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The use of particles from agricultural lignocellulosic resources in concrete gives it desirable environmen-
tal and multiphysics qualities. In this study, parallels are drawn between particles derived from hemp
and sunflower stems, in terms of their morphological and physical properties. A pumice-lime binder is
proposed as an alternative to the traditional cement or lime based solutions for both environmentally
friendly and mechanical qualities. Compaction is applied during casting and its effects on mechanical
properties are analysed. A principal finding of this study is that the hemp and sunflower materials show
large similarities in terms of morphology and mechanical performance of the resulting concrete. The
pumice-lime binder provides desirable properties even with raw pumice sand, which represent 90% of
the binder mass proportion. Compaction level during casting induces an orthotropy, even with low plant
content, and increases the compressive strength. A simple analytical model using Powers’ equation is
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proposed to predict plant concrete compressive strength with low plant quantities.
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1. Introduction

For construction, the use of many different fibres, woods and
by-products issued from plants has already been scientifically
studied, mostly near their natural habitats and processing loca-
tions. The main goal of these additions was first to reinforce con-
crete in terms of tensile strength, ductility and post cracking
behaviour. The addition of fibrous matters from plant or animal
origin to building materials has been done intuitively since Antiq-
uity. However, scientific study of Fibre Reinforced Concretes (FRC)
made with mineral or synthetic fibres began in the early 20th [1].
Recently, organic fibres were considered to substitute mineral or
synthetic ones. They come from several resources, such as hard
and soft wood [2,3], hemp [4], coconut, sisal [5-7], date palm [8],
bamboo [9] or bagasse [10,11]. Brazil, which disposes of a wide
range of plant resources, produces much research in this field
[12,13].

In recent years, lignocellulosic by-product use in concrete ad-
dresses other issues. The woody part of the stem is now being con-
sidered with increasing interest, as well as epidermis fibres. This is
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linked to the desire of material and building designers to use local
materials, which are by-products or wastes, as much as possible
[14]. Few cellulosic or lignocellulosic plant aggregates have been
studied to see how they meet these criteria. This is the case with
residues from the wood industry. Between 5% and 10% of sawdust,
chip or dust wastes in mass are generated during transformation
processes [15,16]. Polymer based composites and textile industry
needs for organic natural fibres could also be an important plant
by-product generator. In France, the resources used are mainly
hemp and flax plants, which are cultivated for their fibrous stem.
They are mostly used for thermal energy production and animal
mulching [17]. Flax shive is one of these woody lignocellulosic
by-products. It represents 70% of flax stem volume and could be
used to design building materials [18,19]. However, French and
Belgian hemp industries have been better structured for building
applications than the flax industry. Lime and Hemp Concrete
(LHC) has been the subject of research for more than 10 years,
especially in these two countries. Due to the low density and high
porosity of the hemp hurd, the combination of hemp and a cemen-
titious binder creates a building material with properties that dif-
fer from those of conventional concrete. It has a lower density,
lower thermal conductivity and higher permeability [20-22]. How-
ever, its strength is very low compared to usual building materials.
Currently, the compressive strength of this material is lower than
2 MPa [23,24]. Use as a load bearing material is then not possible.
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LHC is mainly integrated in combination with a load bearing
wooden framework. It is also useful in renovation as a thermal
and acoustic insulation layer upon a traditional wall. Depending
on its composition, it can be used in floors and as roof filling
[21]. LHC axial compressive strength ranges from 0.2 to 0.9 MPa,
depending on the mix design and the binder used [21,23-25].

LHC set up can be done by manually pouring a framework or by
a projection process directly on the wall [24]. These processes do
not achieve a high compactness or process repeatability. Industri-
ally compacted LHC bricks or hollow blocks are designed to com-
pensate for these problems. However, little scientific data are
available on the effect of compactness of mechanical or thermal
properties [21,26,27].

Previous work [25,26] has shown that fresh material compac-
tion can significantly increase the compressive strength of hemp
concrete by reducing void volume within the material. Such a pro-
cess increases the mechanical strength of the produced material,
while using lower binder contents. Also, it particularly magnifies
the strain capacity before collapse. Although it does induce a de-
crease of the entrapped air volume that contributes to reducing
the hardened material thermal performances.

