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1. INTRODUCTION

ABSTRACT

Permeable reactive barrier (PRB) containing zero valent iron (ZVI), plaster and additives to
make a porous composite structure, was tested to remove an organic nitro compound as model
pollutant. An aqueous solution of 4-nitroaniline (PNA) was passed through a porous plaster
column and chemical degradation quantified by UV-Vis spectroscopy. PNA was reduced to
p-phenylenediamine and the rate of the reduction was strongly related to ZVI amount, pol-
lutant volume, and the contact rate with the metal particles. The PBR could be controlled by
design and operation. Test columns were made to evaluate the materials for making precast
plaster blocks containing ZVI. The results showed that such porous plaster blocks could be
efficient as retaining funneling walls for environmental applications. Thus economical Calci-
um sulphate solids can be used for making remediation columns for depolution with reactive
products such as iron metal with capacity for treating unwanted toxic nitrates, or chlorinated-
solvents present in waterways. A reactive permeable barrier containing zero valent iron will
last as long as some iron particles remain to react.

Cite this article as: Boudia S, Fernane E Sharrock P, Fiallo M. Plaster of Paris containing zero
valent iron particles: Designing a permeable reactive barrier, used for remediation of 4-ni-
troaniline pollution. J Sustain Const Mater Technol 2021;6:4:124-134.

doped with specific reagents for remediation of unwanted
compounds. It was reported that zero valent iron (ZVI) is

Permeable reactive barrier (PRB) is a cost-effective
technology for groundwater remediation [1]. It is an im-
plementation of filtration consisting in porous material,
which passively captures a plume of contaminants through
immobilization or transformation of pollutants, releasing
decontaminated water to the other side of the barrier [2].
PRB is generally composed of inexpensive filler materials,

*Corresponding author.
*E-mail address: marina.fiallo@iut-tlse3.fr

particularly effective in chemical degradation of persistent
chlorinated compounds into non-toxic and harmless
by-products [3-5].

Nitroarenes can be reduced to corresponding anilines,
in presence of ZVI, in Bechamp reduction [6]; moreover,
in organic synthesis other methods were found to be more
specific and to reduce by-pass products [7]. For instance,
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silver nanoparticles were developed for in situ catalytic re-
duction method of PNA [8]. However, in order to be inte-
grated in a PRB low cost reactant, ZVI has already shown
to be a good candidate for reduction of different pollutants
[9-11]. Efficiency of a PRB is related to the nature and flow
of polluted plume [12, 13].

Calcium sulfates (plaster, CaSO,.0.5H,O, and its di-
hydrated product, gypsum, CaSO,.2H,0) were chosen as
“inert substrate” in order to prepare porous composites.
They are low cost building materials, sometime considered
as a waste when containing phosphogypsum [14, 15]. We
researched the possibility of using plaster for making PRB
with ZVT as a low cost reactive component. Our aim was to
verify if ZVI retains its redox properties when included in
a solid shell, shaped as a column and with 4-nitroanilineas
pollutant model.

Key factors for all-in-one design of composites for PRB
were investigated as follows: permeability of solid plaster,
as inert support for PRB, was determined and improved
(giving “porous” plaster). “Porous” plaster was tested for its
mechanical properties and the best formulas chosen. ZVI
was inserted in “porous” plaster and new composites were
optimized for all parameters. Reduction of 4-nitroaniline
was performed batchwise with ZVI and its degradation to
p-phenylenediamine (PDA), was quantified by UV spec-
troscopy. Reduction of 4-nitroaniline was performed in a
downflow column: breakdown and exhaustion points were
determined for specific experimental conditions.

2. MATERIALS AND METHODS

2.1. Chemicals

Plaster, in chemical form of CaSO,.0.5H,0, was a com-
mercial powder (plaster of Paris quality) from Parexlanko,
France; iron powder (ZVI, 325 mesh, 99%), H,PO, (85%),
and CaCO, (99%) were from Acros (France), 4-nitroani-
line (p-nitroaniline, PNA, 98%), p-phenylendiamine (PDA,
98%), o-phenanthroline (98%) and KSCN (97%) from Al-
drich (France).

2.2. Plaster Samples Preparation

Plaster slabs were made by adding plaster powder (50 g)
to appropriate amounts of distilled water. After 5 minutes
of mixing, preparations were poured into PET (polyeth-
ylene terephtalate) or PE (polyethylene) cylindrical molds
to make samples for flow experiments (in 2.8-cm- diameter,
2-cm-high) and for mechanical tests and density measure-
ments (in 2.6-cm-diameter, 5-cm-heigh). All solid samples
were dried at 60°C for 24 hours before their use. All samples
were weighted and “apparent” density calculated from geo-
metrical parameters.

2.3. Material Characterization
2.3.1. XRD and SEM Analysis
Solid samples were characterized by powder X-ray dif-

fraction (XRD) with a Bruker D2 X’PertPRO diffractometer
using Cu Ka radiation (40 kV and 40 mA). Crystallograph-
ic identification of CaSO,.2H,O was accomplished by com-
paring the experimental XRD pattern to COD 2300259 of
gypsum standard (point group 2/m). Plaster samples were
observed by scanning electron microscopy (SEM) Zeiss Su-
pra 55VP.

2.3.2. Mechanical Tests

Indirect tensile stress diametral compression tests were
carried out with a Zwick Roll Z020 testing machine (Zwick
Roell, France) at a cross-head speed of 10 mm/min, until
fajlure. Using initial height (L [m]) and diameter (D [m])
of each sample, and measuring the reciprocated force (F
[kg m/s?]) from compression, indirect (or Brazilian) tensile
strength, o, ([kg/m s°]), was calculated from its definition
in equation 1:

0,=2F/(nLD) (1

2.3.3. Porosity Determination

Porosity was determined from the ratio of experimental
“apparent” density of each sample and gypsum density, Ca-
SO,.2H,0, 2.308 g/cm’ [16] with equation 2:

porosity (%)=(density, /density

gypsu

)*100 )

2.3.4. Permeability Coefficient Measurements

Permeability coeflicient measurements were done on
plaster samples (2.8-cm diameter, 2.0-cm heigth) with
a water pressure column of 5 cm. Discharge of water (Q
[m?®/s]), percolating under a constant head difference (H
[m]) through a sample of porous material of cross area
S ([m?]) and length L ([m]), was determined for several
samples. Permeability coefficients K (hydraulic conduc-
tivity, [m/s]) were calculated from Darcy’s law, following
equation 3:

K=(QL)/(SH) 3)

2.4. Bechamp Reduction

2.4.1. Spectroscopic Analysis

Vis-UV spectra were used to quantify 4-nitroaniline
(PNA) and p-phenylendiamine (PDA) concentrations.
They were recorded between 200 and 700 nm in aqueous
solution on a HP 8453 spectrophotometer with quartz cells
of 0.2 and 1 cm of path-length. Spectra of pure 4-nitroan-
iline (PNA) and p-phenylendiamine (PDA) were recorded
in aqueous solution giving the following spectroscopic fea-
tures: PNA: 380 (¢=73.3 I mol'cm™), 227 (35.5), 204 (63.0)
nm. PDA: 305 (¢=13.7 1 mol'cm™), 240 (49.3), 210 (58.7)
nm. PNA concentrations in solution were determined by
measuring absorbance at 380 nm. PDA formation (in Be-
champ reduction) was checked from band at 240 nm (PDA
maximum absorption).
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2.4.2. Determination of PNA Degradation

Degradation of PNA, meaning the disappearing of its
characteristic absorption band at 380 nm, was calculated
from the UV-Vis spectra (Fig. S1) with equation 4:
degradation (%)=(A,-A,,,)/(A° ;A% ,,) *100 (4)

380

where A, and A are the absorption values of each
sample at the noted wavelengths, and A°,  and A°  the
absorption values of starting solutions. Absorption values
were corrected at 600 nm in order to avoid diffusion effects
from cloudy solutions. At 380 nm the absorption contribu-
tion for presence of PDA in aqueous solutions was insig-

nificant.

2.4.3. ZVI in Batch

Batch experiments were conducted inside 250 ml Erle-
meyer flasks under continuous magnetic stirring (500 rpm)
and the overall time of experiments was 7 hours. Batch ex-
perimental initial conditions were: temperature; 25°C, PNA
concentration; 30 mg/1, water volume; 100 ml. Specific vari-
ables in batch experiments included pH (initial pH acidic
or neutral) and the amounts of ZVI (1, 2 and 3 g). Sampling
was conducted within accumulative time of 15 minutes
during first three hours, then of 1 hour for last four in batch
experiments. For analysis, 2 ml samples were withdrawn by
a 5 ml syringe, their Vis-UV spectra registered usinga 1 cm
quartz cell, then returned to batch. Initial pH was adjusted,
or not, using 95% phosphoric acid. Degradation percentage
was calculated from absorbance values at 380 nm.

2.4.4. Column Preparation

100 g of plaster, mixed with appropriate amounts of
ZVIand 0.2% CaCO,, were added to 70 ml of distilled wa-
ter, containing 0.4 g of phosphoric acid, then all reagents
were mixed together and the viscous mixture poured into
PET (polyethylene terephtalate) cylindrical molds (in
5.0-cm-diameter, 15-cm-heigh) used as percolator system.
PET shells were thermally fixed to plaster columns in order
to avoid leaking from their extremities.

2.4.5. ZVI in Column

PNA-containing aqueous solutions (100 ml aliquots)
were passed by percolation through columns. Fractions of
100 ml were recovered post-column: 2 ml of each fraction
were checked by UV-Vis spectrum between 200 and 700
nm and absorbance values at 380 nm for used to calculate
PNA concentration in each fraction.

2.4.6. Identification of Ionic Species

Samples of plaster-based composites (2.8-cm diameter,
2.0-cm heigth) were soaked in distilled water (25 ml) and
pH was measured as a function of time. KSCN (1%) and
o-phenathroline (0.5%) in aqueous solution were used to
check by colorimetry presence of Fe(II) or Fe(III) species,
respectively.

3. Results and Discussion

Hemihydrate calcium sulphate (CaSO,.0.5H,0), named
plaster, became gypsum when hydrated (CaSO,. 2H,0).
Different formulations prepared, by using plaster, water,
chemical porogen (CaCO,) and ZVI in different propor-
tions, were realized as expected. For each sample, density,
porosity, permeability, and mechanical properties were
determined in straightforward fashion. Figure 1 indicated
effects of plaster slab chemical composition on mechanical
properties and porosity. Detailed values, as well as densities
as a function of chemical composition, were reported in Ta-
bles A.1, A.2 and A.3.

3.1. Properties of Plaster-Based Composites

3.1.1. Effect of Water

Water/plaster ratio was modified, and physical and me-
chanical properties were measured for each sample (Fig. 1a,
Table A.1). It was reported that water amount determined
porosity in plasters blocks [17, 18]; as reported in Figure 1a,
indirect tensile strength of plaster was reduced as a func-
tion of water content whereas porosity increased. During
reaction between plaster (CaSO,.0.5H,0) and water to
form gypsum (CaSO,.2H,0), part of water was consumed
by hydration reaction during material setting and remain-
der slowly evaporated leading to porosity [19]; hardening
of plaster paste lead to porous structure, made of entangled
needle-shape gypsum crystals [20].

3.1.2. Effect of Porogen (CaCO _+H PO,)

Porous samples were prepared by adding fine calcium
carbonate with plaster powder, then pouring the powder
in phosphoric acid-containing aqueous solution. Calci-
um carbonate was used as porogen in presence of acid in
order to generate open porosity and increase permeability
through the column (Fig. 1b); phosphoric acid was cho-
sen because formation of calcium phosphate as secondary
product gave composites with enhanced mechanical prop-
erties and lower dissolution rates [21].

In presence of increasing amount of H,PO,, porosity in-
creased while density and mechanical properties decreased.
These results are in agreement with cavity formation fol-
lowing CO, evolution during material setting (Table A.2).
Starting from 0.5% acid, porosity was not significantly
modified, as well as mechanical properties. However, per-
meability increased three times in magnitude compared to
“compact” plaster. Calcium phosphate, formed by reaction
of phosphoric acid with calcium carbonate [22], was dis-
persed in gypsum matrix with no effects on physical and
mechanical parameters. It was reported that weak acids
(such as citric acid) play a role as plastifier, retarding setting
[23]. In fact, citric acid partially inhibits binder hydration
from hemihydrate to dihydrate. Total porosity seemed little
affected by increasing the amount of CaCO,, pore dimen-
sions were bigger (Fig. 2) and SEM images of porogen-con-
taining samples showed 1 mm pores.
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Figure 1. (a) Indirect tensile strength (closed signet) and porosity (empty signet) as a function of plaster composition as a
function of: (b) water, (b) H,PO,, (c) ZVI amounts; experimental conditions: plaster (50.0 g).

3.1.3. Effect of ZVI

Different amounts of ZVI were dispersed in solid com-
ponents (plaster and calcium carbonate) before adding
water and phosphoric acid, in order to uniformly scatter
the heavier iron particles in the slab. Physical and me-
chanical properties of different samples obtained were
reported in Fig. lc. Depending on ZVI amounts (Table
A.3), density and mechanical properties were increased,
and porosity reduced.

3.1.4. Effect of Acid

In classical Bechamp reduction hydrochloric acid is
used; for this reason, effect of mineral acid on plaster set-
ting was tested comparing H,PO, and HCI. Acidic solu-
tions increased porosity compared to distilled water, but
samples with hydrochloric acid were more dense and
compact than those made with phosphoric acid (Table
A.4). Presence of mineral acids influenced the gypsum
crystallization step, promoting formation of large bulky
crystals [24]. Particle size was due to increased growth
rate [25]. For hydrochloric acid-containing sample the
mechanical strength was increased whereas porosity was
similar to samples in absence of acid (Table A.3), How-
ever, the goal of our research was to increase plaster per-
meability and not composite mechanical properties. For

these reasons hydrochloric acid was not used in further
experiments. In presence of H,PO, and in absence of car-
bonate, porosity was higher with respect to samples in
Table A.2, indicating that CaCO, could also act as buffer
stopping acid reactivity and controlling porosity.

3.1.5. Permeability Coefficient Measurements

Permeability coeflicients were measured for all sample
and results reported in Table 1. In order to allow percola-
tion rapidly, porosity obtained only by water evaporation
was insufficient to have an acceptable permeability. For
samples containing “compact” plaster (series 1 and 3), dis-
charge was very slow and permeability coeflicients were
estimated from water amount recovered after 24 hours.
Using CaCO, as porogen, plaster permeability increased
by three orders of magnitude allowing to run experiments
in short times.

In a 'H NMR relaxation study of water, confined in
porous medium of hardening gypsum (without porogen),
coexistence of two water populations were described in
permeable and disordered porous plaster structure. The
first population (P1) extended uniformly in space while
the second one (P2) was more confined and isolated in
some clusters of gypsum needles [20]. Distribution of the
two populations was related to water-to-plaster ratio (w/p)
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Figure 2. SEM photographs showing a view of poro-
gen-containing hardened gypsum samples, prepared with
a water-to-plaster ratio of 0.7, as a function of carbon-
ate amounts (with 1.1 % phosphoric acid, w/w). CaCO,:
A=0.2%, B=0.5g, C=0.7g, D= 0.9% (w/w); length scale bar
is 1 mm and magnification x25).

values: at low w/p value, P2 increased and P1 decreased,
in agreement with total porosity observed as a function
of w/p. Moreover, from a micro-structural point of view,
an intricate percolation networks of needles with different
packing density exists in hardened plaster structure where
percolation threshold allowing water exchange was about
w/p=0.6. Below w/p=0.6, there was an extremely slow ex-
change rate (almost zero) and the two water populations
were almost independent. Above w/p=0.7, there was a
small but finite exchange rate between the two water pop-
ulations, but composite permeability was not sufficient to
run PRB kinetic studies in short times.

Porosity of different plaster slabs, obtained from sample
densities, with and without porogen, was not so different
(62% vs 55%, Table S2), however permeability was extreme-
ly dependent on porogen presence, differing by about three
orders of magnitude (Table 1).

64

60

58

56

porosity (%)

54

52

62
|
|
\

50 ! - B

acid ZVI

samples

water

Figure 3. Porosity optimization as a function of different
components of BRP (water, phosphoric acid and ZVT) plas-
ter (50.0 g, 40.0%); water (56.0%); CaCO, (0.2%); H,PO,
(0.2%).

3.2. Degradation of 4-Nitroaniline

3.2.1. Column Formulation

Only composites with a permeability allowing the study
of PRB chemical reactivity in a one-day period, were used
in pollution removal tests.

Figure 3 reported optimization of all composite com-
ponents (water, calcium carbonate, phosphoric acid, ZVI)
for a fixed amount of plaster to improve different physical
properties. Composite formulation, used to mold columns,
contained plaster and water with 0.7 ratio, 0.2% CaCO, and
0.4% H,PO, (per 50 g of plaster).

3.2.2. ZVI Reactivity in Batch

Bechamp reduction was checked batchwise. Experi-
ments were run as a function of ZVI amount, in absence
and in presence of phosphoric acid to activate reduction.
“Classical” reduction [6] was run with acetic acid (or hy-
drochloric acid), which does not form insoluble species af-
ter oxidation of ZVI to Fe(II) or Fe(III). Yellow PNA aque-
ous solutions were expected to fade as a function of time,
following reduction to PNA (Fig. Al).

As a function of time, yellow solutions turned pale and
were cloudy: also in absence of H,PO,, reduction occurred
and after 7 hours almost no PNA remained in solution (Fig.
4). As a function of time, protons were consumed in reduc-
tion reaction and solution pH increased (Fig. 5).

Table 1. Permeability coefficients of plaster samples as a function of composition. Experimental conditions: plaster (50.0 g, 41.0%);

experiments were an average of five samples

Serie Water/plaster CaCO,+H, PO, ZV1 pH values Permeability coefficient
(wiw) (%) (%) (m/s)

1 0.7 - - 7.1 >8.23%10*

2 0.7 0.4 - 7.4 2.88+0.13*10°

3 0.7 - 7.1 >8.23%10°®

4 0.7 0.4 7.3 2.24+0.74*10°
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Figure 5. Final pH values of solutions in batch Bechamp
reduction after 7 hours, as a function of ZVI: without acid
(dark grey); with 1 % H,PO* (light grey).

In presence of H,PO, (0.4%) or higher amount of ZVI
(>3%), reaction was faster and total reduction occurred in 1
hour. Solutions were cloudy because of formation of insolu-
ble iron hydroxydes or phosphates. Samples recovered after
reduction, with or without acid, became violet by standing:
redox reaction was not halted to PDA and polymerization
of aromatic molecules also occurred, as usual in presence of
metal ions [26, 27].

3.2.3. ZVI Reactivity in Column

PNA solutions were added to columns (Fig. 6) and, after
percolation, fractions (100 ml) were recovered and analyzed
by Vis-UV spectroscopy. In all experiments, yellow color of
PNA solutions disappeared indicating that Bechamp reduc-
tion occurred in plaster columns. In order to verify chemi-
cal effects in colour fading, UV-Vis spectra were registered
between 200 and 700 nm: PNA was reduced to PDA indi-
cating that Bechamp reaction occurred in plaster column.
As observed in batch experiments, PDA aqueous solutions
were not stable as a function of time: pale yellow solutions

Figure 6. Plaster column composition: plaster (50.0 g,
41.0%); water (57.4%); CaCO, (0.2%); H,PO, (1.4%); ZV1
(2.3%).

became hazy and violet colored, indicating polymerization
of aromatic amines.

Degradation profiles, as a function of time at different
concentrations of PNA and ZVI, were reported in Figure
7. The flow through the columns was around 0.3 ml/min.

As expected, breakthrough points in the reduction re-
action were dependant on ZVI amount included in plaster
column; PNA concentration seemed to have less influence
because degradation profiles in Figure 7 (except those with
low quantity of ZVI) were almost superimposable.

In degradation reaction, PNA amount reduced to PDA
by ZVI (in 2.3 and 3.4% experiments) was estimated: e.g.
1.6 L of aqueous PNA solution at 100 mg/L were treated by
3 g of ZVI, meaning a complete inactivation at around 55
mg of PNA per gram of ZVI, or about 2.2x10? mol PNA
per 1 mol Fe(0).

3.3. Analysis After Remediation

Plaster columns and solutions recovered were analyzed
at the end of remediation process in order to elucidate the
role and reactivity of ZVI trapped in solid.

3.3.1. Solution Analysis
Because of the presence of colored species (PNA and
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Figure 7. Degradation profiles of p-nitroaniline as percentage (PNA=30 mg/L (a), 100 mg/L (b)) as a function of elution
volume and ZVI percentage. ZVI: 1.2 (O), 2.3 (e), 3.4 % (X); column composition (without ZVT): plaster (200.0 g, 41.0%);

water (57.4%); CaCO, (0.2%); H,PO, (1.4%).

PDA), a colorimetric analysis of the solutions in order to
follow the fate of ZVI, was not possible. However, this anal-
ysis was possible in ZVI composite before any reaction.
Samples were soaked in distilled water and pH was mea-
sured as a function of time. KSCN and o-phenathroline in
aqueous solution were used to check presence of Fe(II) or
Fe(III) species, respectively. Because of the low amount of
iron ionic species in solution, reagents were used in strong
excess for ion identification. Presence of Fe(II) was detected
in plaster columns (Table A.5) following the reaction be-
tween ZVI and phosphoric acid, whereas Fe(III) was not
found by colorimetric method.

In ZVI-containing column, during addition of
PNA solutions, the first volume eluted was slightly acid
(pH=5.22), probably because of traces of phosphoric acid,
whereas, later on, pH was determined by the major organ-
ic compound present in solution (PDA, pH=8.07; PNA,
pH=6.10 for 30 mg/l aqueous solutions).

