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Thermal Conductivity and Frost Resistance
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Abstract. The paper reports a study, which was carried out to examine thermal and frost resistance properties of foamed
concrete (FC) with porous aggregate (expanded glass (EG) granules and cenospheres). By adding lightweight and porous
aggregatetothe FC mixture, itispossibleto improveimportant physical, mechanical, and thermal propertiesof the prepared
FC specimens. In the framework of this study the coefficient of thermal conductivity and frost resistance of hardened FC
samples were determined. The structure of FC matrix and used aggregates were characterised by using a method of optical

microscopy.
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I. INTRODUCTION

Construction industry in the total energy
consumption is composed of forty per cent [1].
Growing costs of energy demand energy-efficient
construction [2]. Engineering scientists are depielg
production of environmentally friendly building
materials, such us foamed concrete (FC) [3].

Currently FC is regarded as very modern and
widespread building material. It belongs to theugro
of lightweight concrete and is suitable for usimg i
precast building elements as well as in monolithic
structures [4].

The presence of considerable shrinkage is one of
the main drawbacks of FC. This can be prevented by
using a porous aggregate [5]. Physical propertfes o
lightweight aggregates depend on the effect of
moisture during the life cycle of a building madgri
Moisture influences characteristics of the respecti
building material, especially its durability profties.

In porous materials drying rate is closely linkedHeir
drying conditions [6]. For increasing durability i&
necessary to obtain high water resistance.

The aim of this study is to analyse thermal andtfro
resistance properties of FC with porous aggregate.

II. MATERIALS AND METHODS
Used materials
All FC mixes were obtained experimentally in a
laboratory setting. Intensive mixer (having a

(information provided by the producer,
CEMEX, Ltd.).

Filling component — natural, washed sand with
fraction size 0/0.3 mm. Sand also helps to
promote the formation of foam. During the
mixing the synthetic foaming agent was added.
Pozzolanic additives - silica fume or
microsilica (MS) and metakaolin (MK). MS
usually has fine particles {(im — 15 nm) and it

is useful as supplementary cementing material
[7]. MK is a technogenic waste material,
obtained from the manufacturing of expanded
glass granules. It helps to improve workability
and durability of concrete [8-9]. By using
pozzolanic additives in the concrete mixture,
the potential risk of alkali-silica reactions is
reduced [10-13].

Porous aggregate — expanded glass (EG)
granules and cenospheres (CS). In this study
cream-coloured EG granules (fraction size 4 to
8 mm) were used. The pore structure with
closed pores ensures low water absorption
ability of EG granules (information provided by
producer, JSC Stiklaporas). CS are obtained as
a by-product from coal processing at the
thermal power plants and have small diameters
(30 — 350um) but high strength (20 — 100 MPa)
[10].

In this study six experimental mixes of FC were

turbulence effect), foaming and pump functions wasy oquced. All of them were obtained with an average
used. The following main components were used fordensity class D800. EG granules were added in the

preparation of FC mixes

e Main binding agent — normal type Portland ||,

mixes IP, IIP, IlIP. CS were used to obtain the esix
P, 1,

IIP. Superplastifying admixture

cement CEM | 42.5 N. Compressive strength (‘Stachema’), based on polycarboxylate was added in
after 28 days is at least 42.5 MPa and thethe mixes Ill and IlIP. Data and designations df al

specific  surface is 3500-3900 &

prepared FC mixes are summarized in Table 1.
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. Table 1. _ 20°C (the bottom platevas the warm part (+2G) and
Compositions of Prepared Fc Mixes the upper plate was the cold pal‘tGED.
' Lt e e Frost resistance was tested according to LVS
Portland cemer CEN/TS 12390-9. The tested specimens (cubes with
CEMI425N * oot dimensions 100 x 100 x 100 mm, sawn in half) were

partly immersed in water and then subjected torséve
freeze-thaw cycles. The samples were immersed in
Water + + + + + + water at a depth of about 5 mm, placing them face
down in the containers. Under the tested surfadeCof

Sand 0/0.3 mm + + — — — _

Foaming agent + + + + + + .
specimens (5 mm: 0.1 mm) spacers were placed,
Cenospheres - - + + + * thereby ensuring uniform water layer beneath the
Metakaolin + + + + + + concrete specimens.
o If previously the same FC specimens have been
Microsilica + + + + + +

used in the capillary water absorption test, the

EG granules, 4 containers in this case must be sealed to prevent

to 8 mm - ’ - * - * evaporation. Totally 14 cycles were applied to the
PVA fibres + + + + + + tested specimens.
o Freeze-thaw cycles were carried out in a climatic
Superplasticizer — - - -t * chamber 'Sunrise' by freezing to °20and thawing at
+20°C (according to LVS CEN/TS 12390-9). After a
Experimental procedure certain number of cycles the specimens were viguall

The coefficient of thermal conductivity was inspected and additional frost resistance was
determined by using heat flow measurement devicejetermined by the quantity of crumbled particles in
‘Laser Comp’s heat flow meter instrument FOX 600’ certain surface area (ghn The freeze-thaw cycle
(see Fig.1). Thermal conductivity test was perfatme interval (accordingly to the above mentioned
according to EN 12667. regulation) is presented in Fig. 2.

