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HIGHLIGHTS

» Proctor compacted, hypercompacted and extrudel ledacks were manufactured.

» Earth bricks were fired at five temperatures: 2885, 640, 825 and 1000 °C.

* Thermal treatment was quick to save energy and time

» Compressive strength, water durability and moishukering were investigated.

» Excellent properties were achieved for hypercomgzhbticks with low firing times and

temperatures.
ABSTRACT

This paper presents an innovative method for tleglystion of masonry bricks, which combines
earth compaction and quick firing at low temperesurEarth bricks were manufactured according
to three different methods, i.e. extrusion, stadd@noctor compaction and hypercompaction to 100
MPa. All bricks were fired inside an electrical fiace by rising the temperature at a quick rate of
about 9 °C per minute to 280, 455, 640, 825 and I'@) after which the furnace was turned off
and left to cool to the atmosphere with the bricgide it. These firing temperatures and times are
significantly lower than those employed for the mm@cture of commercial bricks, which are
typically exposed to a maximum of 1100 °C for aaske10 hours (Brick Industry Association,
2006). A testing campaign was performed to investighe effect of quick firing on the porosity,
strength, water durability and moisture bufferirapacity of the different bricks. Quick firing of
hypercompacted bricks at moderate temperaturesebat455 and 640 °C, is enough to attain very
high levels of compressive strength, between 29 23hd/1Pa, with a good to excellent moisture
buffering capacity. These properties are betten ttese of commercially available bricks. The
strength of hypercompacted bricks further incredeeS3 MPa, a value similar to that of high-
strength concrete, after quick firing at 825 °C.rtkadensification prior to thermal treatment
therefore improves material performance while engbla significant reduction of firing

temperatures and times compared to current briddugstion methods.

KEYWORDS

Bricks production, firing treatment, pore size dimition, compressive strength, water durability,

moisture buffering capacity.
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INTRODUCTION

Fired earth bricks are commonly employed for thestauction of masonry structures despite their
relatively large energy and carbon footprints. Bsicexhibit large levels of embodied energy
because of their production method which consisubjecting extruded earth blocks to very high
temperatures, up to 1100 °C, for a period betwdemrid 40 hours (Brick Industry Association,

2006; Zhang, 2013; Murmu and Patel, 2018). Thisgnmtensive thermal treatment is necessary
to achieve adequate mechanical and durability cheniatics for construction applications. Besides
high levels of embodied energy, bricks also exhiitimited ability to absorb/release vapour
from/to the indoor environment, which reduces tlygrb-thermal inertia of buildings walls and

encourages electrical air conditioning of dwellirflyorton et al., 2005; Rode et al., 2005). Finally,
upon demolition, fired bricks generate waste tisabften disposed in landfills, thus resulting in

environmental pollution and loss of land (Bossinkl 8rouwers, 1996).

Most of the above limitations could be overcomeubing raw (i.e. unfired) earth bricks, which are
manufactured with relatively little energy as sholnLittle and Morton (2001) and Morel et al.
(2001). Raw earth also exhibits a strong tendeaadisorb vapour from humid environments and
to release it into dry environments while simultangy liberating and storing latent heat thanks to
an open network of nanopores and the high spesiiiéace of clay particles. This property
increases hygro-thermal inertia and helps smoottaily fluctuations of humidity and temperature
inside buildings with a consequent improvementadfupant comfort and an associated reduction of
air conditioning needs (Houben and Guillaud, 1988nson and Hall, 2010; Pacheco-Torgal and
Jalali, 2012; Soudani et al., 2016; Gallipoli et aD17; Soudani et al., 2017). Finally, raw easth

an entirely natural material which can be easibycéed or safely disposed into the environment.

