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RECENT RESEARCH DEVELOPMENTS IN CALCIUM
SULFATE BASED BUILDING MATERIALS

AHHOTaunA

B Hacrosell cTaTbe MPeJCTaBIeHbl Pe3y/IbTaThl
[IOCTIEIHNX UCCTIEOBAHMUIT B 00/IACTI CTPOUTENBHBIX Ma-
TepyasoB Ha OCHOBe Cynbdara KanbLys (TaKMX KaK TUIIC,
CaSO;, - H,;0). M3sy4asncs nporecc ruppararuy HOmIyri-
npata (CaSO, - 0,5H,0), a Tak)Xe KOHEYHbIe CBOCTBA
murupgpara (CaSO, - 2H,0) n anrngpura (CaSO,). Kpome
TOrO, pa3paboTaHbl HOBbIE JIETKOBECHbIE KOMIIO3UTHI Ha
ocHoBe CaSO,-H,0. HakoHel, paccMOTpeHbI [JOIOTHMI-
TenbHbIe QYHKIVMM MaTepuanos Ha ocHoBe CaSO4-H,O,
a MUMEHHO CIIOCOOHOCTb OYMIATh BO3AYX.

Knrueewvie cnosa: cucmema CaSO, - HO; npouecc
eudpamayuu; yiompaseyx; mennaousonAyUOHHbLE C60TICIMEa;
CaMOYNIOMHAIOULUTICA; 0071e24eHHbILL KOMNO3UM; 04UCINKA
8030yxa; pomokamanus.

1. BBepgeHune

BonbIIMHCTBO Cynb(ATOB Ka/Mblusd, B 3aBUCUMO-
CTM OT KOJIMYeCTBA COfep KaHMA KPMUCTaIM3ALMIOHHOM
BOJIbI, XapaKTepU3yeTcs TpeMsA TBepAbIMU (pas3aMu: Ju-
ruppar cynbdara kanpiua (runc, CaSOy - 2H,0), nomy-
rugpat cynbdara kampuusa (CaSO, - 0,5H,0), anrupput
(CaSOy) [1], — xaxkpgass U3 KOTOPbIX WIMPOKO [PUMEHS-
eTcA B KayecTBe CTPOUTETbHBIX MaTepuanoB. [ MIICOBLII
PacTBOp aKTMBHO UCIIONIb30BAJICA y>Ke IPU CTPOUTEND-
CTBE €rMIETCKUX MMPaMuj, 1o Menpueir Mepe 4000 net
Hasaj [2], u 10 cuX OCTaeTCs OJHUM U3 CaMBIX Paclpo-
CTpaHEHHBIX MaTepuajoB HAPALY C APYTUMMM MUHepasb-
HBIMI BSDKYIMM, TAKVMU KaK [[eMeHT VI U3BeCTb. [1o-
JTy4eHHBIIT U3 HOTYTU/paTa IMIICOKAPTOH, KOTOPDII TAKKe
Ha3bIBAIOT «CyXOJ MITYKATYPKOI», IIMPOKO UCIIONb3YeT-
Cs1 /IS OTJe/IKY BHYTPEHHIX CTEH MM MOTONIKOB 6y1aro-
Zapsi IPOCTOTe M3TOTOBJICHN I, 9KOJIOTMYHOCTH, BBICOKOII
OTHECTOIKOCTH, 9CTETUYECKUM KauecTBaM, HU3KOIL IjeHe
Y MHOTUM [IPYTUM IPUYMHAM.

B HacTos1ell cTaThe ONUCBIBAETC Ipoliecc (fe)
TUAIpaTaliMy MaTePUaIoB Ha OCHOBE CyIbdaTa Kajblusd, a
TaK)Ke MX MeXaHMYIecKue, (puandecke 1 Tenaon30/IALu-
OHHBIE CBOJICTBAa. KpoMme TOro, IpeficTaB/IeHbl pe3yIbTaThl
OIIBITOB IO CO3JAHMIO0 HOBOT'O O0/IETYeHHOTO KOMIIO3UTa
Ha ocHoBe CaSOy - 2H,0, xoTopblil 06/magaeT 0co6pIMNU
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Extract

This article addresses recent research developments
in calcium sulphate based building materials (such as gyp-
sum, CaSO, - H,0). They are based on an investigation of
the hydration process of hemihydrate (CaSO, - 0.5H,0) and
the resulting properties of dihydrate (CaSO, - 2H,0) and
anhydrite (CaSO,). Also the development of new CaSO,-
H,O based light-weight composites is presented. Finally, an
additional functionality of CaSO,4-H,O materials, viz. their
air purifying capabilities, is addressed.

Keywords: CaSO, - H,O system; hydration process;
ultrasonics; thermal properties; self-compacting; light-weight
composite; air purification; photocatalysis.

1. Introduction

Most calcium sulphate systems are characterized
by three solid phases, depending on the amount of crys-
tallized water it contains: calcium sulphate dihydrate
(gypsum, CaSO, - 2H,0), calcium sulphate hemihydrate
(CaSOy4 - 0.5H,0), anhydrite (CaSO,) (Wirsching, 2005),
which are widely used as building material. Gypsum plas-
ter was used in Egyptian pyramids at least 4000 years ago
(Ryan, 1962), and is still extensively used in building along
with other cementitious materials such as cement and lime.
Gypsum plasterboard, produced from hemihydrate, also
called drywall, is widely used for interior walls or ceilings as
a result of its ease of fabrication, environmental friendliness,
good fire resistance, aesthetics, and low price and so on.

Puc. 1. Cuctema FreshCon pns n3amepeHns CKopocTu pacnpocTpaHeHns
YNbTPa3ByKOBbIX BOMH [9]

Fig. 1. The FreshCon system for ultrasonic velocity measurement (Source: [9])
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TEXHMYIECCKNMMN XapaKTEPUCTUKAMIL. OmnucpiBaeTcs Tak-
7K€ HENM3BECTHOE paHee €T0 (byHKI_U/IOHa}IbHOG CBOJICTBO —
CITOCOOHOCTD K OYMCTKE BO3yXxa.

2. HayuHble nccnegosanvsa B
o6nactm CaS0,-H.0

2.1 lmppaTtauua B-nonyrugpata
211 OnpepeneHye NapaMeTpoB NpoLiecca rmapataumnm

s onpepenenysa MUKpofepeKTOB U TPEIIMH B
TBEPJBIX Te/lax LIMPOKO NPUMEHAETCS YAbTPa3ByK Oa-
ropgaps CBOI?ICTBY y}IpraSByKOBOI?I BOJ/IHbI USMEHATDHCA B
pasIMYHBIX cpefiaX. B pabore [3] ¢ moMobIo yIbTpasBy-
Ka JICCIIe[JOBAINCh IIPOYHOCTHBIE TIOKA3aTe/N I MOLY/Ib
yupyrocru rumca. MeToy yapTpasByKa UCIIONb30BAJICs
TaK>Xe JI/IA U3y4eHUs Ipollecca TUIpaTalluy U CXBaThI-
BaHUA OeTOHHOIT cMecu [4, 5, 6, 7].

Bo Bpemst rupparauyu $-IONyTUAparTa €ro MUKpPO-
CTPYKTypa IOfBEPraeTcsi HeIpepbIBHBIM M3MEHEHUSM B
HepBYI0 O4Yepellb 13-3a PACTBOPEHU:A IIOTyTUApaTa, KO-
TOPBIl MOXXHO KBa/IM(UIIMPOBATH KAK XKVUAKIIL PacTBOp;
3aTeM IIPOVICXORNUT 0Opa3oBaHue U Bble/Ie e JUTUpaTa
BCTIe[ICTBIE €T0 G0TIee HU3KOI paCTBOPUMOCTL, IIPY TOM
CMeCh Ha4MHAeT HaOMpPaTh MEXaHNYECKYIO0 IPOYHOCTD I
npuobperaeT CBOJCTBA OHOPOLHOTO YIPYTOro TBEPHOTrO
Mmarepuana [8]. Takum 06pa3oM, ¢ IOMOIIBIO YIBTPa3BY-
KOBOTO METOJ}a MOXXHO ITPOBOJUTD UCC/IE[OBAHIE CTETIEHN
TUApaTanuy IOTyTUApaTa.

OnBITHI IO N3MEPEHNIO CTENEeHY TUAPATALINI TTOITY-
TUIpaTa C IOMOIIBIO YIBTPa3BYKOBOIT crcTeMbl FreshCon
c ycmexoMm nposopATcsa B YHuBepcurtete Iltyrrapra
(cMm. puc. 1) [9]. Bonee noppobuyr0 MHPOPMALINIO MOX-
HO HaliTu B pa6ore [10]. DKcIepyMeHTHI IO TUApATALIAN
B-nonyrupgpara IpOBOANU/INCH B €CTECTBEHHBIX YCTOBUIX.
BnusaHne KonmyecTBa BOABI 3aTBOPEHMA Ha IIPOIECC TU-
TpaTanuy HOMYTHUApaTa MCCIef0Banach MpU OTHOLUIEHNN
B/IT = 0,65, 0,80 n 1,25 (oTHOLIEHNE «BOJA/IONYTUPAT»
mo macce). Bo BpeMs ncnpiTaHMs1 06pasubl U30MMPOBa-
JIUCH MTONIMMEPHOM TIJIEHKO 1151 MCK/TIOYEHN A UCIIapEHNA
BOZBI U ycazKy oOpasua. IIpuHsTEIe CUTHAIIBL, X YACTOT-
Hble CIIEKTPbI, CKOPOCTb PacIpOCTPaHEHUS U SHEPIUA
BOJIH KOHTPO/IMPOBA/IVCH B MHTEPAKTUBHOM peXXUMe Ha
IIPOTSDKEHMM BCETO Ipoljecca.

