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Abstract

The compressive strength and the volume porosity of calcium aluminate cement pastes have been studied in order to connect their

relationship. The influence of mass fraction of lithium carbonate on compressive strength and porosity of calcium aluminate cement (CAC)

has been investigated at different water–cement (w/c) ratios. The functions proposed in the literature for different technical materials were

tested on obtained strength and porosity data. Those functions have been a base for further development of more general functional

dependence of strength and porosity for cement materials. Thus, we propose the following equation to relate the strength and porosity for

CAC pastes:

� ¼ �P0
1� P

P0

� �2
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1. Introduction

Although the setting and hardening of calcium aluminate

cement (CAC) represents a process of commercial and

industrial importance, the chemical processes involved

during the hydration are not yet well understood. The set

of CAC may be considerably influenced by addition of

small quantities of alkali metal salts [1–7]. Along with

rapid setting, lithium salts cause the strength development at

very early ages [8]. Hydration of CAC proceeds through

initial dissolution of CAC and subsequent precipitation of

calcium aluminate hydrates, which is accompanied by

increase in strength and decrease in porosity [4,9,10].

Physical properties of materials, compressive strength, and

volume porosity have been studied in order to connect their

relationship.

Balshin [11] suggested the following equation for porous

metal ceramic (Eq. (1)):

� ¼ �P0
ð1� PÞk ð1Þ
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�—strength; �P0
—strength at zero porosity (constant value

for a given material); P—porosity; k—empirical constant.

Ryshkewitch [12] suggested the following equation for

porous sintered alumina and zirconia (Eq. (2)):

� ¼ �P0
e�kP ð2Þ

�P0
—strength at zero porosity (constant value for a given

material); k—empirical constant.

Schiller [13] suggested the following equation for gyp-

sum pastes (Eq. (3)):

� ¼ kln
P0

P

� �
ð3Þ

k—empirical constant; P0—porosity at zero strength.

Hasselman [14] suggested the equation of a linear

relationship between strength and porosity for different

refractory materials (Eq. (4)):

� ¼ �P0
� kP ð4Þ

�P —strength at zero porosity; k—empirical constant.

0



Table 1

Experimental results of compressive strength and porosity measurement for

the CAC materials at w/c = 0.20, prepared with addition of Li2CO3

t (h) � (MPa) TW (%) BW (%) rS (g cm� 3) P (%)