Despite the above advantages, raw earth is sgiroded as an unviable material for mainstream

construction due to relatively low levels of wathurability and strength. Recent research has
3
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however shown that “hypercompaction” of earth toydagh pressures (of the order of hundreds of
megapascals) can produce raw bricks with levelrehgth and stiffness that are higher than those
of standard fired bricks (Bruno et al., 2017; Brueioal., 2018). This is possible thanks to a
densification of the material down to a porosityabbut 0.13, a value similar to that of shale rocks
(porosity is the ratio between pore volume andl tetdume). Unfortunately, this large increase in
strength and stiffness does not correspond to #asigain of durability, especially when raw earth
comes into contact with liquid water. For this m@maschemical stabilizers such as cement or lime
are often added to the earth to improve mechaottalacteristics (Walker and Stace, 1997; Bahar
et al., 2004; Guettala et al., 2006; Jayasinghe lkachaladasa, 2007; Kariyawasam and Jayasinghe,
2016; Khadka and Shakya, 2016; Venkatarama Redaly, 2016; Dao et al., 2018). Unfortunately,
the addition of chemical stabilisers reduces thastame buffering capacity and hygro-thermal
inertia of the material (Liuzzi et al., 2013; Mc@oz et al., 2014; Arrigoni et al., 2017) while
largely increasing the carbon footprint (Worrellagt 2001). Alternative stabilisation methods are
therefore necessary to improve water durabilityhaitt increasing the environmental impact of raw
earth. In this respect, the application of modetaat has been considered in a small number of
studies as a possible stabilisation method butmievassociation with a high compaction effort.
Mbumbia et al. (2000) investigated the hydro-meatanbehaviour of extruded lateritic earth
bricks fired at 350, 550, 750, 850 and 975 °C fand 8 hours. They observed that both mechanical
and durability properties improve as temperatuazeases while firing time has only a marginal
effect. These findings were further confirmed byrdtaan et al. (2006), who fired pressed earth
bricks at temperatures ranging from 700 °C to 120G@or different times from 2 to 8 hours. They
concluded that temperature plays a key role in gimgnthe physical and mechanical properties of

the bricks while firing time has little effect.

The present work investigates, for the first tirmdgrick manufacturing method that relies on earth
hypercompaction to generate very high levels ofenmat strength followed by quick firing at low

4
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temperatures and times to attain good water duyabllhe increase of strength produced by earth
hypercompaction prior to firing reduces the demaodsthermal treatment, whose only purpose
becomes the enhancement of water durability. Tlegva a very significant reduction of both firing

temperatures and times respect to the values pedgmsMbumbia et al. (2000) and Karaman et al.
(2006). Moreover, quick firing has the advantagem@serving a considerable part of the moisture
buffering capacity of raw earth with a consequexihgf hygro-thermal inertia respect to standard

fired bricks.

Quick firing is accomplished by placing a raw edbtitk inside an electrical furnace and rapidly
increasing the temperature to a given target, aftech the furnace is switched off and allowed to
cool to the atmosphere with the brick inside it. gkown later, a moderate temperature, between
455 °C and 640 °C, is already sufficient to ensgmod levels of water durability. For
hypercompacted bricks, this moderate temperaturalsg sufficient to generate a compressive
strength of about 30 MPa, which is greater than shength of most commercial bricks.
Remarkably, if the hypercompacted bricks are qyidkled at a higher temperature of 825 °C,
which is however still lower than the temperatumposed during current brick production, material

strength increases to an extremely high value d¥1Ba.

The results obtained in the present work therefiodécate that a faster, cleaner and less energy-
intensive thermo-mechanical process can be detisiprove production of masonry bricks while

reducing environmental impact and increase effiyeifhese preliminary results must however be
supported by further investigation to quantify teesuing energy savings and to extend the

characterization of the hygro-mechanical and dlitglwharacteristics of the produced bricks.

MATERIAL AND METHODS

The earth used in the present work has been pr\igiehe brickwork factory NAGEN from the

region of Toulouse (South-West of France) and spwads to a typical soil for the production of
5
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standard fired bricks. The grain size distributisias determined by both wet sieving and
sedimentation in compliance with the norms XP P84-QAFNOR, 1995) and NF P 94-057
(AFNOR, 1992), respectively, which indicate thag thaterial is composed by 40.8% sand, 42.9%
silt and 16.3% clay. The Atterberg limits of thadifraction (i.e. the soil fraction smaller thar040
um) were determined according to the norm NF P94{@%NOR, 1993), which indicates a liquid
limit of 33.0% and a plasticity index of 12.9%. Bleeresults classify the material as an inorganic
clay of medium plasticity according to the Unifigdil Classification System USCS ASTM D2487-
11 (2011). Both grain size distribution and plastic properties also satisfy existing
recommendations for compressed earth bricks (e @PW™ 1992; Houben and Guillad, 1994,
CRATerre—EAG, 1998; AFNOR, 2001) as discussed hynBr(2016). Material mineralogy was
investigated by means of X-ray diffractometry usiag AXIS Nova X-Ray photoelectron
spectroscopy (Kratos Analytica). Results from tieist showed that the earth used in the present

