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ABSTRACT
Aims: Characterization of the thermal properties of natural pumice-based lightened bricks | { Formatted: Not Highlight
under ASTM standards, analyzing thermal conductivity to promote thermal comfort inside
buildings.
Study design: The project had four stages. The first was getting the base material (pumice).
The second was developing of lightened test specimens. The third was focused on the | [ Formatted: Not Highlight
charactt_arlzatlon and ft_)urth intended for the interpretation and analysis of the test results and [Formatted: Not Highlight
conclusions of the project.
Place and Duration of Study: Universidad Autébnoma de Querétaro, from January to
December, 2012.
Methodology: XRD by powders with a diffractometer Bruker D-8 Advance, Cu anode at 30 | [Formatted: Not Highlight
KV and 30 mA, Cu Ka radiation A = 1.54 A, from 10 to 90° on the 26 scale at 2°/min I

: 2 £ —-F tted: Not Highlight
Mechanical tests according to ASTM C109/C109M-08, minimum compressive strength at 28 | { ormattec: ™0 fg {g
days of 7.8 N/mm’ X-Ray fluorescenceFluorescence with Spectrometer SIEMENS | | Formatted: Not Highight
fluorescence X-ray SRS 3000. Thermal conductivity using ASTM C177: Standard Test [Formatted: Not Highlight

Method for Steady-State Heat Flux Measurements and Thermal Transmission Properties by
Means of the Guarded Hot-Plate Apparatus-(2004..

Results: Pumice was identified as pozzolanic material with crystalline phases of significant
silica--aluminate content by X-Ray diffraction. X-Ray Fluorescence analysis confirmed the
elements of the pumice, therefore this analysis confirmed the presence of Si dominant,
followed by Al. Lightened bricks were developed meeting the specifications of resistance of
the ASTM standards, and the properties of thermal conductivity are better than traditional
sand-cement bricks; density and porosity could create a zone of thermal comfort within
buildings, Apparent thermal conductivity of pumice specimens was 0.336W m'1P§1, thermal

pumice-based bricks have advantages in lighter weight-effort, tensile strength and higher
thermal insulation characteristics. The analyzed pumice reduces the thermal conductivity
results—66%lower—than—hollowedcoefficient of lightened bricks;—59%lower—than—typical-.
Thermal conductivity of lightweight bricks and-lowerelaborated in 62%-than-traditional-mud
brick—Fhe—thermal-properties—of the—this work implies a superior insulation material-are
affected by, comparable to the size of the mineral material form, presence of micro pores,

fractures;and-humidityhighest quality insulation materials.

Keywords: Natural pumice, bricks, thermal properties, energy efficiency.
1. INTRODUCTION

pumice aggregate concrete (PAC) blocks are increasingly used as a masonry wall unit
[1].The masonry construction is the-mest-widely used weorldwideglobally, and especiallyit is
particularly useful in Latin America-has-a-beneficial-use:; an example of this are ancient pre-
Hispanic buildings, that still standing and preserved beth-architectural beautyatiractiveness
and its-goal-of-structural support [2]. SimilarlyEqually important, public buildings and colonial
faithfulheritage are clear testimony of the quality-and-durability that masonry construction

*Corresponding author: Email: mgr@uaq.edu.mx
* Tel.: +52 442 1789777; fax: +52 442 1921200 ext. 6023.
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improving the structural building systems according to the available technology,
thistechnological development, due to the increasingly demanding requirements for quality
and environmental standards for buildings [4]. TechnslogicalThe, advances in masonry walls
are-to-reduce the construction execution times-in-censtruction;; improve, thermal insulation,
sound insulation, fire protection and reduction-efreducing, coating thickness: [5], Many of
these advances are focused in getting a more sustainable building system by reducing costs
forof energy consumption-[5;- 8, 24]:-however, [6]. Nevertheless, environmental; development /
and application of natural materials that—meeimeeting the newadays—sustainable
requirements remain being a problem- [7].

requirement, because of hlgh energy consumptlon required efby, the heating, ventilation; and
air conditioning (HVAC) systems for maintaining internal thermal comfort, and hinder the

outside temperature due to inside buildings increased temperatures reach up to 2°C [68]. ,

/
/

Different kind of masonry walls has been investigated to provide a thermal isolation structure //

for buildings, and lightweight bricks walls have demonstrated this capacity; [9];
approximately 70% of total energy consumption is destined to HVAC systems-hence;
henceforward, savings in air conditioning and heating are a significant cost savings in the
maintenance of buildings [710].

