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Abstract

Construction materials made of renewable resources have promising potential given their low cost, availability, and
environmental friendliness. Although hemp fibers are the most extensively used fiber in the eco-friendly building sector,
their unavailability hinders their application in Irag. This study aimed to overcome the absence of hemp fiber in Iraq and
develop a new sustainable construction material, strawcrete, by using wheat straw and traditional lime as the base binder.
A comparable method of developing hempcrete was established. The experimental program adopted novel Mixing
Sequence Techniques (MSTSs), which depended on changing the sequence of mixed material with fixed proportions. The
orientation of the applied load and the specimen’s aspect ratio were also studied. The mixing proportion was 4:1:1
(fiber/binder/water) by volume. Results showed that the developed strawcrete had a dry unit weight ranging from 645
kg/m3 to 734 kg/m?® and a compressive strength ranging from 1.8 MPa to 3.8 MPa. The enhanced physical and strength
properties varied with the MST and loading orientation. The properties of the developed hempcrete were compared with
those of strawcrete.

Keywords: Hempcrete; Strawcrete; Wheat Straw Fiber; Mixing Sequence Technique; Compressive Strength; Loading Orientation;
Strength Rating.

1. Introduction

In recent years, the tendency for designing low-environmental-impact buildings to meet the requirement of
ecosystems has emphasized on the global use of bio-aggregate-based concretes. The term bio-aggregate concretes refers
to the mixture of binders (lime, clay, plaster, and cement) and natural fibers (hemp, straw, flax, bamboo, and animal
hairs) [1]. In this context, the use of eco-friendly concrete such as hempcrete [2], wood-concrete [3], papercrete [4], and
mud-concrete [5] has been growing considerably. Hempcrete is most widely used in the field of green construction
owing to its remarkable environmental quality as a non-CO; producer [6, 7]. Furthermore, walls made of hemp-lime
composite exhibit better sound absorption and thermal isolation than conventional concrete walls [8]. Hempcrete had
been introduced in the early 90s in France by using the matrix of lime and hemp shiv particles [9]. From the construction
point of view, hempcrete, similar to several biomass concretes, is predominantly non-load bearing material; nevertheless,
its strength is important to provide the solidity to hold its own weight [10, 11].

The strength of hempcrete significantly depends on the binder type, density, and morphology of hemp fiber.
Hempcrete density varies with the applied tamping effort [12]. Four levels of densities are usually identified to be vary
from very light density to high density [13]. Extensive research has been undertaken to determine the factors affecting
hemp concrete strength. E. P. Aigbomian [14] stated that the compressive strength of hemp concrete varies with mixture
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proportions from 0.02 MPa to 1.22 MPa. Moreover, the binder added with 10%-25% Portland cement can improve the
compressive strength of hempcrete and increase its density [13]. Previous studies have focused on enhancing the
mechanical properties of hempcrete by selecting the raw materials, percentage, and types of binders; furthermore, the
importance of the applied tamping effort and particle size distribution of bio-aggregates has been highlighted [15]. Thus,
hempcrete has paved the way for the utilization of agro-fiber in the construction industry. In many countries and in Iraq,
hemp fiber is unavailable because of legal issues, thereby obstructing the use of hempcrete. Abundant agricultural by-
products were adopted as alternatives to hemp fibers for use in the construction sector to overcome this issue. In this
context, rice husk fiber was used as an alternative to hemp fiber to develop a new isolation building envelop [16].

Likewise, woodcrete was developed using sawdust and lime as base binder; woodcrete a new building material that
is capable of withstanding loads similar to that hempcrete [14]. Growing attention has been directed to straw fiber as
building materials in the past decades. In this context, straw bale building has significantly contributed to the design of
low-carbon and energy-efficient building [13] given its thermal and acoustical advantages [17]. Straw fiber is usually a
by-product of annual growing crops; thus, it is cheap and obtainable in most countries. Wheat is the major source of
straw fiber. Iraq occupies the 31st position in global wheat production. The average wheat production in Iraq is 3,753,111
t from 2014 to 2016 [18]. Therefore, the use of straw fiber for building purposes provides a sustainable and ecological
approach of recycling [14]. Reusing abundant wheat straw fiber in the present study as an alternative of hemp fiber for
bio-concrete closes the gap of hemp absence in Iraq.