work is mainly composed of quartz, illite and cadiFigure 1).
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Figure 1. X-Ray spectrum of the base earth.
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Raw earth bricks were manufactured according teethdifferent methods, namely extrusion,

standard Proctor compaction and hypercompactioth Booctor compacted and hypercompacted

bricks had dimensions of 200 x 100 x 50 fnmhile extruded bricks had slightly larger dimemsi

of 220 x 110 x 50 mrh This small variation was the consequence of tfierdnt sizes of the screw

press ejector of the extruded bricks and the cotigraenould of Proctor and hypercompacted

bricks. A brief description of the three manufastgrprocesses is given below:

Extrusion Extruded bricks were manufactured by the brickwfactory NAGEN according

to the same process used for standard bricks. iheadth was passed through a grinder and
sieved to remove grains larger than 1 mm. The dieagth was subsequently mixed with an
optimum water content of about 18% and conveyed sorew extruder with a rectangular
ejector section of 110 x 50 ninFinally, the extruded strip was cut into indivadibricks
with length of 220 mm.

Standard Proctor compactiorfhe dry earth was mixed at the optimum water eanof

13.5%, which had been previously determined bydstechProctor compaction of samples at
different water contents (AFNOR, 1999). The moastle was stored inside two plastic bags
for at least 24 hours to ensure the equalisatiopooé water pressures. The equalised earth
was subsequently placed inside a stiff rectangulauld, with a horizontal cross section of
200 x 100 mrf, and statically compacted to a target height o8 by a piston with a
displacement rate of 0.1 mm/s. The amount of galgbed inside the mould was calculated
to attain a dry density of 1860 kgimwhich corresponds to the Proctor optimum.

HypercompactionThe dry earth was mixed at the optimum water eanof 5.2%, which

had been previously determined by static compadioh00 MPa of samples at different
water contents (Bruno, 2016). The moist earth wased inside two plastic bags for 24
hours to ensure equalisation before being compdot@é@0 MPa with a rate of 0.17 MPa/s,

which resulted in a very dense material with anrage porosity of 0.13. The earth was
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“double compacted” by two pistons acting at the aod bottom of a “floating mould” with

a horizontal cross section of 200 x 100 mithe floating mould was supported by internal
friction with the lateral surface of the brick. Ome compaction is preferable to single
compaction because it reduces frictional effectdhanlateral brick surface and therefore
increases the uniformity of stress and porositidshe material. Double compaction could,
however, only be employed for hypercompacted briocksause, for Proctor compacted
bricks, the applied pressure was too low to geresabugh lateral friction to support the
weight of the floating mould. Further details abthg hypercompaction procedure can be

found in Bruno (2016).

After manufacturing, all bricks were equalised be faboratory atmosphere, corresponding to a
temperature of about 25 °C and a relative humiatitgbout 40%, for a minimum of one week and
until a constant mass was attained. During thisetithe water content of the bricks reduced
significantly attaining a stable value of about 38#ter equalisation, a set of bricks was kept iesid
the laboratory while another set was preparedifersubsequent firing stage by drying for 24 hours
at 105 °C followed by 12 hours at 200 °C. This &ddal drying was necessary to avoid that the

material exploded when fired at higher temperatdresto the expansion of entrapped vapour.

Bricks were then fired inside an electrical furnatdive different temperatures of 280, 455, 640,
825 and 1000 °C. In all cases, the temperatureineasased with an approximately constant rate of
9 °C per minute, which was the fastest rate allotethe furnace. Once the target temperature was
reached, the furnace was turned off and left td ocwernight with the brick inside it. Figure 2

shows the variation of temperature with time dudogh heating and cooling stages.

