way ANOVA)

Treatment (MPPF)
Error

3
8

340.882
31.9348

113.628
3.9919

28.46

4.07

0.0001

Yes

Mix ID 0 at 28 days versus mix ID 0.25 at
28 days (Pair-wise ANOVA)

Treatment (MPPF)
Error

1
4

5.1931
1.7236

5.1931
0.4309

12.05

7.71

0.0256

Yes

Mix ID 0 at 28 days versus mix ID 0.5 at
28 days (Pair-wise ANOVA)

Treatment (MPPF)
Error

1
4

20.4426
2.9071

20.4426
0.7268

28.13

7.71

0.0061

Yes

Mix ID 0 at 28 days versus mix ID 1 at 28 days
(Pair-wise ANOVA)

Treatment (MPPF)
Error

1
4

285.026
27.3075

285.026
6.8269

41.75

7.71

0.0030

Yes

Mix ID 0 at 7 days versus mix ID 0 at 28 days
(Pair-wise ANOVA)

Treatment (age)
Error

1
4

0.00004
0.00253

0.00004
0.00063

0.06

7.71

0.8186

Not

Mix ID 0.25 at 7 days versus mix ID 0.25 at
28 days (Pair-wise ANOVA)
Mix ID 0.5 at 7 days versus mix ID 0.5 at
28 days (Pair-wise ANOVA)

Treatment (age)
Error
Treatment (age)
Error

1
4
1
4

0.9586
1.8991
3.9497
3.9570

0.9586
0.4748
3.9497
0.9892

2.02

7.71

0.2283

Not

3.99

7.71

0.1165

Not

Mix ID 1 at 7 days versus mix ID 1 at 28 days
(Pair-wise ANOVA)

Treatment (age)
Error

1
4

135.807
30.8139

135.807
7.7035

17.63

7.71

0.0137

Yes

earthen mixes. More work needs to be done with other fibers to
address specifically the fracture toughness of these type of mixes.

4. Final comments and conclusions
The effect of MPPF as reinforcement of earthen mixes was
assessed in this study. The effectiveness of incorporating MPPF
was evaluated experimentally comparing the behavior of plain
earthen mix specimens against MPPF-reinforced earthen mixes
with different fiber dosages. Specifically, three different dosages
(0.25%, 0.5% and 1%) of MPPF were evaluated through compressive
and flexural strength, flexural toughness, distributed and localized
cracking due to drying shrinkage, and impact strength. The following observations and conclusions can be drawn.

1. Statistically, the incorporation of MPPF did not affect compressive strength. The latter was confirmed by testing reinforced
earthen mixes at two different ages: 7 and 28 days.
2. Average flexural strengths exhibited a consistent increment as
fiber dosages increased,however there were also high SD values.
Based on the latter statistically, the incorporation of MPPF did
not affect the flexural strength.
3. Unreinforced and fiber-reinforced mixes exhibited a brittle
behavior under flexural testing until peak load. After peak load,
fiber-reinforced earthen mixes were still able to withstand load.
Flexural toughness indices increased proportional to the dosage
of MPPF. Yet, flexural toughness indices depend on the size of
the specimens and therefore the values reported in this work
should not be taken for comparison purposes if different sample
sizes are used.
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4. Reduction of localized cracking due to restrained drying shrinkage was proportional to fiber dosage. Plain earthen mixes and
earthen mixes with low dosages of MPPF (i.e., ID 0 and ID
0.25, respectively) are more sensitive to stress raisers.
5. Impact strength consistently increased when higher dosages of
MPPF were used. The results from the impact test indicate that
it is likely that fracture toughness of reinforced earthen mixes
with MPPF could increase several times over the value of plain
earthen mixes. More work needs to be done with other fibers to
address specifically fracture toughness of these type of mixes.
The authors of this paper recommend the use of MPPF (particularly the 1% MPPF dosage that presented the best performance
in this study) to improve the toughness, cracking control, impact
strength and load reduction after cracking under bending without
affecting the compressive and flexural strength of earthen mixes.
Although initial insights showed that manual mixing presented
difficulties obtaining a uniform distribution of large fiber dosages
within the clayey matrix, further study addressing the use of larger
dosages of MPPF is part of the future work to evaluate the limits
where these fibers can improve the fracture behavior of earthen
mixes without reducing compressive and flexural strengths due
to cluster formation.
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