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Influence of Granule Properties and
Concentration on Cork-Cement Compatibility

SUKHDEO R. KARADE, MARK IRLE, KEVIN MAHER

Abstract

Cork granules are produced as by-products and \wgstee cork processing industries that make
‘bottle stoppers’ as a main product. These grarade®f low density and could be used as lightwteigh
aggregates for making concrete. This paper descabénvestigation carried out to assess the
compatibility of cork granules with cement for timanufacture of lightweight cementitious
composites. Five different grades of cork granubaying in terms of size and density were
investigated. The effects of extractives, partgie and density of the cork granules were studikd.
results indicate that these parameters affect celnyelnation in a complex way. At lower
concentrations of cork (10%), only the extractiiase an influence on hydration behaviour. At higher
cork concentrations (20% and 30%), however, dukd@hange in the surface area of the cork, particl
size and density also affect the compatibility. &iéveless, cork granules are found to be compatible

with cement.

Introduction

Cork is a natural lightweight cellular material aioied from the bark of Cork Oak
trees Quercus subgrwhich are grown mainly in Portugal, Spain, arigeiia. Cork
can also be harvested from the @akercus occidentaljbut this species is of less
economic importance. The principal chemical coustits of cork are suberin (40%),
lignin (22%), hemicellulose (11%), cellulose (9%yeaextractives (15-20%) (Pereira
1988). Bottle stoppers are the main and highestevatoducts of cork. They are
punched out of strips of bark creating a residagmated to be more than 75% of the
harvested cork, which is subsequently ground intallsgranules (Pereirat al

1994). The lighter and larger size granules arenodigglomerated to make panel-like
products. However, a large proportion (20 to 25%weyght) of the granules remains
under utilised (Cordeiro et al. 1999). This is hessathey are either of high density or
of very small dimensions, or both. Some of thesst@gmare burnt to generate process
heat, while the remaining cork waste is sent tafilr{iMcllveen-Wright et al 2000).

Presently, the world’s cork production rate is &l#®10 thousand tons per year



(Corticeira Amorim-Industria 2002). It is, theredorestimated that about 68 to 85
thousand tons of cork waste is generated annuglitiidcork industries.

The residue granules have a particle density ofie®@0 kg/nf, whichis lower than
that of most of the lightweight aggregates usecbimcrete (Holm 1994). Therefore,
the low density of the cork granules could be exgibto make lightweight
cementitious composites. In addition to the lowsignthere are other advantages
associated with cork caused by its cellular stmec&und chemical composition. These
advantages include: low thermal conductivity, ggodnd absorption, and water
resistance (Oliveira and Oliveira 1991; Gibson astiby 1999).

A review of the scientific literature suggests that a great deal of research has been
done on the use of cork in cementitious composkew et al. (1979) and Hernandez-
Olivareset al (1999) published studies on the strength progedf cork-cement
mixes and cork-gypsum mixes, respectively. This isontrast to the wide range of
research papers and reviews that are availableeonse of wood in making
cementitious composites, see for example, Swang8)1Moslemi (1989, 1991,

1993, 1995) and the references therein. Many gagl@w that several species of
wood inhibit the setting of cement. Extractivesisas sugar and phenolic compounds
in the wood aggregates are thought to make compleré cement in the early stages
of hydration, leading to a delay in the settingement. Sometimes, they completely
inhibit the setting process. Some of the wood gsegenerally hardwoods, have a
greater retardation effect; possibly because off thgher hemicellulose content. In
comparison to wood, cork contains less hemicelkilés addition, the principal
chemical component of cork is ‘suberin’, which ipa@ymeric compound of long-
chain aliphatic alcohols and fatty acids which nsag&erk relatively impermeable
(Pereira 1988). Both of these aspects are expézteel beneficial from the cork-
cement compatibility point of view (Karae¢ al 2001, 2002). From this discussion it
appears that cork is a potential lightweight aggtedor making cementitious
composites. It is necessary, however, to assesothpatibility of cork with cement.
This paper presents the results of an investigatgoned out on the effects of particle
size, density, and quantity of the cork granuleshenhydration behaviour of cement

to assess cork-cement compatibility.