After firing, bricks were again equalised to thédeatory atmosphere (temperature of 25 °C and
relative humidity of 40%) until a constant mass waorded and, in any case, for not less than two
weeks. Figure 3 shows both the dry density an@dnesponding porosity (in bracket) of the bricks

fired at different temperatures. The temperatur@ofC refers to the unfired bricks, which were
8
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simply equalised to the laboratory atmosphere wittamy thermal treatment. The dry density, and
hence the porosity of the material, were calculétech the mass, volume and water content of the
bricks measured after equalisation. In particulater content was determined by drying at 105 °C
for 24 hours three small fragments of about 50 graach taken at different heights of the failed
bricks after mechanical testing. This procedureeselbn the assumption that only negligible

changes in water content occur during mechanistihtg

As expected, hypercompacted bricks exhibit a higingrdensity than Proctor and extruded bricks
due to their large compaction pressure. Inspedtdfigure 3 also indicates that, for all brick tgpe
dry density decreases as firing temperature gr@specially beyond 455 °C. This result is in
contradiction with previous studies (e.g. Karamdnak, 2006) where dry density increased
monotonically with growing firing temperatures, whiis explained by the quick temperature ramp
imposed to bricks in the present work. Quick fitigmbined with the high quartz content of the
base earth (Figure 1), promotes a rapid vitrifmatof the brick surface (Cultrone et al., 2004)isTh
impermeable skin then causes the formation of madeisacks” of carbon dioxide and water vapour
with a consequent increase of porosity. Insteackarier studies by Karaman et al. (2006) and
Mbumbia et al. (2000), a very slow heating rateoofy 1°C per minute was applied, which
prevented the rapid formation of a vitrified skindatherefore facilitated the evacuation of carbon
dioxide and water vapour from the brick core durfimgng. Note that carbon dioxide and water
vapour are typically generated by the burn off @rbonaceous organic matter and the
dihydroxylation of structured water at temperaturggher than 550 °C (Karaman, 2006; Baccour et

al., 2009).

Quickly fired bricks were then tested to measurenmessive strength, water durability and
moisture buffering capacity. Mercury intrusion psiroetry tests were also undertaken to analyse

the influence of quick firing on material fabric.
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TESTING PROCEDURES AND TECHNIQUES

This section presents the laboratory proceduresp&forming mercury intrusion porosimetry
(MIP) tests, compressive strength tests, immersests and moisture buffering tests while the

corresponding results are discussed in the nekbsec

Mercury intrusion porosimetry test

To help interpretation of the macroscopic matepiaperties, MIP tests were carried out on small
specimens (about 2 éntaken from the brick core. MIP is a laboratorgheique that allows

investigation of the microstructure of porous mdalfaneasuring pore size distribution, density and
specific surface. These microstructural charadtesisstrongly affect the macroscopic behaviour

and, in particular, the strength, water durabgityd moisture buffering capacity of the material.

Prior to MIP tests, the specimens were equalisealfout one week inside a climatic chamber at a
temperature of 25 °C and a relative humidity of 6&%avoid any fabric difference caused by
potentially different environmental conditions. é&ftequalisation, the specimens were freeze-dried
to remove all free water from the porous networkisTprocedure consisted in instantaneously
freezing the specimens by dipping them in liquidcagen at a temperature of -196 °C until
termination of boiling. Instantaneous freezing poes the transformation of pore water into
amorphous ice with a negligible increase in voluthas avoiding disturbance to the material fabric
(Romero et al., 1999; Nowamooz and Masrouri, 2038sanian and Newson, 2013). Frozen
specimens were then exposed to vacuum at a teraperat -50 °C for at least two days to

sublimate the pore ice.

The freeze-dried specimens were introduced intereefpometer, which was then inserted inside the
low pressure (compressed air) chamber of a MicraicerAutoPore IV mercury porosimeter. A
vacuum corresponding to an absolute pressure @fmddg was applied for 5 minutes to evacuate

air and residual moisture from the porous netwdédterwards, mercury was intruded inside the
11
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pores with diameters from 18m to 1d nm by increasing the mercury pressure from 10 kP200
kPa (low-pressure stage). The penetrometer wastthesferred to the high pressure (compressed
oil) chamber where the mercury pressure was fuitieased to 200 MPa to detect the smallest

pores down to 10 nm.

