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ABSTRACT

A mathematical model is driven to predict the Optimum Gypsum Content
(0.G.C.) of Portland cement at ages of ¥, V, YA, and 1+ days, which imparts the
cement maximum compressive strength. To obtain such model the present

study is divided into two parts:

). Development of statistical model for prediction of compressive strength of
Portland cement. The reason is that such model is the basis to development
of the 0.G.C. model of cement.

The compressive strength prediction model was built by using regression

analysis and based on (£ +) different cement samples taken from (V) different
Iragi cement factories, Indian cement, and Kuwaiti cement. (Y1) of the samples
were ordinary Portland cement while the other ()£) samples were sulphate

resisting Portland cement.

To improve the accuracy of the compressive strength prediction, attention
has been drawn towards right selection of the variables which are used in this
model. The number of the studied independent variables was ()1). These
variables are C:S, C«S, C+A, C:AF, fineness (in terms of Blaine specific surface),



the minor oxides MgO, free CaO, SOr, and the variables obtained from the
chemical analysis of cement like silica modulus (SM), alumina ratio (AR), loss
on ignition (LOI), insoluble residue (IR), and lime saturation factor (LSF), in
addition to initial and final setting time, and unsoundness (in terms of

autoclave expansion).

Serious attempts were made to introduce the variables in various
combinations to examine the variables which have the most significant effect
on the compressive strength, until attaining the final form of the proposed

model.

The validity of the proposed model to predict the compressive strength at
various ages was checked by using five cement samples tested at ages of ), Y,
Y,V, V¢, Y)Y, YA and 1+ days. A comparison of the present model using other
data (other than those obtained in the present study) was made. It was found
that the proposed model yields good results and refers to the right selection of

the model form and of the variables used in the model.

The correlation coefficient of the final form of the compressive strength
prediction model (i.e when all variables are included in the model and taking
of time of testing (t) as the main independent variable) was (+.4411), the value
the standard error was (*.Y * ) ¢), and the difference between the observed and

the predicted strength was (Y MPa.).

Y. Formulation of the optimization problem, and formulation of the final form
of the proposed model for predicting O.G.C. of cement.
The most important thing in this study is to get use of the concept of

applying mathematical derivation on statistical models. An attempt is made to
apply Classical Optimization Method on the compressive strength prediction
model to obtain the SO+% value that maximize the compressive strength. It
was found that the mathematical derivation of the statistical model does not
yield good results when the statistical model is a function of time. But it yields
good results when a special model is used for each age. It is impossible to
produce a model for each age, hence, four ages were selected to build a model
for each one of them to predict compressive strength. These ages are ¥, V, YA,

and 1+ days.



The validity of such derivation was examined by using reliable available
experimental data from other research. It was found that the calculated O.G.C.
from the proposed model is close to the actual value of the O.G.C.

The fineness of cement, C:S, C:S, C+A, C:AF, unsoundness, initial setting time,
and final setting time are the major factors in O.G.C. prediction model.
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NOTATIONS

Most of common symbols are listed below; others are defined where they
appear in the research.

Symbol Description
0.G.C. Optimum Gypsum Content.
O.P.C. Ordinary Portland Cement.

S.R.P.C. Sulphate Resisting Portland Cement.

EEF Early Ettringite Formation
DEF Delayed Ettringite Formation
fo Compressive Strength at Time (t).
Ss Specific Surface Area of Cement.
LOI Loss on Ignition.
IR Insoluble Residue.
LSF Lime Saturation Factor.
SM Silica Modulus.
AR Alumina Ratio.
IST Initial Setting Time.
FST Final Setting Time.
R Correlation Coefficient.
S.E. Standard Error.
df Difference between the actual and
predicted strength
C.E.B. Consultant Engineering Bureau
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\. The first model (i.e. eq. (£-°)):

By applying eq. (£-1Y) on:




af(t)l i
250, °

a, *a, *t*S0,*™" +a,C,5*" +a,C,5*" +a,(C,A+1)*>" +a,C,AF*"=0

0.G.C(SO,%) = —ﬁ*(asgsm +a,C,5%" +a,(C,A+1)" +

1 2

8.11C4AF ap*t )ll(az*t—l) (B _ l)

-Y)

0% f,
d: 2

3

An <0,s0: a*art*(ar*t-1)*s0.®: < s ..(B-Y)

By substituting the values of the coefficients:

0.G.C (SO,%) =~ L *(6.145C, S0t _1 2724C, S0
3 7.9052* 0.0053 * t 3 2

—21.2644(C A +1)0%%" 1 13,9798C,AF 00¥ 100"t | (B - 3)