2.1.2  Pe3synbraTbl onpefeneHnsa CKopocTu
PacNPOCTPaHEHVA YbTPA3BYKOBbIX BOH

Vi3MeHeHMe CKOPOCTY paclpoOCTpaHeHus yIbTpa-
3BYKOBBIX BOJIH B ITpOIiecce TUpaTaliuy IPU PasIUIHbIX
oTHoweHuAx B/II npexcrasneHo Ha puc. 2 [10]. 3aBucu-
MOCTb M3MEHEHUS CKOPOCTHU YIbTPa3ByKa MMeeT CIIeHy-
IOIlVie XapaKTepHbIe YYaCTKY: IEePBBIIl YIaCTOK KPUBOIL
yKasbIBaeT Ha IEePUOJ TTOKOsI, KOTOPBII XapaKTepusyeTcs
MOCTOSIHHBIM HM3KUM 3HAa4eHMeM CKOPOCTIf; Ha BTOPOM
y4acTKe IPOMCXOANUT OBICTPOE YBeIMYeHUEe CKOPOCTH;
TPeTUIl — TOPU3OHTAIBHBIN, YTO CBUIETEIBCTBYET O IIO-
CTOSTHHOJI BeTMYMHE CKOPOCTHL.

0e3 KOMMEHTapueB | no comments

This article addresses calcium sulphate based mate-
rials by investigating their (de-)hydration process and their
mechanical, physical and thermal properties. Furthermore,
the development of an innovative CaSO, - 2H,0O based
light-weight composite with special technical features is
addressed. Also an innovative functional property, viz. an
air purifying ability, is introduced.

2. Research development on CaS0,-H,O systems
2.1 Hydration of B-hemihydrate
211 Hydration process measurement

Ultrasonic wave technology is widely used to detect
microstructure defects, variations and fractures of solids
as the ultrasonic waves change in different media. Phani
et al. (1986) studied the strength and elastic modulus of
gypsum using ultrasonic methods. The ultrasonic sound
technology method has also been extensively applied to
study the hydration and setting of concrete (Reinhardt
and Grosse, 2004; De Belie et al., 2005; Grosse et al., 2006;
Robeyst et al., 2008).

During the hydration of f-hemihydrate, the micro-
structure of the hydrating system experiences a continu-
ous microstructural change due to, firstly, the dissolution
of the hemihydrate, which can be considered as slurry;
and, secondly, the generation and the precipitation of the
dihydrate due to its lower solubility, in which the system
starts to acquire mechanical strength and can eventually
be treated as a homogeneous elastic solid material (Lewry
and Williamson, 1994). Thus, the ultrasonic method could
be suitable for the hemihydrate hydration measurement.

The hemihydrate hydration experiments applying the
ultrasonic sound method are performed at the University of
Stuttgart, using the FreshCon system as shown in Figure 1
(Grosse and Lehmann, 2008). More detailed information
can be found in Yu and Brouwers (2011a). The hydration
tests of f-hemihydrate are performed under ambient con-
ditions. Different initial water contents, 0.65, 0.80, and 1.25,
are used to investigate the influence of the water on the hy-
dration process of the hemihydrate. During the measure-
ment the sample is sealed with a plastic film to avoid water
evaporation and shrinkage of the specimen. The received
signals, their frequency spectra, wave velocity and energy
are monitored online during the whole process.

2.1.2 Ultrasonic velocity results

The measured ultrasonic velocity during the hydra-
tion with different wo/hy (water/hemihydrate ratio by mass)
is shown in Figure 2 (Yu and Brouwers, 2011a). The velocity
curve of the ultrasonic wave has the following character-
istics. The first part is a dormant period, which is distin-
guished by a constant low velocity value; it is then followed
with the second part in which the velocity increases rapidly
until finally it reaches a plateau, which is characterized also
by a constant value.
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Fig. 2.
Puc. 2.

[TocTostHHOE 3HAUEHIIEe CKOPOCTH B T€UEHIIE IEPBO-
TO [IepPMOJa CBUAETENBCTBYET O TOM, YTO MUKPOCTPYKTY-
pa obpasija ocTaeTcsi CTabUIbHOI, MHAYE TOBOPSI, MBI MO-
JKEM PacCMaTpUBaTh 9TOT MIEPUOL KaK BpeMs MHAYKLINUK
p-monyruppara B Bofie. 3TO OBIIO IOATBEPKAEHO MCCIIe-
nmoBaHusMu [11, 8], KoTopble OKa3ann, YTO B TeYEHNE UH-
ILYKIVOHHOTO IIepuofia JUTUApaT He obpasyeTcs. B pabore
[12] mpu moMouiy peHTreHorpadudeckoro fudpaKkiuoH-
HOTO aHa/MM3a ObIIO TaKXKe YCTAHOBJIEHO, YTO JUTHUAPAT
06pasyercst UMb CIIYCTsI ONpee/IeHHOE BpeMsl IOCIIe
CMeIIMBaHNA IONyTUApara ¢ Bopoit. Vccnegosanus [13]
[IOKasali, 4To cofiepxkaHue cBoboguoro Cat ocraercs
[OCTOSTHHBIM B TeUeHIe HEeCKOTbKUX MUHYT Cpasy e
[OC/Ie CMEIIMBAHIS ITONMYTU/PATa C BOLOIL; 9TO O3HAYAET,
YTO B MIEPBBIIT IIEPUOJ] OYEHD OBICTPO TOCTUTAETCS COCTO-
sHJe paBHOBecy . TakuM 06pasom, ObII0 JOKa3aHO, 4TO
B TeYeHMe 9TOr0 MepUofa YacTh MOTYIUgPaTa pacTBOPSI-
eTCs1 B BOJIe 3aTBOPEHNsI, @ BOKPYT YaCTUIL IOTYTUPATa
o6pasyercst AUTUAPAT, KOTOPBIIT ellle He BbIJEINICS U3
PacTBOPHOII CMeCH.

ITocne MHAYKIMOHHOTO NEproja CKOPOCTb PacIpo-
CTpaHeHM YIbTPa3BYKOBBIX BOJIH MEHACTCS OYeHb OBICTPO,
TaK KaK IPOMCXOAUT M3MEHEHNE BIaXKHOCTHU T paTUpy-
eMoit cmecu 1 GU3NYECKUX CBOIICTB Marepuanos [14, 7,
15], 4TO CBUAIETEIBCTBYET 06 0OPa30BAHNM U BBIIE/ICHI
puruppara. B nmepmop BbifienieHNA JUTUApaTa CKOPOCTD
pacnpocTpaHeHNs YIbTPa3ByKOBBIX BOJIH Pe3KO BO3pac-
TaeT, OJHAKO TeMII POCTA ITOCTEIIEHHO CHIKAETCH, O YeM
CBUJETENbCTBYET TOPU3OHTA/IbHBIN YIaCTOK KPUBOIL, KOTO-
PbIii IEMOHCTPUPYET 3aBepIIeHNE IIpoLlecca IUipaTal .

B pab6ote [16] aBTOp IIpe/IOXII CTAaHAAPTHYIO KPH-
BYI0 TU/ipaTal{uiu IIOIYTUPATOB, KOTOpas OIpefenser
CTeIleHb IMApPATALNY KaK QYHKI[MIO BpeMeHN. XOTs Ha
3Ty 3aBUCHMOCTh MOXKET OKa3bIBaTh BINMsIHNUE GONIbBIIOE
KOMM4ecTBO (paKTOPOB, TAKMX KAaK HadaIbHOE CORepiKa-
HIe BOJBL, CKOPOCTb PACTBOPEHMNSI IIOMYTUAPATOB, KO-
4eCTBO YaCTHUL] M CKOPOCTD POCTA FUTH/PATOB, KOMNIECTBO
AKTVBHBIX 3aPOJBIIIell KPUCTAJUIOB AUTVAPATOB, CTEIIEHb
PacTBOPMMOCTI MOMYTUAPATA U SUTHAPATA, @ TAKXKe KO-
apduurent GopMbl YacTUI| MONYTUAPATA U SUTHUAPATA,
MBI BCE PABHO MOXKeM BUJIETh, YTO KPUBAs CKOPOCTH pac-
[IPOCTPaHEHNs YIbTPa3BYKOBBIX BOTH O0/Ia/jaeT CXO/HBI-
MM C Heil TapaMeTpaMiu. ITO TOBOPUT O TOM, YTO METOJ,
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Ultrasonic velocity during f-hemihydrate hydration: @ — wo/ho: 0.65; b — wo/ho: 0.80; ¢ — wo/ho: 1.25 [10]
CKOpOCTb pacnpoCTpaHeHUa yNbTPa3BYKOBbIX BOJIH BO BpeMsA riapatauum -nonyruapata: a — B/[1=0,65; 6 — B/[1=0,80; c — B/l1=1,25[10]

The constant velocity value in the first period, indi-
cating the microstructure of the hydrating system, remains
stable or we can consider this period as the induction time
of the f-hemihydrate in water. This is confirmed by Ridge
and Surkevigius (1961) and Lewry and Williamson (1994)
who reported that there is no production of dihydrate dur-
ing the induction period of the hemihydrate. Solberg and
Hansen (2001) also reported that no dihydrate is produced
until a certain period after mixing hemihydrate with water,
using X-ray diffraction. Fujii and Kondo (1986) reported
that free Ca?* remains constant during the first minutes af-
ter mixing hemihydrate with water, which means that dur-
ing the first period equilibrium is very quickly reached. It
is thus demonstrated that during this period a part of the
hemihydrate is dissolved in the mixing water and dihydrate
is generated around the particles of the hemihydrate, but
not yet precipitated from the slurry.

