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Abstract: There are ongoing research efforts directed at addressing strength limitations of compressed
earth blocks (CEB) that inhibit their deployment for structural applications, particularly in areas
where masonry systems are regularly subjected to lateral loads from high winds. In this paper, the
authors focus specifically on the extent to which polypropylene (PP) fibers can be used to enhance the
flexural performance of CEB. Cementitious matrices used for CEB production exhibit low tensile and
flexural strength (brittle) properties. This work investigates plain (unreinforced) and fiber-reinforced
specimens (short flexural beams) with fiber mass content of 0.2, 0.4, 0.6, 0.8, and 1.0% and ordinary
Portland cement (OPC) content of 8%. The influence of the inclusion of fiber was based on tests
conducted using the Standard Test Method for Flexural Performance of Fiber-Reinforced Concrete
(ASTM C1609). Material properties that were quantified included first-peak strength, peak strength,
equivalent flexural strength, residual strength, and flexural toughness. There was an observed
improvement in the performance of the soil-fiber matrixes based on these results of these tests. It
was also observed that when the fiber content exceeded 0.6% and above, specimens exhibited a
deflection- hardening behavior; an indication of improvement in ductility. An equivalent flexural
strength predictive model is proposed.

Keywords: compressed earth blocks; polypropylene fibers; equivalent flexural strength; residual
strength; flexural toughness

1. Introduction

Earthen construction materials and techniques have existed for centuries. Approxi-
mately 30% of all the United Nations Educational, Scientific and Cultural Organization
(UNESCO) World Heritage Sites utilize earth as a building material; a testament to the
durability of earthen structures when properly constructed and maintained [1]. In spite of
the global use of earth as a building material, there are real and perceived limitations to
its structural use [2,3]. Some of the identified factors limiting the structural use of earthen
masonry globally include relatively low strength properties compared to concrete-based
blocks and burnt bricks, significant variations in performance depending on soil type used,
manufacturing methods, and climatic conditions [2,4,5].

The modern use of earth in the form of compressed earth blocks (CEBs) can be traced
back to 1950s [6]. CEBs are produced by mixing soil with a stabilizer, which is then moist-
ened and compressed either manually or mechanically in a mold to produce blocks [6,7]. It
has been observed that engineered CEBs can outperform adobe with respect to strength,
durability, and embodied carbon [8]. Considered as an “appropriate technology” by the
United Nations, CEB production is small scale, labor intensive, sustainable, and requires
simple operating technology and maintenance. This makes CEBs a well-suited material
for providing affordable housing units [8-11]. Despite the strength improvement achieved

Materials 2021, 14, 6906. https:/ /doi.org/10.3390/mal4226906

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-9709-0273
https://doi.org/10.3390/ma14226906
https://doi.org/10.3390/ma14226906
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14226906
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14226906?type=check_update&version=1

Materials 2021, 14, 6906

20f16

through using CEBs over other traditional forms of earthen construction, they are still more
brittle and weaker in bending and compression in comparison to concrete masonry units
(CMU) and fired bricks [4]. Their compressive strength values that range between 2.0 to
5.0 MPa, which is significantly lower than concrete masonry units and burnt bricks, which
average between 13.10 MPa and 17.24 MPa, respectively [4,7,10].

Some of the disadvantages of CEBs and CEB technology is poor resistance to moisture
when not properly constructed and the lack of standardized procedures for production
and construction. Where codes and standards exist, they are very limited in scope [10,12].
Variability in soils from site to site means optimum mix proportions differ, thus compli-
cating the issue of developing standards of practice and codes [13]. Obonyo et al. [2]
identified specific properties of earthen blocks/masonry systems that need to be optimized
to promote their use for structural applications. The properties identified include optimiz-
ing the strength of individual units, geometry of blocks, strength of mortar, deformation
characteristics of blocks and mortar, joint thickness, suction of blocks, water retention of
mortar, blockwork bonding, and workmanship.