Combination of the heat storage capacity and the thermal insulation characteristics of the
masonry walls-regulate, stabilize the conditions inside the buildingconstruction. The thermal
behavior of masonry walls depends on the conductivity coefficient of the waII material, as
inertia of the wall slows the response to changes in external condltlons and limit changes in
internal temperature;—se-that; as a consequence when constructing walls with bricks,—which
by-their physical properties-of the-matter have low conductivity coefficient, a thermal isolation
will be provideprovided, to the building a thermaliselation from its conception [1011].

Accordingto-P-—thm(2012)-itlt is necessary-to-makeessential _intend, a materials design
optimization, in order to achieve the energy e#ﬂereei—HA—]—bu{—ﬁaese—elements—fer
strueturalefficiency [12], Even though, the, insulation
thatmaterials are usually expensive and, most people are not willing to pay. In addition, these ,
novelty elements as lightweight and semi lightweight concretes using materials and
construction processes require trained staff and usually are not available skilled labor [15}; |
[46}—DPespite13], [14]. In the good results that show temperature msulanon new matenals
aHeeHmethee!&useeHeHata%(.L ;

j same way, the septum
annealing is the leading and most abundant constructlon material [17}-bui15], although, their

process—of-makingprocessing, has athe, disadvantage of high ecest-in-gecological terms;it |/

needs—a-temperature-betweenimpact as a result of prerequisite temperatures from, 950°C |
andto, 1050°C for 12 hours, reguiresrequiring, 2365 kd= 657 W/h, and the type of fuelused;
lypically fossil fuel [18used [16]. The benefits of use natural materlal | _use, become evident

when considering that for every MW/h of renewable energy generated, the emission of

approximately 0.75 T of COﬁ is avoided-{25], , and a “model” tree can absorb 0.67 T of COﬁ
[2617).

As—a—ms%—#%—wed%seardws#e#bweesk%w—e@%sﬁueﬂen—mate%s—m&h—be&a

Natu%alrmateria#s%he\mheﬁlewestnatural material use become evident; thermal conductivity
and the fiber variety contribute significantly-to improvingimprove the thermal insulation
properties to be-applied-to-the exterior of buildings [11,-12,-1318]. Furthermore, the
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134

coefficient of thermal conductivity depends on the humidity, layer thickness and porosity of
the material—A _[19]. In the same way, high porosity has considerable impact on the thermal
performance of insulation materials-

[20].The walls of lightweight material-with-pumice bricks could have a density between 650
and 685 Kg/m the Young's modulus ranges from 6850 to 7,580 MPa, and a thermal

research showsdemonstrate the po potentlal of- th&mmerat pumice because there has onIy
been applied in the form of wall construction as a structural element, but used as a coating, it
has proved that produce worthy thermal gualitieseffects in essential processes in-the-area-of
the baking ovens for isetatieﬂinsulation of the burn chamber 529} Despite%he Whereas he

- [ Formatted:

Font: 10 pt, Superscript

{ Formatted:

Font: 10 pt, Superscript

of, providing local,p

Faced with the resources consumption of resourcesfor-raw materials and excessive-air
pellutionenvironment impact, care for them is increasing to a greater degree than in the past.
In recent years, some researches about natural materials have shown to be
commensurateadequate along with common building materials [14]18]. Lightened bricks
lightened-withmade of natural materials still having the typicalcharacteristic disadvantage of
low compressive strength, aIthough having good isolation results, some of pumice lightened-

properties: [21]. One of the natural materials with the qualitiesquality for construction is the
pumice applied both for their physical and mechanical properties f24}to improve the thermal

abeut[23] The maln objective of this paper is the examlnatlon of high performance thermal