Materials and Methods

Characteristics of cork granules

In the present experiment five different gradesark granules supplied by Woodtech
Ltd., Portugal, were used. The granules were d¢iadsby density and particle size.
The labels given to these granules are presentédhle 1.

The bulk densities of the cork granules were ddtexthby weighing a of known
volume of granules in a glass beaker. Particlesitfenwas estimated via the water
displacement method using 25 tspecific gravity bottles. Particle size was
determined by sieve analysis using various me&s semging between 906n and 10
mm. The specific surface area of the cork gramwies calculated using a Gates
diagram, as described by Ferrigno (1987). It isangmnt to note that cork, being a
water resistant material, absorbs only a small amhotiwater, but a considerable
amount of water may be required to wet the relatilezge specific surface area of
the granules. This surface wetting water is teragguhrent water absorptioand was
measured by stirring a sample of dry granules itemfar 30 minutes. The stirring
was required to ensure immersion because the gstend to float. A period of 30
minutes was selected to simulate the practicalibond used during the mixing and
placing of lightweight concrete and also it hasrbieeind that lightweight aggregate
absorbs the maximum amount of water in the first@@utes (Neville 1995). After
stirring, the granules were filtered and free stefavater was removed with a wet
cloth. The resultant moisture content of the greswulas determined by oven drying.
Thus, the difference between initial and final mwie content is a measure of
apparent water absorptiol.he measurements for bulk density amgparent water
absorptionwere replicated thrice; for sieve analysis twind ¢he corresponding
mean values are reported. However, for particleitiefive observations were made
to minimise the possible error due to buoyancyefdranules in water.

The extractive content of each grade of the cork @simated after extraction with
cold water, hot water or a 1% calcium hydroxide((@d)) solution. The TAPPI
standard T 207 om-93 was followed for the cold wated hot water extractions.
However, the particles were use found’'without reducing them to the specified
particle size of <40 mesh. This approach was addp¢éeause the aim of this research

was to investigate the influence of particle simecomposite properties. A 1 hour



extraction period was used for the Ca(@éRtractions; other parameters were as for
the hot water extractions. For each extraction test replicate tests were conducted
and the mean value reported. Ash content in thie g@nules was determined
according to the method described in the TAPPIdstethT 211 om-93.

Heat of hydration

The hydration tests were performed under semi-atimbonditions using fresh
ordinary Portland cement (42.5 N grade). Samplegi® hydration test were
prepared by thoroughly mixing cement and a knowigkteof oven-dried cork
granules in a plastic bag. The required amountaiémwas then added and mixed for
2 minutes. The plastic bag was then placed in addéask. The temperature of the
mix was recorded with the aid of thermocouplesye), which were connected to a
multipoint recorder. Three replications were maatesfach composition. A different
flask was used for each replication to minimisedRperimental error due to variation
in the insulating properties of flasks. The optimwater-cement (w/c) ratio was
determined initially by maximum hydration temperatof a mix and later by a
maximum maturity compatibility factoGy), which is described in the following
paragraphs. For neat cement, the optimum w/c vea®0.35 and for a cork-cement
mix it was 0.35 plus thapparent water absorptioaf the cork granules described
above. All the hydration tests were conducted éortrolled temperature room at
20+ 2 °C. The cooling rate constant and heat capémiteach Dewar flask was
determined by measuring the cooling rate of 50J@ml samples of hot water.

The heat of hydration rate of a cork-cement mix determined with respect to the
‘equivalent time(te), which was calculated using Eqg. (1) and is bagexh a maturity
function at a reference temperature of 20 °C. Wiasurity function was suggested by
Freiesleben Hansen and Pedersen (1977) and isuh neghod for comparing
specimens cured at different temperatures. Thentaaf a specimen cured at high
temperature can be compared to that of anothemspacured at a lower
temperature by making a correction to ¢ggiivalentage of the specimen. Further
details of this method used for the calculationvobd-cement compatibility are

discussed in a separate paper (Kaeidd 2003).