w(Li2CO3) = 0%

1 – 16.32 1.05 3.34 37.87

2 – 16.50 1.18 3.33 37.93

3 0.9 16.70 1.84 3.33 37.27

4 1.3 16.73 2.55 3.28 35.84

5 8.6 17.01 5.53 3.21 30.75

6 14.1 18.16 11.56 3.12 20.10

7 25.3 18.18 14.16 3.02 12.92

8 32.5 18.22 15.01 2.98 10.47

9 43.8 18.34 15.08 2.81 10.09

24 57.5 18.40 16.04 2.80 7.49

72 61.5 18.43 16.33 2.64 6.36

168 64.5 18.93 17.67 2.57 3.84

w(Li2CO3) = 0.001%

1 – 17.13 2.75 3.05 34.61

2 0.3 17.37 2.80 2.85 33.45

3 0.6 17.53 5.79 2.78 28.35

4 2.5 18.38 8.82 2.73 24.23

5 11.0 18.99 12.20 2.69 18.40

6 28.8 19.27 13.69 2.54 14.94

24 40.0 20.20 15.50 2.39 12.34

72 47.9 20.31 16.66 2.41 9.94

168 56.6 20.35 17.69 2.39 7.39

w(Li2CO3) = 0.003%

1 0.3 17.08 1.08 3.07 37.20

2 0.4 17.38 2.83 3.05 34.94

3 1.9 18.87 3.99 2.88 34.56

4 19.4 18.81 11.62 2.74 19.53

5 35.3 18.90 13.67 2.56 14.17

6 46.8 19.24 14.19 2.50 13.52

24 59.9 19.26 15.42 2.46 10.47

72 66.8 20.65 17.28 2.46 9.46

168 73.6 20.68 18.36 2.45 6.69

w(Li2CO3) = 0.005%

1 0.9 16.07 2.00 3.31 35.69

2 2.8 17.48 3.12 2.98 34.15

3 11.8 18.30 9.97 2.85 22.52

4 22.9 18.34 13.02 2.82 15.52

5 50.1 18.43 13.86 2.78 13.48

6 68.7 18.63 15.12 2.67 10.33

24 72.1 18.71 15.81 2.62 8.55

72 74.5 18.80 16.51 2.50 6.59

168 76.1 19.09 17.50 2.48 4.65

w(Li2CO3) = 0.007%

1 1.3 17.43 4.00 2.96 32.50

2 4.8 17.73 4.55 2.84 31.27

3 14.8 18.45 9.90 2.63 21.61

4 25.3 19.16 12.94 2.58 16.56

5 46.4 19.27 14.65 2.55 12.73

6 62.4 19.33 15.65 2.52 10.31

24 72.1 19.97 17.01 2.39 8.12

72 74.5 20.14 17.77 2.43 6.73

168 76.1 20.55 18.59 2.41 5.61

w(Li2CO3) = 0.010%

1 1.6 15.92 2.32 3.20 34.11

2 12.0 17.69 8.60 2.92 24.38

3 26.0 18.38 12.60 2.74 16.25

Table 1 (continued)

t (h) � (MPa) TW (%) BW (%) rS (g cm� 3) P (%)

w(Li2CO3) = 0.010%

4 33.9 18.40 13.71 2.68 13.35

5 42.5 18.60 14.24 2.63 12.35

6 45.8 18.56 14.83 2.59 10.60

24 64.8 19.61 16.58 2.57 8.83

72 72.2 19.69 17.34 2.49 6.79

168 74.6 19.99 17.74 2.47 6.49
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Functions proposed in the literature [11–14] were tested

on strength and porosity data obtained in this work, and the

new function relating the strength and porosity for cement

materials was proposed.
2. Methods

The CAC used was taken from a regular production of

Istra Cement International, Pula, Croatia, part of Heidel-

berger Zement Group. The cement has the following com-

position (mass %): CaO, 40.2%; Al2O3, 39.0%; Fe2O3,

11.7%; FeO, 4.3%; and SiO2, 1.9%. The principal mineral

phase is monocalcium aluminate, CaAl2O4 (CA), with

Ca12Al14O33 (C12A7), Ca6Al2Fe4O15 (C6AF2), and b-
Ca2SiO4 (b-C2S) as minor phases. Li2CO3 used was com-

mercial Analar grade reagent.

2.1. Compressive strength measurement

Compressive tests were run on specimens according to

ASTM C 349-77. The specimens (40� 40� 160 mm) were

prepared according to ASTM C 109. Three specimens were

tested for each age.

2.2. Total water (TW) and bounded water (BW)

determination

TW is determined by weighting the CAC paste (obtained

from the crushed specimens) before and after ignition at

1000 �C. Quantity of TW is expressed per 100 g of ignited

material.

BW is determined on the separate portion of the same

CAC paste taken after the compressive strength test. The

paste is immediately mixed with acetone in order to stop the

hydration and remove ‘‘free’’ or uncombined water. The

quantity of chemically BW, which remains in the acetone-

dried sample of CAC paste, is then determined in the same

manner as the quantity of TW.