3.3.2. Solid Analysis
At the end of reduction process, reddish colour of col-

umn indicated presence of Fe,O, species, formed because of
instability of Fe(II) species in aqueous solution in presence

of dioxygen,

XRD diffractograms for plaster samples (Fig. 8) were
compatible with those of gypsum (COD 2300259). Typical
diffraction angle at 44.8° (20) for Fe(0) [28] was not detect-
ed by XRD, because in these experimental conditions, iron
metal, dispersed in a gypsum matrix, could be observed
only at high percentage (>50%). However, in plaster com-
posites containing Fe(0), a diffraction angle at 39.5° was
present but disappeared after PNA reduction (Fig. 8).

3.3.3. Iron Reactive Species
Bechamp reduction is a stoichiometric reaction, and
not a catalytic one, resulting in a series of parallel reactions,
with generation of one or more intermediates and byprod-
ucts [29]. ZVI is “consumed” in redox system and passivat-
ed during flow of aqueous solutions. Noubactep reported to
use the lowest possible Fe(0) loading (e.g. <5 g/1) and work
at low temperature (e.g. 15°C) [30]. In an environmental
application, it would be possible to alternate in PRB porous
plaster blocks (in order to absorb more polluted solution)
and ZVI-containing compact plaster blocks (in order to act
as reducing agent) to increase the residence time. Howev-
er, Bechamp reaction in PRB seems to be more complex
than in solution. In fact, reduction by Fe(0) occured and
contributed significantly to contaminant removal, but the
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Figure 8. DRX of plaster composites, plaster, plaster + Fe(0)
before reduction, and plaster + Fe(0) after reduction. Com-
posites were formulated as in Tables S1 and S4.

mechanism remained unclear. It is matter of debate in ZVI
depolluting systems, if, between the Fe(II)/Fe(0) or Fe(III)/
Fe(II) couples, which one is involved in the redox reac-
tions [31]. In batch experiments, PNA reduction occurred
also without acid suggesting that Fe(0) would be directly
involved in redox system; however kinetics, in batch and
in column, were not the same (in column the reaction was
instantaneous) suggesting that preliminary treatment with

phosphoric acid acted also on ZVI surface, partially gener-
ating Fe(II) species. It means that Fe(II) species could be in-
volved in order to accelerate reduction rate, but remains the
question of Fe(II) species stability in presence of dioxygen.

In ZVI reactions, concomitant precipitation of iron hy-
droxydes absorbing organic compounds has been also sug-
gested [32]. From our experience in pollutant co-precipita-
tion methods [33], we cannot totally reject this mechanism
[34], but recovering PDA in solution strongly suggested
that redox mechanism was predominant.

Finally, we observed that, as a function of time, down-
flow through the column increased by 25% indicating that
plaster columns were embrittled: columns were sensitive to
percolation because of calcium sulfate solubility in water
and because iron corrosion products formed in situ were
partially disrupting their structure.

3.4. Environmental Impact and Cost
An ideal PRB should present the following advan-

tages [35]:

o stability during PRB lifetime in order to minimize lost
of efficiency: Plaster of Paris containing zero valent iron
particles: is a stable composite

« chemical reactivity, which is related to reactant contact
time, depending on flow rate and amount of reactant:
ZVT1is still actif when included in plaster.

« hydraulic and mechanical performances: PRB permea-
bility has to be higher than aquifer flow in order to not
disturb underground flow and not induce polluted flow
out of barrier. The supporting material should also be
shaped in blocks in order to easily build PRB. Permea-
bility, mechanical properties and shapes of plaster-based
PRB can be modulated in formulation step.

o reduced environmental impact in order to avoid pol-
lution effects. PBR has to be mainly constituted by in-
ert and non-toxic materials, producing non-toxic and
harmless by-products: if the main problem in using
calcium sulfate-based PRB for geological applications
is their relative solubility in water, however they will
break up with time discharging in environment no tox-
ic species.

o cost of PRB building (in terms of materials and con-
struction process) as low as possible in order to be eco-
nomically feasible: the cost of plaster-based PRB is esti-
mated to be very low and convenient.

Finally, efficiency of ZVI in plaster based-columns sug-
gests use of these composite as precast plaster wall blocks in
environmental applications.

4. CONCLUSION

Plaster PRB was used to purify water from soluble or-
ganic contaminants, such as 4-nitroaniline. Plaster is one
of the most used materials in construction industry. It can
be used in PRB and it can incorporate many types of addi-
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tives. We have included ZVI to make a reactive component
with capacity to remove nitro compounds while the water
flow passes through plaster. Use of ZVI as additive in PRB
allows removing toxic organic compounds by reduction of
nitro function to amino functions. To provide PRB with
good flow through properties, formulation of porous plas-
ter with increased porosity was made possible by reaction
of calcium carbonate with a small amount of phosphoric
acid, which causes evolution of carbon dioxide gas simulta-
neously with precipitation of calcium phosphate, effective-
ly making plaster less water soluble. Thus improved plas-
ter-based PRB, defining porosity and ZVI particles, can be
developed for use in removal of organic compounds from
water. This opens possibilities for use of plaster-based PRB
in many pollution control technologies where it could be
scaled up.
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Appendices

Table Al. Physical and mechanical properties of plaster samples
(density, porosity, indirect tensile strength) as a function of
plaster/water ratio (w/w); experimental conditions: plaster (50.00
g); measurements were an average from ten samples

Table A2. Physical and mechanical properties of plaster samples
(density, porosity, indirect tensile strength) as a function of H,PO,
added; experimental conditions: plaster (50.0g, 41.0%); water
(58.2 %); CaCO, (0.2%)

Water/plaster Density Porosity Indirect
ratio (g/ml) (%) tensile strength
(wiw) MPa)

0.5 1.15%0.04 50.46x0.40 7.14+0.43

0.6 1.10£0.04 52.71+0.33 5.47+0.41
0.7 1.04£0.06 55.06%0.61 4.48+0.43

0.8 0.99+0.05 57.39+2.00 3.57+0.19

Table A3. Physical and mechanical properties of plaster samples
(density, porosity, indirect tensile strength) as a function of ZVI
added; experimental conditions: plaster (50.0 g, 41.0%); water
(57.4%); CaCO, (0.2%); H,PO, (0.2%)An example of a table (9pt)

H,PO, H,PO, Density Porosity Indirect tensile
(g) (%) (g/ml) (%) strength (MPa)
0 0 1.04+0.06  55.06+0.61 4.48+0.43
0.34 0.3 0.86+0.06  63.08+2.72 1.48+0.09
0.68 0.6 0.76+0.01  66.97+0.35 1.15+0.73
1.01 0.8 0.74+0.03  67.94+2.62 1.04+0.25
1.35 1.1 0.72+0.01  69.13%1.80 0.83+0.08

Table A4. Physical and mechanical properties of plaster samples
(density, porosity, indirect tensile strength) as a function of acid
added (1.4%); experimental conditions: plaster (50.0 g, 41.6%);
water (58.2 %); CaCO, (0.2%)

ZV1 ZV1 Density  Porosity Indirect tensile
(g) percentage (g/ml) (%) strength (kPa)
(%)
0 0 0.86+0.06 63.08+2.72 1.48+0.09
1.00 1.2 0.88+£0.29 62.19+0.66 1.26+0.27
2.00 2.3 1.17£0.05 49.56x0.37 1.93+0.30
3.00 34 1.36£0.05 41.23+0.93 3.18+0.88
5.00 5.6 1.36£0.06 41.32+0.57 3.14+0.51

Table A5. pH values and qualitative colorimetric results for ionic
iron species in plaster-based composites soaked in distilled water

pH pH Fe(II)  Fe(III)

(t=0) (t=48h) test test
Plaster 6.92 6.87 Negative Negative
Plaster+ZVI 6.76 745 Negative Negative
Plaster+ZVI+CaCO*+HPO, 6.91  7.09  Positive Negative

Acid Density Porosity Indirect tensile
(g/ml) (%) strength (MPa)
0 1.04+0.06 55.06+0.61 4.48+0.43
H,PO, 0.52+0.07 77.55+0.61 1.89+0.65
HCI 0.94+0.02 59.48+0.67 5.87+1.90
50 .
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Figure Al. (Absorption spectra of PNA (---), PDA (__)
and PDA polymerization product (...) in aqueous solutions:
[PNA]=[PDA]=30 mg/l; path-length quartz cell=0.2 cm.
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This study contributes to the valorization of typha as local materials of building for thermal
insulation. We will examine the influence of the binder content and granulometry on the me-
chanical and thermal properties of typha - clay panels. The plant of typha is used in different
granulometries such as powdered typha and defibrated typha. The results showed that compres-
sive strength, thermal conductivity and effusivity depend on the particle size of the typha and
also the binder. The panels of defibrated typha have a better thermal insulation performance
(0.085 W.m.K™ for 66.66%), which is comparable with many of natural insulating materials.
The panels also have low thermal effusivities which show that they have low thermal inertia.
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1. INTRODUCTION

Despite a massive industrialization of construction
methods with increasingly efficient materials and the use
of new technologies in the field of buildings, in recent years
we have witnessed the development of a new generation of
materials based on renewable plant resources to make in
the face of environmental problems. This desire has strong-
ly pushed engineers, researchers and public authorities to
organize a reflection on the development of these materials
and more particularly in the field of insulation in order to
reduce the energy consumption of buildings by using ma-
terials with an insulating potential very important and a
low economic and environmental cost [1-3]. The synthet-
ic insulation available are imported and expensive [4]. It is

*Corresponding author.
*E-mail address: younouss.dieye@ucad.edu.sn

therefore necessary to develop insulating materials of plant
origin as an alternative to imported insulators.

Many studies have been conducted to investigate ther-
mophysical and mechanical behavior of such bio-based
materials. Bruijn et al. [5] studied the mechanical proper-
ties of a hemp concrete based on a lime and cement binder.
They found that, for the dosages with the presence of the
cement, the mechanical strength increases according to the
proportion of cement in the mixture of 0.15 MPa to 0.83
MPa. Ashori et al. [6] evaluated the mechanical perfor-
mance of various panels of eucalyptus, mesquite, saltcedar
(Tamarix stricta) and date palm fibers and a formaldehyde
resin binder. They concluded that for all types of panels,
the modulus of rupture and modulus of elasticity increase
as the resin content increases from 9% to 11%. Lertsutthi-
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wong et al. [7] studied the mechanical performance of an
insulation board based on corn husks and a binder derived
from solid waste paper tissue. They concluded that when
the binder/fiber mass ratio varies from 0.33 to 3, the mod-
ulus of rupture and modulus of elasticity vary respectively
from 1.3 to 5 MPa and from 21 to 196 MPa. Cuk et al. 8]
studied the influence of two types of binder on the prop-
erties of a wood particle board. They showed that the me-
chanical properties of particle boards produced were better
with melamine-formaldehyde resin (flexural strength of
13.42 MPa) than with melamine-urea-formaldehyde res-
in (11.06 MPa). Cerezo [9] evaluated the evolution of the
thermal characteristics of hemp concrete according to the
binder dosage. It has achieved an excellent performance of
hemp concrete as a thermal insulation with conductivities
ranging between 0.06 and 0.19 Wm.K" for densities rang-
ing from 200 to 840 kg.m?. Chikhi et al. [10] investigated
the thermal performance of a bio composite based on date
palm fibers. They have shown that the increase in the fiber
content decreases the density of the material from 1130 to
743 kg.m™ corresponding to 43% and increases its porosity.
This reduction in density decreases the thermal conductiv-
ity from 0.449 to 0.177 W.m'.K'. Awwad et al. [11] studied
the behavior of three hemp-concrete mixed with about 1%,
2%, and 4% hemp material by concrete volume. The tests
results confirm the potential of incorporating raw hemp
material in local masonry blocks while satisfying minimum
strength (11.7 to 2.6 MPa), and reducing thermal conduc-
tivity (1.248 to 0.984 W.m.K") requirements. Chinta et al.
[12] have studied the thermal insulation and some mechan-
ical properties and physical properties of a new composite
construction material composed of gypsum and natural
fibers. The results showed that the incorporated natural fi-
bers changed the rheological and mechanical behavior of
the material and increase considerably its ductility and a
decrease in thermal conductivity and bulk density is re-
corded. Moussa et al. [13] have tested a new agromaterial
based on hemp and starch. The measured thermal conduc-
tivity was 0.08 W m™.K! at 23°C. In the paper, authors deal
with the study of Typha australis fibers to make a building
material. Typha australis is an aquatic plant which is found
on wetland and belongs to the Typhaceae family. This plant
which can reach a height up to 3 m [14] rapidly spreads via
seeds and roots. In very short time it takes over water areas.
It is usual to see ponds that are completely surrounded by
typha. Typha australis have affected irrigation in the valley
of Senegal. It spreads rapidly over the areas and affecting
other crops. So, abundant amount of it forced one to find its
usefulness in insulation. The global objective of our study is
to transform the harmful Typha australis as an opportunity
by its transformation as a building material.

Concerning Typha fibers, previous investigations have
been carried out to elaborate Typha clay and Typha-cement
mixtures [15-17]. Results show that thermal behavior of

Figure 1. Typha leaves powder.

Cumulated perrcentage (%)

0,01 0.1 1 10
Sifter diameter (mm)

Figure 2. Granulometric graph of typha powder used.

composite made of Typha fibers and clay has low thermal
conductivity ranging from 0.065 to 0.112 W m.K" [17].
However, there is no information about the study of lengths
of typha fibers on the mechanical and thermal performanc-
es of such materials in the literature.

The aim of this study is to determine the mechanical
and thermal properties of fiber-based construction materi-
als of typha australis. The effect of typha granulometry on
properties is also looked at. Then, experimental methods to
determine the following properties are detailed: apparent,
absolute density, thermal properties (effusivity and conduc-
tivity), and the compressive strength. Experimental results
are presented and the influence of the granular of Typha
and ratio on the material’s properties is discussed.

2. MATERIALS AND METHODS

2.1. Materials

2.1.1 Typha

The typha used was extracted at the Niayes zone of
the Dakar Technopole. The raw material thus extracted
was dried for two weeks under the sun before being trans-
formed. We obtained two types of typha leaf granules: pow-
der typha and defibrated typha.

For the powdered typha, the dried typha leaves were cut
into small pieces with the aid of an ax as shown in Figure
1. After cutting, the typha pieces obtained were crushed in
powder form by an existing grinding machine in the mar-
ket (Fig. 1). The particle size study of Typha powder was
carried out by sieving using standard square mesh sieves
with diameters ranging from 5 mm to 0.08 mm. Figure 2
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Figure 3. Typha leaves defibrated.
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Figure 4. Granulometric graph of clay used.

summarizes the particle size distribution that make up the
typha powder. The density and the water content of the ty-
pha powder are respectively 128.38 kg.m and 12.24%. The
density was measured according to French standards NF
ISO 11272. First, we determined the bulk density by weigh-
ing a mass of samples in 500 mL test pieces. The experiment
was repeated 3 times. The water content is obtained using
an oven at a temperature of 105 °C.

The defibrated typha is also mainly from the leaves.
The leaves represent 80% of the mass of the plant; after
extraction, they were crushed before being defibrated by
hand. The defibrated typha leaves obtained have lengths up
to 15 cm as reflect in Figure 3. The length of the leaves of ty-
pha defibrated is determined by means of a vernier caliper.
The bulk density is 61 kg.m™.

2.1.2 Clay

The clay used is a by-product of local quarries that does
not require processing. The clay used as a binder in this
study is a clay from the Souvenir Square in Dakar (bulk
density of 1400 kg.m™). A grain size analysis is carried out
on the clay to determine the dimensions of the grains and
the weight percentages of the different families of grains
which constitute it. This study was made using sieves with
diameters between 0.0015 mm and 2 mm. The granulomet-
ric curve obtained is shown in Figure 4. The researchers
noted that 99% of the weight of the grains passes the sieve

Table 1. Atterberg limits of the clay

Atterberg limits Clay
Liquid limit, WL (%) 44.3
Plastic limit, WP (%) 17.6
Plasticity index PI (%) 26.7

0.08 mm. The liquidity limit was measured by the meth-
od of the dish of Casagrande (WL) and the plasticity lim-
it by the method of the roller (WP). These measures were
realized according to NF P94-051 standard. The Atterberg
limits were used to determine the plasticity index of the
studied materials. The plasticity index (PI) is the difference
between the liquid limit and the plastic limit. It is a measure
of the plasticity of a soil.

PI= WL - WP (1)

where PI is the plasticity index; WL is the liquidity limit
and WP represents the plasticity limit.

The consistency limits of the clay, which included the
plastic limit (WP), liquid limit (WL) and plastic index (PI)
are reported in Table 1 The plasticity index shows that the
clay is plastic.

2.1.3 Formulation of Samples

2.1.3.1 Preparation of the Binder

To avoid water competitions between the binder and the
typha leaves, the binder is prepared separately. Typha leaves
can absorb up to 80% of its weight in water and most of this
absorption takes place rapidly. The mixture should contain
as much binder as possible and adequate water content to
avoid mixing wet typha leaves and dry binder. The binder is
prepared so that its adhesion is important and that it has the
power to spread easily on typha particles and ensure their
bonds. The clay was mixed directly with the correspond-
ing amount of mixing water before being kneaded with an
E095 type kneader. The mixer has a specific speed of 62 rpm
and a capacity of 5 liters. The mixture was kneaded for 5
minutes in order to have a viscous liquid that sticks, before
pouring the amount of typha.

2.1.3.2 Preparation of Samples

After preparation of the binder, the necessary amounts
of typha are poured directly into the binder mixture at the
kneader. The weight percentage of the binder was varied
and the binder / water ratio set at 1: 1. The mixing time is 5
minutes in total for the mixture to be homogeneous, after
preparation of the binder.

The fresh mixture of typha leaf - binder obtained is then
put and packed in standardized molds of dimensions 4 cm x
4 cm x 16 cm for mechanical tests and 10 cmx 10 cmx 2 cm
for thermal tests (Fig. 5, 6). After sample preparation, the
filled molds are placed in the ambient environment of the
laboratory of about 27°C, for 24 hours before being demold-
ed. After demolding, the samples were dried in the open air



138

J Sustain Const Mater Technol, Vol. 6, Issue. 4, pp. 135-142, December 2021

L

Figure 7. Flexural test.
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Figure 8. Compression test.

under the sun for two weeks, the time they are dried before
carrying out the characterization tests. The masses of the
different constituents of typha panels are shown on the Ta-
ble 2. For each formulation, 3 samples were measured.

2.2 Methods

2.2.1 Mechanical Characterization

To characterize the solidity of the material, the me-
chanical behavior was evaluated by three-point compres-
sion and bending tests preceded by the measurement of
the apparent density.

Table 2. Masses of the different compounds

Samples Binder Clay Typha Water
percentage  mass  leaves mass mass
(%) () () (®)
E, 66.67 160 80 160
E, 72.73 213 80 213
E, 80 320 80 320
E 88.89 640 80 640

S

2.2.1.1 Bulk Density

Apparent density was determined after sample drying
using a 0.01 g precision scale for weighing and a 0.01 mm
precision vernier caliper to measure sample sizes. For each
composition, 5 measurements were made, in order to ob-
tain an average.

2.2.1.2 Mechanical Test

Mechanical characterization consists in determining
the compressive strength and the tensile strength. This
characterization was carried out using a mechanical press
type E0160 with a maximum pressure of 250 kPa, in accor-
dance with the standard NF EN 196-1.

2.2.1.2.1 Flexural Test

For the determination of the flexural strength a pris-
matic sample of dimensions 4 cmx 4 cmx 16 cm was placed
on the press as shown in Figure 7 The sample is based on
two simple supports, and the load F is applied to the center
of the sample as shown in the schema of Figure 7. For each
formulation, two samples were tested.

2.2.1.2.2 Compression Test

Compression tests are carried out on dry samples after
they are broken for flexural test, at a constant rate of loading
of 2 kN/s with the mechanical press. Figure 8 shows the dis-
position of the sample for the determination of compressive
strength. For each composition, 4 trials were used.

These tests involve applying to a standard sample of the
material a force F and measuring its breaking stress. The
mechanical strength of a material describes its response to
applied loads; it is the breaking stress. The maximum stress
that the sample can withstand before rupture is called the
breaking stress or the resistance to compression or bending.
It is defined by:

omg P M)

S is the sample section in mm?, F is the force applied (N)

2.2.2 Thermal Characterization

A measurement of thermal characterization of a mate-
rial is based on the observation of its response to a thermal
disturbance. The hot plane method is used to determine the
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ement of small thickness is inserted between the sample to

be characterized and a polystyrene block of 5 cm thickness
and the whole is delimited by two aluminum blocks of 4 cm
thickness. The sample of the material to be characterized
is parallelepiped with the following dimensions 10 cmx 10
cmx 2 cm. Throughout the experiment, it is assumed that
the heat transfer is 1D and that the temperature at the alu-
minium block is considered constant.