The ultrasonic velocity changes quickly after the in-
duction time due to the change of the void fraction of the
hydrating system and the physical properties of the mate-
rials in the system (Harker and Temple, 1988; Robeyst et
al., 2008; de Korte and Brouwers, 2011), which indicates
the generation and precipitation of dihydrate. Although
the measured ultrasonic velocity values increase quickly in
the precipitation period, the increase rate gradually slows
down until finally a plateau is reached, which indicates the
ending of the hydration.

Schiller (1974) reported a standard hemihydrate hy-
dration curve, which is a plot of the hydration degree as a
function of the time. Although the curve can be influenced
by many factors such as the initial water content, the hemi-
hydrate dissolution rate, the number of hemihydrate parti-
cles, the dihydrate growth rate, the number of the effective
dihydrate nuclei, the solubility of both hemihydrate and
dihydrate, and the shape factor of both hemihydrate and
dihydrate, still it can be seen that the measured ultrasonic
velocity curve has a high level of similarity to it. This in-
dicates that the ultrasonic wave method is suitable for the
hemihydrate hydration measurement.

The measured initial setting time of about 4.5 min-
utes under the condition of the wy/h of 0.65 is in line with
Yu et al. (2009) in which the setting is measured with the
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Y/IbTPAa3BYKOBbBIX BOTH MOJXHO MCIIO/Ib30BaTh [/ MICCIIE-
AOBAaHNA TMApaTalyiN IIOTYTUAPATOB.

B coorBercTBUM ¢ uccnenoBanuamu [17], B xome
KOTOPBIX CKOPOCTb CXBAaTbIBAHNA CMECH MI3Meps/Iach Ipn
oMoty konyca (EN 13279-2, 2004), Bpemst Hayaja CXBa-
TBIBAaHMA COCTaBIAeT 4,5 MMH TIpu cooTHoIeHnu B/I1
paBHOM 0,65. DTOT 3HaUeHNUE CH/IBHO OTIMYAETCA OT pe-
3y/IbTAaTOB VICIIBITAaHWIT, B KOTOPBIX CKOPOCTb CXBAaTbIBAHUA
olpefesAnach APYIMMM METOAMH, B YACTHOCTI METOIOM
37IEKTPUYECKOTO cOIpoTuBIeHn: [8]. B aToM cnydae Bpe-
M Ha4YajI0 CXBaThIBaHW OBITIO 3HAYMTENBHO O0sbIie. ITo-
MUMO Pa3Iudns METOJ0B U3MEPEHNIT, 3TOT PAKT MOXKHO
TaK>ke OOBACHUTD OTIMIUAMY B MUKPOCTPYKTypax yc-
IIO/Ib30BAHHBIX MaTePUAIOB, YTO CBUIETEILCTBYET O CY-
I[eCTBEHHOM BO3/IEMICTBUY f3-IIONyTUApaTa Ha IPOLeCC Ii-
npatanuu. DTOT BBIBOJ, ObUI MOATBEpPXKIeH B pabore [16],
B KOTOPOJ aBTOP IIPECTaBIUII Pe3y/IbTaThl MCCIE0OBAHNA
CXBaTBIBAaHNUA YeTbIPeX TUIIOB MOTYTUAPATOB M OTMETIII
O4YeHb pasHble 3HAUEHVsI BPeMeHM) Havaja M KOHIa CXBa-
TBIBaHMA IIPU OJJHOM U TOM >Ke OTHoIIeHuu B/I1.

213 AHanu3 TennoBblaeneHns

PesynbraTpl uccnenoBaHms TeMIepaTypsl Ipu I'i-
IpaTaiuy MoKasaHbl Ha puc. 3. OueBUHO, YTO U3MEHEHe
TeMIIEpaTyphl OY€Hb T€CHO CBA3aHO C M3MEHEHMEM CKO-
POCTU pacIIpOCTpaHEHNUA yIbTPa3BYKOBBIX BOMH, MHBIMU
C/I0BaMU, CHaYajia TeMIlepaTypa OCTAETCA IOCTOAHHOI,
3aTeM IOBBIIIAETCS JO MAaKCUMaAbHOTO 3HAYEeHUS U, Ha-
KOHeIl, MTOHM>XaeTCH.

B mepBblit IEpKOL, TO €CTh TaK Ha3bIBaeMOe BpeMsi
MHYKI[MY, BCE 9KCIIEPUMEHTBHI IIOKa3aIu CTAOUIbHYIO TeM-
HepaTypy npu pasHbIX COOTHOLIEHNAX B/II. 910 6b110 MO -
TBEPXKJIEHO MCCIeloBaHMeM [8], B KOTOPOM TeMIIepaTypHBbIe
Kojie6aHMs BO BpeMs IMApaTauun «- U -IONyTULPaTOB
M3MepSIIICh NPY HOMOoIM KamopuMerpun. B pabore [7],
T7ie TUpATaLus [[eMEeHTa TAK)XKe 3aMePSIaCh II0OCPECTBOM
KaJIopuMeTpun, ObIn 3apUKCUPOBAHBI CXOXKME TEHTIEH-
yun. ViccnenoBanus [12] mokasanu, 4To mpolLecc pacTBo-
PeHMS MOMYyTUAPATOB IPEACTABIAET COO0I 9K30TEpMU-
YeCKYI0 PeaKIyio, Ipu KOTOPOIl M3MeHeHNe SHTA/IBIINI,
CBSI3aHHOII C PAaCTBOPEHIIEM IIOTYTUAPATA, SIBSIETCS] O9€Hb
6onbinm (-18,0 x[Ix/momb). Takum o6pa3om, oTMevaeTcs,
YTO B MEPUOR MHAYKIUU KOMUIECTBO PACTBOPUBIINXCS
B-IONyTUAPATOB OYEHb HEBEIMKO, @ BOKPYT YaCTUI] II0-
JIyTU/PATOB 00pa3yeTcst Majoe KOMMIeCTBO JUTUPATOB,
He BBIJIe/IMBLINXCS M3 PACTBOPA, YTO COOTBETCTBYET pe-
3y/IbTaTaM M3MEPEHNs CKOPOCTY PACIPOCTPAHEHNS YIIb-
TPa3ByKOBBIX BOJIH.

Kak mokasano Ha puc. 3, TeMmepaTypa Iocie 3To-
O Tepuofa CTabMIbHO MOBBIIIACTCS O MaKCHMATbHOTO
sHaueHusA. Ha puc. 2 u 3 BugHO, 4TO BpeMs I'jpaTalun
pu pasHoM oTHouIeHNM B/IT TeCHO CBSA3aHO C I3MEHEHVeM
CKOPOCTM pacIpOCTpaHeHMs yIbTPa3BYKOBbIX BOMH. ITo-
Ka3aHoO, 4TO IIpY pasNMYHOM OoTHomeHunu B/II remmepary-
pa JOCTUTAeT CBOETO MaKCYMAa/IbHOTO 3HaYeHN A 32 OJTHO U
TOXKE BpPeM, 4TO Y CKOPOCTb PacIpOCTpaHeHNA YIbTPa3By-
KOBBIX BOJH. TakuM 06pa3oM, BbIfie/ieHUe TeIIOTHI IPo-
UCXO[UT OFHOBPEMEHHO C M3MEHEHMEM MUKPOCTPYKTYPBbI

0e3 KOMMEHTapueB | no comments

knife method (EN 13279-2, 2004). The setting time meas-
ured using this method in this study is much shorter com-
pared to the value from other methods such as the electrical
resistance method (Lewry and Williamson, 1994). Apart
from the difference between the measurement methods,
this can probably also be explained by the difference be-
tween the microstructure of the used materials, which also
indicates the used $-hemihydrate has an obvious influence
on hydration. This is also confirmed by Schiller (1974) who
studied the setting of four different types of hemihydrate
and reported a very varied initial and final setting time
with the same initial water content.