V.Avorx. uorpk(s, v orxp))*g0, T s wee(B-)

Y. The second model (i.e. eq. (£-1)):

8f ®w2
250, °

a, *a,t*S0,*"" +a,5.*" +a,C.,5*" +a,C,5*" +a,(C,A+1)™"
+a,C,AF™"=0



0.G.C(SO, %) = —ﬁ*(aﬁjﬂ +2,C,5%" +a,C,5%" +a,(C,A + 1)

1 2
+ allC4AF a*t )1/(a2*t—l) ,_,,(B _ 5)
azf(t)z %o gk * (a, *t-Y)
And: W<O'SO: a)*ast*(ast-1)*S0O,"7: "< w..(B-1)
3
By substituting the values of the coefficients:
0.G.C(SO,%)=- L *(-7.9462S ***** +9.4217C, S0 _
28.2396*0.0130*t
4.3184C28'°'0243t -45.6737(C3A+1)'0'0008t +

369563C4AF 0.0019t )l/(0.013t-l) ””(B _ 7)

YAYFATH L A YR (a Yk )*so, U T e we(B-A)

Y. The third model (i.e. eq. (£-V)):

a]C('[)3 — O
850,
al *a2 *t*sogaz*t—l + a3Ssa4*t + a5C3Sa5*t + a7CZSag*t + 3.9 (CsA + 1)am*t +
a,C,AF*>"+a MgO*" +a, Free CaO*" +a,,Unsoundnes s>*" =0
1 " . ) )
0.G.C (SO,%) = —————7* (&S, '+2,C.5*" +a,C,5%" +3,(C,A+1)™"
1 2
+a,,C,AF*"+a,MgO*" +a,Free CaO™™" +
a,,Unsoundnes ™)@t ..(B-9)

82f(t)s

2
3

And: <0,s0: aY*art*(ast-1)*s0.P: < wee(B- ¥)



By substituting the values of the coefficients:

1
O.G.C(S0:%) == 50 0.5203~

-0.0033C,S™*™ +0.1373(C,A +1)*#™ +21.4302C,AF "
—0.1206MgQO°*™ — 25.5663F ree CaO**™*" —
0.000003UNsoundness 006 y1-0s2e3t-1 ..(B-11)

: *( - 8.881lSS'O'OOl4t n 9.6260CSS'0'0009t

SFRYAedko. oYApE(Ly oYarE -1 )*50, T T e wee(B-1Y)

¢. The forth model (i.e. eq. (£-M)):

af 4 _
350, °

a, *a,t*S0,”* +a,S.* +a.C,5* +a,C,5* +a,(C,A+1)*" +a,,C,AF**
+a,MgO** +a,.Free CaO**" +a,LOI ** +a,IR*" +a, LSF** +a,,SM**
+a,, AR +a, Unsoundnes s*** =0

1
TR *(a,5," +a,C,S* +a,C,S* +a,(C,A+1)"
1 2
+a,C,AF**+a,MgO** +a, FreeCaO*" +a,LOI*™ +
a,IR*" +a, LSF* +a,,SM** +a, AR™" +

a,,Unsoundness®? )b ...(B-13)

0.G.C(SO,%) = -



02 f
d: —“’;

3

An <0,s0: a*avt*(art-1)*s0.2"" < (B~ £)

By substituting the values of the coefficients:

1
O0.G.C(S0.%) =31 4776+ 00168+

+0.0060C, S —1.8939(C,A +1)**** —0.1260C, AF ***
—0.1929MgO°*** —2.4026F reeCaO®*** +0.00007LO1°®*"
+0.1305IR % —13.9161L SF***" —1.2097SM °®™* +

5.6733AR *** —0.8008Unsoundness® ¢ )Heastn (B -15)

£ 145558 %% +1.4231C, S

YAEVY IR CNTAER(c L ) TAEY)*s0 T T wee(B-V 1)

By applying eq. (¢-) ¥) on:

¢, The model Y*(i.e. eq. (£-1V)):

af(t)5 *
,500 ——=—=0

o)

a, *a,*S0O,*" +a,C,S* +a,C,S* +a,(C,A+1)* +a,C,AF*=0
0.G.C(SO,%) =——~*(a,C,5% +a,C,S% +a,(C,A+1)* +
And: a, *az
a,,C,AF & )Ue:D (C-1)
a *

Joi _ ,50:  a'*ar*(ay-1)*s0:?: V< wee(C-Y)

50,



By substituting the values of the coefficients at each age:

1
asbas 0 6768 * 2.7080
+1.6503(C, A +1)°2 +1.0208C, AF 02 yreon (C - 3)

0.G.C (SO,%) *(1.8642C,S°%% +1.4159C,S°%

SCAVATEY VA (Y VA )Rgo Y ¢ w(C-£)

1
D T () 7065 2.4351
+1.4078(C,A +1)° +1.6060C, AF 05Ut (C -5)

0.G.C (SO,%) *(1.4275C,S ¥ +0.4947C S5

S VaNeRY groyx(Y tre )y )*g0, T e ()

1
0.G.C (SO 3%) at28Days — 0.4880*3.1022

+2.8846(C A +1)°"® 15,3879C,AF 0m)131020  (C-7)

*( f|..8022C3S'0'2076 + 3-7018CZSO'2052

S EAACEF VLY YRR Y LY YO )rs0, M T ¢ wee(C-1)

OGC (SO 30/0) = 1 * ( 2_2061C38-0.3807 + 2.6893C280'2381

asays = 0.6970* 2.6179
+0.6574(C, A +1)° 1+1.8608C,AF Vet (C-9)

S RAYRY TAVAR(Y 1Vasy)xso, T Y ¢ e(C-Y 1)

1. The model Y*(i.e. eq. (£-)A)):



af(t)z *

, SO: m:

a, *a, *SO,%" +a,5,™ +a,C,S* +a,C,5* +a,(C,A+1)* +a,C,AF* =0

0.G.C(SO, %) =————*(a,S,* +a,C,5" +a,C,S* +a,(C,A+1)™ +
1 2
a,,C, AF 2 )eD (C-11)
And:
8 *
6];%3 =0 ,so: a'*a,*(as,-1)*s0.: < we(C-VY)

By substituting the values of the coefficients at each age:

1
asdays — () 7597 * 2 5926
+1.1643C,S°%2 +0.2662(C, A +1)°2® 4

1.6896C,, A 02477 yu(esszs-3 ..(C-13)

0.G.C(S0,%) *(2.1347S ™% +1.2996C,S 0%

S VeRvEY oqYuk(Y 0dY-y)*s0, T < e(C-V £)

OG C(SOS%) at7Days — 1 2369]; 21732 * ( 1. 1152550-2335 +0. 1293CSS—0.7078

+0.5757C,S%*%" +1.3478(C,A +1)** +
2-0349C4AF -0.2840 )1/(2.1732-1) (C ) 15)

SNLYFTARY AVRYE(Y VYo )xso, T we(C-YT)



1

0.G.C(SO;%0) 0 = *(0.3289S,° +1.5226C,S°%

©-0.5395*3.4073
+1.5952C,S%*%" +1.2843(C,A+1)**" +
0-6042C4AF -0.1005 )1/(3.4073-1) (C ) 17)
S OYAOKY £ VIRV £ VYL )*SO,-(“ LS N (G A)
1

0.G.C(S0,%) at60Days — 0.8857+2.7479 *( 2_1154850-2516 +1.4414C ,S03%

+1.2216C,S*** +1.4243(C,A+1)*¥* +
1-8734C4AF -0.4939 )1/(2.7479-1) (C ) 19)

— AAOYEY VEVAR(Y VEVay)xg, VY ¢ e(C-Y 1)

V. The model ¥*(i.e. eq. (£-11)):

a, *8.2 *So3az-1 +a385a4 +a5CSSa5 +a7C28a8 +a, (C3A+1)am +allC4AF ap,
+a,MgO* +a,Free CaO™ +a,,Unsoundnes s*= =0

1 *

*
1 2

a,,C,AF® +a ,MgO* +a,.FreeCaO * +
a,,Unsoundnes sz )™ ...(C-21)

0.G.C (SO,%) = - (a,S.* +a,C,S* +a,C,5" +a,(C,A+1)™ +




And:

62f(t) * (a,-Y)
——2 <0 ,so: al*ar*(ar-1)*SOy"“:"'< » w..(C-YY)

850,

By substituting the values of the coefficients at each age:

1
w0 T _0,3412*3.1358
1.6595C,S***" +0.3419(C, A +1)*%** +0.2855C, AF %

-2.2853MgQO°** —1.2178FreeCaO ***
-1.1918Unsoundness® 2% )% | (C-23)

0.G.C(SO,%) *(1.1648S °** +0.3260C,S°*" +

S ENYER A FOAR(F Y FoALY x5, T < e(C-Y £)