2.3. Density test

Average density of acetone-dried CAC paste, which

includes the hydrates and the fraction of nonreacted cement,

is determined according to the ASTM C 188-89. Porosity is

defined as the fraction of the cement paste volume filled



Table 2

Experimental results of compressive strength and porosity measurement for

the CAC materials at w/c = 0.25, prepared with addition of Li2CO3

t (h) � (MPa) TW (%) BW (%) rS (g cm� 3) P (%)

w(Li2CO3) = 0%

1 – 19.15 1.51 3.30 41.86

2 – 19.35 2.12 3.27 41.13

3 – 19.68 2.62 3.26 40.90

4 0.9 19.78 3.99 3.10 37.90

5 5.4 20.56 7.09 3.00 33.72

6 17.0 21.09 11.81 2.90 25.43

7 36.9 21.86 16.82 2.85 15.53

8 44.4 22.08 17.76 2.79 13.40

9 54.2 22.52 18.74 2.77 11.91

24 58.9 22.54 19.75 2.70 8.86

72 66.7 22.65 19.90 2.63 8.55

168 68.9 23.15 20.18 2.61 9.16

w(Li2CO3) = 0.001%

1 – 20.05 2.45 3.05 40.17

2 – 20.32 2.89 3.01 39.70

3 0.8 21.89 8.82 2.74 31.44

4 12.1 22.09 13.62 2.65 22.37

5 31.0 22.17 15.85 2.56 17.21

6 48.9 22.38 16.81 2.48 15.11

24 68.8 23.11 19.97 2.39 8.89

72 71.1 23.21 20.83 2.39 6.90

168 74.0 23.57 21.37 2.36 6.36

w(Li2CO3) = 0.003%

1 – 19.99 2.86 3.00 39.11

2 – 20.31 3.67 3.02 38.67

3 0.9 20.52 7.22 2.82 32.06

4 22.1 21.27 13.33 2.74 21.65

5 25.4 22.00 14.45 2.67 20.54

6 36.8 22.70 16.07 2.52 17.77

24 60.1 23.67 20.20 2.40 9.84

72 73.6 24.14 21.15 2.35 8.48

168 77.3 24.18 21.42 2.33 7.82

w(Li2CO3) = 0.005%

1 0.3 21.34 2.24 3.12 43.10

2 2.7 21.42 7.26 3.04 35.39

3 28.9 21.45 13.50 2.75 21.77

4 32.1 21.50 15.75 2.61 16.05

5 38.8 21.85 16.20 2.57 15.67

6 40.4 21.85 16.34 2.54 15.19

24 43.3 22.05 16.96 2.58 14.42

72 47.4 22.80 18.18 2.50 13.01

168 48.0 23.81 19.43 2.50 12.57

w(Li2CO3) = 0.007%

1 1.2 20.66 2.03 2.94 40.84

2 9.7 21.41 9.09 2.77 30.28

3 22.7 22.78 16.00 2.61 18.64

4 30.9 22.97 16.35 2.53 17.86

5 38.0 23.08 16.55 2.51 17.57

6 41.2 23.12 16.98 2.49 16.59

24 44.0 23.19 17.58 2.42 15.02

72 48.1 23.60 17.99 2.37 14.82

168 67.7 23.69 20.30 2.34 9.42

w(Li2CO3) = 0.010%

1 4.3 20.04 2.65 3.05 39.88

2 9.4 20.85 8.00 2.89 31.94

3 31.2 20.90 13.57 2.76 20.37

Table 2 (continued)

t (h) � (MPa) TW (%) BW (%) rS (g cm� 3) P (%)

w(Li2CO3) = 0.010%

4 40.3 20.93 15.78 2.60 14.48

5 45.8 20.94 16.15 2.53 13.29

6 50.0 21.33 16.83 2.53 12.64

24 58.7 21.95 18.63 2.55 9.79

72 71.0 21.86 18.58 2.46 9.36

168 76.9 21.95 19.07 2.37 8.04
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with ‘‘free’’ water and is calculated according to the formula

(Eq. (5)) [10]:

P ¼
ðTW� BWÞ=rH2O

100þ BW

rS
þ TW� BW

rH2O

ð5Þ

where TW and BW—quantities of TW and BW expressed

per 100 g of ignited material; rH2O
—density of water; rS—

average density of acetone-dried CAC paste (including the

hydrates and the fraction of nonreacted cement).
3. Results and discussion

Hardening of CAC pastes, mortars, and concrete is the

result of the hydration process and can be studied indi-

rectly through compressive strength and porosity measure-

ments. The influence of different mass fraction of Li2CO3

on the compressive strength of CAC pastes has been

studied, and the results of the measurement are given in

the Tables 1–3 for water–cement (w/c) ratio 0.20, 0.25,

and 0.30, respectively. The relation of strength and poros-

ity is shown in Fig. 1. Shift of the data toward lower

porosities for smaller w/c ratios used is observed. That is

easily explained if initial porosities of the pastes prepared

are calculated. At w/c ratio 0.20, 0.25, and 0.30 initial

porosity of pastes prepared are 39%, 44%, and 49%,

respectively (BW = 0, TW = 100�w/c, rCAC = 3.20 g

cm � 3). Thus, lower initial porosity of the material is

responsible for the observed shift of the data. Total volume

of cement paste expressed per 100 g of CAC corresponds

to the denominator of the formula (Eq. (5)) and is shown

in Table 4. Assuming that simple addition of volumes of

CAC and water is valid, calculation shows that cor-

responding volumes of pastes containing 100 g of CAC

at w/c ratios of 0.20, 0.25, and 0.30 are 51, 56, and 61

cm3, respectively, showing good agreement with experi-

mental results (Table 4). Results of fitting previously

mentioned models of compressive strength–porosity rela-

tion are given in Fig. 2 and in Table 5 for each w/c ratio

investigated. Values of parameters �P0
in models of Hassel-

man, Balshin, and Ryshkewitch correspond to the com-

pressive strength of nonporous material or equivalently to

the extrapolated compressive strength of the CAC pastes to

the zero porosity. The model of Schiller has a vertical

asymptote at zero porosity, and the value of parameter



Table 3

Experimental results of compressive strength and porosity measurement for

the CAC materials at w/c = 0.30, prepared with the addition of Li2CO3

t (h) � (MPa) TW (%) BW (%) rS (g cm� 3) P (%)