213 Heatevolution analysis

The results of the measured temperature changes
during the hydration are shown in Figure 3. It can be clear-
ly seen that the temperature change is strongly related to
the ultrasonic velocity change, i.e. first the temperature re-
mains constant and then it increases to a maximum value
and then finally decreases.

During the first period, i.e. the so-called induction
time, the temperature remains stable in all the experiments
with different water/hemihydrate ratios. This is confirmed
by Lewry and Williamson (1994) who measured the tem-
perature change during both «- and $-hemihydrate hydra-
tion using calorimetry. Robeyst et al. (2008) also reported
a very similar trend in the case of cement hydration meas-
ured by calorimetry. Solberg and Hansen (2001) reported
that the process of the hemihydrate dissolution is an exo-
thermic reaction, in which the enthalpy change associated
with the dissolution of hemihydrate is very large (-18.0 kJ/
mol). It is thus again indicated here that during the induc-
tion period, the amount of S-hemihydrate that dissolved
in the solution is very small and a very small amount of
dihydrate is generated around the particles of the hemihy-
drate but not precipitated from the slurry, which is in line
with the measured ultrasonic velocity values.
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Fig.3. Heatevolutions during the hydration
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TUIPATUPYIOIEIICA CYCTEMBI, YTO MPUBOLUT K M3MEHEHUIO
CKOPOCTY PAacIpOCTPaHEHMs YIbTPa3BYKOBBIX BOJIH, B TO
BpeMsi KaK M3MeHeHIe MUKPOCTPYKTYPHI SIBIISIETCS pe-
3y/IBTATOM PACTBOPEHMSI MIOMYTUAPATA U 0OPA30BAHNS I
BBIJIe/IeHN S JUTUApaTa. OTO OBIIO MOATBEPKIEHO UCCTIEO-
BaHMeM [8], B Xofie KoToporo 6b110 3adukcuposano 100 %
obpasoBaHNe ZUTHAPATA, U UCCIeTOBaHMeM [16], B KOTO-
POM HOMYYV/IN MONHYIO THAPATALUIO IIPY FOCTVDKEHNN
MaKCHMa/IbHOTO 3HAY€HVIsI TEMIIEPATYPBL. TO TOBOPUT O
TOM, UTO M3MepPeHe TeMIIePaTyPbl MO>KHO MCIIONTb30BATh
B Ka4eCTBE METO[OB OIIPe/ie/leH sl CTEIIeHN I PATAL L.

214 BnanAnHme HauanbHOro coflepaHua Bobl

Crioco6HOCTD B-TIONyTrUApaTa CMEIIMBATECS C BOJOI
3aBUCUT OT €r0 BOJOIIOTPEOHOCTH, KOTOPOE, B CBOIO OYe-
pelb, BApbUPYETCs 13-3a PA3INIHOTO PACCTOSHUS MEXAY
JacTULaMI B CTPyKType. IIpu 6onbleM KommdecTBe BOJbI
PaccTosAHME MEX/y PACTBOPEHHBIMYU MOHAMM YBe/TNYNBa-
eTCs1, YTO B MITOTe JO/DKHO IPUBECTU K O07Iee IIUTeIBHOMY
BpeMeH! peakUuy. DTO MOATBEPXKAAETCS pe3ynbTaTaMu
U3MepeHMIT MeTOIOM y/IbTpa3ByKa (puc. 2). PesynbTarsl
MIOKa3bIBAIOT, YTO P 60JIe€ BBICOKOM COfIepKaHUM BOJBI
3aTBOpEHNUA BpeMsA MHAyKIuu yBenuuusaerca. [Tpu B/I1,
paBHOM 0,65, 0HO cocTaBIsAeT OKOJIO 1,5 MUH, B TO BpeMs
kak npu B/II, paBHoMm 1,25, — oxono 7 muH. Kak nmokasaHo
Ha puc. 4, 601ee INTEIbHOE BpeMst MHAYKIMH pu Horee
BBICOKOM OTHOMIeHY B/ Tak)Xe MOXKHO OO'BSICHUTH TEM,
4TO TpebyeTcs 6oree [IUTENbHOE BpeMs AJIs IOy YeHI
IIepeHachlleH s JUT/ipaTa. BolsgBIeHHas 3aBUCUMOCTD
oTHomeHus B/I1 v BpeMeHM MHAYKIMY IIOKa3aHa Ha puc. 4.

Bnmsanne xonmdecTBa BOAbI Ha IIEPHUOJ, HACBILIEHN A
HAIlIJIO CBO€ OTpaykeH!e B IPOJOIKUTENbHOCTH 3TOTO IIe-
puopa n usmenenun ckopoctu. Ilpu B/IT = 0,65 mpogo-
JKUTETbHOCTb 3TOTO Iepuojia COCTABIAET OKONO 7 MMUH,
a KOHeYHas CKOPOCTb paBHa mpubmmsurensHo 2500 M/c,
B TO BpeMs: Kak npu B/II = 1,25 3TOT nepuop, AIUTCA OKO-
710 18 MUHYT, a KOHEYHAsI CKOPOCTb JOCTUTAET MOPA[-
kxa 2000 m/c. ITpomomKUTeIbHOCTD TepMOfja BBIJe/ICHU
FICHO CBUJIETENIbCTBYET O TOM, YTO KOMMUYECTBO BOMBI Cy-
IIeCTBEHHO BIMAET Ha IPOLiecC TUApaTaluy MOoIyTupapa-
Ta. Pe3y/IpTaT KOHEYHOTO BpeMEHM IMjpaTalluy ITOKa3aH
Ha puc. 4. Takum obpasom, cofepxaHye Bogbl Ipu 60-
7iee HUSKOM COOTHOIIeHuu B/II oKasblBaeT 3HAYUTENIb-
HOe€ BIIMsHME Ha CPOKY CXBATbIBaHNUA TUAPATUPYIOLIEiics
CHCTeMBI, 4TO ObIIO IOATBEPXKEHO B pabore [16]: aBTOp
IIOTTYYM/T TAaKOJ JKe ypOBeHb oTHoueHus B/II u BpemeHn
CXBaTbIBaHNUA. BMecTe ¢ TeM 3TOT pesynbTaT IPOTUBOpE-
9UT JAaHHBIM [12], KOTOpPBIE yTBEPXK/JAIOT, YTO TU/PATALSA
B-monyruppara He 3aBUCUT OT COflep>KaHMs BOADI B IIpefie-
nmax B/II ot 0,5 mo 1,5.

2.2 TennonsonAuMoHHbIe CBONCTBA
MaTepuranoB Ha ocHoBe CaSO,

I'mric mMpoKo UCTIONIb3yeTCA B KauecTBe MPOMBIII-
JIEHHOTO MaTepMasa, TaK KaK Cpefy IPO4YUX IIpenMy-
I[eCTB OH 00/IafaeT CBOMCTBOM OBICTPO TepPsTh XUMUYe-
CKJI CBSI3aHHYIO BOZLY IIPM ITOBBILIEHHBIX TeMIIEPaTypax.
[l u3ydeHms mMoBefleHN s KaKoro-1nbo Matepuana mpu
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Fig.4. Analysis of the hydration process

The temperature then increases steadily until finally
reaching a maximum value, as shown in Figure 3. The pe-
riods, as demonstrated by Figures 2 and 3 in three cases
with different initial water contents, are also strongly linked
to the ultrasonic velocity variation. It is shown that under
different initial water contents the temperature reaches its
maximum value at different times, which correspond to the
time when the ultrasonic velocity reaches the maximum
value. Hence, it can be seen that the heat release is synchro-
nized as the microstructure change of the hydrating system
which is represented by the change of the ultrasonic veloc-
ity, whereas the microstructure change is the result of the
consumption of the hemihydrate and the generation and
precipitation of the dihydrate. This is confirmed by Lewry
and Williamson (1994) who reported a 100 % dihydrate for-
mation, and Schiller (1974) who reported a full hydration
(full consumption of hemihydrate) when the temperature
reached the maximum value. This shows that the tempera-
ture change can be used as a suitable means to determine
the hydration degree.

214  Effect of initial water content

The workability of the f-hemihydrate mixing with
water changes when the water content is varied, as a result
of the different distance between the particles in the system.
The distance between the dissolved ions also becomes larg-
er when the water content is higher, which in turn should
result in a longer reaction time. This is confirmed by the
results measured with the ultrasonic wave method shown
in Figure 2. The results show the induction time becomes
longer with an increase of the amount of water. The induc-
tion time is about 1.5 minutes with the wo/h, of 0.65 while
around 7 minutes when the wo/h, increases to 1.25. The
longer induction time with the higher wo/hy as shown in
Figure 4 can also be explained by the circumstance that
the dihydrate needs a greater amount of time to be super
saturated. The relation between the water content and in-
duction time found is shown in Figure 4.