0 2 4 6 B8 10 12 14 16 18 20 22 24
t(h)

Fig. 2. lllustration of freezing-thawing cycles
Fig. 1. Heat flow meter instrument ‘Laser Comp F&D0' used Microstructure of the prepared FC mixes was
in the test of thermal conductivity investigated with the optical microscope VHX-2000

. o . . . 'Keyence Corporation'. The obtained images weré use
The operating principle of measuring equipment iSy, getermine the pore size (both of FC matrix and

based on the Bio — Fourier law, where the heat flow porous aggregate) with the computer software 'VHX-
the coefficient of thermal conductivity and 2000 Analyzer'.

temperature gradient are connected by the following The test of compressive strength was performed
Formula 1: ar 1 according to LVS EN 12390-3. The specimens with
q=-1 (d—), where: @ standard dimensions (100x100x100 mm) were stored

x at the temperature $20°C and relative humidity level

q - heat flow that passes through the sample @y/m  More than 90%, and were tested at the age of 2&nd

A - coefficient of thermal conductivity (W/mK); days.
(%) — temperature gradient of flat surface (K/m) . RESULTSAND DISCUSSION
[11]. Thermal conductivity

FC specimens — plates with dimensions of 350 x
The tested specimens were placed in this device850 mm (the thickness of slabs was determined by he
between two metal plates with temperature diffeeenc flow meter with an accuracy 0.01 mm) were used for
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the thermal conductivity test. The results of theflows through both the pore walls and the pores of
thermal test are summarized in Table 2. enclosed air.

Data about the thermal conductivity depending on  The highest coefficient of thermal conductivity
the drying time (in days) are presented in a diagra (0.223 W/mK) after 124 days of curing was
(see Fig. 3). Till the age of 28 days, the prepareddetermined for the plate prepared from the
specimens were stored at the temperatuf€ 2thd  composition [ll. During the mixing process, the
relative humidity >90%, but later the relative hdity superplasticizer was added in this composition. It
was reduced to 50%. According to the diagram,rit ca created denser and less porous structure of the
be seen that the coefficient of thermal condugtivit material. Comparing the specimens with porous
tends to decrease over time. For example, the plataggregates, it can be seen that the higher value of
made from the FC composition Il had about 18% lowerthermal conductivity coefficient (0.138 W/mK) isrfo
thermal coefficient value (comparing measurementsthe composition IlIP, it also has added chemical
taken after 28 and 124 days of drying). The coeffic ~ additive (superplasticiser).
of thermal conductivity had lower values when all
observed plates were in dryer condition than at the
beginning of the test. This can be explained whi t
fact that the material with larger amount of wateits

pores has higher thermal transmittance [12], so iig D"_
resulted in higher values of thermal conductivity ="
coefficient. - ool
Table 2. 0:09 ;
T 1P 1 nme m

Results of Thermal Conductivity Test 0 o
The coefficient of thermal

0.3
025

FC Dryin conductivity 1 mixes
compositio ti?;eg A (x 1000) A\;erage/ valut w28d 71244
n (days) Upper Lower of & (W/mK) Fig: 3. . Coefficient of thermal conductivity depémgl on the
drying time (24 and 124 days)

1 2 7 8 9
28 133.91 138.86 0.136 Interaction of thermal conductivity and density

I 124 138.40 132.50 0.135 Thermal properties of concrete are closely

b 28 122.90 121.09 0.122 connected with the moisture content in the strgctdr
124 111.80 111.90 0.112 concrete; air has about 25 times lower thermal
28 204.92 202.81 0.204 conductivity than water [17-18]. The thermal

I 124 172.86 173.09 0.173 conductivity of concrete also depends on its dgnsit

e 2 w0 e ows e famperature. of concrete.
124 108.41 108.29 0.108 perature of concrete

Il > 20464 24093 0251 [19Ir212]§ummarizing the data about FC specimen
124 242.82 20312 0.223 fficient of thermal conductivity and density, a
28 151.46 151.78 0.152 coetticien y Y

e 124 14915 12744 0.138 graphic relationship is created (see Fig. 4, fumctn

: : : blue colour). It is clearly defined that thermal
conductivity is a function of density [15]. Follong
the obtained graph, it can be seen that platedovitér
density have lower thermal conductivity values and

about 50%) were obtained from plates prepared fro .'th higher density — h_|gher _values._ Specimens with
I, Il and Il compositions (0.135 W/mK, 0.173 w/mK Mgher values of density (without light and porous
and 0.223 W/mK respectively). About 20.5%, 60.2% aggrggate) are Igss porous, but samples with 'OW.ef
and 62% lower values of coefficient of thermal density values (with g(anules of EG _and CS) contain
conductivity were gained from the plates made of P more cells or pores with enclosed air. Consequgently