Concretes made from plant aggregates are commonly formu-
lated with cementitious or lime binders. Binder design requires
high energy consumption which limits their interest for ecological
building materials. Their compatibility with polysaccharide carbo-
hydrate rich plants seems to be limited as delay or even lack of set-
ting can occur. Literature explains polysaccharide migration in the
cement matrix interacts with binder hydration reactions retarding
hydrate formation [28,29]. Another mechanism is detailed by Se-
dan et al. [30] who relates Ca?* fixation on hemp fibres in alkaline
media. The author underlines the major role of surface covering
pectins in this process. Pectins are acidic polysaccharide polymers
able to fix divalent metal cations in their molecular structure
[31,32]. This phenomenon is enhanced by the alkaline pH created
by cementitious or lime binders. Ca®* ion lack in the matrix sur-
rounding plant particles could consequently explain setting prob-
lems as hydrate formation will be disrupted.

The use of more acid minerals as pumice sand or natural pozzo-
lan could then be an interesting track to elaborate plant specific
binders. Pumice has been widely studied to make lightweight con-
crete [33] or insulating low-density blocks [34], as well as cement
additive to increase concrete durability and alkali resistance prop-
erties [35]. When mixed with lime and water, a fine-grained pum-
ice or pozzolan powder create a lightweight, smooth and plaster-
like binder. This kind of cement was used as far back as Roman
times.

A pozzolanic binder based on iron black furnace slag using gyp-
sum and lime as activators has already been successfully mixed
with plant fibres [36]. However, few studies exist on concrete de-
signed with a pozzolanic binder mixed with light plant aggregates.
In light of these elements, an alternative study was done, the first
objective of which was to give value to raw materials and agricul-
tural by-products from central France. The binders elaborated in
this work were based on pumice sand activated with hydrated cal-
cic lime (calcium hydroxide, CL90, EN459-1). The choice of pumice
was imposed by the nearness of the central massive region, which
is one of the largest volcanic mountains in Europe. This provides us
with interesting raw material without significant transport and
with low-energy processes (easy extraction from quarries and no
heating). Local volcanic sources have already been used and char-
acterised by Pichon during his PhD thesis [37]. Sunflower stems
were chosen as the plant aggregate. This agricultural by-product
seems to be closed to hemp from a morphological point of view.
Also sunflower stalks can be easily collected in big quantities and
stored with available agricultural equipment. Tests were also per-
formed on hemp hurd taken as a reference aggregate.

2. Materials and methods
2.1. Raw materials

2.1.1. Plant aggregates

Two plant aggregates were used for this work and are shown in
Fig. 1. The first one was a commercial hemp hurd resulting from an
industrial process [17] and is hauled from hemp stem. Hemp hurd
aggregate was taken as reference as it is already used in association
with a lime based binder. Sunflower stem was selected as an alter-
native lignocellulosic by-product for its apparent similarities with
hemp hurd. Sunflower aggregates were obtained from raw stems
directly ground in a laboratory helix grinder. Particles obtained
were washed with clear water until the elimination of residual soil
before 60 °C drying for 48 h. Dry sieving between 1 and 5 mm was
used for experiments.

2.1.2. Mineral resources

Mineral resource chemical and physical characteristics are de-
tailed in Table 1. Pumice sand chemical analysis is provided from
the work of Pichon [37]. Bulk densities were determined from
the average of six specimens for each resource.

Hydrated calcic lime (EN 459-1 standard) has been chosen in-
stead of hydraulic lime for its ability to generate only pozzolanic
and carbonation reactions. Furthermore, some authors report a
better durability of hydrated lime mortars [38].

Trachytic pumice sand was directly obtained from the raw
material drawn from the quarries and simply sifted. Its grading
curve (See Fig. 2) indicates that this is a coarse sand containing
18% by mass of elements less than 32 pm and 90% less than 2 mm.

2.2. Concrete design

Three different concretes were designed. Mix proportioning for
each mixture is detailed in Table 2. For mixes including lignocellu-
losic aggregates, Binder/Aggregate mass ratio (B/A) was fixed to 18.
Three 40 x 40 x 160 mm specimens were cast each time under
two different loads (2 and 5 MPa). The mixing process was identi-
cal for each batch and has been detailed in previous study [26]. The
compaction device is shown in Fig. 3. It consists of a mould (1)
reinforced by a clamping system (2) and (3), a removable bottom
(4) and a jack (5) moving down during loading. The initial apparent

Hemp hurd Grinded sunflower stem

Woody
part Pith
(xylem)

Epidermis

Fig. 1. Macroscopic observation of hemp stem (a) and sunflower stem (b)
aggregates.



V. Nozahic et al./Cement & Concrete Composites 34 (2012) 231-241

Table 1
Chemical composition and densities of binder raw materials.