The findings presented in this paper are part of a larger collaborative research effort
aimed at developing engineered fiber-reinforced masonry systems for high wind regions.
Some of the findings from the larger research effort have been presented in other publi-
cations [4,14-17]. Obonyo et al. [14] and Donkor et al. [15] reported a diminishing return
in the strength of PP fiber reinforced CEBs when certain fiber thresholds are exceeded.
The authors also reported that the length of the PP fibers used had an influence on the
strength of the CEBs produced. Donkor and Obonyo [4] reported that PP fiber quantity
influences CEB compressive strength, 3-point bending strength, and strain capacity. The
authors further proposed a regression model for predicting PP fiber reinforced CEB com-
pressive strength. Matrices used for specimen production in the study were hand mixed.
Donkor and Obonyo [17] focused on the microstructural analysis of failed fiber reinforced
CEBs and proposed best practices for PP fiber addition into CEB matrices. The flexural
properties of the specimens were also analyzed. The research approach adopted is to
improve strength properties at the block level before scaling up to the system level. This
current paper analyzes the flexural properties of PP fiber reinforced matrices used for CEB
production and focuses on developing an equivalent flexural strength predictive model.
In non-conventional walling materials such as CEBs, flexural strength is an important
design parameter with respect to lateral loads due to wind, floods, or other load scenarios
that can cause out-of-plane bending [18]. Modulus of rupture, also referred to as flexural
strength, is one of the material properties used to assess the durability of earthen building
materials [19]. For example, the State of New Mexico’s Earthen Building Materials Code
requires a minimum modulus of rupture of 50 psi for earthen building materials. Earthen
building materials as defined under the code include adobe, burned adobe, compressed
earth blocks, rammed earth, or terrén [20].

Research into CEBs have been focused on alternate or supplementary stabilizers [21-26];
influence of soil types on performance [2,27-29]; hygroscopicity [23,30,31]; system level
performance [18,32-38]; and the use of fibers as reinforcement.

Widely seen as an attractive building material particularly in the global south, the
more modern forms of earthen masonry systems are attracting attention from sustainable
building movements within developed countries in an attempt at finding more ecologically
friendly building materials [35,39]. For example, the Mortenson Center in Engineering
for Developing Communities at the University of Colorado, USA, collaborated with the
Apsaalooke Nation Housing Authority to put up affordable houses using CEBs for the
Crow Tribe in the state of Montana, USA [40,41].

1.1. Outstanding Issues in the Use of Fiber in Earthen Masonry

Earth, which has been stabilized with a binding agent, such as Portland cement, is an
acceptable building material with adequate strength in compression. Unfortunately, it is
brittle with low tensile strength, which often leads to poor resistance to bending and the
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development of tensile cracks in response to external forces [42,43] There is historic prece-
dence in ancient civilization of enhancing the tensile strength of unfired earthen masonry
units and plaster using naturally occurring fibers such as straws and horsehair [44]. Such
practices have been adopted in modern earthen masonry units. This can be accomplished
using naturally occurring plant and animal fibers as well as synthetic fibers to reinforce
soils for CEB production [6]. As observed by [43], such use of fibers can improve ductility,
which in the wake of a disaster will delay catastrophic failure, thereby giving building
occupants time to escape, as opposed to facing the risk of injury of even fatality because of
sudden failure [45].

Fibers that have been used for CEB production includes sisal fiber [21,46]; coconut
fiber [2,23,47,48]), straw [49], polyethylene [29,43], and jute [50,51]. The findings of these
studies indicated that desirable structural properties could be realized through incorporat-
ing either natural or synthetic fibers in earthen masonry units. It was also observed that
untreated natural fibers could degrade when exposed to the highly alkaline environment
that is created following the hydration of cement [44]. This has a direct bearing on the
durability of these fibers. Some addition research is necessary to identify the optimal
strategies for using these fibers [23]. When the synthetic fibers in question are derivatives
of post—consumer plastic waste products, their performance as secondary reinforcement is
subject to variations—this is a known problem associated with the re-use of waste mate-
rial [52]. Such material variability coupled with the inherent variation in soil properties
begets difficulty with respect to the isolation of CEB performance properties that are di-
rectly linked to specific fiber properties/attributes. For this reason, this research used
commercially available PP fibers used for concrete production. The authors draw from
the use of PP in concrete and geotechnical engineering applications. Historically, CEB
advancement has benefited from techniques used in both industries [6,53,54].