w(Li2CO3) = 0%

1 – 23.40 2.47 3.29 47.34

2 – 23.58 2.90 3.24 46.72

3 – 23.68 2.99 2.99 44.77

4 – 23.85 3.51 2.99 44.40

5 0.9 24.22 4.87 2.83 41.95

6 7.5 25.01 11.03 2.63 32.90

7 20.0 25.92 14.91 2.59 27.79

8 35.3 26.23 18.92 2.53 20.04

9 48.7 26.42 20.00 2.50 17.91

24 66.9 27.00 23.07 2.49 11.82

72 75.1 27.35 24.05 2.49 10.16

168 75.8 27.53 24.27 2.48 10.04

w(Li2CO3) = 0.001%

1 – 23.65 4.38 3.12 44.05

2 – 23.99 5.62 3.00 42.03

3 0.5 24.31 7.70 2.89 38.81

4 2.3 25.07 14.41 2.48 26.08

5 7.8 26.10 15.96 2.53 25.77

6 11.3 26.28 18.03 2.47 21.66

24 47.3 26.31 20.67 2.33 15.13

72 57.5 27.04 22.59 2.29 12.26

168 68.6 27.36 25.42 2.27 5.72

w(Li2CO3) = 0.003%

1 – 22.61 2.44 3.05 44.29

2 0.7 23.26 7.16 2.92 37.99

3 4.9 25.11 11.79 2.71 32.52

4 11.0 25.35 15.65 2.57 25.03

5 30.3 25.46 17.26 2.46 21.30

6 36.7 25.55 18.05 2.42 19.60

24 42.2 26.36 19.49 2.39 18.23

72 62.5 26.67 22.66 2.35 11.39

168 68.4 27.04 23.07 2.30 11.12

w(Li2CO3) = 0.005%

1 0.2 22.85 4.92 3.16 42.34

2 3.1 23.54 8.03 2.98 37.68

3 21.2 24.54 14.33 2.82 27.62

4 32.2 24.79 16.91 2.75 22.37

5 35.0 24.91 17.42 2.69 21.16

6 40.0 25.02 18.62 2.60 18.16

24 46.7 25.16 19.35 2.48 16.14

72 48.8 25.72 20.40 2.66 16.00

168 65.9 25.88 23.19 2.49 8.29

w(Li2CO3) = 0.007%

1 0.5 23.59 4.23 2.88 42.19

2 4.2 24.69 7.76 2.74 38.12

3 19.0 26.00 16.44 2.54 24.71

4 22.2 26.12 17.01 2.50 23.56

5 33.9 26.13 17.57 2.48 22.32

6 36.8 26.33 17.68 2.43 22.20

24 54.1 26.76 20.89 2.44 16.36

72 67.9 27.13 22.48 2.34 12.99

168 71.2 27.40 24.17 2.26 9.14

w(Li2CO3) = 0.010%

1 1.2 23.06 4.50 3.00 41.98

2 7.8 23.51 10.64 2.91 32.87

3 31.7 23.58 15.63 2.70 21.93

Table 3 (continued)

t (h) � (MPa) TW (%) BW (%) rS (g cm� 3) P (%)

w(Li2CO3) = 0.010%

4 38.7 24.03 17.65 2.57 17.75

5 51.9 24.03 18.34 2.52 15.88

6 58.6 24.20 19.02 2.51 14.64

24 69.7 24.38 19.89 2.51 12.97

72 70.1 25.02 20.89 2.39 11.63

168 79.8 25.95 23.12 2.33 8.18

T. Matusinović et al. / Cement and Concrete Research 33 (2003) 1801–18061804
k depends on the base of the logarithm so its value is

merely a way of obtaining the best fit. The values of those

parameters are approximately the same at all w/c ratios

studied; thus, they were regarded as a constant for each

model. Simple linear relationship of Hasselman shows

artificial intercept with the abscissa at porosity less than

the initial porosity and predicts negative strengths at higher

porosities. Therefore, it is inadequate to represent strengths

in the whole range of the porosity studied, which is in

accordance with the assumptions used for its derivation

[14] (Fig. 2). Models of Balshin and Ryshkewitch give

almost identical values of the compressive strengths what

is easily explained in terms of row expansion. High values

of k are merely a way of obtaining the best fit and have

no physical significance, thus leaving us with no perspec-

tive to predict its value. Even for freshly prepared CAC

pastes, the calculated strengths are of the order of few MPa

(Fig. 2). Although the initial porosity of the paste enters in

the model of Schiller, the predicted strength increase with

the decrease in porosity is too high and better fit is

obtained if both k and P0 are fitted freely. For the reasons

stated above, we started with the development of a model

of the compressive strength–porosity relation based on the

simplified view of the hydration of CAC. The hydration is

viewed as a process that effectively increases particle

radius due to the precipitation of calcium–aluminum

hydrates and connects cement particles, contributing to
Fig. 1. Experimental data on strength–porosity dependence for CAC pastes

prepared. Shift of the data toward lower porosities for smaller w/c ratios

used is observed.



Table 4

Volume calculation of CAC paste according to Eq. (5), base is 100 g of

CAC

w/c ratio VT/cm
3 VE/cm

3

0.20 51.2 51.1 ± 2.9

0.25 56.2 55.5 ± 2.4

0.30 61.2 60.3 ± 4.5

VT is the sum of the volume of CAC and water, and VE is an average

calculated from all the experimental data.