233

Ca0 Si0, Al,O3 Na,O K,0 Fe,03 Bulk density Specific density Saturated solution
(%) (%) (%) (%) (%) (%) (kgm™?) (kgm™?) (pH)
Pumice sand [37] 1.1 622 173 5.9 6.3 2.7 1050 2115 75
Pumice sand soluble part in hydrofluoric - 52.6 17.5 6 6.3 - - - -
acid [37]
Lime CL90 (EN 459-1) >94 - - - - - 450 2525 12.6
The main advantage of this method compared to sieve grading
100 ? is to achieve characterisation of complex particle morphology
. 90 1 / and heterogeneity. Nevertheless, statistical study is limited to
® 80 small aggregate quantities and hemp hurd residual fibres cannot
2 704 be detected. The morphological parameters kept for analysis are
g 60 the following:
2 50
= 40 | e Area: The area of the object, measured as the number of pixels
é 30 - in the polygon. If spatial measurements have been calibrated for
S 20 the image, then the measurement will be in the units of that
10 4 calibration.
01 e [ | | e Major axis length: Size of the longest line that can be drawn in
1 10 100 1000 10000 the object (See Fig. 4b).

Grain size (um)
Fig. 2. Pumice sand granulometric curve.

volume of the mixture poured in the mould is divided by a com-
paction factor up to 1.5 during the process. It is important to notice
the increase of this factor (=3 typically) when mix proportioning
includes more plant aggregates (B/A ~ 2 for Lime and Hemp Con-
crete wall mixture). After casting, specimens were left in the
moulds for 48 h before removal and storage in a 20 °C and humid-
ity saturated air-conditioned vessel until testing. Saturated atmo-
sphere was chosen in order to prevent hydrated lime carbonation
effect. Carbonation control tests were done on fresh fractures by
spraying a coloured indicator, phenolphthalein.

2.3. Experimental methods

2.3.1. Plant aggregate bulk density and water absorption

Lignocellulosic aggregates were heated at 60 °C for 48 h before
experimentation. Water absorption mass was measured by
sequential weights after 1, 2, 5, 10, 30 min and 24 h of immersion.
With this method, it is impossible to remove water creating
bridges and bonds between particles. Bulk density was determined
from the average of six specimens for each source.

2.3.2. Plant aggregates image analysis

To better visualise aggregate size distribution and morphology,
an image quantitative analysis method was chosen. It is used in
material research [39], but few studies have been done to charac-
terise specifically plant particles for building applications [25].
Aggregates are beforehand coloured in methylene blue for better
image contrast and particle colour homogenisation. After drying,
they are carefully spread out on a 420 x 297 mm sheet of paper
(See Fig. 4a). The image treatment approach is driven in 4 steps.
First, image is acquired with a numerical camera with 6 million
pixels resolution. The second step consists in several treatments
like correcting brightness heterogeneity. Image binarisation is then
applied to the corrected picture. In a third operation, each object
outline is detected on the binary image and each pixel coordinates
are determined in the good unit after spatial calibration. With this
information, image software calculates particle dimensional and
morphological parameters for statistical data treatment.

e Minor axis length: Size of the longest line that can be drawn in
the object on the major axis perpendicular direction.

e Equivalent diameter: The diameter of a circle having the same
area as the object, it is computed as:

Equivalent diameter = \/@ a

o Particle sphericity: Basically the ratio of the equivalent diame-
ter to the object’s major axis length. It ranges between 0 and
1. At 1, the object is roughly circular. As the ratio decreases from
1, the object becomes less circular.

Equivalent diameter
Major axis length

Particle sphericity =

@)

2.3.3. SEM observations and EDX analysis

Plant aggregate microstructure morphology and also plant con-
crete observations were realised by means of scanning electron
microscopy (SEM). The microscope used for the study was a JEOL
JSM-5910LV. Additional semi-quantitative chemical analysis by
means of Energy Dispersive X-ray spectroscopy (EDX) was also
performed on plant concrete matrix with a PGT Prism device.

2.3.4. Compression tests

Compression tests were performed on a hydraulic machine with
a 50 kN capacity. They were conducted on 40 x 40 x 40 mm cubes
with a 5 mm/min speed. Specimens were taken out of an air-con-
ditioned room 24 h before testing. Two replications were done
for each mix and at each testing time.

3. Results and discussion
3.1. Plant aggregate characterisation

3.1.1. Morphological characterisation

From a morphological point of view, the two aggregates possess
a similar lignocellulosic part (See Fig. 1). This woody lignocellulosic
core has a parallepipedic shape (length: 10-30 mm, width: 2-
10 mm) with a thickness in a 1-2 mm range. Ground sunflower
stem also shows an important quantity of pith that represents al-
most 60% of the stem volume [40]. Cellulosic pith can be observed
as round particles with a diameter from 1 to 6 mm in the grinding.
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Table 2

Compositions in dry mass volume of each mixes components obtained from compacted specimens final dry density and mixing parameters detail.