1.2. Contributions from This Work

This research evaluated flexural properties such as first-peak strength, peak strength,
equivalent flexural strength, residual strength, and toughness of soil-cement matrices
used for CEB production. Cementitious matrices are quasi-brittle and have low tensile
strength and strain capacities. A practical means of enhancing the performance of such
matrices is the inclusion of various types of fibers to enhance ductility, strength, toughness,
and resistance to impact loads [55]. In addition, the strength of fiber-reinforced CEBs is
influenced by fiber type and quantity, soil type, stabilizer type and quantity, and level of
compaction of the matrix, curing conditions, and testing procedures. Soil type, stabilizer
type and quantity, and level of compaction also affect the strength properties and durability
of CEBs. Mechanical properties such as compressive strength, flexural strength, and
shear strength can therefore be enhanced if an optimal fiber-reinforcing ratio is identified
and used [42,56]. The paper evaluated equivalent flexural strength (f,) at different fiber
dosages and proposed the model to establish the correlation between equivalent flexural
strength (f.), first-peak (f1), and fiber mass (Wy). Equivalent flexural strength (f.) shows
the effectiveness of fibers to bridge cracks and enhance the energy absorption ability of
the reinforced matrices under loading. The first-peak (f;) strength depicts the flexural
behavior of beams (both reinforced and unreinforced) up to the onset of cracks. The model
is therefore to help predict how different fiber dosages influence how effective the fibers
are in bridging cracks after the onset of cracking.

In general, synthetic fibers such as PP are known to improve concrete freeze—thaw
resistance, impact resistance, and shrinkage cracking [57]. In cement-stabilized soils used
for geotechnical applications, the inclusion of randomly distributed PP fibers increases
unconfined compressive strength, residual strength, absorbed energy, ductility, splitting
tensile strength, and flexural toughness of soil mixtures [58-62]. This suggests that there is
a potential for using PP fibers in CEB production. Due to production differences between
soil-cement matrices used in geotechnical applications and those used in CEB production,
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there is the need for an evaluation of the effect of PP fibers on the flexural performance of
matrices for CEB production.

Recent findings from studies carried out on the inclusion of fibers into CEB matrices
include: fiber surface conditions influence CEB strength [43] fiber length, aspect ratio, and
quantity influence the strength and failure mode of CEBs [4,15,63] and there is a diminishing
return in strength when certain fiber thresholds are exceeded [15,30,63]. Mechanical
properties such compressive strength, flexural strength, and shear strength can therefore
be enhanced if an optimal fiber-reinforcing ratio is identified and used [3,42,49,63]. The
existing body of knowledge on CEB flexural performance is scarce compared to that of
conventional walling materials. The work discussed in this paper is directed at contributing
to this body of knowledge. Specimens for flexural performance evaluation were produced
with 8% OPC and fiber mass content of 0.2, 0.4, 0.6, 0.8, and 1.0%. Economic feasibility was
outside the scope of this study.

Based on UNEP (ND), sixty million plastic drinking bottles are purchased every hour.
UNEP also estimates that across the world, we deploy 5 trillion single-use plastic bags.
Fifty percent of the existing plastics are usually discarded after a single use. Developing
viable pathways for re-using this plastic to enhance the structural properties of CEBs could
address the existing environmental sustainability problem of plastic pollution.

2. Experimental Program
2.1. Material Properties

The materials used in the production of specimens included local soil (from the
North-Central Florida region), OPC, and commercially available macro synthetic PP fibers
typically used for OPC production. The fibers were 54 mm long with an equivalent
diameter of 0.82 mm, an aspect ratio of 67, tensile strength of 585 MPa, and specific gravity
of 0.91. Individual fiber strands (Figure 1) are composed of two circular filaments that
are cross-linked into a single “stick-like” fiber. They have an embossed surface with
depths from peak to valley of approximately 0.005 to 0.006 mm. The cross-linking and
embossment provide mechanical anchorage between the fiber and matrices. The fibers
have been successfully used in other applications to improve flexural toughness, impact
resistance, residual strength, and durability [64].

4 8 12 % 2024
) TEMPERED
8 16 24 32 40 48 56 B 9 24 32 40 48

(a) (b)

Figure 1. PP fibers: (a) photograph of fibers, (b) SEM image of fiber showing cross-linked filaments.

The physical properties of the soil used in this study are presented in Table 1. The grain
size distribution of the soil was determined using the American Association of State High-
way and Transportation Officials (AASHTO) soil classification system M 145/ ASTM D3282.
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Table 1. Physical properties of soil.

