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Physical Changes in Setting Gypsum Plaster 

By B. M. O ' K E L L Y  

The object of the reported work was the study of physical changes in a 
setting plaster mass including exchanges and equilibria between the solid 
and liquid phases. Studied were : (a) variations in the suction of the mass 
to free water ; (b )  water sorption ; (c) variations in apparent volume. Water 
sorption studies showed the initial presence of water in excess of 
saturation requirements and that water sorbed closely approximated 
the amount required to IYI emptied pores. As a result of these con- 
siderations it is suggested that plaster hardening involves only mechanical 

interaction of growing gypsum crystals. How the consolidation mechanism 
results in apparent volume changes and suction development is shown. 

Development of a logical concept of the sequence of physical changes in the 
setting mass is attempted. 

I n* work reported in this ried out sin~ultaneously on three samples 
paper comprises the results of tests de- of a single batch of plaster and water. 
signed to provide information regarding The tests used were: (a) determination 
the physical changes taking place in set- of volume changes, (b) measurement of 
ting plaster and the changes in the char- the amount of freely available water 
acteristics of the mass toward free water. sorbed by the plaster; and (c) measure- 
I n e r e  possible the tests used were car- ment of the tendency of the plaster to 
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sorb water ~vlicii no 1v:~tcr uTas, in fact, 
allon-c>cl to bc imbibed. For con~rcni- 
encc, tlic tcst results, in so far as this 
was fcasiblc, arc rrportcd individually 
and arc thcii ?oi~~idcrt.d c011ccti~'c1y ill a 
filial srction. For the tcsts a pottcry 
plastcr \\-as uscd (a gypsum plastcr 
forn~ulatccl for use by thc ccranlic in- 
dustry in t h r  preparation of absorbent 
slip-casting molds). A nliv ratio of 2 
parts plastcr to I part n atcr, by might ,  
\Ifas 11scc1 througllout. Tlic m i ~ i n g  pro- 
cscdurc consistc~tl of :~tlcling thc plastcr to 
tlic water a t  0 scc, sprcndiiig i t  over thc 
surfacc of thc water \\.it11 tlic mixing 
beaters fro111 5 to 10 scc., inserting thc 
beaters : ~ t  10 sec and mixill:, until 40 
scc had clapscd. All tinlc pcriocls in 
this p:q)cr arc incasurcd fro111 start of 

Tlic following relationships will bc 
referred to  in thc paper: 

Decrease in absolute volurne = 5.59 
Per cent increase in solid volume (on 

"1.41 
CnSO..% 1120) = Zm X 100 per cent 

= 40.GO per cent 

Weight, g.. . . . . . . . 
Absolute specific 

gravity. . . . . . . . 
Absolute nloleculnr 

volume, cu cm . . 

Decrease (cu cm) in nhsolute volurne per 
5.59 

g of gypsum = - 
172 

= 0.033 cu cm 

Previous Work  

145.00 

2.75 

52.73 

Only iu the ficld of voluinc cllange 113s 
~vork hccn rcportcd (1,2,3,4,5,6,7).l 
Thcsc rcfcrcnccs arc bclicvctl to bc the 
inorc inlportant contributions in this 
ficlcl but do not coinprisc :L eomplctc 
list. 

Tllc tcchniqucs rrportccl for ~~ol~xii lc  
n ~ c a s ~ ~ r c m c n t  fall into threc classcs. 
Thc inost n-iclely uscd tccllniquc (2, 
5,6,7) ~ v a s  that of confining thc plaster 
i11 n container having onc movable wall, 
thc movement of thc \v:ill mirroring thc 
volume change and being observcd by a 
suitably scnsitive mcthod. Rcfcrencc 
(4) is typical of a technique which in- 
volvcs thc filling of a rigid containcr 
with plastcr and cmbrclclii~g in tllc ~1 :~s-  
tcr a flcxiblc container fillrcl wit11 watcr. 
Tht. flcxiblc containcr is coi~i~cctccl by n 

NOTE.-DISCUSSION O F  TEIIS PAPER 
IS INVITED, either for publication or for 
the attention of the author. Address all 
communications to  ASTM Headquarters, 
1916 Race St., Fl~ilaclelphia 3, Pa. 