[1]

WherekE, is the apparent activation energy of cement (J/rRok the gas constant
(8.314J3/mol-K),T andT’ are absolute specimen and reference temperatares, i
degrees Kelvin, respectively. A value of 4000 isoramended foE./R by RILEM
for the hydration of Portland cement above 20 “@CEM 1997).

Cork-cement compatibility

A cork-cement compatibility indexC{) can be expressed as a percentage by Eq. (2),

as follows (Karadet al 2003):

[2]

C] — Qe,max X te max 100
Q € max te max

whereQg is the heat evolution rate obtained by differé¢mthe total heat evolved
with respect toeéquivalent time{te). The parameters qualified with an apostrophe
represent neat cement and others refer to a conlergemix. The compatibility of the
cork-cement mix can be assessed by comparing themm heat evolution rate
(Qemay and the equivalent timetrequired to reach itdnay.

ClI can also be calculated by dividing a maturity catiiplity factor (Cy) of a cork-

cement mix by that of neat ceme@t, can be expressed as:

. [3]
G = Qe max
fe max

In order to obtain an average curve of heat evatutate againgt the data from the
replicates were combined in to two columns, onéh&at evolution rate and the other
for te, and then sorted in order of increasingSubsequently, the average heat
evolution curve was plotted by using a three poiaving average.

To understand the effects of varying propertiesark granules, the cork-cement
mixes containing the same mass of cork, but diffegeades were analysed by
analysis of variance (ANOVA) at the 0.05 significarlevel. Multiple comparisons
were made using Fisher’s least significant diffeeemethod with Bonferroni

adjustment and Tukey’'s method.



Results and Discussion

The physical properties of the various grades df goanules are shown in the

Table 2. It can be seen that the fine cork duBi§H) has the highest bulk and
particle density. The bulk densities of the medamd large size granules are
comparable with those of other ultra-lightweighgeepates, like perlite and
vermiculite, used for making lightweight concre®erlite has a bulk density range of
40-200 kg/mi and vermiculite 60-200 kgfnOther lightweight aggregates, like
sintered slag, sintered fly ash and pumice, havepematively higher bulk densities
ranging from 500 to 900 kg/fhiNeville 1995).

The particle size distribution curves shown in Rigndicate that all the grades of
cork investigated are uniformly graded. In otherd#) the particle size of each grade
of cork varies within a narrow range, i.e. the éagyanules range from 2 to 3 mm, the
medium size 0.6 to 1 mm and the dust from 0.042a@m. Of the medium sized
granules, the MDMS are slightly finer than the LDM& similarly the MDLS
granules are slightly finer than the LDLS. Howe\re to a lower particle density,
the specific surface area of LDMS is much highantthat of MDMS. The specific
surface area of LDLS closely matches that of cotk8 (Table 2). In comparison to
the other grades of cork, the cork dust (HDSSkry Vine.

From Table 2, it can be seen that dpparent water absorptiogenerally increases
with the specific surface area of the cork. Howetlee amount of extractives
reported in Table 3 appears to be more influengetthd density of the cork. For a
given particle size, more extractives were remdveh the lower density particles,

this may be due to greater specific surface area.

The ash content in grades MDMS and HDSS indicaethsence of a considerable
amount of inorganic impurities, which might be aduced during the grinding
operations, but, it is thought more likely thatdbeome from the outer portions of the
bark where the inclusion of solil, sand, etc. issgas, both during growth and
harvesting. These inorganics were found to maiohstst of calcium (Ca), potassium
(K), rhodium (Rh), phosphate (P), and iron (Fe)d@duced from XRF spectra
(Karade, 2003). It was also found that the ashodf €IDSS, in addition to the above
mentioned elements contains silicon (Si), alumin{d) and titanium (Ti). The

presence of Ca and K suggests that the oxide camaisoaf these elements could



influence the initial hydration of cement. The @mese of Si in the HDSS ash
indicates the possibility of silica being presemitjch might result in some pozzolanic
reaction with the cement.

The rates of heat of hydration of cork-cement mixebe ratios of 10%, 20% and
30% by weight of cement are shown in Fig. 2, 3, &nespectively. The
compatibility indices calculated using these datapmesented in Table 4.