Pumice sand (%) Lime CL90% Vegetable (%) Water/Binder ratio Compaction strain (MPa)

B-5 MPa Pumice-lime binder 90 10 - 0.25 5
H-2 MPa Hemp aggregate + binder 84.7 10 5.3 0.3 2
S-2 MPa 5
H-5 MPa Sunflower aggregate + binder 84.7 10 53 0.3 2
S-5 MPa 5

layer of complex structure, called xylem, represents the woody

Stren_g"_:h Piston part of the stem. It is lignin rich and made of different parts, nota-

repat.)mtlon bly the stem vascular vessels (See Fig. 7). Finally, the stem centre is

ar

Build up

Concrete___ .. -;;“}_'4]::40::160 mm |
- Mould

Sample
final cross
section

40mm

40mm

Fig. 3. Concrete mixture compaction process.

A very low bulk density because of their highly porous structure
characterises these aggregates. Measurements give similar results
for hemp hurd (103 £ 2 kg m—3) and for ground sunflower stem
aggregate (105 + 2 kg m~3). In their study, Yin et al. [40] measured
a 37 £ 2.2 kg m~3 bulk density for sunflower pith.

For a more detailed observation of macroscopic morphological
and size differences between commercial hemp hurd and sun-
flower stem aggregates, an image-processing method was used.
For each specimen, 4 g were characterised. (See Fig. 5a) results
show bigger extreme dimensions for sunflower aggregate than
hemp. It is important to notice that an equivalent diameter can
be a good medium between a major and minor axis. The average
equivalent diameter of the samples is 5 mm for ground sunflower
and 3.7 mm for hemp hurd. Particle sphericity factor statistical
treatment makes it possible to see a normal distribution for each
of the aggregates (See Fig. 5b). Hemp and sunflower aggregate
sphericity average and standard deviation are respectively
0.58 +0.15 and 0.61 +£0.19. The factor average is quite similar,
but sunflower shows a bigger standard deviation. It is due to the
presence of round pith particles and long wood needles, which in-
creased extreme values in crushed sunflower.

SEM observations show for the two stems a close microscopic
structuring due to a close histology (See Fig. 6). We first observe
an epidermis or bark, constituted by fibres for hemp. A second

(a) £ aRee

W—r’ = W=r -
-\‘|\| : .;l\q"
- 14 : (o
/! T A /i "\‘ v
R PRANEI LS
Raw Image
image treatment
Statistical Particle detection
analysis & calculation

ey =
I;, séc\l

‘ ‘ LA NIV
T ,Ji
1 | TR

-

filled with cellulosic pith with a honeycomb structure. Commercial
hemp hurd is in fact only constituted of the woody part and of
residual fibres. Diameter of the woody part pipes and pith cavities
are respectively close to 20 and 100 pm. Pipe and cavity wall thick-
ness are respectively close to 10 um and 2 pm.

3.1.2. Absorption behaviour

High porosity and internal structuring of the two aggregates are
responsible for a high water absorption and retention capacity.
Two distinct stages can be observed. A rapid weight increase is ob-
served during the first minutes (See Fig. 8 — Stage 1). Absorption
kinetic during first stage is very close between the two aggregates
(See Table 3). After 5 min, 300% percent higher wet mass compared
to initial dry mass is measured for the two plants. A second absorp-
tion stage, slow and continuous, is visible after these five minutes.
For commercial hemp hurd, second stage kinetic is 5 times lower
than that of the sunflower aggregate (See Fig. 8 - Stage 2). This is
due to sunflower aggregate pith particles of alveolar and closed
structure [41]. Numerous physical characteristics of plant concrete,
notably thermal and acoustic are greatly modified by water pres-
ence and content [21,22]. This essential characteristic also induces
a competition between plant and binder water demand, which
starts with concrete mixing. As sunflower stem aggregate behav-
iour is close to that of hemp during the first minutes, sunflower
stem could benefit from the technical knowledge used on hemp
for the mixing operation.

