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PREDICTION OF THE DEGREE OF HYDRATION OF
ORDINARY PORTLAND CEMENT PASTE

BAKR! ABDELRAHIM GAAFAR! AND CABRERA J. G.2

ABSTRACT
Tests were carried out on Ordinary Portland cement (OPC) paste specimens
cured at %, 20 and 35 °C in arder to mvestigate ¢ffect of wic rano, age of
curing and curnmg temperature on degree of hydration of cements. The
method  used uhmdmmmmdcmlﬂmw&l
mﬂmmmwmwnmnumﬁmnwihm
of hydrated products, using thermogravimetric (TG) analysis
The experimental data was used to propose numencal models which allow
reasonablv accurate predictions of hydration rate of OPC cements
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INTRODUCTION

The understanding of mechanisms of hvdration and knowledge of the nature
and morphology of hydration products of hydraulic cements and pozzolans
has helped cngineers m interpretation of conditions under winch concretes
can perform adequateh{!)  However, predicticn of rates of hydration
under different environmental copditsons for different coment types is still
not possible duc 1o lack of accurate numencal models
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Namthaim. llln Iurdrinm u!‘cm has been investigated by many
rescarchers and methods to measure hydration are established (2-10) For
example Mermal analvsis methods such as Differential Thermal Analysis
(DTA) and Thermogravimetry (TG) have been wadely used for determining
the amount of Ca(OH)y in different cement paste systems (10-15)

Midgley( 1 1) made a comparative study using DTA, TG, Quantitative X-
ray, ghveol extraction and alcohol-glyoerol and concluded that thermal
analysis techniques give the most reliable results if the total Ca(OHY;
content of a set OPC is required

This paper is limited to a laboratory study fnrﬂ:eufhctnfw.-'crmm age of
curing and curing temperature on the rate and extent of hvdration of
ordinary Portland nmmt‘hlﬂbthdh’ﬂ]ﬂpﬂtﬂ@fﬂllﬂiﬁllﬂﬂl!fﬂt
prediction of hvdration rates of OPC pastes.

EXPERIMENTAL DETAILS

ORDINARY PORTLAND CEMENT (OPC)

The OPC used was supplied by Castle Cement UK Limited in air-tight

containers It complics with the requirements of BS12 (1989) (18) The
chemical and physical propertics of the OPC are shown m Table (1)

Table 1. Chemical composition and some physical properties of OPC

Oxide Composition o
Si0; 2007
Al O3 5,90
Fea03 3.40
Cal 63 69
MzO 283
NayO 0.27
K20 0.86
SO3 287
Relarie density (g/em™) 345
| Specific surface (mZ/g) 0341
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Calculated Bogue Compound Composition (OPC)
Mineral
C38 4716
c2s 2463
C3A 989
C4AF 1034
PREPARATIONS OF SPECIMENS

OPC pastes were prepared with w/c ratios of 045 055 and 065 The
pastes were then cured at 8, 20 and 35°C. Mixing of the cement and water
was carriecd out by a high speed mixer for 5 minutes to obtain a umform
paste which will not sertle and segregate The mixed paste was then cast
into plastic cups and covered by wet hessian and plastic sheets (to minimise
evaporation of water) for 24 hours

Testing of cured specimens was carried out at |, 3, 7, 28, 90, 180 and 365
davs  The same testng dates were kept for all curing conditions. Samples
were taken from the nuddle pant of the specimens to mimmise carbonation
cffects and were ground by using an clectncal high speed grinder. The
powder samples were dried in a Microwave oven for 5 munutes. The dned
samples were passed through a 75 pm sieve (in order o improve the
uniformuty  of the samplc) and kept in a scaled borttle under nitrogen
atmosphere.  Great  care was taken between these operations, and samples
were kept in scaled polyvthene bags and kept i a desiccator containing
Silica gel m order to minimise partial carbonation

APPARATLUS

The apparatus used in this investigation was a Stanton Rederoft model TG-
760 so as to give a computensed output typical to the one shown n Figure
(1) the apparatus consists mamnly of an electro-microbalance, a fumace.
opcration programmer umit and data acquisition unit