Compressive strength test

Compressive strength tests were conducted by astdigplacement-controlled Zwick/Roell Amsler

HB250 press with a capacity of 250 kN. Bricks wkyaded along the longest dimension with a
constant displacement rate of 0.001 mm/s (Figure Téjs set-up corresponds to a sample
slenderness ratio (i.e. the ratio between the gatallel to the loading direction and the smallest
side of the perpendicular cross section) of 4.4 ther extruded bricks and 4 for the Proctor
compacted and hypercompacted bricks. In generdéralerness ratio bigger than 2 is sufficient to
eliminate the effect of spurious confinement owedmnd-friction between the brick faces and the
press plates. The slightly different slendernes® raf extruded and compacted bricks should
therefore have a negligible effect on the meassteeghgth. End-friction confinement was further

reduced by applying Teflon spray on the top anddbotpress plates before placing them in contact

with the brick extremities and starting the test.

12
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Figure 4. Compressive strength test set-up.

Water immersion test

Water durability was assessed by means of immetsgis in agreement with the norm DIN 18945
(2013). These tests consist in submerging the kbnckater for ten minutes and measuring the
corresponding mass loss. Prior to immersion, @kirwere equalised to the laboratory atmosphere
(temperature of 25 °C and relative humidity of 40%0)il a constant mass was achieved and, in any
case, for not less than two weeks. After immersithe bricks were again equalised to the
laboratory atmosphere to allow evaporation of dolstrwater and subsequently weighted to

determine the mass loss.
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Moisture buffering capacity test

A last set of tests was performed to investigat nioisture buffering capacity of the bricks
according the norm ISO 24353 (2008). These testsisted in exposing the bricks to relative
humidity cycles inside the climatic chamber CLIMATSype EX2221-HA) while simultaneously
recording their mass change using a scale witls@uton of 0.01 grams. Prior to the test, thelbric
surface was sealed with aluminium tape except far of the two largest faces, which was left
exposed to the atmosphere of the climatic chanitier.exposed area was therefore 200 x 106 mm

for Proctor compacted and hypercompacted bricks220ck 110 mrhfor extruded bricks.

At the beginning of the test, the bricks were ergedl at the lower humidity level of 53% until a

constant mass was attained and, in any case, toes® than two weeks. Five relative humidity
cycles were then carried out at a constant temyeraif 23 °C between the two relative humidity
levels of 75% and 53%, with each level maintained 2 hours. This was sufficient to achieve
steady state conditions corresponding to the ati@im of a “stable cycle” where moisture uptake at
the higher humidity of 75% is identical to moistuedease at the lower humidity of 53%. In all tests

performed in the present work, the last three cyalere classified as stable cycles.

Results from the above test are typically preseimettrms of a single parameter, the Moisture
Buffering Value (MBV), which is the average massiegeAm (in grams) over the last three stable
cycles divided by the exposed sample surf&gn nv) and the difference between the imposed

humidity levelsA%RH (in %):

MBV = am
S A%RH (1)

RESULTS AND DI SCUSSION

This section discusses the results from the abests tomparing microstructure, strength, water

durability and moisture buffering characteristiéshe different brick types.

14
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Mercury intrusion porosimetry test results

Figure 5 shows the pore size distribution of hyperpacted bricks quickly fired at different

temperatures. Note that the unfired material cpoeds to the temperature of 25 °C, which is the
ambient temperature during equalisation to the ritboy atmosphere. Inspection of Figure 5
indicates that the pore size distribution remaimtually unchanged when the firing temperature
increases from ambient conditions to 455 °C. Howealeove 455 °C, the pores larger than 100 nm
increase while those below 100 nm tend to progrelsdisappear. This is reflected by a growth of
the characteristic pore size to 250 nm and 100@&ithe two temperatures of 825 °C and 1000 °C,
respectively. This augmentation of the coarsestk pioaction is caused by the burn off of

carbonaceous organic matter and the dihydroxyladiostructured water above 550 °C, with the
consequent formation of sacks of carbon dioxidewatkr vapour inside the material (Karaman et
al., 2006; Baccour et al., 2009; Mahmoudi et &1 7). This phenomenon is facilitated by the rapid
vitrification of the brick surface during quick ifig, which creates an impermeable skin impeding

evacuation of gases from the brick core.

The progressive disappearance of the finest pdrésgher firing temperatures has an important
impact on the moisture buffering capacity of theenal, which is directly related to the amount of
pores with sizes of the order of nanometers. Thrflypexplains why firing at higher temperatures
entails a progressive loss of the hygro-thermattimeof the material (McGregor et al., 2016), as

shown later in the paper.
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Figure 5. Pore size distributions of hypercompaatatired (25 °C) and quickly fired (280, 455,
640, 825, 1000 °C) bricks.