3.1.3. Chemical analysis

From the point of view of chemical composition, values from
the literature shows interesting similarities between hemp and
sunflower. Results from several studies are summarised in Table
4 [30,41-43] Hemp and sunflower woody parts have respectively
cellulose content close to 50% and 40% in mass. This percentage
reaches 47.4% for sunflower stem pith [40]. Lignin contents seem
to be higher for hemp hurd (28%) than for sunflower stem woody

Equivalent
diameter

Fig. 4. Vegetable aggregate image treatment procedure (a) and particle size parameters determined with ImageTool software calculation (b).
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Fig. 5. Granulometry analysis of hemp and sunflower stem aggregates samples made by image treatment method. Aggregates relative area distribution for several particle
sphericity classes (a) and cumulative area distribution of previously defined particle size parameters (b).

' 4

Fig. 7. Comparative observation of hemp (b) and sunflower (c) stem xylem cross section.

part (18.3%), but this result greatly changes with plant evolution
and age. As expected, sunflower cellulosic pith is a lignin weak
product (3.5%). An interesting point is the pectin content which harvest age and the species. A correct comparison should take

is equal for hemp hurd, sunflower stem woody part and sun- into account these parameters for a global study of the two
flower stem pith (6%). This value is really low compared to hemp stems.

fibres (~20%). These comparisons suffer of uncertainties because
methods used to obtain these values can change, as well as the
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Stage 2

Commercial hemp hurd

“* Ground sunflower stem
100

Relative mass increase (%)
(3]
=
(=]

(=]

0 10 20 30
Immersion Time (mn)

Fig. 8. Mass relative water absorption of commercial hemp hurd and ground
sunflower stem aggregate.

Table 3
Lignocellulosic aggregates physical characteristics.
Aggregate  Dry bulk Absorption Absorption Absorption
density kinetic (Phase kinetic (Phase rate after
(kgm~3) 1) (% min~') 2) (% min~1) 24h (%)
Hemp 103 185 04 406
hurd
Sunflower 105 204 1.96 500
stem

3.2. Mechanical properties

3.2.1. Binder mechanical testing

A preliminary study was done with different lime content (5%,
10%, 20% and 30% in weight) with the purpose to find the best com-
promise between lime content and compressive strength. As our
aim was to make a binder with as low energy consumption as pos-
sible, we tried to minimise lime content. Results show interesting
properties for a mix designed with 90% of pumice sand and 10% of
CL90 lime with 8.3 MPa compressive strength at 28 days for a
5 MPa compaction (Fig. 9). At the same time, the use of 20% of lime
instead of 10 does not greatly improve this result. It was then
decided to use this binder for the rest of the study.

Analysis of binder’s compressive strength from 7 to 60 days
clearly underlines a logarithmic increase (Fig. 9). Hydrate forma-
tion during the pozzolanic reaction is, therefore, carried out over
a long period. Shi and Day [44] have already described the pozzo-
lanic reaction evolution at isothermal temperature with a linear
hyperbolic function. This function is recommended by the concrete
maturity method [45] up to 28 days, but shows a limitation for
longer curing periods. As pozzolanic reaction occurs during a long
period, we assume that the exponential function proposed by
Hansen et al. [47] will be more suitable for our data. The equation
is as follows:

Table 4

1615 5% Lime - exp Iy R2=0.999
# 10% Lime - exp Rc =R e*(i) s
4 20% Lime - exp o ® ’ ":{. 0.824
124 ® 30% Lime - exp =T ) "|J'l -
o “-~5% Lime - th oA e 0006
8, 10% Lime - th S Do P g NS,
S §{"20%Lime-th e TR R0 8
< - =30% Lime- th JPS>
T
l:éJ e
gt e
0 j :
1 10 100
Curing (days)

Fig. 9. Pumice-lime binders compressive strength evolution with lime mass
content and time.

Re=R.e @’ (3)

where R is the compressive strength after t days of curing; R.., the
compressive strength estimated at t.; t, the age of the binder; 7, the
time constant; and 7 = 0.37 R, o is the shape parameter.

The least square method was applied on compressive strength
values for 7, 14, 28 and 60 days of curing. For each lime proportion,
the best-fitted exponential equation was found. Results show good
correlation of experimental data with the fitted analytical model. A
comparison between linear hyperbolic and exponential model for
the 90/10 pumice-lime binder is done in Fig. 10a. The purpose
was to determine how these models are able or not to predict cor-
rectly thelong-term strength evolution of pozzolanic binders from
experimental values obtained up to 28 days of curing. The model
functions were then calculated from the 7, 14 and 28 day compres-
sive strength measurements. At 280 days, deviation between
experimental results and analytical values is 14.5% for the expo-
nential model and 34.5% for the linear hyperbolic one. The expo-
nential model curve also shows a good ability to predict long-
term strength growth from short-term measurement.