Discussion about the importance of mixing sequence and its influence on strength characteristics of bio-aggregate
base concretes is few [9]. In this context, some authors suggested to preliminary blend water and binder in a pan mixer
to produce a homogenous slurry; afterward, the bio-aggregate was added and further mixed until full uniformity was
reached [15]. Other authors proposed a mix by pre-wetting the bio-aggregates, and lime-based binder was added
subsequently [16]. All of the adopted sequences were undertaken as a mixing procedure without considering their effect
on strength characteristics. Therefore, this paper first proposed straw fiber as an alternative to hemp and examined the
significant influence of mixing sequence on the physico-mechanical properties of bio- aggregate-based concretes.
Loading orientation with respect to tamping layer was also studied.

2. Experimental Program

The experimental work was performed at the Construction Laboratory of Engineering Faculty at Misan University.
The main variables considered in this study were related to Mixing Sequence Techniques (MST), loading direction with
respect to orientation of tamping layers, casting age effect, and sample aspect ratio.

2.1. Materials

Wheat straw fiber (WSF) was chosen as a bio-aggregate because of its abundant supply in Irag. On the basis of
previous research carried out on hemp shiv slices, fiber size (Iength) has been found as a function of density and strength
[19]. Strawcrete, the straw fiber in this study, was used in its natural morphology to determine the effect of mixing
sequence on the strength properties of the developed bio-aggregate. Furthermore, Joseph Williams stated that loading
orientation does not depend on fiber size [15]. The fiber size distribution ranges from 5 mm to 50 mm as shown in Figure
1. Wheat straw has a number of uses as fuel, livestock bedding, feed, fodder, and in thatch making. In the construction
sector, the use of WSF in Iraq has a historical value as a major additive for improving unfired clay building units called
adobe [20] of ancient clay house. Locally available lime powder is used throughout this work as base binder in which it
is conformed to BS 890 Class B [21]. Moreover, 50% of binder was included with ordinary Portland cement to gain
extra strength for the developed bio-composite in this study as recommended by literature [13]. Chemical analysis and
the main compounds of the used cement aside from the physical properties conformed to the Iraqi specification number
(5/1984) [22] and in accordance with the ASTM C191 [23].

2.2. MSTs

The sequence of mixing in bio-aggregate concrete has not been specified until now. In the present study, two different
sequences have been designed as shown in Figures 2 and 3. MST-I in Figure 2(a) represents the mixing sequence in
which the binder has been pre-mixed with water to produce a semi-thick slurry and then added to the dry fiber. The
materials were mixed gently. The casting of bio-composite materials requires a specific effort to ensure an acceptable
density for the produced samples. MST-II in Figure 2(b) shows the mixing sequence in which the total water has been
pre-mixed with dry straw fiber. Then, the binder was added in the form of powder and mixed together. The binder was
mixed with wheat straw fiber with a fiber/binder ratio of 4:1 as recommended in previous studies [24]. Table 1 shows
the material proportions for the two used techniques.
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Figure 1. Straw fiber size distribution

Water ~ + Binder ~

() MST-I

Binder + Water — +

(b) MST-II
Figure 2. Mixing Sequence Techniques (MST)

(b) MST-11

Figure 3. Mixing procedure

2589



Civil Engineering Journal Vol. 5, No. 12, December, 2019

Research
Methodology

Sample
Fabrication and
Testing

Modulus of
Elasticity
Test

Modulus of
Elasticity
Test

Compression
Test

Poisson Ratio

Compression
Test

Test

Poisson Ratio
Test

Figure 4. Flow chart of the research methodology

Table 1. Material proportions of the adopted mixes

No Designation Mixing Lime Cement Binder Water/t_;inder Water V\/_heat straw Wheat straw
: sequences kg/m?® kg/m?® kg/m?® ratio kg/mé Binder ratio fiber kg/m®
! MST-1 W?tlenri?irber
. 100 108 208 1:1.25 166 1:2.85* 73
2 MST-11 Flbre_fwater—
binder