The thermal quadrupole method [18] is used to solve
the thermal transfer problem. Indeed, by placing oneself in
the Laplace space, the equation of heat depends only on the
space variable.
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\ is the sample thermal conductivity; E the sample ther-
mal effusivity; e the sample thickness; A, the polystyrene
thermal conductivity; E, the polystyrene thermal effusivity;
e, the polystyrene thickness; 6_the Laplace transform of the
temperature Ts(t); Cs the thermal capacity of the heating
element per area unit: Cs=Pg ¢; € R _the thermal contact
resistance between the heating element and the sample; ¢,
the Laplace transform of heat flux input on the upper alu-
minum block; ¢, the Laplace transform of heat flux input

Figure 10. Variation curve of density in function of the
binder percentage.

on the lower aluminum block; ¢, the Laplace transform of
the heat flux density living the heating element (upstream);
¢,, the Laplace transform of the heat flux density living the
heating element (downstream)

After developing the matrix products (2) and (3), the
following relations were obtained:

0,=
s=%"p D
(E+E) (4)

3. RESULTS AND DISCUSSION

3.1 Mechanical Results

3.1.1 Apparent Density

The researchers present the evolution of the density ac-
cording to the binder. We also look at the influence of the
type of typha aggregates on the density of the panels. This is
illustrated in Figure 10 showing, for the clay binder, the effect
of the type of aggregates on the density, but also the change
in the density of panels based on typha of powder and defi-
brated typha according to the percentage of clay binder. The
density varies from 314 kg.m™ to 1078 kg.m™ for the defi-
brated typha and from 652 kg.m" to 1559 kg.m" for the pow-
dered leaves, when the mass percentage of clay varies from
66.66% to 88.89%. We observe that the values of the density
vary almost linearly as a function of the binder content. This
can be explained by the fact that the binder has a higher den-
sity. As a result, the greater the amount of binder the more
dense the material, the greater the density. The results also
show that the type of fibers of the typha leaves influences the
density of the panels. Typha powder sheet panels have higher
densities. For 66.66% binder, the typha powder board is 2.1
times higher than the defibrated panel and this is due to the
fact that the typha powder leaves are denser.
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Figure 11. Flexural strength.
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Figure 12. Variation curve of compressive strength in func-
tion of the binder percentage for typha powder.

3.1.2 Flexural Strength

Typha powder panels have low flexural strength; after
applying the load, the panels break quickly. The values are
so low that the machine can not display the results and
this is due to the particle size of the typha aggregates. In
the case of panels based on defibrated typha sheets, the
force applied to the panel up to the maximum load causes
a deformation of the latter without breaking (Fig. 11). The
results obtained are characteristic of a ductile material,
which withstands very high deformation levels without
breaking. This is due to the particle size of the fibers, the
panels have an elastoplastic behavior, a strong deforma-
bility under stress and the possibility of recovery efforts
even after reaching the maximum mechanical strength.
The particle size significantly affects the flexural strength
of the panels.

3.1.3 Compressive Strength

The measurement results show an increase in the
compressive strength of the panels as a function of the
mass concentration of binder. The values of the resis-
tance increase almost linearly according to the percent-
age of binder Figure 12 illustrates the variation in the
compressive strength of the panels based on powdered
typha leaves and clay binder. The resistance increases
from 0.67 MPa to 2.84 MPa depending on the mass per-
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Figure 13. Dry panel thermal conductivity in function of
the binder.

centage of clay. This can be explained by the fact that, the
higher the dosage of the binder, the greater the binding
of the fibers is important, thus increasing their mechan-
ical performance. The level of mechanical performance
of the panels depends on the thickness of the layer of
the binder encapsulating the particles. The mechanical
properties of the samples are related to the binder dos-
age. These results are comparable to those of hemp-lime
concrete [5], whose compressive strength values vary
from 0.15 MPa to 0.83 MPa as a function of the hemp to
binder mass ratio.

For the boards of defibrated typha leaves, the applica-
tion of the load causes a deformation of the materials and
not a rupture that is due to the length of the fibers. The
defibrated typha boards are ductile compared to those in
powder. We can conclude that the particle size of the typha
leaves greatly influences the compressive strength.

3.2 Thermal Results

3.2.1 Thermal Conductivity

The thermal conductivity A (W.m™.K™') is an important
quantity that characterizes the thermal insulation capaci-
ty of a material. More the material is insulating, the lower
is the coefficient A. The analysis of the curve shows a qua-
si-linear increase in the thermal conductivity of the dry
panels as a function of the amount of binder. The thermal
conductivity values of the panels increase as the concentra-
tion of binder increases.

Regarding the particle size, for the same type of binder,
we have also illustrated in Figure 13 the influence of the
length of typha leaf on the thermal conductivity. By com-
paring the panels of defibrated typha sheets with those
of powder for the clay binder, we find that the defibrated
typha boards have better thermal insulation properties.
The thermal conductivity of the panels varies respective-
ly from 0.085 to 0.227 W.m'.K", for the defibrated ty-
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pha sheets and from 0.120 to 0.275 W.m.K"! for leaves
in powder, depending on the binder content. For 66.66%
binder, the defibrated typha board is about 41.2% more
insulating than the board of typha powder sheets. This
difference is due to the difference of the type of fibres, the
typha consists essentially of pores which constitute the
internal structure of the plant, to which are added the air
holes between the particles of typha and in the form of
powder, the typha loses its properties.

The results on the conductivity are similar to those ob-
tained on hemp concrete [19] ranging from 0.06 to 0.19
W.m.K™ relative to the binder dosage. The values relative-
ly low of the thermal conductivity of typha provide high
wall thermal resistances that allow them to meet thermal
requirements.

3.2.2 Thermal effusivity

Thermal effusivity describes the speed with which a
material absorbs and releases heat. The lower is the ther-
mal effusivity, the faster the material will heat up with less
energy. The measurement results of the thermal effusivity
of the typha panels are shown in the figure. In a similar
way to the thermal conductivity, we observe that in the
dry state, the thermal effusivity of the panels increases as
a function of the increase in the mass concentration of
binder. The curve evolves in a quasi - linear way. By in-
creasing the dosage rate by binder, it follows an increase
in thermal effusivity which demonstrates the influence of
the proportion of binder on the eftusivity of the panels.
The thermal effusivity of the panels depends on the densi-
ty, the thermal conductivity and also the heat capacity. By
increasing the dosage by bonding panels, we are seeing an
increase in density and thermal conductivity thus imply-
ing an increase in thermal effusivity.

The figure also illustrates the influence of the type of
fibres on thermal effusivity. For the same type of binder,
it is clearly observed that the type of the typha fibers have
a significant effect on the thermal effusivity of the panels.
The effusivity changes respectively by 170.9 j.m2.°c*.s7
to 473.1 J.m2.°c-1.s7: for the defibrated typha leaves and
265.2 j g-2oct55 t0 728.2 Jm2c 157 for powdered
sheets, depending on the percentage of binder (Fig. 4).
Comparing the results obtained for the panels of leaves
of typha defibrated with those of typha leaves in pow-
der form as in the Figure 14, the researchers notice that
the boards based on powdered leaves are more effusive
and this can be explained by the fact that the powdered
leaves are denser and less porous than those defibrated.
For 66.66% binder, the typha powder board is 1.9 times
more effusive, this explains the effect of the type of fibres
on effusivity.

The values obtained are comparable to those of hemp
concrete - lime of 206.9 j.m-2.c-1 57 for a dry density of
413 kg/m® [20] and 267 j -2 oc-1 57 for a dry density of
440 kg.m™ [21].
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Figure 14. Dry panel thermal effusivity in function of the binder.
4. CONCLUSION

During this study, we were interested in the develop-
ment of typha materials for the building while relying on
mechanical and thermal characterization.

From a mechanical point of view, the results showed
that the flexural strength of panels depends on typha ag-
gregates. The finer is the typha aggregates, the lower is the
flexural strength. In the case of compressive strength, the
results depend on the nature of the binder and the aggre-
gates used. The panel of typha powder and clay with a bind-
er content of 88.89% and a density of 1559 kg.m™ has the
best compressive strength at 2.84 MPa.

The thermal conductivity and effusivity of the panels
were evaluated. They increase almost linearly depending on
the binder content. The results also showed that the type of
typha aggregates affect thermal conductivity. Regarding the
influence of the size of the aggregates, it has been shown
that for 66.66% of binder content, the panel of defibrated
typha sheets is about 41.2% more insulating than the panel
of typha powder sheets. Measurement of thermal effusivity
has shown that typha panels are weakly effusive. Thermal
effusivity increases with increasing binder content. It is
concluded that the boards made from powdered leaves are
more effusive. The use of these typha panels in the build-
ing will contribute to the reduction of energy consumption.
This type of material is not also water resistant.
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1. INTRODUCTION

ABSTRACT

In this study;, firstly, for the building envelope properties of a reference building from TS 825
insulation standard, for 20 capitals selected from Europe, the minimum insulation thicknesses
are calculated with different heat transmission coefficients depending on the requirements
and/or recommendations thermal transmittance values in the building envelope such as build-
ing walls, roofs, floors. Then, CO, and SO, emissions, which will be produced by the con-
sumption of coal, natural gas, and fuel-oil fuels, depending on the heating degree-day values
and the thermal transmittance values of the building envelope, are investigated for the 20 se-
lected capitals. In the cooling period, depending on the cooling degree-days and the thermal
transmittance values of the building envelope, the electricity consumption and the CO, and
SO, emissions to be released for the coal, natural gas, and fuel oil used in the production of
electricity in the power plants are determined. The place of Ankara, the capital of our country,
among the selected capitals in European countries has been examined. It has been calculated
that Sarajevo, the capital of Bosnia-Herzegovina, has the highest fuel consumption and the
highest CO, and SO, emissions for three building components and three fuel types for heating.
In the study, the highest thermal transmittance value recommended for floor was found to
be Athens with 1.90 W/m?K. Accordingly, it has been determined that the highest electricity
consumption for cooling and the highest associated CO, and SO, emission values occur in
Athens, the capital of Greece.

Cite this article as: Kon O, Caner I. Calculation of energy consumption and emissions of
buildings in capitals of european with the degree-day method. J Sustain Const Mater Technol
2021;6:4:143-155.

consumption. More than 25% of this energy consumption
in Europe comes from residences alone and represents

Global energy demand has been growing exponential-
ly. It is of international importance to try to reduce the
CO, emissions that will occur due to energy consumption
and to reduce climate change. In this context, Europe is
responsible for around 40% of the world’s total energy

*Corresponding author.
*E-mail address: ismail @balikesir.edu.tr

the largest energy consumption sector [1, 2]. Within the
scope of energy efficiency, the European Union (EU) has
set a target of approximately 30% reduction in energy use
in buildings and 40% reduction in greenhouse gas (GHG)
emissions by 2030 [3].

Published by Yildiz Technical University Press, Istanbul, Turkey

Copyright 2021, Yildiz Technical University. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).


https://orcid.org/0000-0002-5166-0258
https://orcid.org/0000-0003-1232-649X

144

J Sustain Const Mater Technol, Vol. 6, Issue. 4, pp. 143-155, December 2021

The primary purpose of policies and regulations re-
garding sustainable energy for buildings is to improve the
performance of buildings to minimize their energy con-
sumption and reduce their carbon footprint without com-
promising standard usage requirements such as the thermal
comfort of building occupants [4].

The degree days method (DD) is a versatile climate
indicator that is widely used in the analysis of building
energy performance. With the degree-day method, en-
ergy evaluation of existing and new buildings can be
made, regional energy consumption can be analyzed,
energy consumption estimation analyzes can be devel-
oped. The importance of the degree days method is that
it can make quick analyzes in various fields and for dif-
ferent purposes [1].

Ozkan D. B. and Onan C. [5], investigated the effects
of different insulation thicknesses and the consumption of
natural gas and fuel oil fuels on the emissions of pollutants
such as CO, and SO.,. deLlano-Paz E, Calvo-Silvosa A., Ig-
lesias Antelo S., Soares 1. [6] applied portfolio theory to
both economically and environmentally efficient electricity
production. With their model, they include all production
costs for different technologies and a series of measures
related to the risk arising from them and the emission of
polluting gases such as carbon dioxide, sulfur dioxide, ni-
trogen oxides and particulate matter. Cay Y., Giirel A. E.
[7] analyzed the effect of insulation thickness on the emis-
sion of CO, and SO, emissions. D’Agostino D., Cuniber-
ti B., Bertoldi P. [8] presented the overall results of data
collected by the Green Building Program (GBP), launched
in 2006 to promote and improve energy efficiency in new
and existing European non-residential buildings. Rodri-
guez-Soria B., Dominguez-Hernandez J., M. Pérez-Bella J.,
Coz-Diaz].]. [9] showed that countries set different perme-
ability values defined on the basis of different degree-day
variation intervals for each climate zone. They propose a
new methodology that can be used to regulate the thermal
insulation of buildings in all countries to ultimately har-
monize the energy losses of the building envelope. Chris-
tenson M., Manz H., Gyalistras D. [10], in their study, the
effect of climate change on Swiss building energy demand
was investigated by degree-day method. A procedure was
developed, tested and applied to four different Swiss loca-
tions to estimate heating degree days (HDD) and cooling
degree days (CDD) from monthly temperature data. Rosa
M. D,, Bianco V., Scarpa E., Tagliafico L. [1] a compared the
simplified methods based on reduced climatic data set with
reference to the mean daily degree-hour method (MDDH).
Rosa M. D., Bianco V., Scarpa F, Tagliafico L. A. [11] pro-
posed a simple dynamic model to simulate heating/cooling
energy consumption in buildings. The study analyzed the
cooling energy demand on low-cooling days (CDDs) and
explained that other factors such as solar radiation play an
important role in this case. Ramirez-Villegas R., Eriksson

O., Olofsson T. [3] investigate the effect of different build-
ing renovation strategies on the energy rating of a selected
Building Environmental Assessment Tool and analyze the
results in terms of GHG emissions for the local and district
heating system. Annunziata E., Frey M., Rizzi E [12] con-
ducted a survey among 27 European Union Member States
on energy efficiency in buildings, energy policy and strate-
gy in Europe. Meng Q., Mourshed M. [13] examined four-
year (2012-2016) half-hourly measured gas consumption
from 119 non-residential buildings, and their relationship
to baseline temperatures and their internal structure pa-
rameters using a three-parameter change-point regression
model. Al-Hadhrami L.M., [14] in their study, annual and
seasonal cooling (CDD) and heating (HDD) degree-day
values for Saudi Arabia were presented using long-term av-
erage daily temperatures from 38 meteorological stations.
Akiner 1., Akiner M. E., Tijhuis W. [15] selected cities from
different regions of the country to examine the effects of
local climate on energy use in energy-efficient buildings.
In the study, Heating Degree Days (HDD) and Cooling
Degree Days (CDD) values are used to estimate the energy
demand for heating and cooling buildings. Pusat S., Ek-
mekci L. [16] compared a different climate belt approach
proposed by the International Energy Agency (IEA) with
respect to both heating and cooling degree-day data ob-
tained from Typical Meteorological Year (TMY) data.
Meng Q., Mourshed M., Wei S. [4] in their study, a change
point regression technique was proposed to better define
the baseline temperature and then applied in buildings
with different operational energy use patterns. Spinoni J.,
Vogt J. V., Barbosa P,, Dosio A., McCormick N., Bigano A.,
Fiissel H.-M [17] took into account heating degree-days
(HDD) and cooling degree-days (CDD) in relation to en-
ergy consumption for heating and cooling of buildings. An
N., Turp M. T., Akbas A., Oztiirk O., Kurnaz M. L. [18] in-
vestigated how the heating and cooling days will change in
the future with climate change in Turkey according to the
RCP8.5 scenario for intense greenhouse gas emissions. Al-
tun M., Ak¢amete A., Akgil C. M. [19] examined the effect
of the outside temperature data on the building heating
energy requirement and the validity of the DGBs (Degree
day region) created from the TS 825 standard according to
the outdoor temperature data. In this context, the validity
of DGBs and the effectiveness of the updates made in the
standard were examined by evaluating them separately for
81 provinces. Comakli, K. and Yiiksel, B. [20] examined
the effect of air pollution as a result of the burning of fossil
fuels used to heat buildings in cold cities such as Erzurum.
They found that with low quality fuel consumption, it caus-
es very high air pollution and poor air quality for space
heating. In the study, they investigated the environmental
effects of thermal insulation used to reduce heat losses in
buildings. Bolattiirk A. [21] determined the optimum in-
sulation thickness on the exterior walls of buildings. The
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study used the degree-hour method of estimating the an-
nual energy consumption of the building. Goggins J., Mo-
ran P, Armstrong A., and Hajdukiewicz M. [22] to assess
the contribution of changes in building codes to both the
construction and operation of buildings’ life cycles, they
presented the case study for environmental and economic
life cycle assessment of buildings in Ireland.

The aim of the study is to investigate the CO, and SO,
emissions that will occur by using coal, natural gas, fuel-oil
consumptions of the buildings heating period and the coal,
natural gas and fuel oil used in power plants cooling peri-
od, depending on the heating and cooling degree-day val-
ues and the building envelope thermal transmittance values
for 20 selected European capitals. The different climate and
building envelopes with different thermal transmittance
values accepted in Europe were selected. Among these 20
capitals, Ankara, the capital of our country, in terms of
energy consumption and emission consumption has been
examined. In the study, the minimum insulation thickness-
es were calculated for the 20 capital cities selected from
Europe, for the insulation materials, which are considered
different heat transmission coefficients depending on the
thermal transmittance values recommended in the building
envelope, such as building walls, roofs, floors. It has been
examined what can be done to reduce CO, and SO, emis-
sions, depending on the thermal transmittance value of the
building envelope of Ankara, by comparing it with other
selected European countries.

2. MATERIAL AND METHOD

2.1 Building Envelope Insulation Thickness
and Heating and cooling Energy Consumption
Equations

Insulation thicknesses for building envelope;

dins :j'inS' ((i] _Rsi 'R'Rse) ( 1 )

Where U is thermal transmittance value, R, and R  are
the internal and external surface thermal resistance, R is
other thermal resistance of the structural component and
A, is the thermal conductivity coefficient of the insulation
material [20-23].

The amount of fuel consumed per year during the heat-
ing period,

86400.U.HDD
M= ®

In the cooling period, the amount of electricity con-
sumed per year,

86400.U.CDD
MF =

c cop (3)

Here, HDD is degree-day, CDD is cooling degree-day,
COP (taken as 2.5) is cooling system coeflicient of per-
formance, H  is lower heating value (LHV) of fuel and 7
is heating system efficiency [5, 7, 20, 21]. For heating de-
gree-days and cooling degree-days the last three year pe-
riod were taken into account. Heating degree-days (HDD)
cover the days of the months in which the heating is made,
these are generally the sum of the days of January, Febru-
ary, March, April, November, and December. Cooling de-
gree-days, on the other hand, cover the days of the months
in which the cooling is done; these are generally the sum
of the days of June, July, August, and September. May and
October are defined as the transition months when heating
and cooling are not done.

2.2 Combustion Equations
Combustion equation of fuel;
CaHbO:SpNy + a. A. (02+3.76 N2) aCO: + (b/2) H:0 + pSO2+ B O: + DN:  (4)

Here, A, B and D are;

A=(a+b/4+p-z/2) (5)
B=(a-1) (a+b/4+p-2/2) (6)
D=3.76 « (a+b/4+p-z/2)+q/2 (7)

CH,0,S N is overall chemical formula of fuel. CO, and
SO, emissions produced by the combustion of 1 kg of fuel;

Mo, =222 (kg CO/ kg fuel) (8)
sz:”‘if? (kg SO/ kg fuel) 9)

If the right side of the above equations is derived by
writing the total amount of fuel burned in M,, the total
emissions of CO, and SO, are found as follows.

Mco,= 44’;02 Mg (kg COz/m?year) (10)
Mgo,= 64;02 My (kg SO2/m*year) (11)

M is the molar weight of the fuel and is found as follows.
Where a, b, z, p, q are the combinations of the elements in
the chemical formula of the fuels, a is air excess coefficient,
which is one of the effective parameters in the combustion
of fuel and A indicates the minimum amount of oxygen re-
quired for the combustion process [5, 7, 20, 21].

M=12.a+b+16.z+32.p+14.q (kg/kmol) (12)

2.3 The values used in the calculations

In the study, the characteristics of the fuels used in Eu-
ropean capitals during the heating period are shown in Ta-
ble 1. In Table 1, LHV is the lower heating value and ) is the
theoretical efficiency of the combustion system. The lowest
recommended thermal transmittance value for the wall is
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Table 1. The chemical formulas of fuels [7]

Fuel Chemical Formula LHYV (Hu) Efficiency (n)
Coal C, s Ha 140 Ousar Soor Nooss 29.295x109 J/kg 0.65
Natural gas C e Husis Oooos Nooz 34.526x10° J/m? 0.93
Fuel-oil C, s Higaor Oo0s o006 Noo 40.594x10° J/kg 0.80

Table 2. Requirements and/or recommendations for cities in
Europe thermal transmittance values for walls, roofs and floors

Table 3. Heating and cooling degree-days for cities in Europe [25]

(U-value W/m?K) [24] City Country Heating Cooling
degree-day degree-day

City Country Wall Roof Floor 19.5°C 22°C
Tirana Albania 0.53 0.38 0.59  Tirana Albania 1981 406
Bruxelles Belgium 0.60 0.40 1.20  Bruxelles Belgium 3247 55
Sarajevo Bosnia-Herzegovina 0.80 0.55 0.65  Sarajevo Bosnia-Herzegovina 3579 173
Sofia Bulgaria 0.50 0.30 0.50  Sofia Bulgaria 3232 242
Prag Czech Republic 0.30 0.24 0.45  Prag Czech Republic 3292 151
Berlin Germany 0.30 0.20 0.40  Berlin Germany 3407 103
Madrid Spain 0.66 0.38 0.66  Madrid Spain 2270 583
Tallinn Estonia 0.25 0.16 0.25  Tallinn Estonia 4678 20
Helsinki Finland 0.25 0.16 0.25  Helsinki Finland 4833 27
Paris France 0.36 0.20 0.27 Paris France 2926 115
Athens Greece 0.70 0.50 1.90  Athens Greece 1413 734
Budapest Hungary 0.45 0.25 0.50  Budapest Hungary 3293 226
Roma Italy 0.50 0.46 0.46  Roma Italy 1811 370
Skopje Macedonia 0.90 0.60 0.75  Skopje Macedonia 2974 369
Amsterdam The Netherlands 0.37 0.37 0.37  Amsterdam The Netherlands 3194 32
Oslo Norway 0.18 0.13 0.18  Oslo Norway 5021 13
Warschau Poland 0.30 0.30 0.60  Warschau Poland 3789 110
Stockholm Sweden 0.18 0.13 0.15  Stockholm Sweden 4344 22
Beograd Serbia 0.90 0.65 0.75  Beograd Serbia 2841 310
Ankara Turkey 0.48 0.28 043  Ankara Turkey 3430 264

Oslo and Stockholm with 0.18 W/m?K, and the highest val-
ue is Skopje and Beograd with 0.90 W/m?.K. The lowest rec-
ommended value for the roof is Oslo and Stockholm with
0.13 and the highest value is Beograd with 0.65 W/m*K.
The lowest recommended value for flooring is Stockholm
with 0.15 W/m?.K and the highest value is Athens with 1.90
W/m*K. These are given in Table 2.