1
0.G.C(SO:%)arwns =~ 5092+ 27379

1.5358C,S*** +0.5204(C,A +1)*"™* +0.4179C, AF **% —
0.5834MgO*" - 3.3427F reeCaO ™" -

*(0.5346S > +0.7569C,S°* +

0.2490Unsoundness® 5% ) ¥z737-1 ...(C-25)
S ACRYEY VEVAkR(Y VYVaLY)xgo, T ¢ e(C-Y1)
1

0.G 'C(SOS%)atzgoays =— T 0.6697%2.7197 * ( 1_7152850-2335 + 0.8388(:38'0'4614 +

2.5044C, S 1+1.5478(C,A+1)"*® +0.7577C,AF %7 _
0.5457MgO*"* —1.0835F reeCaO*** —1.0050
Unsoundness?® 019211 ...(C-27)

SLTTAVEY VA AVE(Y VA avLy o, T wne(C-YA)



1
0.G .C(Sog%)at6ODayS - 0.6691* 2.5249

+ 3.6047CZS-0.5315 + 18716(C3A 4 1)0.2087 + 42641C4AF -0.3159
3.6047MgO*** -0.5283FreeCa0** -
2.1306Unsoundness? 0218 )54y ...(C-29)

*(0.6405S > +0.7445C S 0%

SLARANEY B YAR(Y e £ YA kg0, g (G )

A.The model £ *(i.e. eq. (£-Y+)):

.8f(04*
’ 50.88—03 =

a, *a,*S0,*" +a,5.* +a,C,5* +a,C,S* +a,(C,A+1)* +a,C,AF™
+a,,MgO™ +a,.FreeCaO® +a,LOI* +a,IR* +a, LSF* +a,,SM**
+a,AR* +a, Unsoundness®®» =0

1 *

*
1 2

a,C,AF* +a,MgO* +a, FreeCaO® +a,LOI* +
a,lR* +a, LSF* +a,,SM* +a, AR +
a,,Unsoundness” )™ ...(C-31)

0.G.C(SO,%) = - (a,S.* +a,C,S* +a,C,5" +a,(C,A+1) +

And:

azf(t)4* <0

. @@,-Y . .,
88032 , SO: a\*a**(a*-\)*SOf < ....(C-V*)




By substituting of the values of the coefficients at each age:

1
P T 0,6752* 2.4879
+ 1.4071C280.2182 + 1 1861(C3A 4 1)0.4309 + 1 1298C4AF 01534

0.6657MgQO°*"" —1.6503FreeCaO®"** —1.877LO1* —
0.3659IR %" —1.4552L SF*** —0.1292SM *#% —0.1256 AR %
—0.6531Unsoundness® 02 )47 ...(C-33)

0.G.C(S0O,%) *(0.77558,°%% +1.2629C,S°¥*°

S AVOYRY EAVAR(Y £AVA-Y)*s0, Y e(C-Y4)

OG C(SO3%) at7Days = — 0 7636]; 2 4136 * ( 0.8520850'3360 + 1.0208C3SO'3413

+2.8463C,S"** 11.8821(C,A +1)™* +0.5533C, AF *** —
0.1244MgO*** —0.7932F reeCaO"** —7.0813LO1"** —
0.1513IR*** -0.2566L.SF"* —4.6376SM " —0.4467AR %%
—1.1008Unsoundness? -4+ )y ...(C-35)

S ALA AR ACI IR AILIYo ML P we(C-T1)

1
0.G.C(S0O.,%) at28Days 0.6344*2.8106

1.4643C,S°*% 1+1.2982(C,A+1)*®" +1.3565C, AF "% —
0.7166MgO™*" —0.5442F reeCa0O°** —0.3803LOI1°"*" —
0.61881R***** —0.4476LSF***" —5.8126SM #"%*® —2 1976AR *%*
—1.3229Unsoundness 2% ) #8100y ...(C-37)

*(2.2556S,""" +1.4245C ,S°* +

SCAFEERY A CURE(Y A 1Y) x0T T ee(C-YA)



1
0.G .C(SO3%)at60DayS - 0.6765* 2.5980

1_5802C250.1282 + 2.0345(C3A + 1)0.2954 T 1.1093C4AF 03310 _
0.3830MgQO** —0.5446FreeCaO*"° —3.7366LO1 % —
0.33791R°*™" -0.2058L.SF %" —0.7291SM °*** —1.9090AR ***®
—1.4199Unsoundness? 0483 ) Hz5%8-1 ...(C-39)

*(1.8086S,"*** +1.0363C, S +

AT LA NIV L ALV RRILI e MARa PO we(C-£ 1)