Property Composition
Liquid Limit (%) 33%
Plastic Limit (%) (non-plastic)
Plasticity Index (%) -
Sand (%) 87.3%
Clay (%) 12.2%
Silt (%) 1.5%
Optimum Moisture Content 9%
Maximum Dry Density 1784.5 kg/m3

2.2. Test Specimen Preparation and Testing

Dry soil was passed through a manual sifter with a 3.40 square mm mesh to remove
large particles prior to the matrix mixing of the soil and OPC. Mixing was done using
a Kushlan 6 cubic feet capacity concrete mixer (Kushlan Products, Houston, TX, USA).
The PP fibers were gradually introduced into the dry mix in batches at a rate of 0.045 kg
every one minute. The fiber—reinforced matrices were produced with fibers at 0.2, 0.4, 0.6,
0.8, and 1.0 mass fractions. OPC content and water-cement-ratio was kept at 8.0% and
0.17, respectively. After the last batch of fibers was introduced, mixing continued for an
additional 3 min. At this point, the dry mix was observed to be uniform and consistent,
with the fibers well dispersed. Water was then added gradually and after 10 min, the
wet mixture was visually deemed to be uniform and thoroughly mixed with the fibers
well dispersed.

A heavy-duty steel mold lined with form board was filled with matrix, covered with a
form board lid, and compressed using a Test Mark CM-500 series compression machine
(Test Mark Industries, East Palestine, OH, USA) with a maximum compression capacity of
2224 kN. Specimens used in this study were short flexural beams produced with soil cement
and, where applicable, PP fibers. The specimens were produced using 8.62 kg of matrix in
an effort to minimize variations in specimen densities. Each specimen was subjected to
compaction at a rate of 223 N/min up to a maximum force of 1.6 MPa. The nominal dimen-
sions of specimens produced were 413 mm (length) x 102 mm (width) x 102 mm (height).
Five specimens were produced for each mix design. The specimens were moist-cured
(sprayed with water) and stored under plastic sheets for the first 7 days (Figure 2) and kept
under the plastic sheets for the next 21 days without further curing [4,6,34-36]. Testing was
performed 28 days after production.

There is no consensus on testing procedures for CEBs. CEB testing usually adopts
methods, instrumentations, and procedures used for CMU and fired clay. For example,
specimen geometry and aspect ratio are factors that influence test results of CEBs but are yet
to be standardized. Neither has the extent of influence of such factors been agreed on [7]. To
promote replicability, specimen sizing and flexural testing was performed according to the
Standard Test Method for Flexural Performance of Fiber-Reinforced Concrete [65]. Testing
was done using a Tinius Olsen compression machine with a maximum load capacity of
400 kN. The test setup consisted of a simply supported specimen with third-point loading,
and a mounting jig (yoke) to hold linear variable displacement transducers (LVDTs) to
record mid-span deflection. LVDTs with a stroke of +17.8 mm were mounted on each side
of the centerline of specimens to record mid-span deflection (Figure 3). Specimens were
rotated through 90° from their casting position before testing to minimize the influence of
casting direction on results. Leather shims were placed on the contact surface of specimens
to provide an even surface and eliminate gaps during load application. Loading was
deflection controlled at a rate of 0.25 mm/min.
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A

Figure 2. Initial cure of CEBs under plastic sheets.

Load

Specimen

/

54 mm

Figure 3. Test setup: (a) photograph, (b) schematic drawing.

The load—deflection curves obtained during testing were used to calculate first-peak
strength (f1) and peak strength (f,) (Equation (1)), equivalent flexural strength (f.) (Equa-
tion (2)), residual strength at deflections of L/600 ( fs%o) and L/150 ( f1D50) (Figure 4), and
flexural toughness (T}); area under load the load-deflection from 0 to L/150 (2.03 mm).

Pa/py L

fl/P - bd? (1)
Ty L
fe= 5_th X b2 )

where; f1 = first-peak strength, fp = peak strength, Py = first-peak load, P, = peak load,
Pé%o = residual load at net deflection of L/600, PlD50 = residual load at net deflection of
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L/150, b = average width of specimen at the fracture, d = average depth of specimen at
the fracture, T, = flexural toughness (Nmm), é; = net deflection at first-peak load, 6, = net
deflection at peak load, and é;;, = net deflection of L/150.

Pr <ty ;
no<t :
Pﬁﬁo <1 T i- ------- i
o |
PE <1 S — bmmmmmeee e e e T o ——
P i :
= || : i
® [} l I
i R : :
=i FE | |
A |
v o | |
0 | E ! : I
VoV \% , v
05 s LI600 Net Deflection Li50
1 P

Figure 4. Schematic diagram of the load-deflection curve for calculating first-peak strength, residual
strength, and toughness [65].