1 The boldface numbers in  parentheses 
refer to the list of references appended to this 
paper. 

27.0 

1.0 

27.0 
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172.00 

2.32 

74.14 

rigid tubc to a graduated tubr, ancl thc 
vol~~li lc  cliaiigc in tlic p1astt.r rcgistcix 
as :I change i11 lcvcl of tllc watcr in thc 
gracluntecl tubc. Finally, thc technique 
rc,portcd 11y Murray (3) rcstrains a 
plastcr mass as littlc as possiblc consist- 
ent  11 it11 prc~rcnti~ig flow, ancl incasurcs 
volunlc cllangc hy obscrviilg the move- 
nlcnt of rcfrrcncc points floating on thc 
plastcr. After study, the most valuablc 
contributions arc belicvccl to bc in rcf- 
crcnccs (2,3,5,6,7) of ~vhich (5) is out- 
standing. 

It is uorth noting th:lt the mov:tblc 
wall tcchniquc works best 1~11en the 
iilo~rable \\.all constitutes the lid of a tall 
slcnclcr flcsiblc contniner. Homevcr, in 
this arrangement, thc results obtaincd 
arc difficult to interpret. While tlie 
plastcr is fluid, as  it  is in the initial 
stages, thc inovemcnt of the measuring 
wall is a fnnctioii of the volunlc change 
of thc plastcr. When the plaster has 
:~cIiirved a rigid structure the movement 
of tlie scnsing wall may morc nearly 
reprcsent a linear climcnsional change. 
Tlir nlcasurcments obtaincd in the 
period between the fluid and the solitl 
states may bc clificult to intcrprct. 

Cl~assevcnt (5), ~vllen invited to  com- 
ment 011 this point, replied that  he bc- 
licvecl his apparatus (a ruhber tube 
cappcd with a scnsing clcmcnt) meas- 
ured truc volunle elpansion only when 
thc plastcr mas covered with water, 
sincc in this case the init,ial contraction 
was prcvcntecl by pcnctration of watcr 
into any pores formctl, and stated that  
('. . . . s~cl l ing.  . . .is followcd and nlcas- 
urcd dming 95 to 98 per cent of thc 
hydration of thc plastcr." 

Ml~en  th r  plastcr is not covcrcd with 
~ v u t c ~ ,  Chasscvcnt believcs that  results 
obtainccl arc comparative only bcing duc 
to ". . . . .two phenomena acting in in- 
verse scnses: thc clccrcase in absolutc 
volunlc and the increase in apparent 
volume. 

Suction Development 

Thc surface of a solid ~vhich is wcttctl 
by  water possesses the property of Ilold- 
ing nratcr nlolerulcs and thcrcby lower- 
ing tllcir free energy level bclonr tha t  of 
bulk water. This situation produces a 
free encrgy gradient betmecn the solid 
and any bull< watcr availablt. to it, and 
a tr:ansfer of water molcculcs will occur 
from the bulk watcr to the surfacc of the 
solitl. This transfer will continue until 
the final layers of hcld ~va tc r  inolcculcs 
posscss virtually thc frcc cncrgy of bullc 
water moleculcs. 

If thc solid is prescnt ill the form of 
sinall solid particles, somc or all of 
11-1licll are closc together, tlie layer of 
nratcr held on onc particle will coalcsce 
rrith thc n-atcr layer on an adjaccnt par- 
ticle to  form concavc menisci. The 
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v:~por ~)I.ESSLII'C a t  tlic s 
~n(>nisci \\-ill bc less than 
tllc surface of bulk umtcr 
prcssurc. U-atcr ~vill thcrcfor 
froin bull; n ntcr to tlic porous 
until thc menisci i11 thc mass 

Thus 1v:~tcr will trnnsfcr 
watcr to a dry porous solid until the 
pores arc all filletl, 11ut tlic proccss will 
bc initiated by one property of the sys- 
tcin and con~plctcd by anotllcr. KO clif- 
fcrciitiation is made bctmcen these two 
proccsscs, and the differcncc of cncrgy 
levcl ~vhich causcs tllc transfcr of ~va tc r  
a t  any tiinc is said to be thc LLs~~ction" of 
the porous systcm for 11ullc ~vatcr a t  
that  timc. 