The platmum crucible was filled with dricd powdered sample (between 6 to
Y mg ). the furnace was then closed  The contents of the fumace were kept
mn an atmosphere of mitrogen gas. and the whole systom was cooled with
water at a rate between 350400 cofmin. The samples were heated from
20°C 1o 1000 *C at a rate of 20 *C per mmute and the weight losses were
monitored continuously  The TG curves arc obtamed by plotting the
cumulative weight loss against temperature while the DTG curves arc
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obtained from the TG curves by plotting the percentage weight loss per
dugwoﬁmpnmu
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Figure (1) : Typical Thermogravimetry (TG) and the Dervative
Thermogravimetry(DTG) Curves

METHOD FOR DETERMINATION OF CalOH); CONTENT AND

DEGREE OF HYDRATION
The total amount of Ca(OH)» can be determned from the TG results using

the following equation (10

o Mot
WCa(OH), = Ax o +Bx7

Where

W alOH). = Percentage of total amount of Ca(OH); in the sample

A = Arca under the DTG curve corresponding to the dehyvdroxy lation of
calcium hvdroxade (Percentage of mass lost between 420°C 10 534 °C )

B = Area under the DTG curve corresponding to the decarbonation reaction
( Percentage of mass lost between 600 =C 1o 780 °C )

The degree of hydranion (DH %) is then caleulated as follows

Ca(OH), (at age n) %100
Ca(OH), (for fully hydrated paste)

DH % (at age n) = (
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Full hvdration was considered o occur when hydration has contimued for
two vears at 100% relative huandits (RH) and 20 °C”

METHOD FOR DETERMINING NON-EVAPORABLE WATER
AND DEGREE OF HYDRATION

The non evaporable water, 1s usually used to momitor the progress of
hvdration (10.12.17-21) The non-cvaporable water content was calculated
from the weight loss between 105 °C and the temperature at wiuch
Ca(OH); peak started (= 400°C). However, due to the fact that [0% of the
non-cvaporable water remains  within the hydration products and is lost at
higher temperature, a correction was performed.  The corrected non-
evaporable water was then calculated using the equanon: :

Wpe= 1 1 Wy,

where

W = The comected non-cvaporable water content (%)

W, = The weight loss between (105-400°C) (% of the ignited weight)

The degree of hydration (DH), based on the non-cvaporable water, was then
calculated according to the following form

DH (%) = *= x 100
Wre
whire

Wye = The non-cvaporable water for sample cured at 20 °C and 9% RH

for two years

Although the non-cvaporable water 1s a good indication of the degree of
hvdration, it 1s nol an absolute measure of hydration, because neither the
composition of the major hydrates nor the stoichiometry of the reactions is
well defined(!0) The results may also be affected by the method of drying
the sample 10 remove the evaporable water, since some chenucally bound
waler may be released at the same time.
RESULTS AND DISCUSSIONS

The degree of bvdration for the vanous OPC mixes mvestigated at different
ages, wic rahos and curmg temperatures, were calculated from calcum
hvdroxide content and the non-cvaporable water and are presented in
histograms Figures 210 7 The results indicate that the degree of hydranon
is governed by paramcters such as the wic ratio, cunng temperaturc and
age of cunng.
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Figure (2) : Bar Chart Representation of the Degree of Hydration
(Ca(OH),) Vs Age (Mix OPC w/c=0.45)
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Figure (3): Bar Chart Representation of the Degree of Hydration
(Non-evaporable Water) Vs Age (Mix OPC w/c=0.45)
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Figure (4): Bar Chart Representation of the Degree of Hydration
(CalOH);) Vs Age (Mix OPC wic=0.55)
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Figure (5) Bar Chart Representation of-the Degree of Hydration (Non-
evaporable Water) Vs Age (Mix OPC w/c=0.55)
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Figure (6): Bar Chart Representation of the Degree of Hydration
(CalOH);) Vs Age (Mix OPC wic=0.65)