Regarding the mechanical behaviour of the binder, it is similar
to that of a conventional hydraulic binder (see Fig. 10b). Focusing
on short-term reactive medium, the pH test showed that even with
use of neutral silico-aluminate sand lime is dissolved first and im-
poses a pH close of 12.5 [46]. According to Shi and Day [46], a high-
er pH increases silico-aluminate dissolution rate. However, this
basic medium short-term development would be favourable to
Ca?* capture in the polymeric structure of aggregate surface pec-
tins [30]. This could greatly decrease concrete ability to combine
silico-aluminate ions in creating poor calcium ion medium.

3.2.2. Plant concrete mechanical testing

Before mechanical testing, control tests performed with phenol-
phthalein were done. Results highlight that specimen curing at sat-
urated humidity make it possible to avoid Ca(OH), carbonation.
The pozzolanic reaction was then the only stiffening process to
occur. The compression test results obtained on the specimens

Chemical composition of hemp hurd, hemp fibres, sunflower stem woody part and sunflower stem pith.

Cellulose Hemicelluloses Lignin (%) Pectins (%) Ashes (%) Waxes and Proteins (%)
(cellulose o) (%) (cellulose B, v) (%)

Hemp hurd [41] 48 12 28 6 2 4

Hemp fibre [41] 55 16 4 18 4 3

Hemp fibre [30] 56.1 10.9 6 20.1 - 79

Sunflower whole stem [43] 42.1 29.7 134 5.9 7.9 1

Sunflower whole stem [42] 38.6 22.8 16.2 - 12.2 -

Sunflower stem without pith [42] 414 30 183 - 8.9 -

Sunflower stem pith [40] 47.4 9.4 3.5 6 20.4 -
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Fig. 10. Compressive strength evolution during curing and comparison between linear hyperbolic and exponential models (a), mechanical behaviour at 280 days compressive

test (b) for the pumice-lime binder B-5 MPa.

Table 5

Compositions in dry mass volume of each mixes components obtained from compacted specimens final dry density and compressive strength measurements at 14 and 28 days.

Mix type Measured concrete dry Pumice sand Lime CL90 Vegetable Experimental® Experimental® Rcpg (MPa)
density (kg m~3) (kg m~3) (kg m~3) (kg m~3) Rcq4 (MPa)

B-5 MPa Pumice-lime binder 1310 1179 131 - 7.11 8.21

H-2 MPa Hemp aggregate + binder 1184 1003 118 63 2.14 2.77

H-5 MPa 1266 1073 126 67 5.44 -

S-2 MPa Sunflower aggregate + binder 1084 919 108 57 1.63 2.52

S-5 MPa 1204 1020 120 64 4.68 -

2 All compressive strength tests were done on the direction perpendicular to the direction of loading.

6
S-5MPa - Compaction direction
/ $-5MPa - Compaction perpendicular
B-5MPa
41 i
—_
< I
a2y B [ I
p= . N
e Ly
e 24 Lo .-
- - Sunflower
o ,_;7 aggregates
04 : —
0 2 4 6 8

Displacement (mm)

Fig. 11. Plant concrete S-5 MPa mechanical behaviour compared to binder in the
compaction and compaction perpendicular directions.

containing plant particles lead to similar results between the sun-
flower stem aggregate and hemp hurd (see Table 5). Overall,
switching from 2 MPa compaction to 5 MPa compaction can dou-
ble the mechanical strength at 14 days. It is interesting to note that
the density variation generated is far from being proportional to
the increase, as it goes from 1184 to 1266 kg m—> (+7.2%) and from
1084 to 1204 kg m—> (+11.1%), respectively for aggregates from
hemp or sunflower. The study of hemp concrete shaped by com-
paction has been addressed by Butschi et al. [27] and Cerezo
[21]. However, only Nguyen et al. [26] performed experiments
using material elements with a density close to 1000 kg m~3. All
these authors have also observed a significant increase in mechan-
ical strength compared to traditional casting.

Compression curves of elaborated plant concretes present the
same appearance as those of the binder (See Fig. 11), especially
in the direction perpendicular to compaction. However, behaviour

of these materials is more ductile because of plant presence, nota-
bly after rupture and when compressing in the direction of loading.
Behaviour is nevertheless closer to that of a binder than a plant
concrete one [21,26] because of the little amount of plant incorpo-
rated. This little amount is, however, sufficient to create a lami-
nated structure when the concrete is cast with a compaction
device. Material is then orthotropic and needs to be studied as
such. Plant observation shows a similar organisation with wood.
This natural composite material is well-known for its longitudinal
compressive strength and elastic modulus around ten times higher
than in the tangential or radial ones. When the compression test is
done in the stratum parallel direction, plant particles are met in the
longitudinal direction and results show higher rigidity for the
material. On the other hand, rupture happens at less important
compressive strength. In the compaction direction, ductility seems
to be more important. Two hypotheses can be done. (1) Plant par-
ticles are crushed and lead to significant deformation. (2) Matrix —
particle interface is not perfect and particles are surrounded by
holes or powdered binder. When compression is done in the
direction of loading, rupture is also less brittle, because material
stratums are perpendicular to compression and greatly limit
interfacial shearing.