Thcse statcincnts arc truc irrespective 
of thc mcchanisn~ of ~va te r  transfer. 

@ Mercury Manometer. @ ~ ~ ~ ~ r e e ~ : ~ ~ ~ i a b l e  

@ O-Rtng Seals @ M~croscope 

@ Plaster Sample. @ Gradualed Capll lory.  

@ Porous Ceromnc Plate. @ I l l u m ~ n o l o r .  

@ Brass Cel l .  

Fig. 1.-Suction apparatus. 

Apparatus 

Thc apparatus for tlctcrmiiiing suction 
is sho~vn sc1~cmntic:~lly in Fig. 1. It 
consists of a brass and plastic ccll into 
which is scalcd, by means of O-rings, a 
3-in. c1i:lin porous ccranlic platc ap- 
proaimatcly $-in. thiclc. The ccranlic 
platc was choscn so tha t  thc  porcs did 
not begin to cinpty of ~va tc r  bclow ,z 

pressure of 40 psi. The platc so chosen 
prescntecl a high rcsistance to tht. flow , 
of water through it, but this limitation 
had, of ncccssity, to 11c acccptecl. Be- 
neath thc ccrainicfi platc is a slnall cllain- 
ber consisting of intcrconllccted annu- 
lar grooves fillrtl ~ v i t h  water and con- 
nected to  a cal~illary tubc. Abovc the 
platc is a c11:~mber connected to :in air 
~ ~ p p l y  ~vhose static prcssurc can be  
varicd. The ccmmic platc is satur:~tccl 
\\.it11 water for the tcst. Thc plnstcr 
samplc is placcd on tllc ccr:~mic platc. 
Thc meniscus in thc capillnry is ob- 
scrvccl througli a inicroscopc and move- 
ments corresponding to 1 0 4  cu cnl are  
rcadily clctccted. 

Test Results 

Aftcr the plastcr samplc was l~lacccl on 
thc ccralnic plate, thc ccll was closcd ancl 
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obscrvatioiis startccl. TTrntcr drninecl 
out of the plaster samplc for sonlc 
time. (Con~parc the account of I\-atcr 
sorption test.) The relative in~pcrine- 
ability of the ceramic platc precluded 
any rapid clrninngc even if this tended 
to occur. Drninagc ccnsecl anel sorption 
of n-ater by the plastcr l~cgan. The 
prcssurc in the chainbcr abovc the plns- 
ter nncl ccranlic platc ~vas  increascd un- 
til the m o ~ ~ c m c n t  of the nlcniscus in the 
cnpillary cc:~scd. TTTith tiinc thc prcs- 
sure ncccssary to prcvcnt movcmcnt of 
the meniscus incrcasccl to a mauinlum 
(21.8 in. H g  with a probable error of 
+ 2.0 in. IIg) ant1 thcn tlccrcascd to a 
value lcss than the mas i~num whcrc i t  
stayed more or lcss constant. 

Figurc 2 gi\-es thc results of tnclve 
coilsecutive tests. Up to tllc point of 
maxiinum suctioil thc plots represent 
the average of thc tiillcs a t  which a cho- 
sen prrccntage of thc maximum suction 
mas nttainecl. Bfter tlic point of maxi- 
mum suction, the plots represcnt the 
pcrccntage of inasinluin suction ob- 
tainccl a t  chosen time intervals aftcr 
maximum suction. Thus, up to  masi- 
mum suction the probablc crror is one of 
time while aftcr maximum suction tllc 
probable error is onc of pcrccntagc suc- 
tion. TVllilc all data usccl to  obtain the 
curve shown wcrc normally clistributecl, 
the clata from one of thc twelve 
curvcs deviatccl sufficiently from tlic re- 
mninclcr, after the point of maximum 
suction, for tlic data to be rcjrctccl nftcr 
that  point, ancl a t  30 min aftcr maximum 
suction tunc t\vo of the remaining clevcn 
curves gavc data drviating widely 
cnough to be rcjrctcd. Thc cuplanation 
for thcsc a~loinalies is not lrno~vn. 