The influence of the water content on the period of
precipitation is reflected in the period duration and the
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TEIJIOBBIX HAIPy3Kax, HaIIpUMep, TeIIONPOBOJHOCTD IPK
moXkape, 60JIbIlIOe 3HAYEHIE IMeeT IIOHMMaHNe ero Te-
10 U3NIECKUX CBOICTB. VIMeromasics nureparypa [18-
25] omuceIBaeT Lenblil psf Termnodusn4ecKux CBOWCTB,
TAaKUX KaK 9HTAJIbINA, TEIUIONPOBOJHOCTD U YAeNIbHAA
TeII0eMKOCTh. TakuM 06pasoM, B paMKax HacTosIe-
TO JMCCHIeJOBAHMSA /IS M3YYeHMA TeIIodU3NIecKuX Xa-
paktepuctuk cricrembl CaSO,4-H,O Obl1 BbIIOTHEH Psif
9KCIIEpUMEHTOB.

2.21  YpgenbHasa Tenn1oemMKkoCTb

Ha puc. 5 mokasaHbI pe3ynbTaThl U3MEPEHUIT METO-
noM puddepeHIanbHONM CKaHNPYIOIel KaTOPUMETPUN
(ICK) mns CaSOy - 2H,0 (muruppara), KoTopble ObIIN 110-
JIyd4eHbl Ha MCIBITATEIBHOM 000PY/JOBAHNI [IsI TEPMOTpa-
BUMETPUYECKIX MCCIIEROBAHMIT U fuddepeHInaabHOI cKa-
Hupyiouieit Kamopumerpuu (STS 449 F1 Jupiter@). Sueprus,
HeOOXORMMast Ji/sI TPOTEKAHMsI PEAKI[UI AeTUPATALINIL, TO
€CTb BbIfIe/IeHN s XUMIYECKI CBSI3aHHOM BOIbI [26] (061mas
IUIOLA b IIOBEPXHOCTY, HAXOAAIIASCS IO MMKOM KPUBOIL),
paccunTbiBanach npyu nomouu cucremsl JCK: konmdecTBo
sHeprun coctaBuno 500 kJI/kr n 515 kJIX/Kr mpu cko-
poctu Harpesa 20 °C/mMuH u 5 °C/MUH COOTBETCTBEHHO.
OTu pesynbTaThl COOTBETCTBYIOT BBIBOJAM, CHAETAHHBIM
B paborax [18, 24], aBTOpPBI KOTOPBIX HOMYYM/IN 3HAYEHNS
500 xI>x/xr 1 450 kJI>K/Kr cOOTBETCTBEHHO. BMecTe ¢ TeMm,
CJIefiyeT OTMETUTD CIIOPHOCTH ITUX BBIBOJOB, OCKOIBKY
MICCTIeyeMBIil HaMM TUIIC OOMafaeT LPYToii CTEIeHbI0 YN-
CTOTHI ~96,9 poTuB 69,5 % 1 81 % B paborax [18] n [24]
cooTBeTcTBeHHO. CornacHo xe [18], sHeprus paccuuThl-
BajIach TOJIBKO Ha OCHOBAHUM cOCTaBa. Bce aTo roBoput
0 TOM, 4TO KOJIYeCTBO HeOOXOMMOII /IS JerugpaTaliun
9HEPIUM 3aBUCUT He TOIBKO OT COCTaBa, TO €CTh YMCTOTHI
TUIICA, HO U OT €0 MUKPOCTPYKTYPBL

B HacTosIIeM UccIeoBaHNM pacCMaTPHBaAeTCA TaK-
e BIMsIHIE CKOPOCTY HarpeBa Ha PeaKI[UIo leTu/paTalun
(puc. 5). IIpu pasHOI CKOPOCTM HarpeBa AJIA IPOTeKaHIA
peakuuy TpebyeTcsa OZVHAKOBOE KOIMYECTBO SHEPTUIL.
9TO 03HaYaeT, YTO HeOOXOAMMOe IJIA AeTUpaTalNu KO-
JIMYeCTBO TeIl/Ia He 3aBUCUT OT CKOPOCTH Harpesa. TeM He
MeHee, B paboTe [24] 6bUT cfienaH APyroit BHIBOA: aBTOPEI
BBIABIJIM [1Ba YETKO Pas/IM4MMBIX IIMKa IIpyU O0jIee HU3KO
ckopoctu Harpesa — 5 °C/muH. Kak BugHO Ha puc. 5, 3Tn
IUKIU OfMHAKOBBI 1 IIPU PYTOIl CKOPOCTM Harpesa. Pas-
HUIIa 3aK/TI0Ya€TCsI B TOM, YTO MMKOBbIE 3HAYEHNS (PUK-
CHUPYIOTCS B pasHOe BpeMsA IIPY Pa3HON CKOPOCTY HarpeBa,
YTO COOTBETCTBYET BbIBOAaM [18].

O6pemMHas TEMIOEMKOCTb TUIICOKAPTOHA M3Mepsi-
JIACh TIPY TIOMOIIY TPOMBIIITIEHHOTO aHAIM3aTOPa TETIO-
nposopHocT — ISOMET 2104 (ta6n. 1). OueBupgHO, 4TO
[Py pasHoll Macce 06pasIOB pacyeTsl MOKA3aIy ULeHTIY-
HYIO V/Ie/IbHYIO TeIIJIOEMKOCTb, UTO TaKKe O TBEPXKaeT
000CHOBaHHOCTD M3MepeHIA 00'beMHOI y/IebHOI TeIIo-
eMKoCTH. PaccuMTaHHass HAMM y/ielIbHAsI TEIIOEMKOCTh
runca (B cpennem 1355 [Ix/(xr - K)) okasamacs Bbllie, 4eM B
[18], rme mpuBoputcs nudpa 950 Ix/(xr - K), monyuennas
B YCTIOBMSIX KOMHATHOJ TEMIIEPATYPbl. DTO MOXET OBITH
00YCIOB/IEHO OTINYMSIMU B COCTaBe M MUKPOCTPYKType
IBYX MCIONb30BAHHBIX MaTepUasIoOB.

0e3 KOMMEHTapueB | no comments

20°C/min
25+ 5°C/min

Tennosoii notok, mMB1/mr // Heat flow, mW/mg

0.0 t t t
0 10 20 30 40
Bpemsa, muH // Time, min

Puc.5. Pe3ynbtaT nccnefoBaHui runcokaptoHa metogom CK

Fig.5. The DSCresult of the gypsum boards

velocity variation. With a wo/hy of 0.65, the duration of
this period is around 7 minutes in all, and the final veloc-
ity reaches around 2500 m/s, while with a wo/h, of 1.25
the duration of this period is about 18 minutes and the fi-
nal velocity reaches about 2000 m/s. The duration of the
precipitation period indicates clearly that the water con-
tent influences greatly the hydration process of the hemi-
hydrate. The result of the ending time of the hydration is
shown in Figure 4. Results indicate that water content at
a lower wo/h, has a dominant influence on the final set-
ting of the hydrating system. This finding is confirmed by
Schiller (1974) who reported a similar trend in the relation
between the water ratio and the setting time. This finding
is in contrast, however, to Solberg and Hansen (2001), who
reported that the hydration of f-hemihydrate is independ-
ent of the water content within the wo/h, range of 0.5 to 1.5.

2.2 Thermal properties of CaSO, based materials

Gypsum is widely used as an industrial material
because it has among others the thermal characteristic of
readily losing its chemically combined water at elevated
temperatures. To study the thermal behavior of one ma-
terial such as heat transfer during a fire, obviously an un-
derstanding of its thermal physical properties is of vital
importance. However, the available literature (Mehaffey
et al., 1994; Andersson and Jansson, 1987; Thomas, 2002;
Sultan, 1996; Ang and Wang, 2004; Manzello et al., 2007;
Ghazi Wakili et al., 2007; Ghazi Wakili and Hugi, 2008)
demonstrates a wide variation in thermal properties such
as enthalpy, thermal conductivity and specific heat capac-
ity. Hence, experiments were performed to study the ther-
mal physical properties of the CaSO4-H,O system in the
present study.

2.2.1  Specific heat capacity
Figure 5 shows the measured DSC results of
CaSO;- 2H,0 (dihydrate), measured by simultaneously

used TGA-DSC test equipment (STS 449 F1 Jupiter@). The
energy needed for the dehydration reaction, which is to
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O61peMHas yaenbHast TEINIOEMKOCTDb TUIICOKAPTOHA
CHM3WJIACH [IOCTIe peakiuy fgerugparanun (1a6m. 1). boura
paccumTaHa yaenbHas TEIIOEMKOCTb Ha OCHOBAHNUI MacChl
JETUPUPOBAHHON CUCTEMBI, IIPY 3TOM CPEJHUII PE3YIIb-
tat 6611 paBeH 787 Jx/(xr - K). Bonee Huskoe 3Hayenue
TEIIOeMKOCTI LETUPUPOBAHHOIN CUCTEMBI [I0 CPAaBHEHMIO
C TUIICOKAPTOHOM TaK)Xe TOBOPUT O CHIDKEHUNU TPOYHO-
CTH CLIEIUIEHNST MEXAY KPUCTA/IAMY aHTU{PUJIA, ITO MOf-
TBEPXK/A€T Vi aHAJIN3 MUKPOCTPYKTYPBbI, IIPeACTaBIEHHbII
B IIPeABIAYILEM pasferie.