The analysis of variance (ANOVA) reveals that &addition levels, the

compatibility of HDSS is significantly poorer thémat of all the other types of cork
granules. For other grades, generally there asegmificant differences at the same
concentration of cork except MDMS and LDMS at 1G#tg MDLS and LDMS at
20%. The first of these exceptions is a little sisipg as it would be expected that the
granules with the lowest specific area, i.e. tihngdagranules, would be most
compatible with cement because they offer the ssiaflurface area for leaching of
the extractives, which might hinder the hydratieaations, in to the cement solution.
Grade HDSS is the least compatible at all addigwrls, which is expected because
it contains the most extractives and has the ssiglirticle size. With increasing
concentration of cork, the change in compatibfiigm grade to grade could be
caused by physical rather than purely chemicalierftes. For example, the
differences in granule size distributions and desscould influence the surface area
of cork that comes into contact with the cementeas

Apart from the two exceptions mentioned aboveait be stated that the differences
in particle size and density observed between thaivmn and large granules do not
affect the cork—cement compatibility. However, cdust (HDSS) clearly has a
deleterious effect on cement hydration at all additevels.

These results indicate that the medium and lampzistork granules have very good
compatibility with cement having compatibility ira#is greater than 50% for cork
addition levels up to 30% by weight. These granalesnot perfectly compatible,
however, because ti@ values fall with the addition level. The HDSS geasl
moderately compatible, because this cork delaysétteng of cement whilst not
inhibiting it completely. The delay was also expaded during casting of mechanical
test specimens with HDSS cork (Karade 2003). Nbaedgts, the compatibility of
cork HDSS could be improved by adding a suitableedaf a chemical accelerator.
Alternatively, using a cold-water extraction or fugdter extraction as a pre-treatment

might prove effective.



Conclusion

Cork is a lightweight, water-resistant, cellularteral that is available as a waste in
large quantities. A wide range of cork granulegsiand densities are available. The
hydration test results showed that large size @8 and medium size-L mm)
granules are compatible with cement and can bedagp¢o 30% by weight of
cement. However, when using fine size granulesy#igeof a set-accelerator or a pre-
treatment of the granules may be required. Thdteestithis study indicate that the

cork-cement compatibility, in general, reduces \lith amount of cork added.
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Table 1 Nomenclature of cork waste granules.

Cork Particle Density and Size
MDMS Medium Density, Medium Size
MDLS Medium Density, Large Size
LDMS Low Density, Medium Size
LDLS Low Density, Large Size
HDSS High Density, Small Size
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Table 2 Physical properties of cork waste granules

Cork Bulk density Particle density Specific surface area Apparent water
(kg/nt) (kg/nt) (cnflg) absorption (%)

MDMS 171 391 401 100

MDLS 106 271 108 65

LDMS 90 256 499 120

LDLS 104 233 106 63

HDSS 280 583 2127 200

Table 3 Extractives and ash content in cork wasiauges.

Cork Cold water Hot water Ca(OH), extractives Ash content
extractives (%) extractives (%) (%) (%)
MDMS 0.80 2.88 2.59 2.29
MDLS 0.78 2.67 1.64 1.67
LDMS 2.59 3.86 4.46 1.46
LDLS 1.06 3.62 2.96 1.24
HDSS 7.30 10.88 11.34 4.68

Table 4 Effect of cork type and addition level ampatibility as indicated b@l. The numbers in the

parenthesis show coefficient of variation as agm@ge.

Cork Addition level (by weight of cement)
10% 20% 30%
MDMS 81.2 (0.7) 68.2 (4.2) 53.5 (4.4)
MDLS 77.1(2.3) 75.6 (4.5) 58.1 (2.0)
LDMS 68.6 (2.2) 60.7 (2. 6) 54.0 (7.3)
LDLS 72.9 (12.1) 67.1(12.3) 61.5(7.9)
HDSS 58.1 (3.8) 43.0 (2.5) 44.1 (2.4)
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Figure 1 Particle size distribution of cork wagtanules.
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Figure 3 Effect of addition of cork waste granules (20% by wt.) on rate of heat of hydration of cement.
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Figure 4 Effect of addition of cork waste granules (30% by wt.) on rate of heat of hydration of cement.
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