Thc n~ctllocl of least scluarrs sho~vccl 
that  suction bcg:ln a t  17.3 mi11 ancl 
reachccl a maximum a t  44.2 min. 

Discussion of Results 

111 the earlicst stage of the cllanging 
systcm being consiclcrccl hrre, consisting 
of solid particles in contact with matcr, 
and ul sonle cases with each other, by 
far thc grcatcr proportion of the solid 
surface availablc is so disposccl as to 
represcnt thc confining 1v:~lls of pores, 
holvcver ill-dcfinrd thrsc porcs mag be. 
M~itl~clramal of water from this system 
results in a consolidating forcc acting on 
the particles of plastcr. If consolicla- 
tion cannot takc placc ancl the porous 
mass contains precisely that  quantity of 
water nceclcd to  saturate it ,  then the 
menisci in the o p m  mouths of tlic porcs 
mill tleprcss :~ncl thc free cncrgy of thc 
n-nter in thc mass ~vill bc lowered. Frcc 
water placcd in contact wit11 the porous 
mass mill then bc suckcd into it. 

If thc particles provide little or no 
resistance to coi~soliclatioi~ and do in 
fact consolid~tc, then thc voluinc of thc 
pore systcm is rcduccd, which tcilds to 
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Time, min 

Fig. 2.-Development of suction. 

nlnintain the initial curvaturc of tlic 
mcnisci and the initial enc.rgy Icvel. 

Sincc the pore systcm foriilccl 11y thc 
miuturc of particlcs and uatcr is non- 
rigid and capable of consolidation untler 
gravity forccs, i t  mnjr 11c concludcd that,  
a s  this consoliclatioil takcs place, an  
cvcess of frcc \\rater can rcslilt. It is be- 
licved that  this is what occurs in a 2 : 1 
plaster-water mis. TVater can tl1c1.e- 
fore drain froill the ~ l :~s tc r ,  though 
slo111ly bccausc of thc rclativc imprrmr- 
ability of thc ceramic plate. From the 
experimental clata, suction is sccn to 
begin a t  17.3 min. Homcvcr, bcforr 
this tiinc the exccss iilisiiig n-ater, a t  
least in part, is available to satisfy any 
dc~llancl for lvater by the plastcr. Thus, 
almost certainly, a tcncleilcy to imbibe 
water (a state of "suctionJJ) is actually 
dcvcloprd in the plastcr bcfore 17.3 
nlin. TVl~cn suction begins, and causes 
increased concavity of th r  meniscus 
in the observcd rcfcrcncc capillary, prcs- 
surc is a ~ ~ p l i e d  to counteract it. Thc  
action of the prcssure is to clcprcss the 
menisci in the plastcr and in the ccranlic 
platc to  provide a-atcr to satisfy thc 
plaster's cleinancl. The  force necessary 
to do this is the same as  thr  forcc ~vitli  
~vhich n-ater mould tcild to bc imbibed 
by thc plaster, unclcr no-flax conditions, 
if the latter mere placrd ill cont:~ct with 
free water. A curve of suction against 

time is tlius built up by observing tllc 
suction prcssurc a t  various times. It 
should be notccl carefully tha t  the test 
clescribcd measures thc forcc ncccss:iry 
to depress mcnisci so as to supply writer 
to satisfy :t clenland, bu t  docs not pro- 
vide informat~oii concerning the rcason 
for the esistcnce of the demand, or its 
magnitutle. 

As l~rc~riously statccl, manifcstntion 
of suction b y  a trnclcncy to irnbibc water 
ii1dic:rtes tha t  thc plastcl. is resisting 
consolic1:~tion. 

The decay of suction from a masimun~ 
valuc is interesting. It might bc ex- 
glaiiicd cither by a c1ccrc:~sc in thc total 
pore xolun~c or by an incrcasc in the 
nveragc pore clianlctcr. 