(ARIAL, BOLD; 11 FONT, LEFT-ALIGNED; CAPS)
2.1 Material

Clemente Queretaro

Querétaro State was characterized. Pumice is a glassy igneous rock with low density and
high porosity ratio, with color tones ranging from white to gray. Centains—mainlyMainly
contains silica-aluminates and has a visually appearance from crushed texture to vitreous;;
usually could be found in eensiderablebulk volumes as a result of veleanicaction-volcanism.
Pumice has different-applications;-can be found in art works-of-art;-in-the, health and beauty
industry mainlyand in construction—and, mainly as decorative materials of low density
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analyzed in two different conditions. The first was in a natural extraction condition and the
second after a calcination process at 450°C during 4 hours into a muffle. Two analyzes were
conducted on each sample with the XRD powder process in a diffractometer Bruker D-8
Advance, with Cu anode operated at 30 KV and 30 mA, wavelength of Cu Ka radiation of A =

order to remove the organic content of the samples.

2.2.2 Compressive strength

Mechanical tests are according to ASTM C109/C109M-08 and NMX-C-036/404—which

establishes a minimum compressive force at 28 days of 7.8 N/mm?. With-Formerly, with the -

ThenAfterward, three different proportions were analyzed withof, each kind of gravel. ©na

e Yy M PRI Ty FE e —a TEE Y M 9T E I - =

N° of Cement Pumice Gravel “
Samples

(%) (%) (Type) -

9 40 60 «

9 50 50 G1to G5 *

9 60 40 -

2.2.3 X-Ray Fluorescence

X-ray spectrometry is a qualitative and quantitative elemental analysis based on the lengths

was done with Spectrometer SIEMENS fluorescence X-ray SRS 3000, method based on
ASTM standards [26]24].

2.2.4 Thermal conductivity

Thermal conductivity using the ASTM C177: Standard Test Method for Steady-State Heat
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180 Metrology Center (México), to determinemeasure the resistance and the apparent thermal
181 conductivity of insulating materials;_is shown in Figure 1-shows-apicture-of-the-apparatus;
182 | provided by the CENAM for this research..

183

184 | Principle of Operation: the GHPA (Figure 1) is a basic tool that uses the approach of
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185  conduction heat transfer in a steady state and to determine the thermal conductivity by the
186  following equation:

187

188 gA=1/(AAT) 1)

189

190 Where q is the ratio of heat flow through the sample W, A is the thermal conductivity of the
191 sample in W / m K;; AT is the temperature d|fference across the sample °C K or L is sample
192  widthinmand Ais the cross sectional area in m?,