Additional MIP tests were performed on Proctor cacipd and extruded bricks quickly fired at
455 °C to investigate the effect of the manufacominnethod on the microstructural characteristics.
The temperature of 455 °C was selected becaushoam later, this was the lowest temperature at
which all bricks, regardless of manufacturing methexhibit good water durability together with
an excellent capacity to buffer moisture. Figureoénpares the pore size distribution of extruded,
Proctor compacted and hypercompacted bricks quioldg at 455 °C. Differences are evident for
the largest pore fraction with diameters biggemti@0 nm while, below 100 nm, the pore size
distribution becomes similar for all bricks. Theildp of the material to store/release vapour is
governed by the finest voids, so the similaritypoire size distributions below 100 nm produces

comparable levels of moisture buffering capacitydib bricks, as shown later in the paper.
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Extruded bricks exhibit a homogenous pore sizeildigion with a well-defined peak at 500 nm.
On the contrary, Proctor compacted and hypercoredabticks show a heterogeneous porous
network with the consistent presence of differamepdiameters. This is partly because, in the case
of extruded bricks, the base earth was ground asdeal through a 1 mm sieve, which produces
greater homogeneity of particle sizes comparedroatBr compacted and hypercompacted bricks.
This more homogeneous pore size distribution, tegetvith the fact that extrusion at high water
content orients clay platelets along the direcbbsqueezing, results in better sealing of the route

surface.
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Figure 6. Pore size distributions of Proctor comigat; hypercompacted

and extruded bricks quickly fired at 455 °C.

Compressive strength test results

Figure 7 presents the results from compressivagineests and shows that hypercompacted bricks

exhibit significantly higher strength than Procttmmpacted and extruded bricks at all firing
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temperatures, which is consistent with their gnedémsity (Figure 3). For hypercompacted bricks,
quick firing at a relatively low temperature of 488 is already enough to attain a very high
strength of 29.1 MPa, which is better than currenbmmendations for masonry buildings exposed
to severe weathering (ASTM C62-13a, 2013). Thengtte of hypercompacted bricks increases
even further to 53.1 MPa, a value typical of topf@ening materials such as high-strength

concretes, after quick firing at 825 °C.

Inspection of Figure 7 also indicates that, regessll of the manufacturing method, strength
increases as firing temperature rises from 25 °82f® °C but then decreases as temperature further
grows to 1000 °C. This is in contradiction with yamus studies (Karaman et al., 2006; Mbumbia
and de Wilmars, 2002) where strength always inecagth growing temperature. Comparison of
Figures 3 and 7 also indicates that, contrary foechearth, strength does not always increase with
growing density. These apparently surprising oletesus are explained by the occurrence of
distinct counteracting mechanisms during firing.eTfirst mechanism consists in the almost
simultaneous occurrence, at temperatures above’G5@f carbonaceous organics burn off and
mineral dihydroxylation with the consequent bondaigalumina and silica particles that augments
material strength (West and Gray, 1958). This iaseeof strength is however counteracted by a
second mechanism, which is typical of quick firiagd consists in the rapid vitrification of the
brick surface impeding evacuation of carbon dioxadd water vapour from the inner material. This
promotes the formation of large pores with a consatireduction of density and strength at higher
temperatures (Karaman et al., 2006; Baccour e2@09). Finally, an increase in temperature above
950 °C induces the transformation of illite (Figut) into less stable spinel (MgQ®&k) and
hercynite (FeEOAIO;) (Jordan et al., 1999 and Aras, 2004), which alsatributes to the drop of

strength at 1000 °C.
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Figure 7. Unconfined compressive strength of udfig@b °C) and quickly fired (280, 455, 640, 825,

1000 °C) bricks.