A cons~cleration of thc absolute vol- 
uincs of Iien~il~j~clratc, dihydrntc, ant1 
matcr shon s that  the hydration of hcmi- 
11~ clratc to clihyclratc procluccs a volunle 
of the lattcr leu-er than tlic c.ombincc1 
vohuincs of thc liemil~yclmte anel thr  
water nhich fornlcd it. H o ~ ~ ~ e v c r ,  the 
absolutc volume of the dihyclrate is 
about 40 pcr ccnt gre:~tcr than the ab- 
solute volume of thc l ~ c i ~ ~ i l ~ y c l m t e  froin 
1~11ich i t  n+ns fornlccl. Tlic tlcnsitv of 
the x c t  2: 1 plastcr mix being consicl- 
crccl here is 1.72 g pcr cu cm. For such 
a inix i t  inay b' calculatecl t h a t  the ab- 
solute solid-volume incrcase on hydra- 
tion; csprcssed as a per cent of the total 
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volume of the mass, is 16.9 per cent. 

100 cu cm mix 172 g 114.67 g CaS04. 
4KO 

114.67 g CaS04.$H?0 = absolute vol. of 

Increase in volume on hydration of 41.70 
cu cm of CaSOa. $HzO 

If the apparent volume of the hydrating 
mass remained constant throughout 
the period of hydration it may readily 
be seen that the total pore volume of 
the mass mould decrease from the start 
of hydration to accommodate the in- 
creased volume of the solid phase; the 
volume of water available to fill the 
pores would also decrease but a t  a rate 
somewhat higher than the rate of pore- 
volume decrease. However, as will be 
shown, the apparent volume of the mass 
a t  first decreases and then increases. 
The increase in apparent volume is of 
the order of 1 per cent. It is obvious 
that the 1 per cent apparent volume 
increase will have only a small effect in 
opposing the decrease in pore volume 
due to the growtll of the solid phase. 
Thus to suppose that the drop in suction 
from a maximum is due to a decrease in 
the total pore volume necessitates the 
assumption that, a t  the time of the suc- 
tion decreasc, the decrease in pore vol- 
ume normal to the hydration proccss is 
augmented by a mechanical consolida- 
tion of thc solid material in the mass, as 
otllerwise the relative rates of decreasc 
of pore volume and free water respec- 
tively, will be undisturbed and will there- 
fore increase the pore volume. Since 
the impossibility of such consolidation 
is believed to underlie the development 
of suction, this explanation for the suc- 
tion decrease is not satisfactory. 

The decay of suction from a maximum 
value is most readily explained by as- 
suming an increase in the average pore 
diameter. This in turn could be ex- 
plained by assuming the growth of large 
crystals a t  the expense of small, after 
the marked activity, which gives rise to 
the steep portion of the suction curve, 
has subsided. This suggestion is in line 
with the findings of Rcbinder, et a1.(10) 
and Bogautdinova, et al. (12) who found, 
within 1 hr of mixing, a decrease in 
strength after an initial maximum was 
reached. Rebinder, et al. (lo), also re- 
fer to "disappearance of nonequilibri- 
ated crystal contacts1' in connection with 
the mechanism of hardening of plaster. 

Water Sorption 

The technique adopted was to seal a 
disk of porous sintercd bronze into a 
plastic dish, the bottom of which con- 
sisted of annular grooves. A sintered 

@) Removable L id  for B. 

@ Plastic Cell.  

Plaster Sample. 

@ Porous Bronze P la te  Waxed into B. 

@ Annular Grooves. 

0 Grodualed Capi l lary.  

Fig. 3.-Water sorption cell. 

bronze disk was used in place of a ce- 
ramic disk, because the sintcred bronze 
was highly permeable and afforded the 
least possible resistance to flow of water 
into and out of the plaster sample. 
The grooves of the plastic dish were 
joined and then connected to a capillary 
tube fitted with a scale and having a ca- 
pacity of 0.05 cu cm per cm. Two filter 
papers were placed on top of the bronze 
plate, the upper one being weighed dry. 
The plaster sample was placed on the 
filter papers. The apparatus is shown 
schematically in Fig. 3. To prevent 
flooding of the surface of the filter pa- 
pers, the level of the capillary was placed 
about + in. below the upper surface of 
the bronze plate and so maintained the 
plate a t  a slight suction. This suction 
was considered negligible compared to 

the suctions developed in the setting 
plaster. The plaster sample was from 
+ to in. thick. Mixing technique 
was the same as described under the 
section on Volunle Change. The cell 
was vented through a 3-ft long capillary 
tube to diminish loss of water by evap- 
oration. The timing of the steps nec- 
essary to start this test was reproduced 
from one test to another. Due to the 
operations necessary in starting the 
other two tests, observations of water 
sorption did not begin until 4 min, 26 