Figure (7) Bar Chart Representation of the Degree of Hydration (Non-
evaporable Water) Vs Age (Mix OPC w/c=0.65)
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A statistical analysis was carned out on data obtained from differemt OPC
mines using Statistical Analvsis System Package (SAS) i order to develop
statistical models o predict degree of hydration calculated from Ca(OH)p
and non-evaporable water at the 95% confidence limit from related
vanables investigated i.¢” w/c ratio, age and curing temperature.
Non-lincar models in the following gencral form were used to relate degree
of hydration to w/e ratio, age and temperatures:
Y = By +By X2 + By X24

Y = By +By X2 + By X5* +BsX36
Where: Bg,B1.By B3.By.Bg Bg = Constant
X1.X3,X3 = Variable
All relevant equations for these models are shown in Table (2)
Companson of predicted and measured expenmental degree of hydration
valucs  showed much better representation when this non-linear model was
applicd and arc shown m Figures (%) and (9).
Table 2 Relation between degree of hydration (DH) and w/c ratio, age
and curing temperature

s*c

DH%(CH) = 126 77 - 10 95(w/¢) '* - 61.29( Age)™"
DH%(W, ) =150 37~ 45(w/c)*™ —103 62(Age) ™

W°C

DH%(CH) = 539 97 - 409 98(w /c) "™ - 53.14(Age) "'
DH%(W, ) = 134 69~ 125(w /¢) ™" — 78 59(Age)"'""

3sC

DH%(CH) = 122 56 -3 0l(w/¢) ™" —44 70({ Age) "

DH%(W, ) =132 757 - 0 0068(w/c) "™ - 68 33( Age)"™

1- Degree of Hydration's as a function of Wic ratio Age and Temperature
DHU(CH) = 13576-23 093 w/c) "™ - 52149 Age) """ + 0 664Temp "

DH(W,) = 13154-0089w/c) "™ -83 28 Age) """ + 0 4l Temp" ™

A significant statistical  regression correlation is found between degrees of
hydration calculated from total calem Indroxide content DHY(CH) for
the different samples cured at different temperatures and the corresponding
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ones calculated from the nom-evaporable water content DH%(Wn) as
shown m Figure (10). The hnear relationship was found in the following
form.

DH(CH) = 9701 + 0 93DH(Wa)  (r2=0 96) (n
According to equation (1), degrees of hydration calculated from calcium
hydroxide content are generally higher than those calculated from the non-
evaporable water. This is in agreement with the results feported by
previous researchers(!?)  However, it can be seen from equation (1) that
the difference n caloulated degree of hydration from Ca(OH); content and
non-cvapornble water decreases as the degree of hydration increases
Greene (22) observed that the Ca(OH); peak grew m size and shifted to a

higher temperature with higher matunty of the paste. This could explain
this difference as the Ca(OH); peak s formed at refatively lower

temperatures  al a lower degree of hvdration, causing an underestimation of
the non-cvaporable water content.
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Figure (8): Comparison between measured and predicted degree of
hydration based on calcium hydroxide(Ca(OH);) content
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Figure (9); Comparison between measured and predicted degree of
hydration based on non-evaporable water content
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Figure (10): Comparison between the degree of hydration based on
measured calcium hydroxide(Ca(OH);) and non-evaporable water
content
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CONCLUSION

1 The rate of hydration is directly affected by wic rato, age of curing
and curing temperature.

2 C(Calcium hydroxide content is more reliable than non-evaporable
water content in determination of degree of hydration. The degree of
hydration determined from non-gvaporable water content is lower
than that obtained from calcium hydroxide content at lower degrees of
hvdration, however, identical results could be obtained from both
methods al relatively ligher degrees of hvdration.

3 Sumtstically vabd numerical relations which relate the degree of
hvdration to w/c ratio, age and curing temperature have been found to
be in the following form

DHCH) = 13576~ 23092(w/c) ™ - 2 149 Ae) "™ + 0664 Tep) ™
DH(W, ) = 13154 - 0083(w/c) " ™ —8328(Age)" ™ +04)Temp)' ™

4 A valid stanstical relationship was found to exist between degree of
hvdration calculated from Ca(OH); and non-evaporable water the in

following form DH(CH) = 9 701 + 0. 93DH(Wn) 120 96
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