The highest heating degree-day values occur in Oslo,
Helsinki, and Tallinn, and the lowest in Athens, Rome,
and Tirana. The highest cooling degree-day values occur
in Athens, Madrid, and Tirana, and the lowest in Oslo,
Tallinn, and Stockholm. These values and other European
heating and cooling degree-day values are given in Table 3.
Here, the heating degree-days (HDD) value during the year
is the sum of the temperature values 19.5°C below the daily
temperature. Cooling degree-days (CDD) is the sum of the
temperature values above 22°C of the year. The daily aver-
age of the last three years is taken. The building envelope
components used to find the minimum insulation thick-

ness depending on the building envelope requirements
and/or recommendations thermal transmittance values for
European capitals and taken as an example according to TS
825 are shown in Table 4. In Table 5, the CO, and SO, emis-
sion factors released to the environment for electricity-gen-
erating power plants are given.

3. RESULTS AND DISCUSSION

3.1 Insulation Thicknesses for Different Thermal

Transmittance Values

For the thermal conductivity coefficient values between
0.01 to 0.07 W/m.K, the minimum insulation thickness val-
ue for the external walls was calculated between 0.004 to
0.026 m in Skopje and Beograd, and the highest thickness
between 0.048 to 0.337 m in Oslo and Stockholm. In Hel-
sinki, it was calculated as 0.033-0.228 m. The average value
of the minimum insulation thickness of these 20 selected
capitals was calculated between 0.019 to 0.133 m. The insu-
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Table 4. Reference building components for external wall, roof, i
and floor [23] # Bruxelles
= = Sarajevo
Component Thickness (m) Heat conductivity 5 :;‘i"
coefficient (W/m.K) 3 :;“;:d
External wall § :;21]1::1
Internal plaster 0.020 1.000 § el
Horizontal brick 0.190 0.360 £ :iﬂ)w
. = = Skopje
Insulation --- == Amsterdam
External plaster 0.008 0.350 i
Stockholm
ROOf Beograd
Internal plaster 0.020 1.000 Heat conductivity coefficient (W/m.K) fakare
Concerete 0.120 2.500 Figure 1. Minimum insulation thicknesses for external wall
Insulation depending on different heat conductivity coefficients.
Floor
PVC floor covering 0.005 0.230 ot
Screed 0.030 1.400 sy i
Insulation - - St
; m Berlin
Leveling screed 0.020 1.400 E il
Lightweight concrete 0.100 1.100 H ey
£ m Athens
E = Budapest
Table 5. Gases harmful to the environment and human health E " Roma
.. . .. = Skopje
(GHEH) emission amounts produced during electricity Amsterdam
generation in power plants [6] el
. Stockhlom
GHEH Coal Natural gas Oil Heat conductivity coefficient (W/m.K) i;;g“‘d
CO, (kg/kWh) 0.7341 0.3561 0.5465
50, (gr/kWh) 0.0735 0.0088 00547 Figure 2. Minimum insulation thicknesses for roof de-

lation thickness for Ankara is calculated between 0.013 to
0.094 m. This value is between the average values of the 20
selected European capitals. These values are given in Figure
1. The minimum value of the insulation thicknesses for the
roof was calculated between 0.013 to 0.092 m in Beograd,
and the highest thickness between 0.075 to 0.523 m in Oslo
and Stockholm. In Helsinki, it is calculated as 0.060-0.422
m. The average value of the minimum insulation thickness
of these 20 selected capitals was calculated between 0.035
to 0.248 m. The thickness of the insulation for Ankara is
calculated between 0.034 to 0.234 m. This value is also be-
tween the average values of the 20 selected European capi-
tals. These values are shown in Figure 2. The minimum val-
ue of the insulation thicknesses for the floor was calculated
between 0.002 to 0.013 m in Athens, and the highest thick-
ness between 0.063 to 0.443 m in Stockholm. In Oslo, it is
0.052-0.365 m, and in Helsinki, it is 0.037-0.257 m. The
average value of the minimum insulation thickness of these
20 selected capitals was calculated between 0.022-0.153 m.
The thickness of the insulation for Ankara is calculated be-
tween 0.020 to 0.139 m. This value is between the average
values of the 20 selected European capitals. These are giv-
en in Figure 3. In Scandinavian countries such as Sweden,
Norway and Finland, the thermal transmittance values of

pending on different heat conductivity coefficients.

0.450 = Tirana
® Bruxelles
0.400 "
= Sarajevo
- 0.350 - = Sofia
E = Prag
g 0.300 = Berlin
g 0.250 - = Madrid
= = Tallinn
£ 0200 1 = Helsinki
5 .
E 0150 M Paris
E = Athens
E 0.100 —— = Budapest
S 0050 f— 3l = Roma
= Skopje
0.000 Amsterdam
= Oslo
‘Warschau

Stockholm
Beograde
Ankara

Heat conductivity coefficient (W/m.K)

Figure 3. Minimum insulation thicknesses for floor de-
pending on different heat conductivity coefficients.

the building shell are much lower than in other countries in
Europe and the insulation thicknesses are higher because
they have a colder climate.

3.2 CO, and SO, Emission Values

For the heating period, the highest natural gas con-
sumption is 7.704 kg/m, in Sarajevo, depending on the
wall structure. Based on natural gas consumption, CO,
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Figure 4. CO, emission to be generated by consuming natural gas for the heating period for (a) external wall area (b) roof

area (c) floor area.

emissions are calculated as 16.109 kg/m?* in Sarajevo. The
lowest natural gas consumption was found in Stockholm
as 2.104 kg/m> Based on natural gas consumption, CO,
emissions are calculated as 4.399 kg/m? in Stockholm. The
average natural gas consumption for these capitals is 3.858
kg/m?, and CO, emission is 8.067 kg/m’. Ankaras’ natural
gas consumption is 4.430 kg/m* and CO, emission is 9.263
kg/m?. It is higher than the average of the 20 selected Euro-
pean capitals. Depending on the roof structure, the highest
natural gas consumption is 5.297 kg/m? in Sarajevo. De-
pending on the natural gas consumption, the CO? emission
in Sarajevo is calculated as 11.076 kg/m?>. The lowest natu-
ral gas consumption was 1.502 kg/m? in Stockholm. Based
on natural gas consumption, CO, emissions are calculated
as 3.178 kg/m? in Stockholm. The average natural gas con-
sumption for these capitals is 2.680 kg/m* and CO, emis-
sions are 5,604 kg/m* Ankaras’ natural gas consumption
was found as 2.584 kg/m? and CO, emission was found as
5,403 kg/m?* These are slightly lower than the average of
the 20 selected European capitals. Depending on the floor
structure, the highest natural gas consumption occurs in
Bruxelles as 10.484 kg/m* Depending on the natural gas
consumption, the CO, emission was calculated as 21.922
kg/m? in Bruxelles. The lowest natural gas consumption
was found in Stockholm as 1.753 kg/m?* Based on natural
gas consumption, CO, emissions are calculated as 3.666 kg/
m? in Stockholm. The average natural gas consumption for

these capitals is 4.376 kg/m? and CO, emissions are 9.151
kg/m?. Ankaras’ natural gas consumption was found to be
3.969 kg/m* and CO, emission was calculated as 8.299 kg/
m2. It is lower than the average of the 20 selected European
capitals. These values are given in Figure 4.

Depending on the wall structure for the heating period,
the highest coal consumption is 12.991 kg/m? in Sarajevo.
Based on coal consumption, CO, emissions are calculat-
ed as 40.480 kg/m* and SO, emissions 0.083 kg/m” in Sa-
rajevo. The lowest coal consumption was 3.548 kg/m? in
Stockholm. Based on coal consumption, the CO, emission
was calculated as 11.056 kg/m* and the SO, emission was
0.023 kg/m? in Stockholm. The average coal consumption
for these capitals is 6.506 kg/m?, CO, emissions are 20.273
kg/m* and SO, emissions are 0.042 kg/m’. Ankaras’ coal
consumption is 7.470 kg/m?, CO, emission is 23.277 kg/m?
and SO, emission is 0.048 kg/m®. It is higher than the av-
erage of the 20 selected European capitals. Depending on
the roof structure, the highest coal consumption is 8.914
kg/m? in Sarajevo. Depending on the coal consumption,
the CO, emission was calculated as 27.776 kg/m* and the
SO, emission was 0.057 kg/m? in Sarajevo. The lowest coal
consumption was found in Stockholm as 2.562 kg/m?’
Depending on the coal consumption, the CO, emission
was calculated as 7.983 kg/m* and the SO, emission was
0.016 kg/m?* in Stockholm. The average coal consumption
for these capitals is 4.519 kg/m?, CO, emissions are 14.080
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Figure 5. CO, and SO, emissions that will occur with the consumption of coal for heating period for (a) external wall area
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kg/m* and SO, emissions are 0.029 kg/m’. Ankaras’ coal
consumption is 4.358 kg/m? CO, emission is 13.580 kg/m?
and SO, emission is 0.028 kg/m?’. These are slightly lower
than the average of the 20 selected European capitals. De-
pending on the floor structure, the highest coal consump-
tion is 17.680 kg/m?* in Bruxelles. Depending on the coal
consumption, the CO, emission is calculated as Bruxelles
55.091 kg/m* and the SO, emission is 0.113 kg/m* The
lowest coal consumption was found in Stockholm at 2.957
kg/m?. Based on coal consumption, CO, emissions are cal-
culated as 9.214 kg/m? and SO, emissions 0.019 kg/m’* in
Stockholm. The average coal consumption for these cap-
itals is 7.380 kg/m?, CO, emissions are 22.996 kg/m* and
SO, emissions are 0.047 kg/m*. Ankaras’ coal consumption
was found to be 6.692 kg/m?, CO, emission was 20.852 kg/
m? and SO, emission was 0.043 kg/m?. It is lower than the
average of the 20 selected European capitals. These values
are given in Figure 5.

Depending on the wall structure for the heating peri-
od, the highest fuel-oil consumption is 7.618 kg/m? in Sa-
rajevo. Based on fuel-oil consumption, CO, emissions are
calculated as 24.530 kg/m® and SO, emissions 0.130 kg/
m?* in Sarajevo. The lowest fuel oil consumption was 2.080
kg/m? in Stockholm. Based on fuel-oil consumption, CO,
emissions are calculated as 6.698 kg/m* and SO, emissions
0.035 kg/m? in Stockholm. The average fuel-oil consump-

tion for these capitals is 3.815 kg/m? CO, emissions are
12.283 kg/m?* and SO, emissions are 0.065 kg/m*. Ankaras’
fuel-oil consumption was 4.380 kg/m?, and depending on
fuel-oil consumption, CO, emission was 14.104 kg/m’
and SO, emission was 0.074 kg/m®. It is higher than the
average of the 20 selected European capitals. Depending
on the roof structure, the highest fuel-oil consumption is
5.237 kg/m? in Sarajevo. Based on fuel-oil consumption,
CO, emissions were calculated as 16.863 kg/m* and SO,
emissions were calculated as 0.089 kg/m? in Sarajevo. The
lowest fuel-oil consumption was found in Stockholm as
1.502 kg/m’. Based on fuel-oil consumption, CO, emis-
sions are calculated as 4.836 kg/m* and SO, emissions as
0.026 kg/m? in Stockholm. Average fuel oil consumption
for these capitals is 2.650 kg/m?*, CO, emissions are 8.533
kg/m* and SO, emissions are 0.045 kg/m’. Ankara fuel-oil
consumption was found to be 2.555 kg/m?, and depending
on fuel-oil consumption, CO, emission was found to be
8.227 kg/m* and SO, emission was 0.043 kg/m®*. These are
slightly lower than the average of the 20 selected European
capitals. Depending on the flooring structure, the highest
fuel-oil consumption occurs in Bruxelles at 10.366 kg/m?.
Depending on the fuel-oil consumption, the CO, emis-
sion in Bruxelles is 33.379 kg/m’ and the SO, emission is
0.176 kg/m?. The lowest fuel-oil consumption was found in
Stockholm at 1.734 kg/m? Depending on the fuel-oil con-
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Figure 6. CO, and SO, emissions from fuel-oil consumption for heating period for (a) external wall area (b) roof area (c)

floor area.

sumption, the CO, emission was calculated as 5.583 kg/m?
and the SO, emission was 0.029 kg/m? in Stockholm. For
these capitals, the average fuel oil consumption is 4.327 kg/
m?, CO, emissions are 13.933 kg/m* and SO, emissions are
0.074 kg/m?. Ankara fuel-oil consumption was found to be
3.924 kg/m?, and depending on fuel-oil consumption, CO,
emission was 12.635 kg/m* and SO, emission was 0.067 kg/
m?. It is lower than the average of the 20 selected European
capitals. These values are given in Figure 6.

For the cooling period, the highest electricity consump-
tion is 4.936 kWh/m?* in Athens, depending on the wall
structure. Based on natural gas consumption power plant,
CO, emissions are calculated as 1.758 kg/m* and SO, emis-
sions as 0.0000434 kg/m? in Athens. The lowest electricity
consumption is 0.022 kWh/m? in Oslo. Based on natural
gas consumption, CO, emissions are calculated as 0.008
kg/m* and SO, emissions as 0.0000002 kg/m? in Oslo. The
average electricity consumption for these capitals is 1.254
kWh/m?, CO, emission is 0.447 kg/m* and SO, emission is
0.0000110 kg/m?®. Ankaras’ electricity consumption is 1.217
kg/m? and CO, emission is 0.433 kg/m* and SO, emission
is 0.0000107 kg/m* depending on natural gas consumption.
It is lower than the average of the 20 selected European
capitals. Depending on the roof structure, the highest elec-
tricity consumption is 3.526 kWh/m? in Athens. Based on
natural gas consumption, CO, emissions are calculated as
1.256 kg/m? and SO, emissions 0.0000310 kg/m?* in Athens.

The lowest electricity consumption was 0.016 kWh/m? in
Oslo. Based on natural gas consumption, CO, emissions are
calculated as 0.006 kg/m* and SO, emissions as 0.000001
kg/m? in Oslo. Average electricity consumption for these
capitals is 0.861kWh/m?* CO, emission is 0.307 kg/m’ and
SO, emission is 0.000076 kg/m’. Ankaras’ electricity con-
sumption is 0.710 kWh/m? and CO, emission is 0.253 kg/
m?* and SO, emission is 0.0000062 kg/m* depending on nat-
ural gas consumption. It is lower than the average of the 20
selected European capitals. Depending on the floor struc-
ture, the highest electricity consumption is 13.399 kWh/
m’ in Athens. Depending on natural gas consumption, CO,
emissions are calculated as 4.771 kg/m?* and 0.0001179 kg/
m? in Athens. The lowest electricity consumption was 0.022
kWh/m? in Oslo. Based on natural gas consumption, CO,
emissions are calculated as 0.008 kg/m? and SO, emissions
as 0.0000002 kg/m? in Oslo. The average electricity con-
sumption for these capitals is 1.662 kWh/m?, CO, emis-
sions are 0.592 kg/m?” and SO, emissions are 0.0000146 kg/
m?® Ankaras’ electricity consumption is 1.091 kWh/m? and
CO, emission is 0.389 kg/m* and SO, emission is 0.0000096
kg/m?* depending on natural gas consumption. It is lower
than the average of the 20 selected European capitals. These
values are given in Figure 7.

Depending on the wall structure for the cooling pe-
riod, Athens has the highest electricity consumption of
4,936 kWh/m? Depending on the coal consumption pow-
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er plant, the CO, emission is calculated as 3.624 kg/m’
and the SO, emission is 0.0003628 kg/m? in Athens. The
lowest electricity consumption is 0.022 kWh/m? in Oslo.
Based on coal consumption, CO, emission is calculated as
0.016 kg/m* and SO, emission is calculated as 0.0000016
kg/m?* in Oslo. Average electricity consumption for these
capitals is 1,254 kWh/m? CO, emissions are 0.921 kg/m?
and SO, emissions are 0.0000922 kg/m’. Ankaras’ elec-
tricity consumption is 1.217 kWh/m?* and CO, emission
is 0.893 kg/m?* and SO, emission is 0.0000894 kg/m* de-
pending on coal consumption. It is lower than the average
of the 20 selected European capitals. Depending on the
roof structure, the highest electricity consumption occurs
in Athens, at 3.526 kWh/m? Depending on the coal con-
sumption, the CO, emission is calculated as 2.588 kg/m?
and the SO, emission is 0.0002592 kg/m* in Athens. The
lowest electricity consumption was 0.016 kWh/m?in Oslo.
Based on coal consumption, CO, emission is calculated as
0.012 kg/m* and SO, emission is calculated as 0.0000012
kg/m?* in Oslo. The average electricity consumption for
these capitals is 0.861 kWh/m? CO, emissions are 0.632
kg/m? and SO, emissions are 0.0000663 kg/m’. Ankara
electricity consumption is 0.710 kg/m* and CO, emis-
sion is 0.521 kg/m* and SO, emission is 0.0000522 kg/
m? depending on coal consumption. It is lower than the
average of the 20 selected European capitals. Depending
on the floor structure, the highest electricity consump-
tion is 13,399 kWh/m? in Athens. Depending on coal
consumption, CO, emissions are calculated as 9.836 kg/

m’ and 0.0009848 kg/m? in Athens. The lowest electricity
consumption was 0.022 kWh/m? in Oslo. Based on coal
consumption, CO? emission was calculated as 0.016 kg/
m? and SO, emission was calculated as 0.0000016 kg/m?
in Oslo. The average electricity consumption for these
capitals is 1.662 kWh/m? CO, emissions are 1.220 kg/
m? and SO, emissions are 0.0001222 kg/m’. Ankara elec-
tricity consumption is 1.091 kWh/m? and CO2 emission
is 0.801 kg/m* and SO, emission is 0.0000802 kg/m* de-
pending on coal consumption. It is lower than the aver-
age of the 20 selected European capitals. These values are
given in Figure 8.

For the cooling period, the highest electricity con-
sumption is calculated as 4.936 kWh/m? in Athens de-
pending on the wall structure. Based on fuel-oil consump-
tion power plant, CO, emissions are calculated as 2.698
kg/m* and SO, emissions 0.0002700 kg/m* in Athens. The
lowest electricity consumption was 0.022 kWh/m? in Oslo.
Based on fuel-oil consumption, CO, emissions are calcu-
lated as 0.012 kg/m? and SO, emissions as 0.0000012 kg/
m? in Oslo. The average electricity consumption for these
capitals is 1.254 kWh/m?, CO, emissions 0.686 kg/m? and
SO, emissions 0.0000686 kg/m’. Ankaras’ electricity con-
sumption is 1.217 kg/m?* and depending on fuel-oil con-
sumption, CO, emission is 0.665 kg/m* and SO, emission
is 0.0000666 kg/m?> It is lower than the average of the 20
selected European capitals. Depending on the roof struc-
ture, the highest electricity consumption is 3.526 kWh/
m’ in Athens. Based on fuel-oil consumption, CO, emis-
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Figure 8. CO, and SO, emissions for electricity generated by consuming coal for cooling period (a) external wall area (b)
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sions are calculated as 1.927 kg/m* and SO, emissions as
0.0001929 kg/m?* in Athens. The lowest electricity con-
sumption was 0.016 kWh/m? in Oslo. Based on fuel-oil
consumption, CO, emissions are calculated as 0.009 kg/
m* and SO, emissions as 0.0000009 kg/m* in Oslo. Av-
erage electricity consumption for these capitals is 0.861
kWh/m?, CO, emissions are 0.471 kg/m? and SO, emis-
sions are 0.0000471 kg/m* Ankaras’ electricity consump-
tion is calculated as 0.710 kWh/m? and depending on
fuel-oil consumption, CO, emission was 0.388 kg/m? and
SO2 emission was 0.0000388 kg/m? It is lower than the
average of the 20 selected European capitals. Depending
on the floor structure, the highest electricity consump-
tion is 13,399 kWh/m? in Athens. Depending on fuel-oil
consumption, CO, emissions are calculated as 7.323 kg/
m?* and 0.0007329 kg/m? in Athens. The lowest electricity
consumption was 0.022 kWh/m? in Oslo. Based on fuel-oil
consumption, CO, emissions are calculated as 0.012 kg/
m’ and SO, emissions as 0.0000012 kg/m* in Oslo. The
average electricity consumption for these capitals is 1.662
kWh/m?, CO, emissions are 0.908 kg/m? and SO? emis-
sions are 0.0000909 kg/m?. Ankaras’ electricity consump-
tion is 1.091 kWh/m? and CO, emission is 0.596 kg/m? and
SO, emission is 0.0000597 kg/m* depending on fuel-oil
consumption. It is lower than the average of the 20 select-
ed European capitals. These values are given in Figure 9.