Test Results 

After the plaster sample was placed 
in the cell and the lid was closed, ob- 
servations were started. Water drained 
rapidly from the sample, a period of in- 
action followed, and the plaster began to  
sorb water a t  about 7 to  8 min. The 
amount of water lost initially and the 
amount subsequently sorbed (overnight 
sorption = 100 per cent) is shown in 
Fig. 4. 

Assuming that the plaster sets com- 
pletely overnight, it  was found that, on 
setting, the plaster sorbed 0.045 cu cm 
per g of dry set plaster with a piobable 
error of 0.001 cu cm. 

To check the reality of the period of 
inaction in water sorption mentioned 
above, three experiments were carried 
out in which the observations of water 
sorption were begun 50 sec after start of 
mixing. From these tests it was found 
that drainage proceeded as before, 
ceased a t  about 3 ~ n i n  and was followed 
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by a period of apparent inaction lasting 
about 4 min after which sorption of 
water began. These results show that 
the period of "inaction" is not due sun- 
ply to the particular experimental tech- 
nique being used. 

Discussion of Results 

The phenomenon of initial drainage 
is believed to be due to the presence of 
water in excess of that necessary to sat- 
urate the hemihydrate present (see 
Suction Dcvclopment). The period 
of apparent inaction is believed to be 
due to the compactable nature of the 
plaster mass a t  this stage of setting and 
the consequent possibility of supplying 
a demand for water by compaction of 
the mass, with release of free mater. 
The compacting force is, of course, sup- 
plied by the surface tension of the water 
and/or gravity. 

The sorption of mater, following the 
period of apparent inaction, can be ex- 
plained in large part by the demand for 
water caused by chcn~ical hydration. 
The test providcs no information as to 
whethe I this is the sole agency respon- 
sible. The mechanism causing the de- 
mand for mater is believed to be opera- 
tive before the water uptake begins and 
prior to this point to obtain necessary 
water by compaction of the plaster mass. 

I t  is believed that the long duration 
of water uptake map be due partly to 
the impermeability of the set plaster 
mass to mater under only moderate pres- 
sure differentials. Empty pores will 
be left in the plaster mass by chemical 
binding of water to form dihydrate. 
In rcgions of the mass remote from the 
source of free water, these pores will 
have to be filled by migration of water 
through the mass from the free water 
source. In this case the hydration 
proper will be largely complete in some 
time less than the period of water u p  
take. From the suction test data, 60 to 
80 min does not seem unlikely. 

Volume Change 

Tlle technique adopted for the present 
work was to fill a thin-walled rubber 
membrane with plaster, seal it securely, 
and place it in a brass tank filled with 
water and connected to a capillary tube 
(Fig. 5). A lid was then placed on the 
tank and readings started. The capil- 
lary tube was graduated and had a ca- 
pacity of 0.05 cu cm per cm. Volume 
changes in the plaster registered as 
movement of the meniscus in the capil- 
lary. 

Objections to the method are mainly 
that tlle tank and water in it expand 
under the influence of the heat released 
by the plaster hydration and conse- 
quently give a "thermometer-effect" er- 
ror in the volunle change. Pressure vari- 
ations in the atmosphere will cause the 
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tcsts, the first reading in the volume 
change test was usually not made be- 
fore 5 rnin after the start of mixing. 
Invariably a t  this time, a rapid contmc- 
tion was taking place. This contrac- 
tion proceeded more or less uniformly 
for some time and thcn abruptly 
changed to an expansion. The cspan- 
sion proceeded rapidly, gradually slowed 
to a stop, and was succeeded by a slotv 
contraction. The shape of Fig. 6 is 
typical of the tcsts consiclercd. 