2.2.2  TennonpoBOAHOCTb

TenonpoBOJHOCTD MaTepuaja 3aBUCUT OT €ro
IUTOTHOCTH U COCTaBa, UTO, B YaCTHOCTH, OBIIO IO TBEPIK-
neHo paboroii [27]. Tem He MeHee, 60/IbIIasA YacThb CY-
LIeCTBYIOLMX McCIefoBanuit [18-25] mocsieHa mnurb
OIHOMY-JIByM THUIIaM IIPOMBIIIIEHHOTO TMIICOKAPTOHA 1
IIPU 9TOM He COfepXUT MHPOpMaLMK O COCTaBe U BIINU-
SIHUM BIa)XHOCTM HA €ro TEeIUIOIPOBOAHOCTh. MBI mpo-
aHa/IM3MPOBA/IN TEIJIONPOBOLHOCTD TUIICOKAPTOHA IIPU
HOMOLIYN y>Ke YIIOMSHYTOTO aHa/IM3aTOpa TeIIoNepefadn
(ISOMET 2104). ViccnenoBanoch BIUsIHUSL pacXofia BOJbI
3aTBOpeHNs, a Takoke apdekra gernpparanun.

YpoBeHDb TennoNnpoBOJHOCTY TUIICOKAPTOHA C pas-
HbIMM cooTHoueHussMu B/IT npusepex B Tabn. 1. OueBup-
HO, YTO TEIJIOPOBOZHOCTD I'MIICOKAPTOHA 3aBUCUT OT €T0
MIJIOTHOCTY MU HOPUCTOCTU. YPOBEHDb TEIIONPOBOHO-
CTM BO3pacTaeT MPH yBeIUYEeHUN IIOTHOCTH. B pabore
[28] 6bUIO IpenIOKEHO BbIPaXKeHMe JI/IA ONMCAHUA B3a-
MIMOCBS3] MEXJY TEIIJIOPOBOIHOCTDIO 11 IIOPUCTOCTBIO C
y4eToM HOpMBI YaCTHULL;:

A=A, (1= 1=p)+ A \1-p, -4 @)

Tne
TR EINEAR 2R S) U
N? k B k

10/9
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03

0.2+

JKcnepumeHTanbHble JaHble // Experimental
—— Mogenb (dopmyna (3)) // Model (Eq. (3)) R2=0.79

TennonpoBoaHoCTb Anruapata, Br/m - K // Dihydrate thermal conductivity, W/m - K

01 t t t t i
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Mapoconepxatue, % // Void fraction. %

Puc.6. TennonpoBOAHOCTb MMNCOKapTOHa (pacyeTbl Mo MOAENN B CPaBHEHNN
C 3KCNepUMEHTaNbHbIMW AaHHBIMU CAeNaHbl Ha OCHOBaHUN
COBCTBEHHbIX TECTOB 1 60nee paHHNX uccneoBaxmin: [18, 21, 24, 25]

Fig.6. The thermal conductivity of gypsum boards (model predictions
versus experimental data, from own tests and refs.: [18, 21, 24, 25]

say the release of the chemically combined water (Yu and
Brouwers, 2011b), the integrated surface area underneath
the peak, is calculated by the DSC system, yielding 500 kJ/
kg under a heating rate of 20 °C/min and 515 kJ/kg under
the heating rate of 5 °C/min, respectively. These values are
in line with Mehaffey et al. (1994) and Ghazi Wakili et al.
(2007), who reported a value of 500 kJ/kg and 450 kJ/kg,
respectively. However, this is questionable, since the inves-
tigated gypsum in the present study has a quite different
purity (~96.9) (69.5 % and 81 % in Mehaffey et al. (1994)
and Ghazi Wakili et al. (2007), respectively), whereas ac-
cording to Mehaffey et al. (1994) the energy is only calcu-
lated based on the composition. This finding indicates that
the energy needed for the dehydration is related not only
to the composition — i.e. the purity of the gypsum — but
also strongly to the microstructure.

The present study also addresses the influence of
the heating rate on the dehydration reaction, as shown in
Figure 5. The energy needed with different heating rates
is in line with each other. This means that the heat needed

Ta6n|/|L|a 1. Pe3yﬂbTaTbI |/|3mepeH|/||7| Tenno¢m3v|qecr<|/|x CBOWCTB rMNcoKapToHa (NNOTHOCTK, O6BEMHON TEMIOEMKOCTMN 1 Tel'U'IOI'IpOBO[Z[HOCTVI)

Table 1. The measured thermal physical properties of gypsum boards (density, volumetric heat capacity and thermal conductivity)

COOTHOL.UGHMG’ MnoTHoCTb, r/cm? //
AT R Density, g/cm3
Wo/ho Y, 9
KomHaTtHaA Mocne KomHaTtHaA
Ycnosusa //
Conditions Temnepatypa // nermgpatauum // Temnepartypa //
Room temperature  After dehydration Room temperature
0.65 1112 0.895 1.54 x 106
0.7 1.084 0.872 1.50 x 108
0.85 0.956 0.768 1.20 x 106
1.0 0.845 0.678 0.96 x 106

N21(23) 2012  <ALITINFORM» MEXAYHAPO[HOE AHAJIUTNYECKOE OBO3PEHNE

ObbemHada TennoemKocTb, Ix/(m3- K) //
Volumetric heat capacity, J/(m?3- K)

TennonpoBogHOCTb, B/(m - K) //
Thermal conductivity, W/(m - K)

Mocne KomHaTtHaA

nervigparauum // Temnepatypa // ToEnS FETRRETELL /f

After dehydration

After dehydration Room temperature

0.72 x 106 0.359 0.159
0.68 x 106 0.346 0.138
0.59 x 106 0.276 0111

0.54 % 106 0.238 0.106
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Ta6n|/|L|a 2. lMnoTHocTb 1 TenoNpoBOAHOCTb JO U NOC/e AerngpnpoBaHna. ®dursnyeckune cBonNCTBa U paccynTaHHOEe HaYya/lbHOE COOTHOLWEeHne B/I gna

rMNcoKapToHa No AaHHbIM [18, 21, 24, 25]

Table 2. Density and thermal conductivity before and after dehydration. Physical properties and computed initial wo/ho of gypsum boards from Refs. [18, 21,

24,25]

MnotHocTs, r/cm? // Density, g/cm3

HavanbHoe
cooTHoLeHwe B/T1//

KomHaTHas Temnepatypa //  lNocne gervapatauunv // Initial wo/ho*

Room temperature After dehydration

0.810 0.673 1.08

0.732 0.600 1.24

0.698 0.576 1.32

0.835 0.726 1.04

0.740 0.622 1.22

0.870 0.692 0.98

TennonposoaHocTb, B/(mK) // Thermal conductivity, W/

(m-K)
Ccbinku //
KomHaTHas Temnepatypa / | locne pervaparaunm // References
Room temperature After dehydration
0.280 0.140 [24]
0.250 0.113 (18]
0.250 0.120 [21]
0.300 0.140 [24]
0.230 0.100 [24]
0.320 0.090 [24]

* CoomHoweHue B/ paccyumsligaemcsa no modesiu, npedcmasseHHol e pabomax [31, 10] // Here the w0/h0 is calculated from a model presented in [31, 10]

B maHHOM cy4ae @V sABIs€TCA 00'BEMHOI [OJeil
nop, mapametp C npepcrassier co6oit koadduuneHT dop-
MBI gactul [28], As 1 Af — TemmonpoBOfHOCTD TBEPABIX
M OKUAKUX Ppas (KUIKOCTHIO MOXKeET ObITh KaK BOJIA, TAK U
BO3/yX) COOTBETCTBEHHO.

Mopenb, onucanHas B [28], mpepmonaraer, 4To Cu-
CTeMa COCTOUT M3 ABYX (a3, HO OOBIYHO I'MIICOKAPTOH
[IOT/IONaeT HeOOBIIOe KOMNYECTBO HECBA3AHHON BOJBI
U3 OKpPy>Kalolljeil Cpefibl BO BpeMs XpaHEHMUsI, 4TO Cylie-
CTBEHHO BJIMsIET Ha TEIIONPOBOTHOCTSD [29, 27]. B pabore
[30] mpepnoxkeHa ¢popMya A/ MOPUCTON CPefibl, 3aI0-
HEHHOJ CMeChI0 13 IBYX KMAKOCTel (B HallleM CIydae 3TO
BO3MYX M HeCBsI3aHHAsl BJIara):

he= Ay s (Ao =200 3)

I'ne S — BoOHACHIIIEHE, TO €CTh 00 beMHAs O/
IyCTOT, 3aII0/IHEHHBIX BOAOIL, a Ae, a 1 Ae, W paccumMThIBa-
10TcsA 1o popmynam (1) u (2), yauTbIBas 3HaAYeHUA TEIIO-
IIPOBOSHOCTH BO3JyXa ¥ BOJBI COOTBETCTBEHHO.