4, CONCLUSION

For the thermal conductivity coefficient 0.01-0.07
W/m.K, the minimum value of the insulation thick-
nesses for the external walls were calculated between
0.004-0.026 m in Skopje and Beograd, and the highest
thickness were between 0.048 to 0.337 m in Oslo. The
minimum value of the insulation thicknesses for the roof
were calculated between 0.013-0.092 m in Beograd, and
the highest thickness were between 0.075 to 0.523 m in
Oslo. The minimum value of the insulation thicknesses
for the floor were calculated between 0.002 to 0.013 m in
Athens, and the highest thickness were between 0.063 to
0.443 m in Stockholm. This is among the average values
of the 20 European capitals selected in the Ankara for the
entire building envelope. The minimum insulation thick-
nesses are low in South-eastern Europe due to the higher
thermal transmittances value of the building envelope.
However, in Northern Europe and Scandinavian coun-
tries, the minimum value of the insulation to be made is
high due to the lower heat transmission coefficients. This
shows that these Scandinavian countries give much more
importance to energy saving in buildings. In our coun-
try, this is at an average level when the selected European
countries are taken into account. However, studies are
needed to improve energy savings in buildings.
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The highest heating degree-day value was determined as
5021 in Oslo, the capital of Norway, and the lowest was 1413
in Athens, the capital of Greece. Requirements and/or recom-
mendations thermal transmittances value for building enve-
lopes are given in the study. Accordingly, it has been calculated
that Sarajevo, the capital of Bosnia-Herzegovina, has the high-
est fuel consumption and the highest CO, and SO, emissions
for three building components and three fuel types for heat-
ing. Although the heating degree-day value of Oslo is high, the
thermal transmittances value of the building envelope are kept
low, and fuel consumption and therefore emission amounts
are low. However, in Sarajevo, the highest fuel consumption
and emission amount occurs because an appropriate balance
is not established between the heating degree-day and the
thermal transmittance value of the building envelope. In An-
kara, better results were obtained in terms of fuel consump-
tion and emissions among the 20 selected European capitals.
This shows that there is a more balanced situation between
the heating degree-day and the building envelope thermal
transmittance values. However, when we look at capital cities
such as Oslo and Stockholm, it is seen that the thermal trans-
mittance value of the building envelope should be reduced.
CO, and SO, emissions do not include emissions during the
production, transportation, and installation of insulation and
materials. It covers only the CO, and SO, emissions that will
occur as a result of the burning of fuels such as coal, natural
gas, and fuel-oil fuels for heating and cooling purposes.

The highest cooling degree-day value was determined
as 734 in Athens, the capital of Greece, and the lowest as
13 in Oslo, the capital of Norway. Accordingly, it has been
calculated that the highest electricity consumption for three
building components and three fuel types for cooling and
the highest associated CO, and SO emissions occur in
Athens, the capital of Greece. In this case, it is seen that a
balance cannot be achieved between both the cooling de-
gree-day value of Athens and the thermal transmittance
values of the building envelope. It was determined that the
lowest electricity consumption occurred in Oslo, the cap-
ital of Norway. It is seen that a balance has been achieved
between the cooling degree-day and the thermal transmit-
tance values of the building envelope in Oslo. Ankara, on the
other hand, achieved slightly better results than the average
values in terms of electricity consumption and emissions
among the 20 selected European capitals. This shows that
there is a more balanced situation between the cooling de-
gree-day and the building envelope thermal transmittance
value. The effect of pollutant emissions such as CO, and
SO, released into the atmosphere depending on the thermal
transmittance value of the building envelope of Ankara, the
capital of our country, was investigated and compared with
the capitals of other European countries. In this respect, the
study has contributed to the literature with a new perspec-
tive. The adequacy of the standards in our country on the
combustion of the fuels required for the energy needs of
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the buildings and the effect of pollutant emissions on the
atmosphere has been examined. The important parameter
here is the building envelope thermal transmittance values.
As a result, the emissions of fuels to be used when heat-
ing and cooling buildings are a very effective parameter in
global heating. It is very important to reduce the heat losses
of buildings in the formation of these emissions. The most
effective way to reduce this is to reduce thermal transmit-
tance values by insulating. With the lower thermal trans-
mittance values of the building envelopes, there will be less
heat loss and therefore less emission to the environment.
For this purpose, it is considered to carry out different stud-
ies on what can be done to reduce building heat losses for
future studies. For example, green roof applications, the use
of ecological thermal insulation materials, the use of new
technological thermal insulation materials with low heat
conductivity coeflicient, increasing the use of renewable
energy such as sun and wind in buildings can be counted.
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1. INTRODUCTION

ABSTRACT

Due to high energy consumption by building and a resultant increasing cost, it is imperative
that a solution be sought after with the aim of achieving low energy housing delivery. This
study aimed at assessing the availability, knowledge and importance of low impact building
materials in the delivery of low energy housing. Low impact materials suitable for low energy
housing delivery and how they are locally obtained in the study areas were identified, occu-
pants’ preference in the selection of low impact construction material for housing delivery
were examined and the application of low impact material for low energy housing delivery
in the study area were determined. The research focused mainly on three states in north cen-
tral Nigeria namely; Niger, Kogi and FCT Abuja. Quantitative research method was used and
weighted mean of responses were ranked in an ordinal manner from 236 respondents. The re-
spondents were not aware of low impact materials as they were only aware and accustomed to
using sandcrete blocks and burnt clay bricks. The outcome of the correlation established that
the most preferred building material is the sandcrete block, showing a positive relationship
with durability and structural performance as the influencers.
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will go a long way to reduce the negative impact residential
buildings can have in the urban environment. All buildings

Due to the continuous increase in urban population
in Nigeria, the need and importance of housing in society
cannot be overemphasized. According to [1], affordable
housing can be achieved through sustainability by incor-
porating environmentally friendly and community based
principles through the choice of construction material. This

*Corresponding author.
*E-mail address: fkakande225@googlemail.com

which aim to reduce their impact on the environment could
be called, at least, ‘lower impact’ but the term has come to
mean those buildings using largely natural or organic mate-
rials. Such as, Compressed Earth Brick (CEB), Hydra Form
(Interlocking Bricks), Timber, Clay, Lime, Rammed Earth,
Cob, Straw, Hemp, Bamboo and Stone.
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Figure 1. (a) stabilized interlocking bricks, (b) straw (thatch), (c) Adobe, (d) Bamboo. Source: [7, 8].

Adequate housing delivery has been the target of many
third world countries including Nigeria. The housing defi-
cit of Nigeria falls at the range of 14 million housing units
[2] and 17 million housing units. In a third world coun-
try like Nigeria, low energy and affordable housing have
always been a far cry for an average Nigerian, despite all the
strategies formulated by government to overcome shortage
of houses by creating low energy and affordable housing
scheme [3]. According to [4] it was revealed that 60% of the
total housing expenditure goes for the purchase of building
materials. Also one of the major challenges to poor hous-
ing delivery is high cost of building material, which is as a
result of continuous importation of building and construc-
tion material from foreign countries.

This paper focused on assessing the availability, knowl-
edge and importance of low impact building materials in
the delivery of low energy housing, by identifying low im-
pact materials suitable for low energy housing delivery and
how they are locally obtained. It examined occupants’ pref-
erence in the selection of low impact construction materials
for housing delivery and determined the application of low
impact materials for low energy housing delivery within
three north central states namely; Niger State, Kogi State
and FCT Abuja.

2. LITERATURE REVIEW

2.1 Provision of Low Energy Housing in Nigeria

According to [5] a low-energy new building is a building
that is designed to achieve or to come close to the passive
house standard and one where passive house or similar qual-
ity processes are followed to ensure that design energy use is
realised in practice without compromising occupant comfort
and satisfaction. In order to realise sustainable housing pro-
vision, the housing needs of the Nigerian population have to
be put into proper focus and coordinated programmes. This
need to be thoroughly worked out, with due consideration
given to low impact materials available in Nigeria.

2.2 Low Impact Material in Nigeria

The introduction of modern technologies such as the
concrete blocks and slabs during the industrial periods had
relegated traditional components and methods to the back-
ground. Meanwhile, this new material did not provide same

comfort as the traditional and locally sourced building ma-
terial. Native dwellers rather have settled for the high taste of
fashion, modernity, expressed of advancement and show of
affluence and status in place of the sustainability that local and
low impact material have to offer. Recently, more attention is
been given to building material that can be very affordable and
still deliver the same modern needs [6]. Hence, it is important
to pigeonhole materials into five main groupings namely.
o Short term renewable origin (timber, wool, straw)
o Extracted or mined (earth, sand and gravel)
o Extracted and further processed (lime, cement, plaster,
slate, stone, brick)
o Extracted and highly processed (steel, glass and plastics)
« Recycled or reclaimed (reused timber, brick, aggregate,
steel, glass, insulation)
Some common low-impact building materials that can
be sourced locally in Nigeria are shown in Figure 1 above.

2.3 Energy Use in Buildings

To achieve a material where the energy needed in the
dynamics of that material is low, one needs to understand
how this energy is derived in its various components. A
building’s lifecycle energy comprises its embodied and
operational energy [9-14]. Numerous authors such as [13
-15] have categorized embodied energy of buildings into
three components namely; Initial embodied energy (IEE),
Recurrent embodied energy (REE), Demolition embodied
energy (DEE).

2.3.1 Initial Embodied Energy (IEE)

This is the energy consumed in the production pro-
cess of a product, from the extraction of raw materials and
processing of natural resources to the manufacturing and
transport of products to building construction sites. It also
includes the energy that is directly associated with the con-
struction activities. IEE is thus all the energy that is con-
sumed in the pre-use phase of the building’s lifecycle [15].

2.3.2 Recurrent Embodied Energy (REE)

This refers to the energy required to maintain, repair,
and/or refurbish the buildings during their service life.
REE is a function of how a building is used by its occu-
pants, the maintenance demands of the occupants, the
service life of the building, and the life span and quality
of the materials and components [13].
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2.3.3 Demolition Embodied Energy (DEE)

This is the energy consumed to destroy the building
at the end of its lifecycle, recycle and re-use some compo-
nents, and dispose of others by transporting the debris and
waste to landfills or incinerators [14].

2.4 Operational Energy in Residential Buildings

Among the parameters for assessing sustainable build-
ings is operation energy. It is described as the energy used
in keeping the indoor environment within the acceptable
range and other human activities [16]. Operational energy
can vary depending on the level of luxury essential to oc-
cupants, the predominant climatic environments as well as
the operational plan [17]. Meanwhile, the energy expend-
ed by the occupants is referred to as delivered energy [18],
while the energy embodied in resources found in nature:
chemical energy embodied in fossil fuels (coal, oil, and nat-
ural gas) is known as primary energy.

2.5 Embodied Carbon Emission

According to [19] 8.1 Gt of carbon dioxides is added to
the global system as a result of high impact buildings. The
global system experiences a harsh impact as a result of high
emission of carbon dioxide [20]. The Durban, South Africa,
International Union of Architect (UIA) conference held in
2014 by the Architecture profession, jointly projected 2050
as year from which building will experience zero carbon
emission. Developed countries are known to generate the
greatest emission, however the greatest impact is felt in de-
veloping countries. CO,, hydrocarbons, Nitrogen Oxides
(NOy) Sulphur dioxide (SO,), Carbon-monoxide (CO) are
known as industrial flue gas responsible for greenhouse ef-
fect [21]. Energy used during construction and utilization
process is largely responsible for CO; in building [20]. En-
ergy utilization and CO, emission to our natural environ-
ment can be largely traced to procurement and operation
of majorly residential building. From the analysis made
by [22] approximately 40% global energy utilization, 60%
global electricity usage and 30% global GHG emission are
traced to buildings.

3. RESEARCH METHODOLOGY

3.1 The Research Method

The research method adopted in this research process
is quantitative research method with comparative research
approach. According to [23] comparative analysis is con-
ducted mainly to explain and gain a better understanding
of the causal processes involved in the creation of an event,
feature or relationship usually by bringing together varia-
tions in the explanatory variable or variables.

3.2 The Survey Design
Primary data was collected with the aid of a structured
questionnaire as the research instrument to determine us-

ers preference as regards the use of low impact materials. To
achieve the objectives of this study, a structured question-
naire comprising range of skills established in the literature
was designed to determine users’ preference in relation to
the application of low impact materials. The questionnaire
was piloted several times in order to validate and improve
the survey.

3.3 The Instrument

The survey questions were crafted in simple and
straightforward English that is easy to understand to pre-
vent the participants from giving up midway through the
survey. It uses two types of closed-ended questions, namely
the Checklist and Likert item/scale. The predetermined re-
plies were made comprehensive to capture most materials
shared by previous researchers who had done similar study.

3.4 Sampling

The target population of the study are general occupants
of residential buildings and professionals of the built envi-
ronment. The sample for the survey span across three re-
gions of North Central Nigeria; namely, Niger State, Kogi
State and FCT Abuja. For Niger State the regions of Bosso
and Gidan Kwano were surveyed in Bosso Local Govern-
ment Area, for Kogi state, Lokoja was surveyed and for FCT
Abuja, Bwari, Wuse, Amac, Asokoro, Jahi and Garki areas
were surveyed. The survey questionnaire was distributed
using a convenience sampling method to reach both the
professionals and non-professionals in the building indus-
try. Several avenues were employed to send out question-
naires such as emails, personal messages and others posted
on social media channels. The respondents were encour-
aged to share the questionnaires among their network so
as to enable the questionnaire to reach beyond the imme-
diate social and professional network of the respondents.
This helped to increase the number of respondents as well
as enhanced the external validity of the study. This is in ac-
cordance with survey strategies employed by [24].

3.5 Data Analysis

To achieve the set objectives, comparative analysis with
the use of ordinal scale for ranking based on weighted mean
and weighted scores and a bivariate correlation were used
to analyze the responses gotten from the survey. Descrip-
tive analysis was used to summarize respondents’ demo-
graphic data while inferential statistics were used to achieve
the problems itemized in the objectives.

3.5.1 Validity and Reliability

Prior to the analyses, a reliability test using Cronbach
alpha was undertaken as obtained from SPSS 25. Content
and construct validity were used to obtain the reliability
and validity of the measurement items used in the study.
According to [25] content validity is the extent to which
a scale measures a concept that it is intended to measure.
Construct validity shows how well a test or experiment
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measures up to its claims [26]. For multiple scales, Cron-
bach alpha measures internal consistency and indicates the
consistency of responses [27]. The Cronbach alpha based
standardized items obtained is 0.75 (Table 1) which means
that the data is reliable.

3.5.2 Descriptive Statistics

Descriptive statistics was used to establish occupants’
demographics in form of tables as well as the availability of
low impact materials in the study area. According to [28]
descriptive statistics is the process that analyzes quantita-
tively summarized data. Specifically, the weighted scores
and the weighted mean of each statement were computed
and ranked using the ordinal scale (Table 2). Ordinal rank-
ing makes use of ordinal numbers such as 1,2,3,4, to rank
a set of items based on a casual relation in an ascending or
descending order.

3.5.3 Inferential Statistics

Inferential statistics was employed to make inferences
about a population based on data that was gathered from
the sample of the study. Correlation was used to derive in-
ferences based on the relationship between the variables
from the sample population. The correlation coefficient in
this study was achieved using SPSS 25.

4. RESULTS, FINDINGS AND DISCUSSION

A total of 236 respondents were recoded from the 250
questionnaires administered. This shows a response rate
of 94.4% [30]. Had a 77% response rate in a study on the
built environment. Based on gender, males have a greater
outcome with a frequency of 163 respondents as against
females with 73 respondents as shown in Table 3. The in-
crease in the male populace is as the result of the domi-
nance of males in the building industry.

According to Table 4 and Table 5, self-employed, regular
salaried and students came up with the highest frequencies
having a combined percentage of 90.9%, having 79.2% of
the respondents’ income which falls below N100,000. This
is barely enough to build a decent house with the current
economic situation.

The Nigerian Government places the minimum wage of
every worker at N30, 000 which is very low yet 26.7% of
the respondents earn below N20, 000. This agrees with the
assessment of World Bank which generally places Nigeria at
the low middle class income level as of 2020.

Considering the nature of the study, it is important to
validate the understanding of the concept of low energy
material through the level of education. 87.7% of the re-
spondents have post-secondary qualification which means
that data obtained is from a well-educated sampled popu-
lace (Table 6).

Due to the nature of this research, some aspects were
covered strictly by professionals. Table 7 shows the distribu-

Table 1. Summary of the reliability statistics for the questionnaire
survey

Cronbach's Cronbach's Number of Number of
Alpha Alpha questions Items
based on
standardized
items
0.708 0.750 17 68

Table 2. Interpretation of Mean Scores for Individual Statements
(adapted from [29] p.245)

Range of mean Quantitative Qualitative
description description

4.21 to 5.00 5 Strongly agree

3.41to0 4.20 4 Agree

2.61 to 3.40 3 Neutral

1.81 to 2.60 2 Disagree

1to 1.80 1 Strongly disagree

Table 3. Distribution of respondents based on gender

Gender Frequency Percentage
Male 163 69.1
Female 73 30.9
Total 236 100

Table 4. Distribution of respondents based on occupation

Occupation Frequency Percentage
Self-employed/business 48 20.3
Regular salaried (private) 65 27.5
Regular salaried (government) 40 16.9
Casual/daily wage worker 07 3.0
Student 63 26.7
Housewife 01 0.4
Unemployment 08 34
Retired 04 1.7
Total 236 100

Table 5. Distribution of respondents based on income

Income Frequency Percentage
Below %20,000 63 26.7
¥20,000-%50,000 42 17.8
%51,000-%80,000 45 19.1
%¥81,000-%100,000 37 15.7
N100,000 and above 49 20.8
Total 236 100
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Table 6. Distribution of respondents based on education level

Table 9. Professional membership of professional respondents

Educational level Frequency Percentage Professional body membership Frequency Percentage
Qur'anic education 04 1.7 Nil 22 22
Primary education 02 0.8 NIA (Nigerian Institute of Architects) 23 23
Secondary school 23 9.7 NIOB (Nigerian Institute of Builders) 11 11
Post-secondary qualification 157 66.5 NIQS (Nigerian Institute of quantity
Post-graduate qualification 50 21.2 surveyors) 12 12
Total 236 100 NIS (Nigerian Institute of Surveyors) 02 02
NIESV (Nigerian Institute of Estate
I 11 11
Table 7. Distribution of respondents that are built environment Surveyors and valuers)
professionals NICE (Nigerian Institute of civil
Engineers) 06 06
Built environmental professional Frequency Percentage CIPMN(Chartered Institute of
Architect 27 27.0 Project Managers of Nigeria) 04 04
Quantity surveyor 16 16.0 NITP (Nigerian Institute
Town planner 13 13.0 of Town Planners) 09 09
Builder 14 140 Total 100 100
Developer 5 5.0
Estate Valuer/surveyor 12 12.0 Table 10,' Materials used by the respondents in building
construction
Civil Engineer 5 5.0
Land surveyor 3 30 Materials used or specified Frequency Percen;age Rank
use
Project manager 5 5.0
Total 100 100 Straw (thatch from grasses,
rice husk) 70 29.7 6
Mud brick: 105 44.5 3rd
Table 8. Years of professional practice of professional respondents HADHCES
Stone 88 37.3 4%
Professional practice (years) Frequency Percentage o . 20 85 gt
0-5 50 50 Timber 168 71.2 2nd
6-10 27 27 Interlocking bricks 41 17.4 7t
11-15 11 11 Burnt clay bricks 80 33.9 5t
16-20 04 04 Sand crete blocks 218 92.4 I
Above 20 08 08
Total 100 100

tion of 100 professional respondents into the various fields
of the built environment with architects (27%) been the
highest as they are the ones closest to the clients to influ-
ence decisions as regards choice of materials as well as they
are the original designers of the houses.

The majority of the professionals have between 0-5
years (50%) which shows a young influx of professionals
with 12% at 16 and above years (Table 8). This distribution
creates a balance of older experience as well as a young
workforce who can implement the adoption of low impact
materials for low energy housing delivery.

The result from Table 11 shows the knowledge of how
available low impact materials are in the study area. How-
ever, the respondents are majorly conversant with sandcrete
block which ranks 1* with a weighted mean of 4.64. This
agrees with similar studies conducted in Ethiopia by [31]
with cement been the widely known and used material. It

further showed that the low impact materials such as mud-
bricks, straw, interlocking bricks and bamboo rank 4%, 6,
7% and 8™ respectively are not well known in comparison
with sandcrete blocks. Stone and timber rank 2™ and 3%
and respectively [32]. Stated that bamboo is commonly
found in the rain forests regions in Nigeria which agrees to
it ranking as the least known material in the north central
region. Sandcrete block ranked 1% as the most used material
from Tables 10 and 12 respectively. This shows that these
areas use high impact materials more due to the high con-
tent of cement in the sandcrete blocks [22]. Observed from
findings that the cement and steel in the usage of sandcrete
block alongside with reinforcements amount for 44% from
cradle-to-grave energy and 57% of the material energy. This
places sandcrete block on a high energy profile. However,
mud bricks, timber, stone, bamboo, straw and interlocking
bricks which ranks lower compared to sandcrete blocks
from both tables in terms of usage have lower embodied
energy and embodied carbon emission. According to ICE,
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Table 11. Knowledge of the availability of low impact materials in the study

Low impact materials Weighted score Weighted mean Decision rule Rank

Straw (thatch from grasses) 818 3.47 Quite knowledgeable 6t

Mud bricks 945 4.00 Quite knowledgeable 4t

Stone 979 4.15 Quite knowledgeable 2nd

Bamboo 699 2.96 Barely knowledgeable gh

Timber 971 4.11 Quite knowledgeable 3t

Interlocking bricks 750 3.18 Barely knowledgeable 7t

Burnt clay bricks 931 3.94 Quite knowledgeable 5th

Sand crete blocks 1095 4.64 Highly knowledgeable I

Table 12. Level of usage of the mentioned materials as a walling material

Low impact materials Weighted score Weighted mean Decision rule Rank

Straw (thatch from grasses) 543 2.30 Not used 8th

Mud bricks 793 3.36 Barely used 4

Stone 785 3.32 Barely used 5t

Bamboo 581 246 Not used 7t

Timber 837 3.55 Often used 3t

Interlocking bricks 655 2.78 Barely used 6t

Burnt clay bricks 869 3.68 Often used 2nd

Sand crete blocks 1121 4.75 Most used I

Table 13. Locations where materials can be obtained

Material Source in the study area

Straw (thatch from grasses) Dried grasses and husks from rice farming, typical to FCT Abuja and Niger State

Mud bricks Readily available in local areas of the study areas which entails digging the earth

Stone Quarrying activities are seen in locations like Dutsen Kura, Maikunkele all in Niger State.