IIP and IIIP mixes (0.112 W/mK, 0.108 W/mK and together with the reduced density and increased
0.138 W/mK respectively) (see ’data of Fig. 3 andporosity of prepared specimens, the thermal pragzert

Table 2). This observation can be explained by theOf FC samples with lightweight and porous aggregate

orosity of obtained FC specimens. Homo enous,are improyed. .
b y P g There is a recommendation (see Formula 2) from

porous composite concrete structure was obtained i ; .
compositions with EG granules and CS. By ContraSt%thwCe(i)g;ngtge;re :;tiR-%%on((:(rseutg)e [ffé] S:]réjv?ltur;l

orosity of samples without porous aggregate was no_ . e -
go hig% As itpis KnoOWnN t?\e mate?i%lsgwith high estimate the coefficient of thermal conductivity floe
' ' lightweight concrete:

porosity level possess lower thermal conductivity
coefficient values, because the heat in the méteria

The higher values of thermal conductivity
coefficient after 124 days of hardening in in the
laboratory setting (with the relative humidity léve

A=0.0864€000125/, 2)
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where: vy - the density of lightweight concrete (kg)mThe
result of ACI formula is seen in Fig. 4 (functionried
A - the coefficient of thermal conductivity (W/mK); colour).
0.3
0.28 /.
0.26 —
0.24 Y £ 0.086480013« B | ¢
' R2=1 - J //
¥ 022 —
£ 0.18 _— ]
r< .
0.16 /-.‘-/ ’)l/ ]
= ¢ | — L y = 0.05p3@001%x
0.14 & _— ® RZ=0.8314
0.12 o __ —o |
0.1 ¢ ’
350 400 450 500 550 600 650 700 750 800 850 900 950
Density, kg/m3
¢ Experimental data ®mACI formula
Fig. 4. Interaction of thermal conductivity anchdity of FC

Frost resistance

As can be seen in Fig. 4 and Formula (2), theee isThe results of frost resistance test are preseinted

strong relationship between the coefficient of thair

Table 4. The main parameter is an average weight lo

conductivity and the density of FC specimeng R of tested samples or quantity of crumbled particles
0.831 and R = 1). Analysing the results obtained during the freeze-thaw cycles.

experimentally and using a formula provided by ACI,

it can be seen that both function graph have expaie Table 4.

d d the obtained functions are almost : Summary of obtained results —| -
tendency an L UPLEC mix | Density| Compressive | Average Weight
parallel. The values of thermal conductivity gained (kg/in?®) | strength, age of  weight loss
from the suggested equation are higher than 28 days (MPa)| loss (g) (g/?)
experimentally obtained. The difference can be |1 756 235 046 go
explained by the specifics of the formula providsd P 565 14 13 130
ACI; it is only relying on the density of concreded T 769 63 05 50
does not take into account the volume of added p 445 25 11 110
aggregates (EG granules and CS). The comparison |of il 952 14.4 0.3 30
experimental data and ACI formula data is included e 589 5.7 0.4 40

Table 3.
Table 3.
Comparison of DATA: obtained experimentally VS ngsformula
provided by aci

From the obtained results it can be seen that
specimens with higher density values have bettest fr
resistance properties; the average weight lossnisll

FC Time Exp. obtained ACI formula
composition | (days) valvu/?ng;” pro;;cz?;;jmv:)lue °f
1 2 3 4

| 28 0,136 0,208
124 0,135 0,197
P 28 0,122 0,164
124 0,112 0,162
" 28 0,204 0,216
124 0,173 0,205
0P 28 0,123 0,149
124 0,108 0,148
" 28 0,251 0,277
124 0,223 0,249
e 28 0,152 0,171
124 0,138 0,167

(see Table 4). The samples prepared from mixes I, |
and Il showed the following values of weight lo&§:
g/n?, 50 g/nt and 30 g/rh The specimens from FC
compositions IP, IIP and IlIP have more porous
structure comparing to compositions I, Il and Il
Performance of these specimens in the tests wte bet
as there was less pores and consequently watemfroz
inside the material damaged it less. Therefore, the
values of weight loss from the FC compositionsliiP,
and llIP were about 54 %, 55 % and 33 % higher than
[, Il and Il mixes. It can be explained by the wsfe
light and porous aggregate (EG granules and C$) tha
made the structure less dense and more porous.