Water immersion test results

A preliminary assessment of water durability wasfgpened by means of immersion tests as
prescribed by the norm DIN 18945 (2013). Figurén8ves the results from these tests in terms of
material loss measured after water immersion ottBraccompacted, hypercompacted and extruded
bricks quickly fired at different temperatures.pgastion of Figure 8 indicates that, at temperatures
smaller or equal to 455 °C, extruded bricks are endurable than Proctor compacted and
hypercompacted bricks due to their stronger fabnentation, which seals the surface and reduces
water infiltration. These differences however dissgr at temperatures greater than 455 °C, when
all bricks exhibit negligible mass loss regardletghe manufacturing method. This indicates that a
good water durability might be achieved by firing sagnificantly lower temperatures and for
considerably shorter times compared to currenkbrproduction. Further durability tests, based on
complementary experimental protocols, are howegeessary to corroborate this conclusion.
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Figure 8. Mass loss after immersion of unfired {29 and quickly fired (280, 455, 640, 825, 1000

°C) bricks.

Moisture buffering capacity test results

One of the most advantageous properties of ravh eeatls is the high hygro-thermal inertia and
consequent ability of buffering fluctuations of out humidity and temperature. This property
originates from the open nanoporous network andh Isigecific surface of the material, which
favours the adsorption/release of water vapourth@gewith the simultaneous liberation/storage of
latent heat (McGregor et al., 2016). In this respie MIP tests presented earlier in this section
have shown that the process of quick firing candpee a significant change of pore size

distribution, which can in turn influence the maist buffering capacity of the material.

To further investigate this aspect, moisture budffgrtests were performed according to the
experimental procedures described in the previeasm. The Moisture Buffering Values (MBV)
of Proctor compacted, hypercompacted and extrudeksh quickly fired at different temperatures,

are plotted in Figure 9 together with the clasatien proposed by Rode et al. (2005). Note that thi
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classification is based on an asymmetric humiditglee of 16h and 8h between 33% and 75%,

which is slightly different from the testing proagd adopted in the present work.

Inspection of Figure 9 indicates that Proctor cocbge bricks exhibit slightly higher moisture
buffering capacity compared to hypercompacted amai@ed bricks at all firing temperatures. This
is justified by the larger porosity of Proctor comaped bricks, which facilitates the exchange of

water vapour with the surrounding atmosphere.

Inspection of Figure 9 also indicates that the mogsbuffering capacity drastically reduces, fdr al
manufacturing methods, as firing temperature irs@ea This is due to both the progressive
vitrification of the brick surface, which reducedsetpermeability to vapour, and the progressive
disappearance of the finest pore fraction, i.e.fthetion smaller than 100 nm, as discussed earlier
in the paper (Figure 5). This result is also ineggnent with previous works (Mbumbia et al. 2000;
Karaman et al., 2006), which observed a progressdaction of the material capacity to adsorb
water vapour with increasing firing temperaturegfe 9 also shows that, at the highest
temperature of 1000 °C, the moisture buffering cépaf the material becomes almost negligible.
This indicates that the innate ability of raw eaudtbuffer moisture almost disappears as the firing

temperature approaches the levels imposed durenghinufacture of commercial bricks.

21



411

412

413

414

415

416

417

418

419

420

421

422

423

424

Proctor compaction

W Hypercompaction

0 Extrusion

- Excellent

MBV (g/ m2 %RH)

Good

Limited
egligible

25°C 280°C 455°C 640 °C 825°C 1000°C

Figure 9. Moisture Buffering Value (MBV) of unfir€b °C) and quickly fired (280, 455, 640, 825,

1000 °C) bricks.

Evaluation of proposed manufacturing method

The above results indicate that hypercompactedkdriguickly fired at a moderate temperature in
the range 455 °C - 640 °C, provide the best baldrtereen energy consumption and material
properties such as compressive strength (Figurew@jer durability (Figure 8) and moisture

buffering capacity (Figure 9).

Table 1 compares the strength, mass loss and meistidfering value of hypercompacted bricks,
quickly fired at 455 °C, with the corresponding wed of standard commercial bricks taken from
the literature (Brick Industry Association, 2006pd® et al., 2005). Table 1 also compares the
corresponding firing temperatures and times to lighh the advantages of quickly fired
hypercompacted bricks in terms of energy costspmoduction speed. Note that firing time has a

different meaning for hypercompacted and standaks In the former case, it indicates the time
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425 to attain the desired temperature target whilghenlatter case, it indicates the time during which

426  the maximum temperature is maintained.