Bamboo Pocket of bamboo clumps is found in Niger, Taraba, Plateau and Abuja (Atanda, 2015)

Timber Timber is scarcely found in Abuja and Niger state been in the Sudan Savannah, but can be obtained
in Kogi State as it is a derived Savanah (a transition from rain forest to savannah)

Interlocking bricks It is not widely used as its practice in Nigeria is still at the early stage.

Burnt clay bricks Produced in Niger state along Minna- paikoro road chanchaga.

Sand crete blocks Readily available in all block industries in the towns of the study area

Table 14. Respondents preferred choice material for construction

Low impact materials Weighted score Weighted mean Decision rule Rank

Straw (thatch from grasses) 448 1.90 Not preferred 8

Mud bricks 569 241 Not preferred 7t

Stone 724 3.07 Neutral 5th

Bamboo 612 2.59 Not preferred 6

Timber 837 3.55 Preferred 3t

Interlocking bricks 765 3.24 Neutral 4

Burnt clay bricks 880 3.73 Preferred 2nd

Sand crete blocks 965 4.09 Preferred I

steel and cement have high carbon emission of 2.7 CO,/kg
and 1.0 CO,/kg. Timber, bricks, straw and stone on the oth-

er hand have carbon emissions of 0.3 CO_/kg, 0.2 CO,/kg,
0.1 CO,/kg and 0.1 CO,/kg respectively.
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Table 15. Factors that influenced respondents’ choice of preferred materials

Preference Frequency Percentage Rank
Buildability 38 16.1 4t
Aesthetics 36 15.3 5t
Structural performance 44 18.6 2nd
Sustainability 07 3.0 7t
Reduced total cost of building 42 17.8 3t
Durability 52 22.0 1
Readily available 09 3.8 6"
Accessibility 07 3.0 7t
Lack of knowledge about other materials 01 0.4 9t
Table 16. Factors that influenced respondents’ choice of preferred materials

Low impact materials WS WM  Decisionrule Rank
Straw is easy to maintain 201 2.09 Disagree 8h
Mud bricks is easy to maintain once plastered 289 3.01 Neutral 6t
Stone is the easiest to maintain 322 3.35 Neutral 4*
Bamboo is does not need added treatment for its maintenance 270 2.81 Neutral 7t
Timber can only be maintained if treated against pest 351 3.66 Agree 2nd
Interlocking bricks can be easily maintained if the technical skill in construction is high 323 3.36 Neutral 3t
Burnt clay bricks can be maintained easily just the way it is 321 3.34 Neutral 5t
Sandcrete blocks can be easily maintained. 412 4.29 Strongly agree I

Occupants preference as seen from Table 14 shows that
sandcrete blocks, burnt clay bricks and timber are the pre-
ferred materials for building construction with a ranking
of 1%, 2" and 3" respectively. This finding agrees with [33],
who stated that the most common buildings both residen-
tial and public in urban centres in Nigeria are built typical
with sandcrete blocks, concrete and timber. This further
buttresses the fact that the occupants most preferred mate-
rial has a negative impact to the environment and a need to
switch to low impact materials. Low impact materials such
as mud bricks, bamboo and straw were not preferred at all
and they ranked 6%, 7 and 8% respectively. The occupants
were neutral to interlocking blocks as well as stone which
ranked 4" and 5" respectively.

Figures from Table 15 indicates that the respondents
considered factors that influenced firmness ahead of aes-
thetics when choosing their materials. Durability and
structural performance were the most influencers rank-
ing 1% and 2™ respectively. Reduced total cost of building
came 3™ while buildability came 4%, which entails that the
respondents do not mind spending a little more on the
materials as long as durability, structural performance and
buildability are seen in that material. This is the reason why
sandcrete blocks and burnt clay bricks were the most pre-
ferred materials. Aesthetics came 5™ as well as sustainabil-
ity coming 7®. This shows the level of knowledge that can
be found amongst the respondents as regards sustainability

and low energy materials. However, the respondents were
neutral to interlocking blocks (hydraforms) also known as
CSEB (Compressed Stabilized Earth Blocks) and did not
prefer bamboo. These two materials can achieve durability,
structural performance, buildability factors as well as syn-
ergizing aesthetics and sustainability for low energy hous-
ing delivery [33]. Stated that hydraforms are easy to build,
less expensive [34]. In a test on Hydraform blocks came up
with a compressive strength value as high as 4.6 MPa which
was higher than the recommended 1 MPa for masonry
units for all the blocks in Mettu, Nopa and Hurumu regions
in Ethiopia [35]. Established that bamboo is light weight,
easy to transport [37]; stated that bamboo has a compres-
sive strength of 23.8 MPa at the top for untreated ones and
36.60 MPa at the top for treated ones. Hydraform blocks
and Bamboo are great alternatives to the sandcrete blocks
which are as well durable and also have a good compressive
strength for residential buildings.

The cost and energy expended in maintaining a build-
ing falls under recurrent embodied energy. This influences
the total embodied energy of the building. It can be seen
from the respondents’ responses in Table 16 that sandcrete
blocks can be easily maintained as it is the most used and
widely known. The neutral response to bamboo, hydra-
form, bricks and stone shows lack of adequate knowledge of
the maintenance culture of materials. This factor influenced
the reason why sustainability ranked 7" in the influencers
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Table 17. Correlation between factors that influenced respondents’ choice of preferred materials and the preferred

Variables  Buildability Aesthetics Structural Sustainability Reduced total Durability Lackof Readily Accessibility
perform. cost of bld. knowl.  avail.
Straw 0.056 0.043 0.045 -0.099 0.198*** -0.237°0¢* -0.063  -0.054 0.000
Significance 0.392 0.512 0.493 0.131 0.002 0.000 0.337 0.405 0.998
Mudbricks 0.097 0.079 -0.095 -0.020 0.159** -0.152** 0.039 -0.157 0.031
Significance 0.136 0.224 0.148 0.765 0.014 0.020 0.553 0.016 0.633
Stone -0.041 -0.067 0.114* 0.029 -0.185%** 0.062 0.105 0.096 0.056
Significance 0.532 0.308 0.080 0.662 0.004 0.345 0.109 0.140 0.388
Bamboo -0.019 0.217%* -0.082 -0.071 0.359%%¢ -0.3440* -0.075  -0.058 -0.035
Significance 0.770 0.001 0.210 0.278 0.000 0.000 0.251 0.376 0.590
Timber 0.009 0.165** -0.221 -0.013 0.199* -0.078 -0.050  -0.068 -0.013
Significance 0.885 0.011 0.001 0.845 0.002 0.231 0.445 0.301 0.845
Interlocking -0.024 -0.008 0.164** 0.098 -0.040 -0.164** -0.064  -0.045 0.160**
Significance 0.709 0.907 0.012 0.134 0.546 0.011 0.326 0.494 0.014
Burnt clay -0.052 -0.022 0.146** 0.077 -0.002 -0.139** -0.093  -0.012 0.137**
Significance 0.429 0.742 0.025 0.240 0.978 0.033 0.154 0.849 0.035
Sandcrete -0.005 -0.066 0.031 0.023 -0.330** 0.255%* 0.067  0.115* 0.023
Significance 0.936 0.315 0.640 0.727 0.000 0.000 0.307 0.079 0.727
Table 18. Importance of low impact materials
Potentials/importance WS WM Decisionrule Rank
A reduced total embodied energy of the building 403 4.20 Agree I
A reduced total embodied carbon emission 398 415 Agree 2nd
Reduces the cost of construction 395 411 Agree 3t
Reduces the cost incurred in day to day heating and cooling processes.(operational energy) 390  4.06 Agree 4"
Reduces environmental pollution through reuse of materials 369 3.84 Agree 5t

of preferred materials. Bamboo needs treatment which
does not only improves its life span as a result of improved
maintenance, it increases it compressive strength [36]. Mud
bricks are easy to maintain once plastered. However, [37],
iterated that steel moulded bricks bounded with mud plas-
ter and plastered with sandcrete, gives the least amount of
cracks compared to those moulded with wooden moulds.

From the table of correlation in Table 17, buttresses the
fact that the users’ preferred choice of building material
been sandcrete have a relationship with topped ranked in-
fluencers been durability and structural performance. An
alpha level of coefficient of correlation (r) for relationship
within the bivariate data is placed at 0.01 and the level of
significance (p) is placed at 0.05. There exists a positive rela-
tionship between sandcrete block and durability based with
a r value of 0.225. This relationship is statistically signifi-
cant. It means that the major reason for choosing sandcrete
block is due to its durability, with high cost been the real
cost. Reduced total cost showed a negative relationship with
sandcrete blocks with a r value of -0.330. This shows that
there is a relationship between cost and sandcrete blocks
but a high cost is needed to achieve it.

Burnt clay bricks ranked 2™ from the weighted mean
and it showed a positive relationship with structural per-
formance (r=0.146) and a negative relationship with dura-
bility (r=-0.139) with both showing statistical significance.
Both burnt clay bricks and sandcrete block have a high-
er impact compared to bamboo and hydraform. Bamboo
showed a positive relationship with aesthetics (r=0.217)
and reduced total building cost (r=0.359), both outcomes
are statistically significant. It showed a relationship be-
tween durability but a negative one. This means that the
bamboo is a material that is durable, cost effective and
aesthetically pleasing. Hydraform showed a positive rela-
tionship with structural performance (r=0.164) and acces-
sibility (r=0.160). This means structurally it is ok. It is eas-
ily accessible as it is produced on site. It however showed
a negative relationship with durability (r=-0.139). The
correlation that bamboo and hydraform has shown with
structural performance and durability shows that it can
serve as an adequate alternative to sandcrete blocks and
burnt clay which have a higher impact on the environment.

When the importance and advantages of low energy mate-
rials are established, application becomes possible as it will be
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Table 19. Respondent’s agreement to the strategies of infusing low impact materials to building

Statements WS WM Decisionrule Rank
Public awareness as regards the benefits of these materials 393 4.09 Agree 3t
Training of specialists in the construction of low energy materials 422 440  Strongly agree IS
Creating and implementing policies that will improve its usage 413 430  Strongly agree 2nd
Creating a maximum standard for embodied energy to a range of housing types 386  4.02 Agree 4*
Number of professional respondents=96; WS: Weighted score; WM: Weighted mean.

Table 20. Respondent’s agreement to barriers preventing the integration of low energy materials

Statements WS WM Decisionrule Rank
Lack of awareness by the users 389  4.05 Agree I
Mindset of seeing low energy materials as an indicator of been poor 361  3.76 Agree 5th
Occupants low income class 330 3.44 Agree 7t
The poor outlook of the finished product 351  3.67 Agree 6t
The life span of the material 368  3.83 Agree 4
Clients preferred choice as regards the materials 372 3.88 Agree 2nd
Lack of database on the impact placed by high impact materials on the environment 372 3.88 Agree 2nd
Number of respondents=96; WS: Weighted score; WM: Weighted mean.

Table 21. Respondent’s level of agreement to strategies for improving the awareness of low energy materials

Statements WS WM Decisionrule Rank
Public enlightenment on the impact of high energy materials. 411 428  Strongly agree 31
A constant use of these materials by the building professionals and developers. 419 436  Strongly agree 2
Societal Enlightenment as against the mindset that low impact materials is for the

poor who cannot afford expensive high energy materials. 408 425  Strongly agree 4
Integrating the use of low impact materials in the curriculum of Architecture

Engineering and Construction (AEC) education 424 442  Strongly agree I

Number of professional respondents=96; WS: Weighted score; WM: Weighted mean.

easily accepted. Table 18 showed the professional respondents’
response with regards to level of agreement with respect to im-
portance of low energy materials. All statements were agreed
to which shows that the respondents are well aware of the ben-
efits of these materials. [31] agrees that low impact materials
reduce total embodied energy and total embodied carbon
emission and reduces environmental pollution through reuse
and recycling of materials. [38] agrees that low impact materi-
als result in sustainable homes which is relevant to reduce cost
of construction as well as reduce operational energy.

Table 19 shows agreement by the respondents to all
the strategies that will infuse low energy materials into the
building industry. Training specialists in the construction
of low energy materials ranks top as agreed by [31]. This
means that the professionals have interest in sustainable
construction practices. Policies should be created and im-
plemented by professional bodies backed with the power of
the government [39]. Agrees as they suggested government
creates a conducive environment that will improve the us-
age of low energy materials. The public are not left out and

as such they should be an enlightenment towards the bene-
fits and use of low energy materials.

Barriers inhibit the progress of any phenomena in a giv-
en space. As advantageous as low energy materials are, their
use can be hindered. Table 20 shows all possible statements
that can prevent the adoption of low energy materials fully
for housing delivery. Topping the list is lack of awareness
by the end users. These are the clients and they need to be
aware of the existence of these materials. Clients preferred
choice as established in objective two shows that durability
is their prime focus. It also shows that though occupant’s
income level inhibits the integration of low energy materi-
als, it is not a simile strong inhibitor as long as the client is
knowledgeable and satisfied with the output.

As established from Table 20, lack of awareness is the
strongest inhibitor to the integration of low energy materi-
als in housing delivery. Table 21 shows strategies to improve
awareness. Adding the knowledge of low energy materials
to the curriculum of Architecture Engineering and Con-
struction (AEC) education ranks first [39]. Agrees to this
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and a review of the AEC curriculum be done. The profes-
sionals and developers can help by constantly using low en-
ergy materials in construction while ensuring that the pub-
lic understands the impact high energy materials have on
the society. Societal enlightenment against stigma attached
to the use of low energy materials has been poor ranked 4%
but still has a significant impact.

5. RECOMMENDATIONS AND CONCLUSION

5.1 Recommendations

From the study, the following recommendations will
be of great help which are categorized. Strategies that can
result in the integration of low impact materials for low en-
ergy housing delivery include;

o Public awareness as regards the benefits of these materials

o Training of specialists in the construction and use of
low energy materials

« Creating and implementing policies that will improve
its usage by professional bodies and the government

o Creating a maximum standard for embodied energy to
a range of housing types.

o The outlook of the finished product should be improved
upon to look aesthetically pleasing

o The compressive strength of the materials should be
improved so as to improve durability, structural perfor-
mance and life span of the material.

o The public should be enlightened on maintenance poli-
cies and strategies that will make the use of these mate-
rials sustainable

« High impact materials should be reused or recycled to
reduce the embodied carbon emission as well as em-
bodied energy emitted.

Strategies to improving awareness amongst the masses of
the existence and application of low impact materials
include;

« Public enlightenment on the impact of high energy ma-
terials.

o A constant use of these materials by the building profes-
sionals and developers.

o Societal enlightenment as against the mindset that low
impact materials is for the poor who cannot afford ex-
pensive high energy materials.

+ Integrating the use of low impact materials in the cur-
riculum of Architecture Engineering and Construction
(AEC) education.

5.2 CONCLUSION

The aim of this study focused on assessing the availabil-
ity, knowledge and importance of low impact building ma-
terials in the delivery of low energy housing. In achieving
this aim, a threefold objective was set each tied to a research
question. The first objective identified low impact materials
suitable for low energy housing delivery and how they are

locally obtained in the study areas. It was discovered that the
occupants in the study area are more conversant with the use
of sandcrete blocks and timber in their construction prac-
tices. The second objective focused on examining the occu-
pants’ preference in the selection of low impact construction
materials for housing delivery. Nine variables were consid-
ered as influencers in the choice of the most preferred mate-
rial. Sandcrete blocks and burnt clay bricks came out as the
most preferred material with durability and structural per-
formance been the major influencers. Although some of the
unknown materials like bamboo and hydraform with good
durability and structural performance were not chosen be-
cause of lack of knowledge. The third objective focused on
determining the application of low impact material for low
energy housing delivery in the study areas. The importance
of low impact materials was established with strategies that
can integrate low impact materials into low energy housing
delivery as well as strategies that can improve the awareness
of these materials established. Inhibitors to the application
of low impact materials were also discovered. Conclusively,
low impact materials have the potential to reduce the nega-
tive impact on the environment caused by high impact ma-
terials as well reducing the embodied energy of the building
and operational energy. This is a sustainable construction
practice and as such its knowledge and importance should
be widely known as well as its application.
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In recent years, wildfires have devastated many regions in many countries, especially in Tur-
key. In addition to the loss of human lives, villages and business facilities have been destroyed,
livestock and domestic animals have perished, and forests and natural assets have burned. The
wildfires have affected tourism and agriculture, which account for a large part of economic
activity and employment in many of the affected areas. There was also significant destruction
of local infrastructure, including roads, power, telecommunications, and community facilities.
Some of the paving stones on the roads affected by the Manavgat wildfires were also burnt.
The replacement of concrete paving stones used in pavements has both economic and envi-

ronmental negative impacts. The reuse of these stones is important for the regional economy.

Cite this article as: Peker MA. Evaluation of concrete pavers affected by Manavgat
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1. INTRODUCTION

Global warming is the most serious problem in history
which humankind faceoff. Climate change is affecting me-
teorological balance of weather and threatening food pro-
duction, water and energy security and causing variability
in temperature, precipitation and evaporation patterns. Cli-
mate change increases forest fire risk depending on high air
temperature and low humidity weather especially in sub-
tropical ecoregions such as Mediterranean climate zones
(i.e, Turkey, Greece, Italy, Spain). The expected negative
impacts of climate change in these countries are heat waves,
increased forest fires and floods, etc. Every year, hundreds of
thousands of hectares burn in wild forest fires in European
Mediterranean countries. According to Intergovernmental
Panel on Climate Change (IPCC) assessment reports and
other national and international scientific studies, the im-
pact of climate change in the Mediterranean region, which

*Corresponding author.
*E-mail address: altug.peker@alanya.edu.tr

includes Turkey, will reach a level that would threaten the
countries' sustainable development and national securi-
ty. In light of this knowledge, Turkey is inevitably affected
by global warming. The Table 1 shows the city areas in the
Mediterranean that are burning [1-3].

Climate change has a number of negative effects that
raise the risk of fire in both direct and indirect ways. For
example, climate change leads to warmer than average
temperatures, which increases evaporation and leads to a
moisture deficit at the surface. Low soil moisture increases
the amount of dry bushfire fuel available (defined as dead
or living vegetation that affects fire intensity and rate).
Extreme heat and drought are one of the main triggers of
widespread bushfires. Anthropogenic climate change has
increased the likelihood of bushfires by at least 30% com-
pared to pre-industrial times, mainly due to extreme heat.
Climate change also indirectly affects the bushfire season by
influencing large-scale and regional factors [4].
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Table 1. Burned city areas by county, 2002-2003 [3]

Table 2. Compressive strengths of concrete paving stones

Area (km?) Area (km?)
Turkey 264.7 Portugal 10.8
Syria 2325 Serbia 10.5
Algeria 106.5 Lebanon 9.1
Morocco 70.5 Croatia 5.1
Bulgaria 63.1 Macedonia 4.6
Cyprus 57.7 Kosovo 1.0
Italy 54.6 Montenegro 0.7
Libya 30.5 Albania 0.5
Greece 30.4 Bosnia-Herzegovina 0.3
Israel 24.7 Malta 0.2
Tunisia 235 Other micro-statesa 0.2
Egypt 18.2 Jordan 0.0
France 15.0 Palestine 0.0
Spain 13.2 Slovenia 0.0

a: Andorra, Gibraltar, Monaco, San Marino, Vatican.

Climate change is extending the fire season in large ar-
eas worldwide by prolonging the hot weather of summer.
Between 1979 and 2013, an 18.7% increase in the seasonal
extent of fires was observed. The global burnable area has
doubled, and the frequency of long fire season has increased
by 53% of the global vegetated land area [4].

Wildfires are uncontrolled and nonprescribed burns
or fires of plants in a natural environment such as forest,
grassland, shrubland, or tundra that consume natural fu-
els and spread due to environmental conditions (e.g., wind,
topography). The zone where these fires occur at the edge
of the forest and where urban development has occurred is
usually referred to as the interface zone. Wildfires in a for-
ested area are referred to as forest fires and can cause great
damage if the interface zone spreads to properties or land
of economic value and to areas populated by people. In a
report published in 2015, Forest fires were the natural disas-
ters that most affected the Canadian economy. The damage
of the forest fires to the Canadian economy approached 6.5
billion dollars. Furthermore, in 2007 the worst wildfires in
recent Greek history - affecting 270,000 hectares of land -
caused estimated total damage of close to 3 billion euros
(1.3 percent of nominal Gross Domestic Product) [5-7].

Increasing urbanization and the accompanying urban
sprawl have been cited as a major cause of landscape change
in many countries around the world. Recent decades show
a steady shift of urban populations to the suburbs and the
expansion of cities towards forested areas. This change has
led to an increase in urban fringe areas that are either in
contact with or mixed with forest and rural areas. Especially
in the coastal and tourist areas of the European Mediterra-
nean countries, many small towns and resorts have been
built in or around natural and forest areas, mainly for their
recreational attractions and scenic beauty [8].