The specimens made from compositions Il and 1lIP
had the lowest amount of damages; after 14 freeze-
thaw cycles these specimens had almost none crdmble
particle while in other specimens the process alirsg
could be observed already after 14 cycles (see5fig.
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Fig. 5. FC (IP) after 14 cycles of freezing-thagvin

The use of superplastifying additive in the FC of pores that is ensure good thermal properties and
mixes Il and llIP contributed to higher resistarafe  capillary water absorption properties.
these specimens to freeze-thaw test. The structidires There is a risk of alkali-silica reactions on the
these specimens were denser compared to others acdntact area between matrix of FC cement and EG
their pore size was smaller. It is very importamt t aggregate, when using amorphous silicates. Namely,
avoid capillary-sized pores because it decreasesise of the EG granules in cement-based composites
durability of the material. can cause the reaction between amorphous silicon
Analysing the obtained data, it can be seen thabxide and the alkali of cement. Consequently the
higher values of compressive strength (at the &de o volume of alkali silicate hydrogel can increasesiag
and 28 days) were for FC specimens, where porougternal osmotic pressure, which results in the
aggregate were not included. Comparing the FCprocesses of concrete expansion and destroying of
compositions | to Il, it can be concluded that agjslg ~ concrete structure. It may cause the deterioradion
the traditional quartz sand with CS gives a sigaifit ~ physico-mechanical properties and have negative
strength increase (up to 53.5% at the age of 7dags impact on the longevity of concrete [4]. Therefore,
up to 59.6% at the age of 28 days). The highesiegal special attention should be paid to this contazh afs
of compressive strength 11 MPa (at the age of 8)day shown in Fig. 6, contact area is relatively dense a
and 14.4 MPa (at the age of 28 days) were obtainethere are no signs of deterioration.
testing the specimens prepared from the FC mix IlIP  Correlation between thermal conductivity and
which contained CS and superplasticizer contrilgutin diameter of pores is presented in Fig. 7 and T&ble
to a denser and less porous structure of the mhteri Compositions of FC (IP, 1IP, 1lIP) with lightweight
Among the compositions, where porous aggregate waaggregate had lower value of thermal conductivity.
used, the best results of compressive strength esthow

specimens from the FC mix llIP (4.7 MPa at the afge Table 5.
7 days and 5.7 MPa at the age of 28 days). Summary of Ozta'”ed results - |
Total verage Average
; FC mix | porosity, diameter value ofA
Porosity and structure " | of pores,
; o % P (W/mK)
Microstructure of FC was studied in the cross- mm
sectional view of the material after sawing it wih 1 2 3 4
diamond disc. [ 74.3 525.98 8'132
Analysing FC mixes with EG it can be concluded 0122
that lightweight aggregates are distributed unifgrm P 80.2 521.02 0112
over the cross-section without any processes of I 731 55216 0.204
segregation. Examination of the FC mix llIP showed 0.173
that structure of pores of EG and matrix of FC ceime P 84.4 500.42 8'1(2)2
is similar (see Fig. 6.). In the digital picture of 0251
microstructure can be seen that both (granules®f E I 66.7 382.18 0.223
and matrix of FC) have closed structure of poriésdf 0.152
o ) e ne 79.4 560.88
with air. This composition has homogeneous strectur 0.138

226



Eva Namsone, et al./ Environment. Technology. Ressu(2017), Volume ll1, 222-228

Fig. 6.  Macro- and micro- structures of cross-isecof FC.

Total porosity of FC mixes increases by adding llIP FC composition can be explained by adding
porous aggregate up to 7.9% in the IP mix and up tesuperplasticizer. As it can been seen in Tabléhé, t
19% in the IlIP mix. Increase of total porosity the  diameter of pores reduces by adding porous
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aggregates, except of composition of FC mix witR.l|

This phenomenon can be explained by the use of

superplasticizer.
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IV. CONCLUSIONS

FC is widely used in the construction industry; the
porous structure of FC can be obtained without heaf7]
treatment which is required for production of
autoclaved aerated concrete. (8]

Value of thermal conductivity can be reduced up to
0.108 W/mK by using porous and lightweight
aggregates in the production of FC. (o

Values of compressive strength increased using a
superplasticiser. Also the use of cenospheresasee  [10]
the compressive strength about 60 % and 44 %.[11]
Thereby for the FC with similar density the projest
of mechanical strength were improved.

Reference compositions (I, 1l, and 1ll) had lower
values of weight loss (gfn after freeze-thaw test
comparing to compositions with porous aggregate.

In the future studies it would be necessary toiabta
more complete correlation between density and[is)
thermal conductivity of the FC. Therefore more
detailed study of the pore size distribution aneirth
impact on thermal conductivity of FC would be
necessary.

(12]

[13]
(14]

(16]
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