3. Results and Discussion
3.1. Load—Deflection Response

The load—deflection curves obtained during specimen testing are presented in Figure 5.
With the unreinforced matrices, load increased linearly with increasing deflection until
the onset of crack, which was the peak, with the load resulting in the catastrophic failure
of the specimens. The catastrophic failure observed at peak load was an indication of
the brittleness of the unreinforced matrices. The load—deflection response for the fiber-
reinforced matrices was similar to the unreinforced matrices until first-peak load was
reached. Specimens with 0.2% and 0.4% fiber content by mass experienced a sharp drop
in load carrying capacity after first—peak load, which in this case occurred at first crack.
Subsequent to continued loading, a gain in load carrying capacity was observed, which
gradually dropped and flattened out. Observations made for the matrices with 0.4% fiber
content were similar to that for 0.2% except that the drop in load carrying capacity after first—
peak load was not as sharp for the matrices with 0.4% fiber content. Additionally, the regain
in load carrying capacity of the 0.2% and 0.4% fiber reinforced specimens subsequent to
first-peak load did not establish higher load capacity than what was recorded at first crack
point. The load-deflection behavior observed is known as deflection-softening. As the fiber
content within the specimens increased, the drop in load bearing capacity subsequent to the
first crack point decreased; the matrices started exhibiting a deflection (strain) hardening
behavior (Figure 5). Matrices characterized by the deflection-hardening behavior exhibit a
higher load carrying capacity after first-peak loading [66]. In concrete, strain hardening
occurs at high volume (greater than 2%) fiber fractions [67]. In this research, the hardening
behavior began at 0.6% fiber mass content (2.6% volume content). Load carrying capacity
typically increased above what was recorded at first crack point at 0.6%, 0.8%, and 1.0%
fiber content (Figure 5).
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Figure 5. Typical load-deflection curves of specimens.

3.2. Flexural Performance

Flexural performance was determined by the first-peak strength (f1), peak strength (fp),
equivalent flexural strength (f;,), residual strength at deflections of L/600 (fZ,) and L/150
( fgo), and flexural toughness (T}) at a deflection L/150 (Tables 2—-8). The first-peak (f1)
strength depicts the flexural behavior of the specimens (both reinforced and unreinforced)
up to the onset of cracks. Peak strength (f,) was calculated using the maximum load
obtained from the load—deflection curves (Figure 4). For the unreinforced matrices and
matrices with 0.2% and 0.4% fibers, first-peak strength was the same as peak strength. In
contrast, matrices that exhibited deflection hardening (0.6%, 0.8%, and 1.0% fibers) had
their peak strengths greater than their corresponding first-peak strengths by about 8%,
28%, and 11%, respectively. The results show that as fiber content increased, average peak
strength increased up to a fiber content of 0.6%. After this, average first-peak strength
and peak strength steadily decreased as fiber dosage was increased. This suggests that the
increases in strength observed is more of a function of fiber content optimization and not
directly related to fiber content increase [57].

Table 2. First peak strength (MPa).

Fiber Content 1 2 Spec;mens 4 5 Average S.D.* COV **
No Fiber 0.43 0.48 0.49 0.46 0.51 0.47 0.03 6.80
0.20% 0.49 0.41 0.66 0.51 0.60 0.54 0.10 18.19
0.40% 0.55 0.46 0.61 0.57 0.73 0.58 0.10 17.03
0.60% 0.80 0.76 0.71 0.89 0.76 0.78 0.07 8.54
0.80% 0.52 0.52 0.55 0.75 0.53 0.58 0.10 16.80
1.00% 0.60 0.54 0.54 0.68 0.52 0.58 0.07 11.52