Paving stone type Strength Strength Strength
(MPa) (MPa) (MPa)
Unburned 36.24 36.01 35.87
Half-burned 48.72 49.67 50.14
Completely burned 50.61 50.97 50.91

The presence of residential developments in contact
with forested areas increases the vulnerability of these ar-
eas to fire damage. Uncontrolled wildfires can have disas-
trous consequences for properties and land use, and even
threaten human life. The contact zone between human in-
frastructure and wildland vegetation is referred to as the
wildland-urban interface (WUI). WUT areas are increasing
worldwide as the mixing of urban settlements and forested
areas increases due to (i) urban areas colonizing forested
areas and (ii) forested areas colonizing rural areas due to
rural migration. The WUI is central to the development of
wildfire management strategies in the United States, Cana-
da, Australia, and Europe, and extensive research has been
conducted on this topic in recent decades [9].

The contact zone between human infrastructure and
wild vegetation, the so-called wildland-urban interface
(WUI), has increased worldwide in recent decades and is
directly related to wildfire risk. Human activities increase
the likelihood of wildfires, which can have catastrophic
consequences for property and land use and pose a seri-
ous threat to human life. A study shows that Galicia has
the highest rate of forest fires in Spain. The results show
that more than half of the built-up area is in the WUI area
and that fires are about twice as likely to break out in WUI
areas than in non-WUI areas. Most wildfires occur in
non-forested areas of the WUI, while the lowest fire den-
sity is associated with isolated buildings. Areas with very
dense clusters of buildings surrounded by forested areas,
referred to here as near-urban areas, have the highest fire
density. This trend highlights the vulnerability of the in-
terface to fire in this region [9].

Natural disasters are a persistent danger to all critical
infrastructures. Severe storms, hurricanes, earthquakes,
tornadoes, volcanoes, drought, floods, landslides, tsu-
namis, and wildfires can all cause substantial property
and economic damage, as well as obstruct access to key
resources like power, water, transportation, and food.
Critical infrastructure and services will be damaged or
destroyed if they come into contact with a severe wildfire.
Transportation networks are disrupted by road closures,
with roads directly affected by the flames and heat remain-
ing closed until associated infrastructure can be replaced
and trees assessed. Restoring the road network is an im-
portant step for many affected communities to begin the
economic recovery process, particularly with regard to the
tourism industry [10, 11].
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Figure 1. Manavgat-Oymapinar Neighborhood.

The aim of this study is to help reduce the economic
impacts of forest fires on infrastructure through the re-
use of concrete pavers. In a previous study on concrete,
it was observed that the compressive strengths decreased
at certain rates as the temperature increased, but it was
observed that the compressive strengths at 250 °C were
higher than 100 °C, and even close to the compressive
strengths at room temperature [12]. When the studies
in the literature about concrete pavers are examined, it is
seen that the roads affected by the fire are handled with an
only general point of view. Renewal of paving stones cre-
ates high costs for municipalities. In this study, concrete
paving stone samples affected by forest fires were taken in
Manavgat province. Concrete paving stones whose com-
pressive strengths were determined were compared and
suggestions were made.

2. MATERIALS AND METHODS

Paving stones are natural or artificial floor covering ma-
terials, the use of which is increasing day by day for trans-
portation and landscaping purposes, especially on roads
where there is no heavy vehicle traffic with the development
of urbanization. It is especially seen on roads and pave-
ments, in parking lots, in commercial centers, around fac-
tories and similar places that are exposed to intense work.
These stones are widely used as they can be produced in
various shapes, sizes and colours [13].

Figure 2. Pavement in the fire zone.

In order to obtain the materials in this research, the
Manavgat fire area was investigated. The area shown in Fig-
ure 1 is the Oymapinar neighborhood. It is clearly seen that
this region, where forest and habitats are very close to each
other, is WUL

The field marked red in Figure 1 is the area with the
most affected pavement from the fire. It was decided to take
the samples from this area. When the paving stones were
examined, it was seen that there were completely burned,
half-burned and unburned concrete paving stones in the
same area. It is planned to take three samples from all three
combustion conditions to compare them with each other in
terms of the mean value of compressive strength. The pave-
ment affected by the fire is shown in Figure 2.
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Figure 3. Concrete paving stones in different conditions.

As aresult of the strength tests to be made, it will be tried
to determine whether the burned concrete paving stones
can be reused or not. Efforts will be made to obtain the most
suitable solution both economically and environmentally.

A sample of the completely burned, half-burned and
unburned concrete paving stones taken from the Manavgat
wildfire area are shown in the Figure 3.

The paving stones were tested in the pressure machine in
the Civil Engineering Laboratory of Alanya Alaaddin Keyku-
bat University. The experimental setup is shown in the Figure 4.

3. RESULTS AND DISCUSSION

All experiments were successfully completed, and com-
pressive strengths were obtained in accordance with the
standard of BS6717 [14, 15]. The compressive strengths
measured as a result of the tests are shown in the Table 2.
According to the results obtained, the mean value of com-
pressive strengths of unburned, half-burned, and complete-
ly burned stones were 36.04 MPa, 49.51 MPa, and 50.83
MPa, respectively.

It is seen that the compressive strength increases as the
amount of combustion increases. Normally, the strength of
concrete is expected to decrease when exposed to very high
temperatures. The reason for the increase in the strength
of concrete paving stones may be that the fire went out be-
fore it reached a very high temperature on the pavements
in the region. A well-known basic fact in thermodynam-
ics, gases have higher temperatures rise up depending on
their low density. Increasing in the strengths of the concrete
pavers in the burned regions like heat-treated concrete can
be explained using this fundamental thermodynamic law.
It is also an indication that the fire does not burn the entire
pavement and does not spread to the driveway. These re-
sults are also consistent with the study [12] in the literature
that concretes treated at 250 °C have higher strength than
concretes at room temperature.

{0

o

[
\

Figure 4. Compression testing machine.

The results obtained prevent the replacement of paving
stones in the region due to strength. However, this result also
needs to be evaluated from an architectural point of view.
It is clear that the half-burned and completely burned con-
crete pavers are dirty and have colour mismatch. Therefore,
replacement or staining of the stones may be considered.

The cost of only 1 m?* of concrete paving stone is known
as 30 TL. When expenses such as transportation, labour
and sand are added, the total cost reaches 60 TL/m? The
cost of concrete paint per square meter is 20 TL. The cost
of paintwork is 10 TL/m? Since it is easy to apply to the
concrete surface, it can also be done with the municipality's
own workers. In this way, it is possible to get no labour cost.
In order to better understand the cost difference between
renovation and painting, the renovation cost of 1 km long
and 1.5 meters wide burnt pavement, including all labour
and other expenses, will be approximately 100000 TL. The
maximum cost that will occur as a result of painting the
same pavement will be 50000 TL. As clearly seen, the cost of
renovation is much higher than the cost of painting. More-
over, considering that the existing paving stones must be re-
moved and moved for the renovation process, the cost will
be much higher. In addition, the painting process will take
much less time than the renovation process. Besides, it is
clear that painting of paving stones is a more environmen-
tally friendly solution.
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4. CONCLUSIONS AND RECOMMENDATIONS

Wildfires have ravaged several parts of the world in
recent years, particularly Turkey. Villages and business
buildings have been destroyed, cattle and domestic ani-
mals have died, and forests and natural assets have been
destroyed in addition to human lives lost. Tourism and
agriculture, which make for a significant portion of eco-
nomic activity and jobs in many of the affected areas,
have been negatively impacted by the wildfires. Roads,
power, telecommunications, and community amenities
were all severely damaged. The Manavgat wildfires also
burned several paving stones on the highways. Pavement
replacement with concrete paving stones has both finan-
cial and environmental costs. The economic impact of re-
using these stones is significant.

In previous studies, problems such as opening the
roads affected by the fire and protecting the existing
buildings were mentioned, but no study was conducted
on the renewal of paving stones. The goal of this research
is to reuse concrete pavers to assist lessen the econom-
ic impact of forest fires on infrastructure. Municipalities
face substantial costs when pavement stones need to be
replaced. Concrete paving stone samples impacted by
forest fires were collected in Manavgat province for this
research. The compressive strengths of concrete paving
stones were compared, and recommendations were made.

Before changing the paving stones at the the fire
zones, strength tests should be done on the sample and
no change should be made unless a negative situation is
encountered. In our study, the strength of the concrete
increased with burning. Using burnt paving stones with
increased strength will be much more convenient than
the cost of replacement.

In addition, the cost of painting the fire-affected con-
crete paving stones is half of the replacement cost when
labour and other costs are taken into account. Consider-
ing the use of cement in the concrete stones to be used
in the renovation process, it is clear that paint will be the
most economical and environmentally friendly solution.
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1. INTRODUCTION

ABSTRACT

In recent years, concrete has become a widely used material for general purposes in the struc-
tural area due to its excellent performance and properties. Hence, an increasing number of
concrete structures are built, and a huge amount of building stock has been occurred around
the world. However, because of the many progress (i.e., natural disasters), some of the concrete
structures are demolished and their status is changed into rubble, and hence this becomes
an environmental problem threatening the nature. To struggle with the rubbles, — a brilliant
idea - recycling concrete is appeared and to disposal the rubbles in concrete works become
a subject in the authorities’ agenda. Also, according to the brilliant approach, the studies fo-
cus on some experiments and simulation works (i.e., finite element modeling) to analyze the
use of rubbles as recycled aggregate (RA) in concrete, recycled aggregate concrete (RAC) and
reinforced RAC (RRAC) properties. At this point when a deep look is concentrated on the
papers on RAC and RRAC, the reviews generally include experimental works of the research
but rarely or hardly ever consider the simulation stages of the researche. Hence, this paper is
drawn as a state-of-the-art report on modeling works of RAC and RRAC. Also, this paper gives
finite element model (FEM) details of the examined research to improve the future studies on
RAC and RRAC with helpful comments and directions.

Cite this article as: Dilbas H. Application of finite element method on recycled aggregate
concrete and reinforced recycled aggregate concrete: A review. J Sustain Const Mater
Technol 2021;6:4:173-191.

creased with the urbanization moves of the countries. As
a results of the natural disasters, the change in the human

Concrete, in present, is widely used due to its excellent
structural performance with rebars, strong resistive behav-
ior to harmful environment, low-cost requirements for the
maintenance and plastic behavior in fresh state, and a huge
amount of structure have been built in the world. Hence,
the stock of the reinforced concrete structures has been in-
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*E-mail address: hasandilbas@yyu.edu.tr

demands, and the urban renewal plans etc. many engineer-
ing structures have been demolished and their status have
been turned into waste [1]. In this situation, it caused mil-
lion tons of construction and demolished waste (C&DW)
in the world [2]. To struggle with C&DW, many countries
have taken positions and made new regulations, taken out
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Figure 1. The structure of RA.

new laws, and revamped the current urban plans etc. 3,
4]. On the other hand, a huge amount of C&DW and its
potential use in concrete as an aggregate (recycled aggre-
gate (RA) inspire the researchers to conduct comprehensive
studies. Hence, fully, or partially use of RA is considered in
the studies and the effect of RA and other components (i.e.,
mineral admixtures) widely examined (i.e., [2, 4-8]). The
physical and the mechanical properties, and the durability
properties of recycled aggregate concrete (RAC) are main-
ly discussed and valuable comments/recommendations
on RAC are stated in the literature [2, 4-8]. For instance,
the optimum RA use ratio is mostly suggested by many re-
searchers as 30% in concrete mixtures [2, 5].

On behalf of the studies on RA, it can be said that RA
has mainly two parts: Natural aggregate (NA) and adhered
old cement paste (OCP). Additionally, interfacial transition
zone (ITZ) between NA and OCP can be considered as a
part of RA. When the properties of RA are considered, the
poor property of RA is usually sourced by OCP which has
lower elasticity modulus, lower strength, and more porous
structure than NA [2]. On the other hand, if RA is consid-
ered to utilize in concrete mixtures, four main things occur
(Fig. 1): NA, OCP, new ITZ and old ITZ [2]. Also, SEM
observations of RAC in Figure 2 is precisely demonstrated

the structure of RA. It can be seen in Figure 2 that there are
many cracks and voids between the RA and mortar matrix
and it is clear that the components of RA negatively affect
the properties of RA and so RAC [2].

In present, the properties of RAC and RRAC can be de-
termined with various instruments using many techniques.
As above mentioned, SEM is one of the instruments and it
depends on experiments and, mechanical tests (compres-
sive, tensile, etc.) are some the other instruments used in the
literature widely. In this perspective, it is well-known that it
is possible to estimate the concrete or the reinforced con-
crete behaviors with simulation models if the model is com-
posed properly. The finite element method is widely used
method in modeling research in the literature, and the finite
element analysis (FEA) gives consistent results with exper-
iments is proven in many conducted research (i.e., [9-11]).

When a deep look is concentrated on the related litera-
ture, the research on RA is usually conducted in two parts: an
experimental stage and a modeling stage (i.e., [12-18]). In the
research, after or before the experiments, a modeling stage is
usually examined, and the theoretical results obtained from
modeling part are verified with the experimental results. The
results are generally used to show that FE model (FEM) is
suitable to estimate the behavior of concrete under various
conditions (i.e., static loading). Hence, FEA takes part in the
studies and has an importance as much as experiments have;
and perhaps the most important thing is that the verified
models can supply additional data without conducting any
additional experiments to estimate the concrete behavior.

However, when someone sets eye on the review works
on RAC and RRAC, the reviews generally report exper-
imental parts and rarely or hardly ever consider the sim-
ulation stages of the research (ie., [2, 13-15]). Hence, to
fill the gap in the literature and to summarize the research
included finite element (FE) modeling works, this paper
is not only drawn primarily as a state-of-the-art report on
modeling of RAC, but also written as a state-of-art on mod-

Figure 2. The microstructure characteristics of RAC [2].
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Figure 3. Force versus CMOD and stress distributions for
Case 1: fixed beam size under three different loading rates,
stress distribution at peak loads and final deformed stages
for Case 1, Full force versus CMOD curves for Case 1 [23].

eling of RRAC. In addition, this review gives the details of
FEMs of the related research to improve the future studies
on RAC and RRAC with helpful comments and directions.

2. RECYCLED AGGREGATE CONCRETE

It is well-known that RAC has poor properties (low
strength [5, 19], low elasticity modulus [19], etc.) in com-
parison to conventional concrete (NAC)due to its compo-
nents, and the low properties of RAC usually sourced by RA
[20]. RA has lower strength, elasticity modulus and porous
structure with cracks [13] and ITZ is a crucial component
in RAC [5]. Hence, the works on RAC generally concen-
trate on modeling ITZ and RA in macro-, meso- and mi-
cro-scales. In this perspective, the related research is exam-
ined in three subsections as given in below.

2.1. Modeling of Recycled Aggregate Concrete

2.1.1. Macro-Scale Modeling

In the literature, researchers examine the macro-scale
behavior of RAC in pure concrete state and in confined
concrete state (concrete filled steel tube (CFST)). Hence, in
this review paper, the subject of “Modeling of Recycled Ag-
gregate Concrete” is divided into two parts as one can see in
below considering the details given above.

40 .
—Oz [MPa]

xxxxxxxxxx

35

30 -

25

20

——Numerical Results

= Folino and Xargay (2014)
—€z [x10]
-15 -10 -5 0 5 10 15 20 25

Figure 4. Numerical results of uniaxial compression tests
against experimental results by Folino and Xargay [24].

2.1.1.1. Macro-Scale Behavior of RAC in Pure RAC State

Etse et al. [21] improve a constitutive theory for RAC
considering high temperature conditions. The theory is a
material model of thermodynamically consistent gradient
poroplastic and aims to predict the mechanical behavior of
RAC [21]. In the research, the elevated temperatures (20-
200-400-600°C) and various RA ratios (0-30-60-100%) are
concerned and the RAC simulation of the failure behavior
under high temperature and the capability of the theory are
demonstrated [21].

Dilbas [4], in his research, conducts some mechanical
tests (compressive strength, splitting tensile strength and
elasticity modulus) to define the mechanical behavior of
RAC obtaining stress-strain data from zero to failure and
beyond for mechanical tests [4]. Then, a homogeneous
cantilever beam subjected to a point load is modeled in his
research using the obtained mechanical properties and the
mechanical behavior is examined under static loading con-
ditions in Abaqus [4]. In his research, 3-dimensional (3D)
non-linear FEA is considered, and pure plasticity is used to
define the RAC properties in Abaqus [4]. Also, the results
are verified with SAP 2000 FEA software.

Choubey et al. [22] demonstrate the application of frac-
ture models to RAC (double-K fracture model and fictitious
crack model). The required parameters for the models are
obtained in the equations given in the related literature and
varying content of RA (0-30-50-70-100%) is considered
[22]. It is concluded that the fracture models given in the lit-
erature for natural aggregate concrete (NAC) is suitable for
RAC and the fracture parameters of RAC included RA from
0% to 100% can be determined using the models [22]. Also,
some interesting results for NAC and RAC are found that
the ratio of Pini/Pu (force when initial crack occurs/ultimate
force) and KICini/KICun (initial cracking toughness/unsta-
ble fracture toughness) are constant for RAC and NAC [22].

Musiket et al. [23] present the fracture tests on notched
RAC beams with different sizes under different high load-
ing rates from 10—4/s to 10-2/s (Fig. 3) considering and
combining two material models: viscoelastic model and
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Figure 7. (a) Slab specimen on soil with expected crack surface; (b) edge-notched slab; and (c) one-third
notched slab. Gray area in (b and ¢) denotes the ligament, while the white area is the pre-existing notch [9].

multi-phase composite model. Combining two material
models, the rigidity of RAC is predicted for high loading
rate conditions [23]. Force-crack mouth opening displace-
ment (CMOD) curves are obtained from simulations, and
the simulation model includes the fracture analysis criteria
and eXtended Finite Element Method (XFEM) [23]. As a
results, similar distributions of stress in the beams for dif-
ferent sizes are obtained, and the maximum loads estimated
by the simulations are not close with test data [23].

Ripani et al. [24] study on a gradient plasticity theo-
ry reformulating Leon-Druger-Prager Model. The theory
is widened to estimate the mechanical failure behavior of
RAC, and the supposed theory is consistent with thermo-
dynamic laws and considers the softening and hardening
response behaviors [24]. In the modeling section, the sup-
posed model and some numerical results are compared
against experimental results given in the literature and the
formulation of dual mixed FE is considered [24]. The for-
mulation includes thermodynamically consistent gradient
plasticity [24]. Also, the tests of uniaxial tensile and com-
pression are adopted to FEM [24]. It is stated in conclusion
that the proposed constitutive model presents the influence
of RA addition on the behavior of failure response and re-
flects the sensitivity of RA [24] (Fig. 4).

Ceia [25] researches the effect of RA on shear resistance.
In the experimental work, many specimens including var-
ious RA ratios (0-20-50-100%) are produced [25]. In the

3D modeling section, Abaqus is used, two parts (upper
and lower parts) are defined separately to model the shear
test and then the parts are assembled in conformity with
a behavior of linear elastic material [25] (Fig. 5). Cohesive
bonding is considered for the surfaces of the specimens
[25]. It is stated that the stiffness of differential in FEA is
substantial for shear strength [25] (Fig. 6).

Gaedicke et al. [9] propose an 3D approach which in-
cludes three subjects separately: Concrete slab flexural load
capacity determination under mode I -the slab lies on elas-
tic foundation-, crack growth and crack initiation. 3D slabs
FEM is generated in Abaqus, and the slabs include cohesive
crack elements along pre-defined paths [9] (Fig. 7). The bi-
linear softening for concrete is considered, and the model is
simulated. Also, the results are verified experimentally [9].
It is concluded that 3D cohesive crack element can estimate
the capacity of slabs under flexural loads on soils [9].

2.1.1.2. Macro-Scale Behavior of RAC in Confined RAC State

Tam et al. [26] use RAC in concrete-filled steel tubular
(CFST) columns as a filling material and CFST columns
has rectangular geometry. Then FEA is considered to mod-
el CFST columns in Abaqus [26]. An equation defined for
stress-strain data for confined concrete proposed by Han et
al. [26] is used in the model as a constitutive model param-
eter and it is stated that the equation gives good results for
models when the damage plasticity model is used in Ab-
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aqus [26]. In the modeling part, steel jacket and concrete
are modeled as shell and solid elements, respectively [26].
Also, surface-based interaction between the steel jacket and
concrete is defined: In the normal direction and the tan-
gential direction a contact pressure model and a Coulomb
friction model, respectively [26]. In conclusion, it is stated
that a FE model simulated for conventional concrete-filled
steel tubes is possible to use for CFST with RAC, and satis-
factory CFST results are found [26] (Fig. 8).

Yang et al. [27] carry out an experimental and numeri-
cal studies on square CFST under lateral impact loads (Fig.
9). In this study, local damages and failure modes of speci-
mens are examined [27]. The non-linear FEM for CFST is
simulated in Abaqus, and explicit solver is considered. [27].
Damaged plasticity model is taken into account for model-
ing nonlinear behavior of concrete [27]. It is found that the
failure mode of CFST is generally concave where the loads
are applied to, and the shear failure with punching shear
failure of CFST is observed [27]. Also, experimental, and
numerical results are in good agreements is found [27].

Xiao et al. [28] use glass fiber reinforced plastic (GFRP)
tubes and steel tubes to confine RAC in their research and apply
axial compression force to concrete-filled tubes to determine
the mechanical properties. Then, a concrete-filled tube FEM
is simulated to examine the outer tube thickness and the core
strength effect [28]. The non-linearity in FEM is accounted in
ANSYS [28]. 3D solid element for outer tube is used and the
element abilities are creep, plasticity, stress stiffening, swelling,
large strain, and large deflection, and the name is solid45 [28].
Also, 3D solid element for core concrete is chosen and the
name is solid65 [28]. Solid65 is for solid models including no
rebars and the abilities of solid65 are crushing in compression,
cracking, creep cracking in tension and plastic deformation
[28]. It is concluded that the peak stress of recycled concrete
filled steel tube increases when the thickness increases and no
effect on the plastic stage is observed [28] (Fig. 10).