3.3. Microstructure analysis

SEM analysis (Fig. 12a) shows pumice grains bigger than 10 pm,
which were not dissolved. It is due to the use of raw sand contain-
ing big pumice elements. A mineral matrix composed of several
calcium hydrates and resulting from the previously described poz-
zolanic reaction surrounds them. The punctual EDX analysis results
for H-5 MPa mix are reported in the CaO-Al,03-SiO,-H,0 ternary
diagram (Fig. 12b). They clearly follow a composition line between
Ca(OH), and pumice sand amorphous phase. Compounds formed
in the concrete hang on the same silica/alumina ratio as the reac-
tive amorphous glass of the pumice sand.
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Fig. 12. H-5 MPa matrix SEM observation (a) and resulting EDX analysis carried forward in a CaO-Al,03-SiO,-H,0 ternary phase diagram (b).
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products

Fig. 13. Hemp hurd particle surface coating (a) and CaO rich phases (b). SEM observations made on H-5 MPa mix.

With a more precise look at the hemp aggregate pulled out from
the matrix, some compounds are visible on surface. EDX diffraction
spectrum allows one to see that the particle surface is coated with
CaO rich phases (See Fig. 13). Higher magnification makes it possi-
ble to distinguish many Ca(OH), particles of flat shape and a CaO
rich gel. These results correlate with previous studies made on
hemp fibres [30]. Even with lower pectin content, hemp hurd also
has the ability to trap Ca®* in their pectin structure and then to
form CaO rich gel on the aggregate surface.

The best way to visually observe interface between plant aggre-
gates and matrix was optical microscopy. A non-solidified product
halo is visible at low magnification around plant particles. How-
ever, some compounds are formed on their surface (See Fig. 14a).
Khazma et al. [19] also observed what they called a gap zone be-
tween flax shave particles and a cement matrix when no treat-
ments are realised on the particles. In their case, interface
between lignocellulosic aggregate and matrix is partially com-
posed of a hole in the band with a thickness from 10 to 20 um
and non-reacted products. In our case, two hypotheses can be
drawn. (1) Plant aggregates are surrounded by non-reacted lime

and pumice sand partially removed during the observation of the
sample preparation (See Fig. 14b). (2) Plant aggregates are sur-
rounded by holes or gap zones (See Fig. 14c).

3.4. Mechanical strength prediction analytic model

For this point, previous research has shown that the compres-
sion strength of a cement paste depends on its solid volume. There
are a number of formulas published on cement and concrete com-
pression strength predication (Powers, Feret, Bolomey, Abrams)
[48]. We consider a compacity model based on Powers’ equation
to predict the compression strength of plant concrete compared
to the binder reference and knowing the compacity of each
material.

In a classical structural concrete, the interface between aggre-
gates and binder represents the weakest point of the system. In
our case, it is the aggregates, while the binder mostly supplies
mechanical performances. The following hypotheses were made.
(1) Plant particles are considered in the final material as voids, as
the SEM analysis and previous studies [26] show the high porosity
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Fig. 14. H-5MPa mix matrix-plant particle interface observation in optical
microscopy (a), hypotheses concerning matrix/fibre interface: particle surrounded
by powdered matrix (b), and particle surrounded by void (c).

of plant materials and the lack of adhesion at the plant aggregate/
binder interface. (2) The total volume of water is also considered as
void, as the pozzolanic reaction need for water is small compared
to that of Portland cement [49]. Product formation volume changes
are not taken into account. (3) The aggregates are immersed in the
matrix without any contact between them. Our mix proportioning
with low plant content satisfies this condition. (4) As the plant par-
ticle elasticity is solicited in the compaction direction, we decided
to consider the compression strength in the direction perpendicu-
lar to loading to avoid this effect. The relation proposed for this
application is derived from the classical Feret equation and has
been proposed by Powers [48]:

B Vi 3
ke = Kp (Vb +Vw+ Vv) d)o

where Rc is the compressive strength; Kp, the Powers’ law coeffi-
cient; V}, Vy, V,, the respectively binder, water and void relative vol-
ume in the mix; and ¢g is the binder relative solid volume.