Taknm 06pa3oM, nccrenoBaHme BIMSHIS BIATOCO-
Iep>KaHNsA Ha TeIIONPOBOJHOCTD IPOM3BOJUTCS C YIETOM
TOTO, YTO CHCTEMa COCTOUT U3 Tpex pas — TBeproi ¢pasel,
BOJBI I BO3YXa, 4 TAKXKe C Y4eTOM BIMSAHMS K03bduu-
eHTa GOPMBI YacTUL. DTO MOXKHO OCYILIeCTBUTD IIyTeM
KOMOMHUPOBAHNS IBYX MOJle/Ielt, IIpe/IoXKeHHbIX B [28] 1
[30]. B ycmoBuAX OKpy>Karoleil Cpejibl BIaXKHOCTb OObIYHO
cocrtasiseT 3 % (S B ypaBHeHnu (3)); 970 3HaYEHE UCIIOND-
3yeTcA B TEKYIIMX pacyeTax, HOCKOIbKY M3BECTHO, 9TO B
cpenHeM (IIpyM pa3HBIX MOKa3aTeNsX BIATOCONEPIKAHIIS)
BO BpeMsI OXJIaXKIeH N s1/XpaHeH s TUIICOKAPTOH IOI/IONIa-
eT 10 1,5 % Bomsl oT cBoelt Maccel [27]. Ilpu BKIooueHNM
ypasuenuit (1) u (2) B ypaBaenne (3) mapamerpsr (As un C)
OBL/IV ITOJTYYEeHBI ITyTeM OIIpe/ie/IeHIS ONITHMAIbHBIX JaH-
HBIX C IOMOIIBIO MHCTPyMeHTa «Pellrateib» mporpaMmbl
Microsoft Excel i Ony4eHHBIX S9KCIIEPUMEHTAIbHBIX JaH-
HBIX (Ta6m. 1 u 2), B KOHEYHOM MTOre OBUIN TIOTYUYeHBI
sHavenns 1,55 Br/(m - K) (As) u 2,75 (C) pns rurca coor-
BETCTBEHHO. Pe3ybTaTsl npuBeeHsl B Tabn. 3. JanHoe
3HaYeHJe TeIUIONPOBOJHOCTY AUTUAPATA COOTBETCTBYET
BBIBOZaM, K KoTopsiM mpuiin [Horai and Simmons, 1969],
nonyaus nqudpy 1,26 Br/(m - K). 3navenue popm-¢pakropa
TUIICa COOTBETCTBYET 3aK/II0ueHNAM [28]: 3HaueHne Gpopm-
¢dakropa s LMIMHAPa U TPYO paBHO 2,50.

for the dehydration is independent of the employed heat-
ing rate. However, it differs from Ghazi Wakili et al. (2007)
who reported that two clearly distinguishable peaks were
found when applying a lower heating rate of 5 °C/min.
The peaks are similar under different heating rates, as shown
in Figure 5. The difference is that the peak values vary un-
der different heating rates, which is in line with those of
Mehaftey et al. (1994).

Here, the volumetric heat capacity of gypsum board
was measured with a commercial heat transfer analyzer
(ISOMET 2104), as listed in Table 1. It is clear that the cal-
culated specific heats, based on the different sample masses,
are in line with each other, which also confirms the valid-
ity of the volumetric specific capacity measurement. The
calculated specific heat of gypsum here (1355 J/(kg - K) on
average) is higher than that of Mehaffey et al. (1994), who
reported a value of 950 J/(kg - K) at room temperature.
This might be caused by the difference of the composition
and the microstructure between the two applied materials.

The volumetric specific capacity of the gypsum
boards decreased after the dehydration reaction, as shown
in Table 1. The specific heat capacity based on mass of the
dehydrated system is calculated, yielding 787 J/(kg - K) on
average. The lower value of the heat capacity of the dehy-
drated system compared with the gypsum board also indi-
cates the reduction of the bonding between the anhydrite
crystals, which also confirms the microstructure analysis
in the previous section.

2.2.2  Thermal conductivity

The thermal conductivity of a material is related to
its density and composition, which has been investigated,
for example, by De Korte and Brouwers (2010). However, it
can be seen that most of the available literature (Mehaffey
et al., 1994; Andersson and Jansson, 1987; Thomas, 2002;
Sultan, 1996; Ang and Wang, 2004; Manzello et al., 2007;
Ghazi Wakili et al., 2007; Ghazi Wakili and Hugi, 2008)
only studied one or two types of commercially available
gypsum plasterboards without providing composition in-
formation, and the effect of water content on the thermal
conductivity of gypsum board has not as yet been reported.
The thermal conductivity of the gypsum board is analyzed
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[ToMuMO BCero IpoYero, Tena0IPOBOZHOCTD pac-
CUMTBIBACTCA II0 MOJE/IN, Ky HOACTABIAIOTCS ONTHMHU-
3upoBaHHble mapaMeTpsl (C 1 As) u 9KCIIeprMeHTaTbHbIe
maHHBIe (Tabn. 1 1 2); Ha puc. 6 970 GyHKUMA IAPOCOTEp-
XKaHMs. BbIcokast cTeleHb COOTBETCTBMS JAHHBIX, PAcCUM-
TaHHBIX [I0 MOJENN, M Pe3yIbTaTOB SKCIEPUMEHTOB MOJ-
TBepKzaeT ee appexkruBHOCTD. Creiyer 0co60 OTMETHTD,
YTO BO BCEX IPeAbIAYIINX UCCIefoBaHNAX (18, 21, 24, 25]
COCTaB TUIICOKAPTOHA OBUI Pa3NMYHBIM. DTO 0OBSACHSIET
PasHUILY B OMyYeHHDIX pe3yIbTaTax ¥ HeKOTOPble OT/IN-
41 B 3HAYEHUAX TEMIONpoBogHOCTH. OTHAKO B HACTO-
Amel MOJENN, BBUAY OIPaHUYEHOCTH ony6nMI<OBaHH017[
nudopmanuu [18, 21, 24, 25], coctaB rurca He IPUHUMA-
eTCsl B pacyer.

Kak y>xe yroMnHanocs B IIpeAbIAyIeM pasfese, 1c-
[I0/Ib3yeMBIII 37€Ch AHA/IM3ATOP TEIIOPOBOJHOCTI MOX-
HO 9KCIIIyaTMPOBATh TOIBKO 1Py TeMitepaType xo 40 °C;
B CBA3M C 3TUM 3Ha4Y€HUE TEIIJIOIIPOBOAHOCT, Honyqu-
HOe HaMI Ipu 60jIee BBICOKOI TEMIIEPATY e, TOKA3bIBAET
TOJIBKO ISME€HEHUE MI/IKpOCTpYKTypr 1o BO3I[CIZCTBMCM
peakuuu merupparanyun gurupgpara. Panee ormMedanocs,
4YTO B ,[ICFI/IJIPI/IPOBaHHOIV/I CUCTEME OCTA€TCA HEM3MEHHDBIM
TonbpKO comepyxanue CaSO4 (aHrMapuTa), mapocopepKa-
HUE XK€ USMEHUJIOCH, YTO 06']3HCHHCT OTK/IOHEHNA B pe-
3y/IbTaTaX U3MEPEHNs TeIIONPOBOAHOCTY. Kak MOXKHO
BUAETD U3 Ta6I. 1, Ipu OXMHAKOBBIX [TOKA3ATENSX HAPO-
COflep>KaHISI TEIIOPOBOJHOCTD IUIICA 1 JETUAPUPOBAH-
HOJ CUCTEMBI 3HAYUTEBHO OTINMYAETCI. ITO TOBOPUT O
TOM, 4TO TaKue paKTOpPbl, KAK pasHas TEIIONPOBOJHOCTD
u popma gacTur 060X TBEPABIX BEIIECTB, IMEIOT OYeHb
00/IBIIIOE 3HAYEHIIE.

[Tapamerpst (As, C, u S) B popmynax (1) n (2) gns
HeTU/[pUPOBAHHOI CHCTEMBI TAK)Ke OBIIN BBISBICHBI ITy-
TEM OIpefie/IeHNsI ONTUMA/IbHBIX JAHHBIX [IOCPECTBOM
nHCcTpyMeHTa «Pemratenb» mporpammsl Microsoft Excel n
SKCHEePUMEHTATbHBIX JaHHBIX (Ta6I. 1 1 2); 111 aHTUpU-
Ta 6BUIM HONMy4YeHbl crenyolue 3HadeHus: 0,9 Br/(m - K)
(As), L3 (C) m 1 % (S). Dannoe 3HadeHMe KO3 duImeHTa
(GbOpMBI AaHTUPUTA COOTBETCTBYET AAHHBIM, IIPUBE/EH-
HBIM B pabote [28], rie 3HayeHne Koapduimenta Gopmsbl
IJIS1 AUCTIEPTMPOBAHHBIX YaCTUL] COOTBETCTBYET 1,40. OTn
Pe3y/IbTaThI TAKKe ObUIN IO TBEPIK/JEHBI AHATU30M CUCTe-
MBI JUTHU/PATA, IPOBEAEHHBIM IIOCPELCTBOM PACTPOBOTO
3TIEKTPOHHOTO MUKpOcKoma [26]. UTo kacaeTcs Hallero uc-
CJIef;OBaHM, TO CHaYa/Ia TUIICOKAPTOH HAarpeBascs, C TeM
9TOOBI IIPOL[ECC AeTMAPATALIUY OCYLIECTBUICS IIOTHOCTBIO,
a 3aTeM OXJIAX/JAJICS B YCTIOBUSIX OKPYKAIOIIEN CPefbl {0
KOMHATHOIT TeMIeparypsl. IIpu 9TOM I'MIICOKapTOH BIN-
TBIBAE€T OYEHDb Majioe KOJIMYECTBO BJIATH, YTO B TAHHOM
CIy4ae MOATBEP)K/JAETCsl HU3KIIM 3HAYEHIEM BIa>KHOCTHL.
IMony4enHoe TakuM 06pa3oM 3HAYEHIE TEIJIOIPOBOSHO-
CTM MOYXHO IOHMMATh KaK TEIUIONPOBOJHOCTD YMCTOrO/