Stress (MPa)

0 002 0.04 0.06 0.08
Strain (€)
(a) Changes in steel tube thickness

Stress (MPa)

r T T
0.015 0.02 0.025 0.03
Strain (g)

(b) Changes in GFRP tube thickness

T T
0 0.005 0.01

Figure 10. Effect of the outer tube thickness [28].

Xiang et al. [29] conduct a theoretical study on recycled
aggregate concrete-filled steel tube stub columns. In the study,
cold-formed hollow structural square steel tube is used, and
nonlinear finite element model is simulated in Abaqus [29].
The stub column is subjected to axial compression. 3D eight-
node solid elements with full integration (C3D8) are chosen
for rigid plates and RAC, and the cold-formed steel tube is
modeled with a shell element (S4) due to the small wall thick-
ness in Abaqus [29]. For modeling the cold-formed steel
material behavior, an idealized elastic-plastic stress-strain
model proposed by Abdel-Rahman and Sivakumaran is con-
sidered [29]. This model indicates a multi-linear isotropic
strain hardening rule [29]. The ascending part of RAC equiv-
alent stress-strain is modeled according to Guo and Zhang
equation [29]. Concrete damaged plasticity model in Abaqus
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Table 1. Comparisons of the ultimate compressive strengths determined by different methods [29]

Specimen Eurocode 4 ACI 318-05

ANSI/AISC 360-05

Sakino Han

Pecy(kN)  Pecs / Prest Paci (kN)  Paci / Prest

Passc (kN)  Pajsc / Prest Psaiang (KN) - Psaying / Prest

PI-'an (kN) PHan / PTEST

Sal-1 610 0.946 563 0.873 559
Sal-2 610 0.924 563 0.853 559
Sa2-1 567 0.909 526 0.843 523
Sa2-2 567 0.923 526 0.857 523
Sbl-1 1305 1.020 1197 0.936 1191
Sbl-2 1305 1.014 1197 0.930 1191
Sb2-1 1207 0.966 1114 0.890 1108
Sb2-2 1207 0.933 1114 0.861 1108
Scl-1 2230 1.050 2038 0.960 2027
Scl-2 2230 0.996 2038 0911 2027
Sc2-1 2055 0.980 1889 0.900 1880
Sc2-2 2055 0.960 1889 0.883 1880
Mean 0.968 0.891

cov 0.044 0.040

0.867 605 0.938 598 0.927
0.847 605 0917 598 0.906
0.838 559 0.896 557 0.893
0.852 559 0.910 557 0.907
0.931 1290 1.009 1283 1.003
0.925 1290 1.002 1283 0.997
0.886 1192 0.954 1191 0.953
0.857 1192 0.922 1191 0.921
0.955 2147 1.01'1 2191 1.032
0.906 2147 0.959 2191 0.979
0.896 1979 0.943 2026 0.966
0.879 1979 0.925 2026 0.947
0.887 0.949 0.953
0.040 0.040 0.044

is considered for RAC, and the surface-to-surface contact is
used for the relation between the faces of steel jacket and core
concrete [29]. In the research section on the friction coef-
ficient, it is stated that the column under compression has
no sensitivity with the friction coefficients although various
friction coeflicients (from 0.2 to 0.6) in FEM is considered
[29]. In conclusion it is stated that the square CFST included
RAC has similar mechanical behavior with the square CFST
included conventional concrete, and the specification Euro-
code 4 estimates the ultimate compressive strength of square
CFST with a reasonable accuracy [29] (Table 1).

Yang et al. [30] investigate the fire resistance of CFST
included RAC (Fig. 11). In the analysis, typical tempera-
ture development, failure pattern, fire resistance and axi-
al displacement of the specimens are determined [30]. In
the simulation, RAC-filled square steel tubular columns
is modeled in Abaqus [30]. According to the research, the
model includes two main parts: thermal part (includes
temperature development) and mechanical part (includes
displacement, failure pattern, and fire resistance) [30]. In
the model, the effects of radiation and heat convection on
column is taken into account [30]. The thermal contact re-
sistance between the core RAC and steel tube is considered
in conformity of the suggestion of Ghojel [30]. In the heat
transfer model, the core concrete and the steel jacket are
modeled with linear 3D brick elements (DC3D8) and 3D
shell elements (DS4), respectively [30]. Under high tem-
peratures, plasticity model is used for steel tubes and the
damaged plasticity model for core concrete is adopted [30].
The ‘Coulomb friction’ and ‘hard contact’ is chosen for the
contact properties between core and steel, and geometric
linearity is assumed for large lateral deflections [30]. In
conclusion, it is stated that the temperature development
and fire resistance, failure pattern and axial displacement of
specimens with 50% RA are generally similar behavior with
reference CFST, and the estimated response of CFST under
fire is generally in good agreement with experiments [30].

o~ Reaction frame Main beam

Hydraulic jack

7 DT

Brace
B —— E

£
g

Furnace
chamber

Figure 11. Schematic diagram of the test set-up [30].

Geng et al. [31] examine the time-dependent behavior
of CFST with RAC (50 MPa). In this paper, a CFST is mod-
eled in Abaqus. Core concrete and steel tubes are consid-
ered in Abaqus as Timoshenko beam elements (B31) and
the time-dependent behavior of concrete is formed consid-
ering the Fathifazl creep model [31]. Under compression,
the concrete constitutive model in Abaqus with the UMAT
subroutine is used [31]. As a results, FEM gives a good
agreement with the numerical results and the FEA results
with the maximum deviation 1.9%o is obtained in compar-
ison to the numerical results [31].
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Figure 13. Chloride content-time of the specimen: (a) at cover depth=30 mmand (b) depth=50mm [32].

2.1.2. Meso-Scale Modeling

Du et al. [32], in their research, develop a heteroge-
neous model including mortar matrix, aggregate, and
ITZ to examine chloride diffusivity of concrete, especial-
ly RAC [32]. In the model, aggregates are assumed as an
impermeable material and the chloride diffusion occurs
through the mortar matrix and ITZs [32]. The diffusivi-
ty parameters of components, such as mortar matrix and
ITZs, are obtained in the literature, and the model sim-
ulated in Abaqus is validated with the test given in the
literature [32]. The transient analysis is chosen, and the
period is 4 years [32]. 4-node linear heat transfer quadri-
lateral elements are used for concrete [32]. As a results, it
is concluded that three different aggregate shape (squared
and circular, elliptical) don’t affect the chloride diffusion
performances of RAC for the same aggregate volume ratio
in concrete (Fig. 12) and, the chloride diffusion increases
when ITZs thickness increases due to more porous struc-
ture and higher water/cement ratio of ITZ in comparison
to the cement paste (Fig. 13) [32].

Kim et al. [33] conduct a series of numerical analysis
on porous concrete pile (RAPP) produced with RA and
compared the results with the numerical simulation results
using Abaqus [33]. RAPP is modeled as a vertical drainage
in Ref. [33]. In the modeling part, RAPP and the clay for-
mation are simulated by using the Mohr-Coulomb model
and the modified Cam clay model, respectively [33]. For
all the components, 4-node bilinear displacement and the
pore pressure element (CAX4P) is used [33]. It is stated that
RAPP considerably contributes to enriching consolidation
with supplying radial drainage [33].

Xiao et al. [34] examine the ITZs effects on stress-strain
of RAC. In this paper, RAC is modeled in meso/micro scale
in Abaqus (Fig. 14). The plastic-damage constitutive models
are used, and the model is simulated to determine mechan-
ical behavior (i.e., compression and tension) [34]. In Explic-
it step, ABAQUS/explicit quasi-static solver is used [34].
While defining the properties of ITZ and other parts, con-
crete damaged plasticity is considered and the properties of
parts are based on experimental data (i.e., nano-indenta-
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Figure 15. Compressive stress—strain curves with different
new mortar matrices [34].

tion tests) [34]. It is concluded that the mortar matrixes and
ITZs has a significant role on failure patterns and stress-—
strain relationship of modeled RAC (MRAC) (Fig. 15) [34].

Xiao et al. [35] propose a model to define the RA ef-
fect on chloride diffusion in RAC using Abaqus (Fig. 16).
In the simulation part, a five-phase composite for RAC is
modeled (Fig. 17) (these phases are old and new ITZs, old
and new mortar, and original aggregate) [35]. The transient
analysis and the 8-node quadratic heat transfer quadrilat-
eral element are chosen for the model [35]. It is stated that
the suggested heterogeneous RAC FE model works well and
gives realistic chloride diffusion results [35].

Wang et al. [11] study the influence of old concrete car-
bonation on ITZ properties of RAC. In this paper, old con-
cretes with various water/binder ratios are considered and
modeled and are carbonated [11]. Then, the peak load, the
load-displacement curves, and the peak displacement are
examined to define the effect of carbonation on modeled
RAC [11]. The model is simulated in Abaqus and is verified

te=_=5

Figure 16. The chloride flow in modeling concrete [35].

with the test data [11]. In the modeling of mortar matrix
and ITZ, the constitutive relationship of mortar matrix and
ITZ is defined with damage plasticity model in Abaqus [11].
It is stated that ITZ properties have similarity with mortar
matrix properties, however elastic modulus, and strength
of ITZ are lower than the mortar matrix in the model [11].
On the other hand, in the modeling of natural aggregate
(NA), NA is considered and modeled as an isotropic mate-
rial [11]. In FEA, ABAQUYS/explicit solver is used to solve
FEM equations [11]. As a results, it is stated that ITZ prop-
erties of modeled RAC is considerably related with shape of
RA, distribution of old mortar, and carbonation depth [11].
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Figure 17. Five-phase composite sphere mode [35].

Ying et al. [10] investigate the effect of RA ratio on chlo-
ride diffusion in RAC using Abaqus (Fig. 18). The transient
analysis and the 8-node quadratic heat transfer quadrilater-
al element are selected for FEM [10]. It is concluded that the
consistent tendency for compressive strength and chloride
migration in modeled RAC is observed and FEA results are
verified with test results [10].

Xiao et al. [36] investigate RAC stress distribution while
a pressure load is applied to RAC model in Abaqus. In FEA,
overall mechanical properties, elastic stress distribution,
damage localization and stress concentration are examined
(Fig. 19) [36]. The static analysis in Abaqus is adopted to
FEM and the linearity in the analysis is considered [36]. In
conclusion, it is recommended that ITZ presents a strain
softening behavior and the non-linearity in the analysis for
ITZ should be considered [36].

(b)

Figure 19. Testing results on the MRAC under uniaxial
loading by the digital image correlation: (a) horizontal field
strain contour map; (b) crack pattern [36].

2.1.3. Micro-Scale Modeling

Jeong et al. [37] study on the time-dependent hydration
phenomenon chemo-thermal modeling of mortars includ-
ed RA and NA. In this paper experimental and theoretical
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Figure 20. Illustration of geometrical configurations of M2-1 numerical EAG specimens, (a) cement matrix including

4149 sand grains and (b) mesh density [37].
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Table 2. Comparisons between ABAQUS simulation and
experiment [38]

Slab No. Yield load Ultimate Yield dis-
(kN) load (kN) placement
(mm)
5f1 Test 25.2 31.6 20.2
ABAQUS 275 30.3 16.2
5h  Test 220 30.5 28.0
ABAQUS 26.5 20.8 17.3
5f2 Test 18.2 20.3 27.7
ABAQUS 244 33.4 13.3
7f1 Test 278 30.6 16.7
ABAQUS 375 411 15.6
7h  Test 28.0 30.2 199
ABAQUS 283 415 142
7f2 Test 26.8 30.8 129
ABAQUS 36.1 43.4 153

analysis are conducted and the modified Arrhenius’ law and
3D FEA are considered [37]. In the modeling section, the
Extracted Aggregate Groups (EAGs) concept is formed and
has spherical geometry (Fig. 20) [37]. During the hydration
process, the isotropic chemo-thermal features in the calo-
rimeter device is considered [37]. Also, the pseudo-random
geometric spherical packing algorithm is considered [37].
In this paper, the grains in the mortar are modeled and
formed in Matlab-Comsolcode [37]. In the modeling, it is
pointed out that the chemo-thermal modeling is in non-lin-
ear transient-state because the chemical reactions of cement
paste have the non-linear features [37]. In conclusion, ac-
cording to a user-written Matlab-Comsolcode FEA and the
experimental results, the modified Arrhenius’ law is not
useful for the recycling mortar hydration modeling [37].
Hence, a revision is need for the modified Arrhenius’ law if
it is used for the recycling mortar hydration modeling [37].

3. REINFORCED RECYCLED AGGREGATE
CONCRETE

It is well-known that the rebar behavior with concrete
works together perfectly, and hence many concrete works

included rebars and concrete, and investigations on their
behavior are implemented around the world. In the liter-
ature, in parallel, the reinforced recycled aggregate con-
crete (RRAC)behavior is examined widely, and especially
the comparative studies on RRAC, and reinforced NAC
(RNAC) are done. Researchers are generally inspired to
determine the properties of RRAC under the static and
the dynamic loading conditions to assess the properties of
RRAC (i.e., punching). Hence, in this section, the papers on
modeling of RRAC are reviewed in two sub-sections con-
sisted of the static and the dynamic loading conditions.

3.1. Modeling of Reinforced Recycled Aggregate
Concrete

3.1.1. Behavior Under Static Loading Conditions

Xiao et al. [38] investigate RRAC graded slabs with
0-50-100% RA. The gradation of RA is done in consider-
ation of the stress state in the element (Fig. 21) [38]. In the
FEM, the flexural behavior of the slabs, the grading models
effect, and the different reinforcement ratios effect are ex-
amined in Abaqus [38]. The rebars are embedded in RAC
and the bond slip is not considered [38]. The slab model is
divided into 3 parts due to the RRAC graded slab modeling
method, and the divided parts have different material prop-
erties [38]. As a results, it is concluded that RRAC graded
slabs presents a good flexural behavior and is feasible to
simulate in a FEM (Table 2) [38].

Pacheco et al. [39] study on concrete structures made
with RA to analysis the vertical load effect on the slabs. The
two-stories concrete structure is designed according to Eu-
rocode 2 and 8 (Fig. 22) [39]. In the modeling section, a
3D concrete structure is modeled using linear FEM in CSI
SAP 2000 v.15, and the elasticity modulus of the concretes
is predicted by FEM calibration [39].

Francesconi et al. [40] examine the punching shear be-
havior RRAC slabs with 30-50-80-100% RA. A linear FE
slab model is simulated to obtain the prediction of the slab
rotation. It is stated that the reinforcement in slab has an
important role [40].
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Figure 23. Cohesive zone model (CZM) and its traction-separation constitutive laws [41].

Zhao et al. [41] conduct research on thin-walled circular
steel tubular columns and the columns indicate demolished
concrete lumps (DCLs) and fresh concrete (FC) [41]. Under
consideration of Monte Carlo simulation technique, a non-lin-

ear 3D FE model is simulated in Abaqus [41]. In the model
DCLs are fully bonded and considered to have a random spa-
tial distribution [41]. Also, the cohesive zone model (CZM) is
adopted for the zone between DCLs and FC (Fig. 23) [41]. In
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this research, the micro-plane model M4 developed by Bazant
and based on kinematic constraint, and damaged plastici-
ty model are considered in Abaqus for concrete constitutive
modeling to compare the models (Fig. 24) [41]. The models
are two inelastic constitutive laws and are well-established in
the literature [41]. Then, it is concluded that the columns with
DCLs are found suitable in reliance on a strength-reduction
factor of 0.9 (Fig. 25) [41].

Lapko and Grygo [42] study on RRAC flexural mem-
bers which include High Strength Concrete (HSC) - High
Performance Concrete (HPC) locally (Fig. 26, 27). In this
innovative concept, the non-linear FEMs are simulated in
Diana FEA software and a Newton-Raphson algorithm is
used in the FEM numerical solutions [42]. Also, the rebars
are modeled as REBAR in Diana [42]. It is concluded that
the use of HSC-HPC in compression zone of the reinforced
beam considerably increase the stiffness and influence the
deflections and strains [42].

Dong et al. [43] examine the effects of concrete com-
pressive strength on the fire resistance performance of

RRAC columns with C20 and C30 strength classes [43].
While the column is exposed to the fire, a constant axial
force is subjected [43]. In the modeling part of the research,
the four lateral sides of columns are exposed to the fire [43].
It is concluded that RRAC columns have higher fire resis-
tance than conventional concrete if the columns have same
compressive strength (Fig. 28) [43].

3.1.2. Behavior Under Dynamic Loading Conditions

Pacheco et al. [44] study on concrete structures made
with RA to analysis the dynamic characterization of full-
scale structures. In this paper, the two-stories3D concrete
structure designed according to Eurocode 2 and 8is mod-
eled using linear FEM in CSI SAP 2000 v.15, and elasticity
modulus and modes of the structures are determined by
FEM calibration (Fig. 29-31) [44]. It is concluded that the
use of superplasticizers in RAC increase the elasticity mod-
ulus and is a good option, and the results of modal damping
have high scatter (Fig. 32) [44].

Fu et al. [45] conduct a numeric study on seismic behav-
ior of RRAC beams which is under torsion forces (Fig. 33).
The numerical RRAC model is formed in Abaqus (Fig. 34)
[45]. In the modeling part, the material behavior is defined
in the plastic-damage model in Abaqus, and the stress-
strain constitutive relationship of concrete is defined using
Sargin model [45]. In the FEM, the rebars are embedded to
the concrete and the non-linear analysis is adopted to mod-
el [45]. It is stated that the typical torsional failure in RRAC
and RNAC beams are found similar [45].

Cao et al. [46] investigate the seismic performance of
recycled concrete brick walls (RCBW) and study on the
lateral load-displacement relations and the elastic-plastic
deformation characteristics of RCBW. In the paper, vertical

Horizontal modes

Vertical modes

Second mode

First mode

Third mode

Second slab First slab

Figure 29. Modal configurations [44].
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reinforcement is used and embedded in RCBW (Fig. 35),
and RCBW FEMs are simulated in Abaqus [46]. The plas-
tic-damage model and the plasticity model in Abaqus are
considered for RCBW and the reinforcement of RCBW, re-
spectively [46]. The contact between all the interface mod-
els is defined as hard contact and Coulomb friction model is
adopted for the contact on the lateral axis [46]. As a results,
it is concluded that RCBW with vertical reinforcement may
be a good choice for the rural low-rise buildings when the
seismic design of the low-rise buildings is considered [46].

Xiao et al. [47] study on the semi-precast column
included NA and RA (Fig. 36, 37), and the columns are
subjected to the low cyclic horizontal loading. In this pa-
per, the columns are simulated in FEA software ANSYS

[47]. In the modeling section, the concrete parameters are
defined in the William-Warnke failure criterion and the
smeared cracking model, and the double-slash elastic-
plastic model is used for rebars [47]. The non-linear FE
modeling demonstrates that the semi-precast RRAC and
RNAC columns present a similar seismic behavior, and
the bearing capacity increases when the core column RAC
strength increases [47].

4. SUMMARY

This paper indicates a state-of-the-art review on the
related investigations and results on macro-, meso- and
micro-scale FE modeling of pure recycled aggregate con-
crete (RAC) and reinforced RAC (RRAC) under static
and dynamic loadings. According to the comments stated
above, generally concrete properties are able to be utilized
as a non-linear parameter in FEA with various constitu-
tive models (i.e., concrete damaged plasticity and concrete
smeared cracking models in Abaqus), and hence this con-
cept ensures to get closer results to reality and to puts out
material behavior clearly. This phenomenon is valid for not
only pure RAC but also RRAC. On the other hand, many
simulation studies are conducted using FEA, some branch-
es of science on pure and reinforced RAC stay short in the
literature (i.e., micro-scale behavior of RAC). As a result,
the followings can be drawn:
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(1) RAC

o Itis necessary to determine the micro-scale behavior of
RAC and the micro-scale behavior of RAC can be mod-
eled in FEM.

o The harmful environment effects on RAC can be
modeled in FEM considering macro-, meso- and mi-
cro-scale behavior of RAC (i.e., freeze-thaw and chem-
ical attack effects).

o The properties of RAC and its components (attached e

old mortar, new and old ITZ etc.) should be determined
after a fire effect, a chemical attack, etc. subjected to
RAC. Here, the gradient of the properties of RAC and
its components under the effects commented before can
be determined, and then RAC can be modeled properly
in FEM. It is thought that the next features of RAC are
substantial as much as the initial features of RAC, espe-
cially for the durability properties of RAC.

The chemical and mineral additions effects on mi-
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cro-scale behavior of RAC can be analyzed and mod-
eled. For instance, the mineral additions improve the
quality of mortar due to the formation of additional sili-
cate gels (C-S-H) and this phenomenon can be modeled
in micro-scale.

RAC subjected to the cyclic loading conditions can be
examined and RA effect on the macro-, meso- and mi-
cro-scale behavior of RAC can be determined. Also, the
crack propagation in the RAC mass due to the cyclic
loading can be modeled and the effective factors can be
examined in FEM.

(2) RRAC

Under the consideration of RRAC seismic behavior, the
factors enhance the RAC structure seismic performance
can be determined and modeled in FEM. Especially,
starting from element to structure (from micro-scale to
macro-scale), the rebar design in cross-sections should
be properly considered and then experiments can be
conducted to verify the results or both can be done.

Stirrup effect on RRAC under various loads and mo-
ments conditions should be determined and FEM mod-
els can simulate the conditions. Hence, it can be seen how
the probable situations affect the structural performance.

o The harmful environment effects on RRAC can be mod-
eled in FEM and its effect on structural performance
can be determined.

» RRAC subjected to the cyclic loading conditions can
be examined and RA effect on the micro-, meso- and
macro-behavior of RRAC can be determined. Also, the
crack propagation in the RAC mass of RRAC and the
interface between the rebars and RAC of RRAC due to
the cyclic loading can be modeled and hence, it can be
seen how the probable situations affect the structural
performance.
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