193

194

195
196

197 | - { Formatted: Not Highlight

198

199  Procedure for assessment

200  The procedure for measurement can be summarized in the following stages:
201 1. Sample selection,

202 2. Sample preparation and installation in the apparatus,
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| 3.Establishing constant state thermal, _ - [ Formatted: Not Highlight
4. Data collection and
5. Analysis of results.
Sample elaboration: Samples were made in a cylindrical metallic mold with 19 cm of | Formatted: Not Highiight
diameter and 7.86 cm of thick, helped by a universal machine. The mixture is poured into the A —
mold and cylindrical mold and the machine's shaf is actuated. The universal machine stops - TCmted: Net Highight
until it feelssenses, a slight resistance in the sample. The sample selected samples for the | Formatted: Not Highlight
thermal fest were the samples made-with-the-mixture-that-shewed-moreapproving ASTM, -  Formatted: Not Highlight
compress strength resistance standard, using the less amountquantity, of cement. The *
parameters controlled during the test were the minimum and maximum temperatures value, \\\\ [F°’matted: Not Highlight
simulating two extreme ambient Iocal condltlons {Formatted: Not Highlight
temperature, simulating two extreme ambtent condtttons in Queretaro . {Formatted' Hot Highiight
' { Formatted: Not Highlight
Sample Selection: the most critical factors in the selection of the sample are the size, width { Formatted: Not Highlight
and thickness, flatness and parallelism of the sample. The width is essential to keep the
error within the maximum aIIowedL'I:hefdlfafmfetej should be chosen such that it fully covers at - [ Formatted: Not Highlight
least the size of measurement which is at least 152.4mm, The surfaces of the sample should . P
be flat and parallel to-get-a-good-thermalas possible, o improve the contact with GHPA { Formated: Not Highight
plates.
Sample Preparation: it is necessary to produce paralle] sample surfaces to ensure good - [ Formatted: Not Highlight
thermal-contact between it and the GHPA plates. The sample and thermocouples should {Formatted: Not Highlight
have rigid contact surface to a better determination of the temperature condition, and the
plates W|th the sample at a temperature close to the temperature of testfor—example;
. The dimensions and
weight were recorded previously to the test; the samples were tested in a dried weight
condition and in order to have this condition, the samples were dried in the furnace until get
a constant weight. After that, samples were covered with a thin plastic coat and placed in a
furnace to prevent the absorption of condensation water. Finally, the samples were placed in
an insulating foam mold that helps to reduce the lateral heat leakage and ensure a heat
unidirectional flow. The moisture of samples was controlled by this preparation. The relative
humidity was maintained at 32% during the test which is controlled by the GHPA as shown
in the test report.
Establishment of Permanent Thermal State: this stage begins after the installation of the
sample in the measuring area of the stored items and the insulating necessaryneeded to
reduce the effect of environmental conditions, The device takes action to fulfilaccomplish the - [ Formatted: Not Highlight

conditions—of-temperature at-whichconditions to perform the test. The time required te
reachreaching steady state at a sample thickness of 25.4 mm and uniform insulating items is
almost 5 h;; this time increases withif increasing thickness.

3. RESULTS AND DISCUSSION

Hbuilding—material-byreplacingaportion—oraliThe foregoing results show

dvantage s of the aggtcegatesaddltlon of the mix to make bricks, adding materials in excess
—Fhese-additions-area lightweight aggregate—which-in-this

R e e e e e et
2@%3%w—%wm#%%pam%mm%%me
weight—higher; the physical characteristics were upgraded by reducing weight, sufficient
mechanical resistance and bettersatisfactory surface hardness. Moreover, the better-quality
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characteristies—improveimproves the_thermal performance of blends—with—bindersnatural
pumice-based bricks.

3.1 XRD

From XRD research on pumice samples, Figure 2 shows diffractograms from two natural
samples and two samples after a burning process. The signals obtained are inconsistent and
the graph shown vague so by XRD study did not support the total pumice formation, mostly
due to the nature of their structure; presume result because the material include a vitreous
fraction. This was confirmed through X-Ray fluorescence research.
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When-analyzing the samples after a burning process, diffractograms corresponding to those
obtained in the first instance; in contrast, these diffractograms confirmed the amorphous
phase of the material due to the presence of feldspar, a volcanic glass and phenol-crystals

structures of predominantly silica-aluminates. Clear signals relative to crystalline phases of
silicon oxide are shown in Table 2.
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Figure 2. Diffractograms of four of the t 252 en pumice samples showing the main
amorphous phase and the crystalline phases of signals which correspond essentially
to silicon oxide.