* Standard deviation, ** Coefficient of variation.
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Table 3. Peak strength (MPa).
. Specimens
Fiber Content 1 2 3 4 5 Average SD.* COV**
No Fiber 0.43 0.48 0.49 0.46 0.51 0.47 0.03 6.80
0.20% 0.49 0.41 0.66 0.51 0.60 0.54 0.10 18.19
0.40% 0.55 0.46 0.61 0.57 0.73 0.58 0.10 17.03
0.60% 0.87 0.76 0.75 1.04 0.81 0.84 0.12 14.12
0.80% 0.67 0.83 0.62 0.79 0.79 0.74 0.09 12.14
1.00% 0.63 0.60 0.62 0.73 0.55 0.63 0.07 10.57
* Standard deviation, ** Coefficient of variation.
Table 4. Equivalent flexural strength (MPa).
. Specimens
Fiber Content 1 2 3 4 5 Average S.D.* COV **
0.20% 0.29 0.31 0.34 0.26 0.30 0.30 0.03 9.78
0.40% 0.40 0.40 0.49 0.48 0.31 0.42 0.07 17.16
0.60% 0.78 0.66 0.57 0.97 0.76 0.75 0.15 20.42
0.80% 0.56 0.78 0.55 0.69 0.51 0.62 0.11 17.91
1.00% 0.55 0.51 0.58 0.67 0.54 0.57 0.06 10.78
* Standard deviation, ** Coefficient of variation.
Table 5. Flexural toughness (Nmm).
. Specimens
Fiber Content 1 2 3 4 5 Average S.D.* COV **
0.20% 2001 2156 2369 1813 2105 2088.80 204.37 9.78
0.40% 2765 2794 3425 3330 2192 2901.20 497.81 17.16
0.60% 5415 4588 3964 6804 5281 521040  1063.87 20.42
0.80% 3899 5423 3842 4804 3593 4312.20 772.14 17.91
1.00% 3843 3593 4082 4694 3750 3992.40 430.37 10.78
* Standard deviation, ** Coefficient of variation.
Table 6. Residual strength at L/150 (MPa).
) Specimens
Fiber Content 1 2 3 4 5 Average S.D.* COV **
0.20% 0.24 0.26 0.22 0.25 0.22 0.24 0.02 7.02
0.40% 0.38 0.29 0.32 0.34 0.27 0.32 0.04 13.06
0.60% 0.62 0.54 0.41 0.83 0.65 0.61 0.16 25.58
0.80% 0.47 0.62 0.45 0.56 0.40 0.50 0.09 17.76
1.00% 0.45 0.40 0.50 0.56 0.50 0.48 0.06 12.52
* Standard deviation, ** Coefficient of variation.
Table 7. Residual strength at L/600 (MPa).
) Specimens
Fiber Content 1 2 3 4 5 Average S.D.* COV **
0.20% 0.30 0.34 0.38 0.26 0.31 0.32 0.05 14.83
0.40% 0.38 0.43 0.54 0.54 0.37 0.45 0.08 18.76
0.60% 0.86 0.73 0.73 1.01 0.81 0.83 0.12 14.01
0.80% 0.62 0.83 0.62 0.78 0.60 0.69 0.11 15.38
1.00% 0.62 0.60 0.61 0.73 0.54 0.62 0.07 11.11

* Standard deviation, ** Coefficient of variation.



Materials 2021, 14, 6906

10 of 16

Table 8. Flexural properties (average of five specimens for each mix design).

Deflection
First-Peak Peak
Mix Strength Strength L/600 L7150
(MPa) (MPa) Py f?oo P, f?so Tb fe
(kN) (MPa) (kN) (MPa) (Nmm) (MPa)

PP-0.0 0.47 0.03 6.80 0.47 - - - - - -
PP-0.2 0.54 0.10 18.19 0.54 1.08 0.32 0.82 0.24 2089 0.30
PP-04 0.58 0.10 17.03 0.58 1.54 0.45 1.09 0.32 2901 0.42
PP-0.6 0.78 0.07 8.54 0.84 2.86 0.83 2.11 0.61 5210 0.75
PP-0.8 0.58 0.10 16.80 0.74 2.37 0.69 1.67 0.50 4312 0.62
PP-1.0 0.57 0.07 1152 0.63 2.23 0.62 1.65 0.48 3992 0.57

Equivalent flexural strength (f.) shows the effectiveness of fibers to bridge cracks
and enhance the energy absorption ability of the reinforced matrices under loading. The
fe accounted for the flexural strength up to a deflection of L/150 (2.03 mm). The interfa-
cial and frictional bonds activated when fibers are pulled out of matrices (slipping and
stretching) improves the bonding between fibers and matrices, resulting in a high post first-
peak strength even at high deformation levels as was observed with the fiber-reinforced
matrices [60,68]. The best performing mix in terms of f. was mix PP-0.6, which had an
average f. 21% higher than the next best performing mix PP-0.8. Mix PP-0.2 had the worst
performance in terms of average f., which was 60% lower than mix PP-0.6.