Table 5

Experimental data’s obtained values for parameters �P0
, k, and P0 for

Hasselman, Balshin, Ryshkewitch, Schiller, and Matusinović models

Function w/c = 0.20 w/c = 0.25 w/c = 0.30

� = k �P0
S.D.2 k �P0

S.D.2 k �P0
S.D.2

�P0
� kP 229 76 122 206 77 65 203 82 88

�P0
(1�P)k 8.2 122 63 7.2 132 15 5.7 123 63

�P0
e� kP 9.7 135 70 8.6 144 20 6.9 134 78

� = P0 k S.D.2 P0 k S.D.2 P0 k S.D.2

kln( P0/P) 0.344a 95 72 0.385a 102 23 0.417a 110 60

� = P0 �P0
S.D.2 P0 �P0

S.D.2 P0 �P0
S.D.2

�P0
(1�P/P0)

2 0.390b 96 63 0.444b 101 23 0.490b 106 48

S.D.2 is estimate of the square of the standard deviation.

S:D:2 ¼
Xn
1

ð�experiment � �modelÞ2

n� nparameters

:

a Better fit is obtained if both k and P0 are regarded as parameters.
b Calculated according to the Eq. (5).

T. Matusinović et al. / Cement and Concrete Research 33 (2003) 1801–1806 1805
the increase in strength and decrease in porosity [9,15].

Taking different cross sections through the material, it is

clear that the particular plane will intersect both solid

material and empty or water-filled pores. If the cross

section taken is big enough, then every plane will intersect,

in the limit, fraction P of the porosity and (1�P) of the

solid material. Particularly, for fresh paste, the plane

contains porosity, P0. At later ages, the advance of

hydration increases the volume of solids, and porosity

decreases. If we take into consideration the new contacts

between particles, it is then reasonable to suppose that

the grater is the number and density of interparticle

contact, the greater is the strength. Regardless of the exact

nature of the contact or the shape of the pores, as long

as the decrease of porosity is random in space, it is

possible to look at the intercept of the two different planes

whatever their orientation. The intercept is a straight line

that has probability of (P0�P)/P0 times (P0�P)/P0

that will contain newly formed interparticle contact. Thus,

�/[(P0�P)/P0]
2, and the model between strength and

porosity could be rewritten as (Eq. (6)):

� ¼ �P0
1� P

P0

� �2

ð6Þ

Constant �P0
contains microstructure factors involved,

like density of CAC and calcium aluminate hydrates,

particle size distribution and size, and density of flaws.
Fig. 2. Experimental data on strength–porosity dependence for CAC pastes

at w/c = 0.25. Graphs of the best fit obtained for all the models tested are

shown.
Increase of strength of material is viewed as a consequence

of the hydration process and decrease of porosity and size

and density of flaws between any two points in the specimen

under the complex stress state [16]. Results of fitting

proposed functional dependence of compressive strength

on porosity are given in Table 5. The matching of the

proposed model fit is comparable or better than suggested

previous models, although it contains only one adjustable

parameter.
4. Conclusions

Compressive strength and porosity of CAC pastes and

CAC pastes, prepared with the addition of lithium carbonate

as a setting accelerator, had been studied at w/c ratios 0.20,

0.25, and 0.30. It was found that measurements of average

density of acetone-dried CAC paste and quantities of TW

and BW at different times of hydration are consistent.

Functions relating strength and porosity proposed in the

literature for various technical materials were tested on

compressive strength–porosity data for CAC pastes. Most

of the tested functions had shown good fit to our data, but

parameter values are not easy to predict. Still, they also have

unsatisfactory behavior at high porosity limit corresponding

to the early ages of hydration. Model of compressive

strength–porosity relationship proposed for CAC pastes is

given by:

� ¼ �P0
1� P

P0

� �2

where � represents the compressive strength, P porosity, P0

porosity of fresh CAC paste, and the value of �P0
is an

empirical constant. The advantage of the model is that it

uses effectively only one empirical constant and that the
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composition of material is accounted for. The model also

describes well the high porosity range, starting from zero

strength at initial porosity. Based on the generality of the

assumptions used in the derivation of the model, we suppose

that this model for CAC pastes can be applied for other

cement materials as well as other similar materials.
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