3.2 Compressive strength

The goal of this work focus on the property of thermal conductivity, however, proof of
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suitable for use in manufacturing pumice bricks according to the typical practlces The
compressive strength of specimens for 7, 14 and 28 days was analyzed according to the
| NMX-C-036-2004- ONNCCE "blocks, bricks—Compressive-Strength——Test Method”. ASTM

086-1562 27.316  Silicon oxide phase 1 Quartz ) {FOTmatted: Space Before: 3 pt, After: 3 pt
41.55
70.23
085-0461 27.599  Silicon oxide phase 2 : {Formatted: Space Before: 3 pt, After: 3 pt
085-0459 27.31 Silicon oxide phase 3 ) { Formatted: Space Before: 3 pt, After: 3 pt
083-0540 27.31 Silicon oxide phase 4 - {FOrmatted: Space Before: 3 pt, After: 3 pt
29.80 Quartz
081-0069 Silicon oxide phase 5 — - {Formatted: Space Before: 3 pt, After: 3 pt
41.54
063-7619 | 27.59 Silicon oxide phase 1 Low periodicity quartz } { Formatted: Space Before: 3 pt, After: 3 pt
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samples dlmensmns are 30 x 15 x 8 cm, length, width and thickness respectively. The finally
approved brick for next stage was the one that was made W|th 40% of cement and 60% of
pumice in weight. The area tested was 450 cm W|th 3600 cm®and a density of 0.720 T/m

strength and average gross section are-according to standaFeFNMX (C-404-2005-ONNCCE
"Blocks—and-Bricks partitions—forstruet ral-purposes— Spee#maﬁen&anquetheds%es%
Resm%&areresults are shown, in Table 3
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324

Area Resistance (kN) Average resistance compressive strength (N/mm?)

(cm?) Age (days) Age (days) “
7 14 28 7 14 28 “

450 340.70 473.57 511.46 7.35 10.37 11.20 3

based Ilghtwelght bricks and ASTM C109/C109M-08 bricks and NMX-C 494-9NNGGE-

SO0Cctapelarde.

) . - Vini -

] poslesl

N/mm® N/mm®

Brick

B4 280 Cemeretlealm el
E1 2626 6
E2 2.723

Valuesof pumice-based lightweight bricks were, taken from reference [19]. The most

compressive force per unit of net cross-sectional area, exceed the specified compressive
support for masonry; consequently, the material is a good choice for manufacturing lightened
bricks.

100 - Granulometry curve "G5"
90 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -

'-l"
0

0.01 0.1 1 10 100

Percentange passing (%)

Particle diameter size (mm)

Table 4. Compressive strength of pumice-based lightweight bricks, ASTM
C109/C109M-08 standard.
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325
: Compressive Minimum compressive strength on gross area
Piece
strength for blocks
N/mm? N/mm?
Own Lightweight
Brick 6.52
D1 2.80 Concrete block and septum annealing « - {Formatted: Space Before: 3 pt, After: 3 pt J
E1 2.626 6 - - {Formatted: Space Before: 3 pt, After: 3 pt J
E2 2.723 - - {Formatted: Space Before: 3 pt, After: 3 pt J
326
327
Granulometry curve "G5"
100 -
90 A
E 80 1
g 70 4
§ 60
o 50 1
g
g 40 -
§
o 30 4
o 20 4
10 1 *-—/.—”*—""’
0
0.01 0.1 1 10 100
328 Particle diameter size (mm)
329
330 Figure 3. Granulometry curve of gravel used for conductivity coefficienttest. | Formatted: Not Highlight ]
331
332
333 3.3 X-Ray Fluorescence analysis
334
335  The elements in the pumice were confirmed, so XRF study by semi-quantitative percentages
336 | for each sample. The presence of Si foremost was long-established, followed by Al as [ Formatted: Not Highlight ]
337 | shown in Table 5. It can be appreciated that the compound with the largest percentage is F tted: Not Highlight
338 silicon oxide, the same as was detected in the past XRD study. TS [ ormattec: ot Tonl9 ]
339 | Formatted: Not Highlight )
340 Table 5. Main elements detected by XRF.
341
‘ Compound Mass -« {Formatted: Space Before: 3 pt, After: 3 pt J
fraction [ Formatted Table ]
(Yow/w) “ ‘[Formatted: Space Before: 3 pt, After: 3 pt ]
SiO, 75.958 - - {Formatted: Space Before: 3 pt, After: 3 pt J
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360