Consideration of fourtcen consecutive 
tests (the data from which were found 
to follo~v closely a normal distribution 
pattern) shonVed the following: 

Removoble L i d  Clomped in Posi t ion - 
@) Bross Cy l inder  F i l l ed  w i t h  Water 

@ Plaster i n  Membrane 

@ Graduated Capillary 

Fig. 5-Volume change apparatus. 

apparatus to behave in some measure as 
a barometer. The latter objection is 
considered to be negligible and the 
former is thought to influence only the 
order of the volume change and not its 
position in time. In  the initial stages 
of the hydration, indeed, when the tem- 
perature rise is very small, the thermom- 
eter effect is negligible. 

Test Results 

Due to the procedure involved in 
starting the water sorption and suction 

(a) Start of reading was, in all 
cases, 5 min. 

(b) Contraction proceeded until 25.6 
nlin llad clapsed (probable error 
was 4.4 min). 

(c) Espansion occurred for a sub- 
sequent period of 34.8 min (prob- 
able error mas 2.2 min). 

(d )  The percentage contraction was 
0.25 per cent (probable error 
was 0.04 per cent). 

(e) The percentage cspansion mas 
0.92 per cent (probable error 
mas 0.03 per cent). 

Since percentage contraction and con- 
traction time showed normal distribu- 
tion, the ratios of the duration of con- 
traction to the percentage of contraction 
for the fourteen tcsts showed nc rnlal 

T i m e ,  m ~ n  T ~ m e  , hr 

Fig. 6.-Volume change. 
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distribution. Arithmetic mean of the 
ratio was 102.4 with a prol~ablc error of 
8.8. The method ot lcast squarrs 
gave the relation: 

where : 

c = per cent contraction ancl 
t = duration of contraction. 

It is obvious that this relation does not 
hold to "ton since a t  t = 0, c = 0. 

The comparative linearity of a typical 
time per contraction curve is of inter- 
est (Fig. 6) but should not be confused 
with the curve for ~vllicll the equation 
has just been given. An attempt was 
made to detcrmiile temperature changes 
in the setting plaster and in the sur- 
rounding water but the reproclucil~ility 
was poor clue to the clificulty of posi- 
tioning the thern~ocouples in the plastcr 
mass. Such data as \\-ere obtainccl ulcli- 
cate an initial drop in temperature inl- 
mediately after mixing, follonecl by a 
rise in tcnlperature starting a t  about 14 
min. 

Discussion of Results 

Ottcnlan (I) and Chassevcnt (5 )  

have stated that thc initial contraction 
is a manifestation of the decrease in 
absolutc volume which occurs ~rllen 
hemihjrdrate and matrr react together 
to produre gypsum. This is belicvccl to 
be the correct explanation. Apropos to 
Chasscvcnt's conlments quoted earlier, 
the present author is of the opinion that 
all results obtained in tests on plastcr are 
comparative only and  nus st alu-ays be 
related to the environincnt of thc plaster 
mass being tested. 

Avcrage wet density of the plastcr 
used in these experiments was 1.72 g per 
cu cm. Plaster to watcr ratio was 2: 1. 
Average contraction lTas 0.25 per cent. 
Consideration of the inolccular vol~lnles 
of llemihydrate, gypsum, ancl n-atcr 
shows that a contraction of 0.25 per cent 
represents 5.6 per ccnt of the contraction 
to be expected on full hydration. 

100 cu cm mix = 172 g = 114.67 g CaSO,. 
BHpO 

145 g CaSO,.BHaO = 5.59 cu cm con- 
traction in absolute volume on full hy- 
dration 

:. 114.67 g CaSO,.$H20 = 4.47 cu cm 
contraction 

= 4.47 per cent 
contraction 

:. 0.25 ner cent contraction = 
0.25 x 100 per cent of full contraction 

4.47 

5.6 pcr cent 

This indicates not only that hydration 
and its accompanying contraction in ab- 
solute volumc is inore than adcquatc to 
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explain the contraction found experi- 
mentally, but also that hydration of thc 
hemihydrate begins a t  an early stage in 
thc setting process. 