Flexural toughness (T}) is a measure of the energy absorption capacity of a material—an
important parameter in characterizing a material’s resistance to fracture when subjected to
dynamic or impact loads. It is an important property of fiber—reinforced composites as it
shows the ability to absorb energy after cracking [44]. As fiber content was increased from
0.2% to 0.4% and 0.6%, flexural toughness increased by 39% and 80%, respectively. When
fiber content was increased from 0.6% to 0.8% and 1.0%, flexural toughness dropped by
17% and 7%, respectively. Mixes that showed deflection-hardening performed better in
flexural toughness because they could absorb more energy [69].

Residual strengths fe%o at L/600 (0.50 mm) and fll?50 at L/150 (2.03 mm) in
Tables 6 and 7 represent the ability of the fiber-reinforced specimens to sustain load
after first crack at the specified deflections [68]. The fiber—reinforced specimens maintained
some load carrying capacity after first crack. At fiber content of 0.2% and 0.4% (mixes
PP-0.2 and PP-0.4), average residual strengths at a deflection of L/600 (f5,) were lower
than their corresponding first-peak strength. At fiber content of 0.6%, 0.8%, and 1.0%
(mixes PP-0.6, PP-0.8, and PP-1.0), the average residual strength at a deflection of L/600
(f&o) was higher than the corresponding first-peak strength. Mix PP-0.6 had the highest av-
erage residual strength (f5),), which was about 6% higher than its corresponding first-peak
strength. The average residual strength of the fiber-reinforced specimens at a deflection of
L/150 ( f2,) was lower than their corresponding first-peak strengths. Mix PP-0.6 had the
highest average residual strength f2,, which was about 22% lower than its corresponding
first-peak strength.

3.3. Influence of Fiber Content on Strength

The development of strength properties of soil-cement-fiber mixes for earthen blocks
largely depends on the formation of fiber-matrix, matrix-matrix, and fiber-fiber bonds [47].
These identified bonds are influenced by the strength of the unreinforced matrix and fiber
type (tensile strength), dimension, surface condition, and quantity present. The number
of contact points between fibers and matrices are responsible for transmitting stress—a
large quantity of fibers therefore reduces strength of earthen blocks [42]. Increasing fiber
content in CEB matrices can also result in an increase in the development of micro-fractures
at soil-fiber interfaces of CEBs, leading to a reduction in strength [21]. This explains the
declining trend in first-peak strength (f1), peak strength, equivalent flexural strength (fe),
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residual strength ( fé%o and f1D50), and flexural toughness (Tj,) in mixes with more than 0.6%
fiber content. As the percentage of fibers present in matrices was increased, there was more
fiber—fiber interaction, which did not result in the formation of bonds and less of the bond
forming fiber-matrix interaction. Due to the stiffness of the fibers used (stick-like nature),
a rebound of fibers or extension from the matrix was observed after de-molding where
fibers near the surface of specimens “stick out”. This rebound of fibers shifts soil particles,
resulting in a reduction or lowering of the bond between fiber and matrices [70]. Increasing
the percentage of fiber content increased the occurrence of this rebound effect of the fibers
because as fiber content increased, the quantity of fibers per each block increased. Other
researchers have reported similar decreasing trends in strength of earthen blocks after
exceeding certain fiber content thresholds. These include 2.0% salvaged steel fibers [71],
0.75% sisal fiber [21], and 1.5% barley straw [49]. The coefficient of variation reported
in this study was between 6.80% and 25.58%. Other studies have reported coefficients
of variation of between 9.2% and 48.5% [72], between 5.2% and 36.5% [73], and between
16.52% and 29.26% [4].

The lack of adequate and reliable empirical data that can be used to predict the struc-
tural performance of earthen construction materials limits the use of CEBs as a structural
material [6,10,12]. For this research, statistical regression analysis was performed on the
test results in an effort to create a model to predict equivalent flexural strength (f.) based
on the first—peak strength and fiber mass fraction (Equation (3)). Table 9 summarizes the
details of the model where the coefficients of the model were statistically significant at
the 10% significance level as demonstrated by the p-values in Table 9. Figure 6 shows the
relationship between the equivalent flexural strength (f.) predicted using Equation (3) and
those calculated from the experimental results.

fo= =027 +059f; + 1.07W; — 0.573W 3 €

where f1 = first—peak strength (MPa), and Wy = the fiber mass (%).
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Figure 6. Predicted vs. experimentally recorded equivalent flexural strength (n = 30).
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Table 9. Model summary.