2.3. Fiber Orientation and Loading Modes

The same compacted effort was used for both mixing techniques. The number of tamping for each layer was designed
as 20 with three layers for each sample. The weight of the tamping tool was 2 kg, and the drop height was approximately
30 cm. Thus, the constant applied effort was 105 kN.m/m3. The tamping direction forced wheat straw fibers within the
matrix to be oriented to the plane of the tamped layers. As loading was applied in a specified orientation, we investigated
two basic cases to the study matrix anisotropy. These were the loading normally applied to the tamping layer orientation
(loading mode 1) and along it (loading mode 2). Figure 5 shows the configuration of the tamped layers and their
respective loading modes.

Applied loading
/4‘4— direction —»
Mode 1 Tamping Mode 2
Layers

Figure 5. Configuration of the tamped layers and their respective loading modes
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2.4. Sample Fabrication and Test Setting

Various compressive and flexural tested specimens were fabricated depending on the previously described mixing
techniques and tested in the assigned two different loading modes. The duration of specimen testing was 56 days. A
compression machine (ELE) was used to test the specimens for compressibility, whereas a 10 t hydraulic jack was used
for flexural tested specimens. Testing load is usually directly applied using a relatively rigid steel plate at a maintained
constant rate of 10 kg/s by using equal increments at each step. The mechanical dial gauges with accuracy of 0.01 mm
were placed to measure the specimen’s deformation, whereas applied loading was recorded using a calibrated load cell.
Figures 6 and 7 show the fabricated specimens and described test arrangement. The compression specimens were
encoded using a simplified designation, “ABCi” as follows:

o Denoted aspect ratio, S for cubes and P for prisms
o Denoted applied loading direction, N for mode 1 and P for mode 2

o Denoted mixing sequence technique, T1 for MST-1 and T2 for MST-II

N

Figure 7. Test arrangement

3. Results and Discussion

The experimental results of various specimens related to the two adopted matrices showed that although these
matrices had the same material proportions and tampering efforts, the specific mixing method or specific wheat fiber
orientation affected their mechanical properties and structural performance. Table 3 shows the mechanical and structural
characteristics of the developed strawcrete specimens discussed throughout this study. The mechanical properties and
structural characteristics of the developed strawcrete specimens with different MSTs and WSF orientation are listed in
Table 1. The specimens fabricated using MST-11 with the fiber orientation mode 1 exhibited high compressive strength
(3.8 MPa), fracture strength (0.69 MPa), and flexural capacity (4.66 MPa). The corresponding compressive strength
rating (2.83 MPa) and flexural strength rating (4.4) maintained high ratings among others as the unit weight was slightly
affected by the mixing technique. The bulk density changed from 645 kg/m? to 734 kg/m?3. For various mixing techniques
or fiber orientation, high-strength specimens exhibited softening behavior assigned by the modulus of elasticity
dropping. Specimen compressibility, which could be indicated by Poisson ratios, confirmed the fiber orientation mode
1 as a matrix of high compressibility. The assigned negative Poisson ratio could be affected by large out-of-plane buckled
layers within the matrix of fiber orientation 2. The modulus of elasticity usually increased as the Poisson ratio decreased,
thereby resulting in extreme anisotropy. Poisson ratio, v, and elastic modulus, E, of different specimens are summarized
in Table 2.
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Table 2. Structural characteristics of the developed strawcrete specimens

Bulk WSE Modulus of ~ Poisson  Compressive  Compressive  Fracture  Flexural  Flexural
Group MST  Density, . . Elasticity, Ratio, Strength, Strength Strength, Capacity, Strength
Orientation - :
kg/m?® Mpa N MPa Rating MPa kN.m Rating
1 MST- 645 Model 7.1 0.053 1.8 1.94 0.22 1.49 1.6
2 ' Mode2 10.54 0.029 0.34 0.37 0.09 0.61 0.656
3 MST- . Model 10 0.07 38 2.83 0.690 4.66 4.40
4 I Mode2 14.84 0.04 0.697 1.66 0.288 1.94 1.83

3.1. MST Effects

The second-adopted MST (MST-I1) was assigned as the most efficient proper technique because for the same loading
orientation (normal to tamping layers), the compression strength of the specimens prepared using MST-II were 3.8 MPa
(for SNT2) against 1.8 MPa (for SNT1) and was prepared via MST-I. Figure 8 shows the stress—strain trending in the
scope of the MST effect. Figure 9 shows the loading—time trending in terms of the MST effect. For the loading
orientation distinguished using parallel to tamping layers, the stress—strain behavior shows a ductile behavior in
comparison with the normal mode with humble compression strength although the specimens prepared using MST-II
were advancing in developing strength. Figures 10, shows the stress—strain trending of MST effects in the scope of

tamping orient mode 2.