- 020 F

\

010

005 +
JKCnepumenTanbHble AakHble // Experimental
—— Mogenb (opmyna (11)) // Model (Eq. (11)) R? =042

TennonpoBoaHocTb aruaputa, Br/m- K // Anhydrite thermal conductivity, W/m

0.00 } } } |
62 67 72 77 82
BnaxHoctb, % // Void fraction, %

Puc.7. TennonpoBOAHOCTb AerMAPVMPOBAHHOMO FMMCOKAPTOHa (pe3ynbTaThl,
paccumTaHHble NO MOAENN B CPaBHEHUN C SKCNEePUMEHTaIbHbIMU
ZlaHHbIMU (Ha OCHOBAHMV NPOBEAEHHbIX HAMU TECTOB 1 6onee paHHUX
nccnepoBannii [18, 21, 24, 25]

Fig.7. The thermal conductivity of dehydrated gypsum boards (model
predictions versus experimental data (from own tests and refs. [18, 21,
24, 25]

here employing the heat transfer analyzer (ISOMET 2104)
mentioned above. The water content as well as the effect of
dehydration is investigated.

The measured thermal conductivity of the investi-
gated gypsum board, prepared with different wy/hy, is listed
in Table 1. It can be seen that the thermal conductivity is
strongly related to the density or the porosity of the gyp-
sum board. The thermal conductivity increases with an
increase of the density. Zehner and Schlunder (1970) pro-
posed an expression to describe the relation between the
thermal conductivity and the porosity with the considera-
tion of the particle shape as follows:

A=, (0-\I=p)+ 2, \1-p, -4 )

Where
4=z izﬁl k) B+l B-1) B,
N\N- k B 2 N k
1 10/9 ﬂ/ (2)
B:C(—_(p“] =2
b A

Here @v is the volume fraction of the voids, the
parameter C is the shape factor (Zehner and Schlunder,
1970), As and Af are the thermal conductivity of the solid
and the fluid (here the fluid can be either water or air),
respectively.

Tabnuua 3. |_|0J'I)“-IE.‘HHbIe TEI'IJ'IO(I)VBVIHGCKI/IG XapaKTEPUCTUKN HEMNOPUCTOrO rmnca N HEMOPWNCTOro aHrnapuTa

Table 3. The derived thermal physical properties of nonporous gypsum and nonporous anhydrite

BelecTBo // Substance Ycnosus // Conditions

AHruapwvT // Anhydrite HenopwucTbin // Nonporous 0.90
Luruppar // Dihydrate HenopucTbi // Nonporous 1.55
* [28]
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TennonpoBoaHoCTb B1/(m - K) //
Thermal conductivity, W/(m-K)

KoadpduumeHT popmbl yacTtuy (C) // Particle shape factor (C)
PaccuntanHbin // Computed Ccbinka* // Ref”

1.30 140

2.75 2.50
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HEMOPUCTOTO aHTUAPUTA. BripoueM, iy moaTBep X jeHNA
3TOT0 HEOOXOZ MBI JOTIOTHUTENbHBIE McCnefoBanms. Ha
puc. 7 IpefiCTaBIeHbl 3HA4YeHN S TeIUIONPOBONHOCTI, KO-
TOpble OBUIVM PACCYMTAHDBI Ha OCHOBAHUM MOJEIN IyTeM
HOJCTaHOBKY ONTHMU3MPOBAaHHBIX mapamMeTpos (C, As, n S)
U 9KCIIePUMEHTA/IbHBIX TaHHbIX. BbICOKas CTeleHb COOT-
BETCTBIUA MEXY LaHHBIMHU, PACCUNMTAHHBIMM 110 MOJEIIL,
U pe3y/IbTaTaMI 9KCIIEPYMEHTOB JJOKa3bIBaeT 3P PeKTUB-
HOCTb TaKOTO MOJXOfIa. <
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The model from Zehner and Schlunder (1970) en-
visaged the system as being composed of two phases, but
normally, gypsum boards absorb a little amount of free
water from the ambient conditions during storage, which
influences the thermal conductivity significantly (Neville,
1995; De Korte and Brouwers, 2010). Somerton et al. (1974)
proposed an expression that is for a porous medium filled
by a mixture of two fluids (in the present study, i.e. air and
free moisture) as follows:

By =g s (A=A 3)

In which s is the water saturation, i.e. the void vol-
ume fraction filled with water and Ae, a and Ae, w is com-
puted from Egs. (1) and (2), using the thermal conductivity
value of air and water, respectively.

Hence, the effect of the void fraction on the ther-
mal conductivity is investigated considering the system is
composed of three-phases, i.e. solids, water and air, as well
as the effect of the particle shape factor. This is processed
by combining the two models from Zehner and Schlunder
(1970) and Somerton et al. (1974). At ambient conditions, a
water saturation of 3 % (i.e. s in Eq. (3)), is used here since
it is found that on average (with different void fractions)
a water content of 1.5 % by mass of the gypsum board is
adsorbed during the cooling/storage time (De Korte and
Brouwers, 2010). Incorporating Egs. (1) and (2) into Eq. (3),
the parameters (s, and C) were obtained by optimization
employing the “Solver” tool from Microsoft Excel and the
experimental data (Tables 1 and 2), yielding 1.55 W/(m - K)
(As) and 2.75 (C) for gypsum, respectively. The results are
listed in Table 3. The derived thermal conductivity value
for dihydrate is in line with that of Horai and Simmons
(1969) who presented a value of 1.26 W/(m - K). The ob-
tained value for the shape factor of gypsum is in line with
that of Zehner and Schlunder (1970) who reported a shape
factor value of 2.50 for cylinder and tubes.

Next, the thermal conductivity is calculated from
the model by substituting the optimized parameters (C and
As) and the experimental data (Tables 1 and 2) is shown in
Figure 6 as a function of void fraction. The good agreement
between the model predictions and experimental data in-
dicates the validity of the model. One point that should be
noted here is that the composition of the gypsum boards
(Mehaffey et al., 1994; Sultan, 1996; Ghazi Wakili et al,,
2007; Ghazi Wakili and Hugi, 2008) varies, which is also
the reason, apart from the measurement difference, that the
thermal conductivity varies from each other somehow. But
in this model, due to the limited information from the lit-
erature (Mehaftey et al., 1994; Sultan, 1996; Ghazi Wakili
et al,, 2007; Ghazi Wakili and Hugi, 2008), the influence
of the composition is not considered.

As was explained in the previous section, the ap-
plied heat transfer analyzer here can only be operated under
40 °C; for that reason, the thermal conductivity measured
in the present study at elevated temperature only represents
the microstructure change because of the dehydration re-
action of dihydrate. As stated earlier, in the dehydrated
system only CaSO, (anhydrite) is available and the void
fraction has also changed, which explains the variation of
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the measured thermal conductivity. As one can see from
Table 1, in the case of the same void fraction, the thermal
conductivity of gypsum and the dehydrated system is very
different, which indicates the effects of the different thermal
conductivities and particle shapes of both solids.

The parameters (As, C, and s) in Egs. (1) and (2) for
the dehydrated system were again obtained by optimiza-
tion employing the “Solver” tool from Microsoft Excel and
the experimental data (Tables 1 and 2), yielding 0.9 W/
(m - K) (As), 1.3 (C) and 1 % (s), respectively, for anhydrite.
The obtained value for the shape factor of anhydrite is in
line with that of Zehner and Schlunder (1970) who report-
ed a shape factor value of 1.40 for broken particles. This is
also confirmed by the SEM analysis of the dihydrate sys-
tem (Yu and Brouwers, 2011b). In the present study, first
the gypsum boards were always heated for a full dehydra-
tion and then cooled down at ambient conditions to room
temperature. A very small amount of moisture is absorbed
into the gypsum boards again, which is confirmed by the
small derived value of water saturation here. The derived
thermal conductivity here can be understood as the ther-
mal conductivity of pure/nonporous anhydrite. However,
further research is still necessary to prove this because
this is still not confirmed in literature. Finally, the thermal
conductivity calculated from the model by substituting the
optimized parameters (C, As, and s) and the experimental
data is shown in Figure 7. The good agreement between
the model predictions and experimental data confirms the
validity of the approach employed. «
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