Al,O3 10.796 “
K20 8.537 -
Ca0O 2.428 “

One of the most important factors in the thermal behavior of walls is the thermal conductivity
of their bricks 7[25] Thermal conductlwty for samples ef—baﬂdmg—mate%to the

elaborated with the mixture which has the major compressive resnstance lower absorption '

and the best workability characteristics which ensured the use of the best mixture and the
best thermal insulation conditions. To ensure the flatness in the samples, faces were filed
until get parallel surfaces in all samples and the flatness and parallel conditions were
confirmed with a surface measurement (Figures 4 and 5).
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The thermal conductivity of a material is a measure of its ability to transfer thermal energy+

NATIONAL METROLOGY CENTER
Laboratory of Thermal Conductivity
Operator:

SaulGarcia Duarte

SAMPLE DESCRIPTION:pumice-cement
Identification: 1, 2

Characteristics:solid material
Dimensions: Samples of 19 cm diameter and 7.86 cm thick
Notes:construction material

APPARATUS DESCRIPTION:Guarded hot plate apparatus (GHPA)
Orientation: Horizontal

Operation mode:Double side measurement

TEST PROCEDURE: Guarded hot plate apparatuswith constant heat flux
Experimental values:

Test Number: Cne

Variable name: Average value:
Power dissipation during test / W 3.63
Hot platetemperature/°C 32.0
Coldplatetemperature/*C 12.2
Temperature gradient in the sample /°C 19.8
Average temperature of test °C 221
Ambient temperature/°C 21
Relative humidity /% 32
Samplethickness/mm 78.61
Measurement area/mm 21407
Average weight (1)g 22751
Average weight (2)/g 2211.2
Results:

Apparent thermal conductivity/ W m™ K 0.336
Thermal resistance W m"K 0234
Expanded uncertainty (k=2)/% 5
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NATIONAL METROLOGY CENTER
Laboratory of Thermal Conductivity
Operator:

SaullGarcia Duarte

SAMPLE DESCRIPTION:pumice-cement
Identification: 1, 2
Characteristics:solid material
Dimensions: Samples of 19 cm diameter and 7.86 cm thick
Notes:construction material

APPARATUS DESCRIPTION:Guarded hot plate apparatus (GHPA)
Orientation: Horizontal

Operation mode:Double side measurement

TEST PROCEDURE: Guarded hot plate apparatuswith constant heat flux
Experimental values:

Test Number: One

o A U

Variable name: Average value:
Power dissipation during test/ W 3.63
Hot platetemperature/°C 320
Coldplatetemperature/*C 12.2
Temperature gradient in the sample /°C 19.8
Average temperature of test /°C 221
Ambient temperature/°*C 21
Relative humidity /% 32
Samplethickness/mm 78.61
Measurement area/mm 21407
Average weight (1)/g 22751
Average weight (2)/g 2211.2
Results:
Apparent thermal conductivity W m 'K’ 0.336
Thermal resistance /W m"K 0.234
Expanded uncertainty (k=2)/% 5
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Natural_In the same way, it is confirmed the amorphous phase of pumice as well as its [Formatted: Not Highlight
dominant content of Si 75.95%, Al 10.796% and K 8.537% respectively. The low density of
0.792 T/m’ is equally important. High performance thermal properties of natural pumice- {Formatted: Not Highlight
based bricks produce the expected technical capabilities for the thermal iselatieninsulation
and mechanical properties, according to ASTM and-NMX-(Mexico)-standards. Pumice-from
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year.. Lightweight brick elaborated in this work has 0.336 Wm'K™" of thermal conductivit

coefficient which implies a better isolationinsulation, material, is 66% lower than hellowed
. e e R . —

moreover present a lower density of 0.792 Tim°—Also—after finalizing physic-chemical
characterization methods, it is confirmed the amorphous nature of pumice as well as its

3

respeetivelycomparable to the highest quality insulation materials,
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