4.500
4,000 & SNT2 N
O-SNT1 Lod
3.500 <
od
o4
= 3.000 %
< o
% 2.500 ) o
(%2}
£ 2.000 el
2] o
Lod
1.500 P o9
<& o
1.000 TN SSnaE
o
od g
0.500 o G0
3R .
o
0000 o 2 ¢
0.0000 0.0500 0.1000 0.1500 0.2000 0.2500
Strain
Figure 8. Stress - strain trending in the scope of MST effect
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Figure 9. Loading-time trending in scope of the MST effect
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Figure 10. Stress—strain trending of MST effect in scope of tamping orient mode 2
3.2. Fiber Orientation and Loading Mode Effect

Two distinguished loading methods were considered in this study. In the first method, one load was applied normally
to the tamping layers, and the second one was applied along the tamping layers. The normal mode was assigned as the
excellent mode to utilize the full strength capacity of the developed matrix. For the same sequence technique, the
compression strength dropped from 3.8 MPa to 0.9 MPa as the loading mode changed from normal to parallel. Figure
11 shows the stress—strain trend in the scope of the tamping orientation effect in which the specimens subjected to
loading parallel to tamping layout exhibited comprehensive mechanically softer response than those undergoing normal
loading mode (mode 1). Sensitizing the tamping layer orientation for the applied loading direction highly affected the
stress concentration within and around the bonded layers; these layers dominated the elasticity of the entire matrix and
resulted in similar plates buckling along the specimen’s depth.
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Figure 11. Stress—strain trending in the scope of manufacturing tamping orient effect

3.3. Aspect Ratio Effect

In any construction materials, the aspect ratio of dimension related to the tested specimens affect the compression
strength. The compressive strength decreased from 3.8 MPa to 2.807 MPa as the aspect ratio doubled. The same
observation indicated that for both loading modes, the reduction rates were 0.74 and 0.84 for normal and parallel loading
modes, respectively, as listed in Table 3. Figures 12 and 13 show the stress—strain trend in the scope of the aspect ratio
effect for normal and parallel loading modes, respectively.
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No Specimen Aspect MST Loading Comp. Aspect ratio
' Designation ratio method strength, MPa effect
1 SNT2 1 3.80
Normal 0.74
2 PNT2 2 " 2.807
3 SPT2 1 0.893
Parallel 0.84
4 PPT2 2 0.753
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Figure 12. Stress—strain trending in the scope of aspect ratio effect in the normal loading mode
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Figure 13. Stress—strain trending in scope of aspect ratio effect in the parallel loading mode

4. Failure Modes

Under compression loading, the deformed bonds across the concrete tamping layers within the section were more
pronounced in loading mode 2 than that in loading mode 1. Thus, two different failure modes have been assigned as
shown in Figure 14. The first is related to the first loading method, which is distinguished by developing a crushing
layer across the section because of the crushing of the bonding structure under compressive stresses. The specimens
tested by second loading fashion failed as the buckled bands of discrete plates. This mode of failure could be attributed
to bond separation because of the developed shear stress between layers previous to buckling, and the specimens of
aspect ratio (2) assigned buckling trending observed. The specimens under bending produced numerous micro-cracks
after small movements. These micro-cracks might be recrystallized during the reaction of free lime, thereby effectively
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self-healing the affected region. With a large movement, the flexural failure mode distinguished by the main crack

continued until failure with the absence of any secondary cracks. Figure 15 confirmed the brittleness challenge of the
developed matrix.