427 Inspection of Table 1 shows that quickly fired hygmempacted bricks exhibit better compressive
428  strength and moisture buffering capacity than saeshdricks. Remarkably, this improvement is
429 attained with lower firing temperatures and timehjch also allows a saving of energy, time and
430 carbon emissions. Only water durability is mardynalorse for the quickly fired hypercompacted

431  bricks compared to standard ones.

Table 1. Comparison between standard fired bricks and ¢yufaled hypercompacted bricks

Compressive Mass loss MBV Firing time Firing
strength (MPa) (%) (g/m” %RH) (h) temperature (°C)

Standard fired Between

bricks 21.0 0 Q2 10 and 40 1100

Hypercompacted 5 | 2 2.6 0.67 455
bricks
L Between
0, - -

Variation (%) +7.8 +1200 .03 and -98 59

432

433  CONCLUSIONS

434  This paper has presented an innovative and endfigient thermo-mechanical process for the
435  manufacture of masonry bricks. The proposed proocastines “hypercompaction” of raw earth at
436  a large pressure of 100 MPa with quick firing at lemperatures and times. The process relies on
437  the hypercompaction of raw earth, to generate leghls of material strength, and on subsequent
438  quick firing, to achieve good water durability. Arges of laboratory tests was performed to assess
439 the pore fabric, compressive strength, water diitaband moisture buffering capacity of
440  hypercompacted bricks quickly fired at five diffatdemperatures of 280, 455, 640, 825 and 1000

441  °C. For comparison, the same properties were aksasared on conventional extruded bricks and
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Proctor compacted bricks subjected to the samentdetreatment. The main outcomes of the

research can be summarised as follows:

Material strength depends markedly on the manufaaggumethod with hypercompacted
bricks exhibiting the highest strength at all fgitemperatures followed by extruded bricks
and finally Proctor compacted bricks. This resultlicates a direct link between earth
densification prior to firing and material strength

The highest strength is always attained at thermediate firing temperature of 825 °C,
rather than at the highest one of 1000 °C. Thasdensequence of the fast thermal ramp that
is imposed to the earth during quick firing. Thghast strength is equal to 6.7 MPa for
Proctor compacted bricks, 19.3 MPa for extrudedksrand 53.1 MPa for hypercompacted
bricks. This last value is comparable to that @f performing construction materials such as
high-strength concretes.

Mass loss during water immersion decreases witheasing firing temperatures and
becomes negligible above 455 °C for all manufaoturmethods. This indicates that
adequate water durability can be achieved withiogmtly lower firing temperatures and
times than those adopted during current brick pcodo.

Moisture buffering capacity reduces with growingniy temperature in a similar fashion for
all manufacturing methods. In particular, brickeedi at a temperature of 1000 °C (i.e. a
temperature similar to that imposed during productf commercial bricks) exhibit almost
no ability to exchange vapour with the surroundengironment.

Based on the above results, quick firing of hypempacted bricks at relatively low
temperatures, between 455 °C and 640 °C, proviuebdst balance between manufacturing
energy and material properties (strength, watealllity and moisture buffering capacity).
At a temperature of 455 °C, hypercompacted brickshbat a strength a 29.1 MPa, a value

greater than that recommended by masonry congsirugtiidelines (ASTM C62-13a, 2013).
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They also exhibit excellent moisture buffering aapaand almost no mass loss after water
immersion.

* Quick firing of hypercompacted bricks at temperesudiower than 455 °C produces
negligible changes of pore size distribution wispect to unfired bricks. Above this
temperature, however, the material exhibits a @sgjve augmentation of the coarse pore
fraction (i.e. larger than 100 nm) accompanied lileerease of the fine pore fraction (i.e.
smaller than 100 nm). Given that the material gbib store water vapour is directly linked
to the extent of the nanoporous network, this ofzem explains the decrease of moisture
buffering capacity with growing firing temperature.

» Extruded bricks present the most uniform porousvast with a characteristic size of 500
nm. On the contrary, Proctor compacted and hypepeaited bricks exhibit a relatively

heterogeneous porous network with a continuouserangifferent pore sizes.

The above preliminary results suggest that brickwiactories have the opportunity to improve
production quality while significantly reducing maacturing time, energy consumption and
environmental impact. Additional experimental evide is however necessary to validate the

proposed thermo-mechanical brick production probe$sre implementing it at the industrial scale.
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