Examination of thc data available 
shows that the maximum contraction 
which could bc accounted for by the dc- 
crcase in temperature referred to above 
is approximately 0.05 per cent, and is 
probably collsidcrably lonrer. The rca- 
son for the tc~npcrature drop is not clear 
unless it is due to the negative heat of 
solution of hemihydrate in water. 

The conditions of the suction tests are 
such that drainage of free u-ater out of 
t11c salllplc is virtually prevented, so 
that the conditions existing in the suc- 
tion and volume tests may be compared 
clirectly. Since suction began a t  about 
18 min., it  follows that all free water in 
the volume tests was uscd up a t  this 
time or shortly afterwards. Since the 
first volume reading was taken a t  5 min, 
the per cent contraction mas linearly 
eutrapolated to to. The average ex- 
trapolated contraction was 0.37 per 
cent (probable error of 0.05 per cent). 
Contraction ceased a t  25.6 min (prob- 
able error of 4.4 min) and a contrac- 
tion of 0.37 per cent represents 8.3 per 
cent of full hydration. Reference to 
the n-atcr sorption test (Fig. 4) gave the 
degree of hydration, a t  25.6 mill, as 18.9 
per cent of total. Therefore 18.9 - 8.3 
= 10.6 per ccnt of full hyclmtion has oc- 
curred in the volume tcst sample with- 
out apparent manifestation as decrease 
in volume. This 10.6 per cent of hy- 
dration must, therefore, be rcpresentccl 
by pores cmpticd of ~vatcr within the 
volume samplc. An absolute volunlc 
dccrcasc of 0.47 per cent (of the abso- 
lute volume of the reactants) occurs for 
10.6 per cent of the full hydration. 
Presumably, therefore, ~vllcn thc volulne 
sainple starts to expand, the mass con- 
tains pores empty of water to the extent 
of 0.47 per cent of the total volume of 
the sample. 

Following the contraction, an expan- 
sion of 0.92 per cent (probable error of 
0.03 per ccnt) occurs. No information 
regarding the mechanism causing the 
cxpansion is provided by the volume 
test, but see section on General Discus- 
sion. 

Finally a contraction is observed fol- 
lowing the expansion. This contrac- 
tion is due to cooling of the plastcr ancl 
apparatus after the exothermic hydra- 
tion and provides a measure of the 
volume correction to be applied to the 
data to take account of the thermom- 
eter-like action of the apparatus i11 
responding to the heat output of the 
setting plastcr. The correction found 
is -0.28 per cent ~vith probable error 
of 0.06 per cent. 

Taking into accouiit the decrease in 
absolute volume, together ~ i t h  the in- 
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Fig. 7.-Composite curves. 

crcase in apparent volume corrected for 
temperature effects, it may be calcu- 
lated that  in a hardened wet 2: 1 plaster 
mix there will be 6.4 cu cm of pores 
empty of water for each 172 g of 
gypsum produced. 

The order of reproducibility given 
previously for the various measurements 
nrarr:tnts attention. Reproducibility 
for the cluration of coiltraction and for 
the percentage contraction is poor; it is 
~~~~~~~~hat better for the duration of thc 
cxpansion, and goocl for the percentage 
espansion. These clah arc believed to  
shed some light on the well-knonm diffi- 
culty of obtaining a reproducible setting 
time ~iritll a neat plastcr mix. 

The fact t l~a t  the ratios of duration of 
contraction to percentage of contraction 
are normally distributed is tentatively 
interpreted as showing that  contraction 
occurs as a result of a reaction proccecl- 
ing a t  a more or less uniform rate, and 
~vhich continues until sonle liiniting 
stage in the process is reached. It is 
believed that the limiting stage is the 
point a t  which compaction of the plaster 
mass can no longer readily occur and the 
variable factor is thought to be the 
amount of mixing water talcell up ~vllen 
the sample for the test is renlovcd from 
the main batch of plaster. 

General Discussion 

In this scction an attempt will be 
made to correlate t11e data fro111 the 
thrcc tests one with another, and to at- 
tempt to establish the relation of these 
data with the rclevant published litcra- 
ture. A composite showing the three 
superin~poscd curves is givcn in Fig. 7. 
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