Lttty bisist yus

(Mode 1) ~ (Mode 2)
Figure 14. Fiber-oriented effect on failure mode

(b) Base side view
Figure 15. Flexural mode configuration of prism specimens distinguished with the main crack

5. Proposed Strawcrete Vs. Customary Hempcrete

The mechanical properties of the developed strawcrete had been compared with those of customary hempcrete blocks
made from a mixture of lime and hemp shives, which were investigated by Elfordy [25] and manufactured via projection
of mixture of 34% of a lime-based binder (70% of hydrate lime, 15% of pozzolanic material, and 15% of hydraulic
binder), 16% hemp shives, and 50% water. Table 4 summarizes the specified samples of corresponding properties of
investigated hempcrete for comparison with those presented in the results of the current study. The analysis confirmed
the high similarity of elasticity response of strawcrete with that of customary hempcrete. Strawcrete showed positive
improvement of gained compressive strength, extended to 1.8 for MST | against 0.18 MPa for the same mixing
technique, MST I, and Young’s modulus. The highest-achieved compressive strength predicated in strawcrete was
3.8 MPa for MST II, whereas the developed flexural strength (0.69 MPa) was slightly lower than that of hempcrete
(0.832 MPa).

Table 4. Developed strawcrete versus hempcrete and Arbolit mechanical property comparison

Material T:g:l)giT}gue Density, kg/m?® mogl(l)lllljl;tg;\s/IPa sst:r%rr?;tt;le,sli/il\sa stre',l:r:z])t(ﬁ,r:/ll Pa
291 7 0.18 -
Hempcrete [25] PL?::;‘(‘:L‘ process. 389 10 0.425 ;
434 12.1 0.48 0.832
Developed MST-I 645 7.1 1.8 0.22
Strawcrete MST-I 734 10 38 0.69
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The best weight reduction assigned in hempcrete has a density of less than 1, and the developed strawcrete density
varies between 645 and 734 kg/m? for the different mixing techniques. However, the assigned densities could be enhanced
in consideration of the strawcrete classified as a lightweight construction material.

6. Conclusions

The experimental test results of the developed bio-composite matrix made of straw fiber as a replacement to hemp
shives show that strawcrete is a renewable sustainable lightweight construction material and a proper alternative to
hempcrete. Depending on these results, the elementary related conclusions were as follows:

e MST-II was assigned as the most efficient proper technique for the same loading orientation (normal to tamping
layers). The compression strength of specimens prepared via MST-II was 3.8 MPa (for SNT2) against 1.8 MPa (for
SNT1), which was prepared by MST-I.

e The normal loading mode was assigned as excellent mode to utilize the full strength capacity of developed matrix.
For the same sequence technique, the compression strength dropped from 3.8 MPa to 0.9 MPa as the loading mode
changed from normal to parallel one.

e For various mixing techniques or fiber orientations, high-strength specimens exhibited a softening behavior
assigned by the modulus of elasticity dropping, whereas the specimen’s compressibility indicated by Poisson ratios
confirmed that fiber orientation mode 1 as the matrix of high compressibility.

e The assigned negative Poisson ratio could be affected by the large out-of-plane buckled layers within the matrix of
tamping layers orientation 2. The modulus of elasticity increased as the Poisson ratio decreased and resulted in
extreme anisotropy.

¢ For any construction materials, the aspect ratio of dimension related to tested specimens affected their compression
strength. For loading mode 1, the compressive strength decreased from 3.8 MPa to 2.807 MPa as the aspect ratio
doubled.

e Two different failure modes were assigned for the compressive failure trend. The first related to the first loading
mode was distinguished by developing a crushing layer across the section, whereas the specimens tested by the
second loading mode failed as buckled bands of discrete plates. The specimens with aspect ratio (2) assigned
buckling trend were clearly observed. With a large movement, flexural failure mode distinguished by the main crack
continued until failure with the absence of any secondary cracks, which were confirmed by the brittleness challenge
of the developed matrix.

o Analysis of the developed strawcrete versus the hempcrete confirmed the high similarity of elasticity response of
strawcrete with that of customary hempcrete. Strawcrete showed positive improvement of enhanced compressive
strength, which was extended to 1.8 MPa for MST-I against 0.18 MPa for the same mixing technique.
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