Unstandardized Standardized .
Model Coefficients Coefficients t (p-\S/;gI;le)

B Std. Error Beta

(Constant) —0.268 0.085 —3.169 0.004

First Peak Strength (f1) 0.593 0.169 0.275 3.503 0.002

Fiber Content (Wy) 1.066 0.139 1.422 7.692 0.000

Fiber Content Cubed (Wfs) —0.573 0.125 —0.803 —4.598 0.000
R 0.949
R Square 0.900
Adjusted R Square 0.889

Std. Error of the Estimate 0.08695

3.4. Crack Patterns

The crack patterns that formed under flexural loading were observed during specimen
testing. The plain matrix specimens underwent sudden failure at the onset of crack. Cracks
in specimens reinforced with 0.2 and 0.4 fiber content were generally straight and coalesced
from top to bottom in the middle third of specimens. Failure was mostly localized at
a single crack (Figure 7a). The fibers resisted the formation of large crack widths. As
fiber content increased to 0.6%, 0.8%, and 1.0%, failure was typically characterized by
multiple cracks (Figure 7b). This multiple cracking phenomenon observed is the result of
the stress—redistribution action of the fibers. After the formation of the first macro-crack,
the load carried by the matrix was transferred to the bridging fibers. The fibers acting as a
bridge, transfers the load back to the matrix through the fiber-matrix interface. This process
leads to the redistribution of load into the brittle matrix, resulting in the development of
another crack. As the process continues, multiple cracks develop and the load carrying
capacity (strength) of composites can exceed the first cracking strength of the composite.
The increase in load carrying capacity subsequent to the first crack, and associated multiple
cracking for matrices with 0.6%, 0.8%, and 1.0% fiber content that was observed in this
research is consistent with other research [69,74].

Figure 7. Typical crack patterns: (a) beams reinforced with 0.2 and 0.4% fibers, (b) beams reinforced with 0.6, 0.8, and
1.0% fibers.
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The deflection-hardening behavior associated with multiple cracking results in an
increase in toughness, which is important for the serviceability and durability of structures
under different loading conditions [69]. The toughness recorded for mixes that exhibited
multiple cracking (PP-0.6, PP-0.8, and PP-1.0) was higher than mixes (PP-0.0, PP-0.2, and
PP-0.4) that failed with a single crack. According to [74], a critical minimum fiber quantity is
needed for multiple cracking to occur. In this research, multiple cracking started occurring
at 0.6% fiber content. The observed failure patterns suggest that the inclusion of the fiber
improved the ductility of the specimens.

4. Conclusions

This research was directed at assessing the extent to which PP fibers could be used
to enhance the performance of earthen masonry units. The authors focused specifically
on investigating the influence of the incorporation of fibers and fiber content on the
flexural behavior of CEB matrices. Unreinforced and PP fiber—fiber reinforced specimens
(short flexural beams) were produced with 8% OPC and 0.2, 0.4, 0.6, 0.8, and 1.0% fiber
dosages by mass. The specimens were tested according to Standard Test Method for
Flexural Performance of Fiber-Reinforced Concrete per ASTM C 1609. The strength of
fiber-reinforced CEBs is influenced by fiber type and quantity, soil type, stabilizer type and
quantity, and level of compaction of the matrix, curing conditions, and testing procedures.
Within the limits of the experimental program used, the main conclusions have been
outlined below:

e  The inclusion of the PP fibers into the soil-cement matrices enhanced flexural perfor-
mance as seen by the load-deflection response after initial crack, residual strength,
flexural toughness, and equivalent flexural strength.

e At fiber content of 0.2 and 0.4%, there was a sharp drop in load carrying capacity after
initial crack. A rebound in load carrying capacity was observed after the fibers were
engaged. This was followed by a deflection-softening behavior.

e At fiber content of 0.6% and above, a deflection-hardening behavior was observed
after a slight drop in load carrying capacity after the onset of crack.

e  Fiber inclusion resulted in a high degree of load retention after first crack. The
unreinforced matrices were brittle and experienced catastrophic failure.

e  The fibers prevented catastrophic failure of the reinforced specimens even at large
crack widths. The fiber-reinforced specimens deformed significantly after ultimate
load without collapse.

e  The failure patterns and response of the fiber—reinforced specimens during testing
suggests an improvement in ductility as a result of PP fiber reinforcement.

e  An equivalent flexural strength predictive model with first-peak strength and fiber
mass content as variables was proposed.

e  The optimal fiber mass content was determined to 0.6% based on test results. In
subsequent research, the social, financial, and economic aspects of implementing the
proposed use of PP as secondary reinforcement for engineered earthen masonry units
should be investigated further.
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