In the calculation of the relative solid volume of the binder, ma-
trix is taken in account, whereas the concrete solid aggregates are

(4)
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Fig. 15. Binder and elaborated plant concrete compressive strength at 14 days as a
function of binder solid volume V},. Comparison with Powers law model for binder
compressive strength (solid curve).

not. As we consider plant aggregates as voids in our material, con-
crete is reduce to a simple binder with important porosity. Binder
solid volume then follows the simple relation:

Vy Vi

TVt VitV Vo 1

$o =G

)

where V., is the plant aggregate relative volume in the mix; ¢, the
compacity of the binder deduced from dry densities measurements
of the samples.

Concrete analytical compressive strength is then deduced from
the simple relation:

Rc :Kng (6)

To predict the strength of our plant concrete made with the
pumice-lime binder, we first calculate the constant Kp between
the binder density and the binder compression strength for a given
curing period. This constant represents the maximum compressive
strength the binder would supply without any porosity at this age.
Then the concrete strength is deduced after the calculation of the
compacity of each mix (see Table 6). Fig. 15 shows that the resis-
tance measured at 14 days agrees well with the proposed formula
only for plant concretes compacted at 5 MPa. In this case, measure-
ments relate with good accuracy the fact that the plants can be
considered as voids and affect negatively the strength of the initial
matrix. For the 2 MPa compacted concretes, the same porosity le-
vel leads to a lower compressive strength and does not follow Pow-
ers’ relation. As the casting process of these samples is different
from that of the binder, a comparison cannot be made. These re-
sults must be taken with caution as they are very sensitive to
experimental conditions, particularly the direction of the compres-
sion, the curing conditions and the plant quantities. As the inter-
face between plant particles and the matrix is not perfect, it is
important to better understand and control this zone to be able
to predict relatively accurately concrete performances with higher
plant proportioning.

Powers’s law parameters calculation and comparison between experimental and theoretical values at 14 days.

Mix Do=¢p Experimental® Kp14 (MPa) Theoritical Rcy4 Experimental deviation
Rci4 (MPa) powers (MPa) from model (%)

B-5 MPa 0.6 7.11 329 7.11 -

H-5 MPa 0.549 5.08 32.9 5.44 7

S-5 MPa 0.522 443 329 4.68 6

@ All compressive strength tests were done on the direction perpendicular to the direction of loading.



240 V. Nozahic et al./Cement & Concrete Composites 34 (2012) 231-241

4. Conclusion

Two aggregates designed from local plants were analysed for
this work. Multi-scale morphology observations of sunflower stem
aggregates, as well as water absorption ability, reveal interesting
similarities between sunflower and hemp stems. This is also the
case when looking at literature on sunflower and hemp stem
chemical analysis (cf. Table 4). As the stem is a sunflower by-prod-
uct and is available in high quantities, it is therefore a possible
alternative to hemp hurd for plant concrete use.

With the purpose to use local raw materials as much as possi-
ble, a binder made of pumice sand and calcic lime CL90 was
designed. Mechanical behaviour under compression confirms the
interest of lime-pozzolan binders for future development. Even
with raw sand, a binder made with a pumice/lime ratio of 90%/
10% in weight led to a compressive strength greater than 8 MPa
after 28 days. Plant concrete is currently elaborated with lime-
based binders showing similar values [21]. However, pumice sand
contains a part of crystalline silica that could limit its use to precast
products.

Study was then angled toward industrial product design with
the use of the compaction device. Casting by compaction shows
the high capability of the plant aggregate to be reorganised in
layers and then to form a concrete with orthotropic mechanical
behaviour. It is also an interesting way to increase greatly
compressive strength without increasing density of the material
in the same proportions because of resulting orthotropic proper-
ties. The shape of the plant particle is then a very important
characteristic to be determined because long and flat objects
will have the ability to be reorganised in layers during compac-
tion. Image analysis represents a simple tool to provide this
information.

The mechanical model based on Powers’ equation underlines
the fact that plant aggregates could be considered as voids dis-
persed in the matrix as they play a minor role in the composite
compressive strength. As SEM and optic microscope observations
underline interfacial problems between matrix and plant aggre-
gates, this relation can be only used for low plant particle contents.
The addition of more plant in proportion will certainly increase
these problems because of gap zone lapping. It could then create
binder setting and hardening problems and modify greatly its
properties. In light of these questions, future studies will focus
on plant adapted treatments, as well as binder design in the goal
to improve the binder/plant interface.
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