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Abstract. Properties of concrete are strongly dependent on its pore structure features, porosity being an impor-

tant one among them. This study deals with developing an understanding of the pore structure-compressive

strength relationship in concrete. Several concrete mixtures with different pore structures are proportioned

and subjected to static compressive tests. The pore structure features such as porosity, pore size distribution

are extracted using mercury intrusion porosimetry technique. A statistical model is developed to relate the

compressive strength to relevant pore structure features.

Keywords. Pore structure; compressive strength; concrete; statistical model; mercury intrusion porosimetry

(MIP).

1. Introduction

Concrete is a composite material of aggregates and cement

pastes that fills in the spaces between aggregate particles and

binds them together to form rock-like solid. Under a micro-

scopic examination, cement paste is a non-homogeneous

and anisotropic matrix composed of irregularly shaped and

unevenly distributed pores attributed to the evaporation of

free water and gel pore formation in the C-S-H hydrates

[1–3]. The pore structure greatly influences the strength

development of the concrete [4–7].

Substantial progress has been made in studying the effects

of porosity on mechanical properties. Thus, for example,

considerable documentation shows that porosity typically

has a substantial effect on most mechanical properties. The

compressive strength of concrete is an important parame-

ter in civil engineering. In predicting the effect of porosity

on the strength of porous materials, Hasselman & Fulrath

[8], Wagh et al [9], Liu [10], and Palchik [11] approached

the problem by estimating the decrease in material available

to carry the applied load. Assuming that failure occurs at a

given stress level, the introduction of the first pore should

cause a precipitous decrease in strength by a factor equal

to the stress concentration factor of the pore. This can be

partially explained by Griffith theory. According to Grif-

fith theory, the critical stress resulting in rapid growth of

crack and fracture causing failure under tension is given

by: σt =

√

2ET
πc1

, where E, T and c1 stand for modulus of
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elasticity, fracture surface energy of the material and half

crack length, respectively. The fracture surface energy is the

energy required for creating a unit area of interface between

the solid and air [12]. For porous material, the interface

between the solid and air already exists at pores. So the

fracture surface energy required for fracture of unit area

of porous material will be lower with increase in poros-

ity. Schiller [13] using a theoretical approach deduced an

equation relating the strength of a material to the porosity.

He applied this equation to experimental data on gypsum

plasters and obtained a good fit for compressive and ten-

sile strengths. A review [14] of the effect of porosity on

the strength of concrete presented some of the more impor-

tant empirical and theoretical equations for relating strength

to porosity. The profusion of possible equation is enormous

and whilst one equation is most suitable for one material a

quite different equation is most suitable for a second mate-

rial. Popovics [15] observes that this is true even for different

types of concrete.

An increase in the porosity reduces the strength of con-

crete, but the magnitude of this effect depends greatly on

pore size, shape, and distribution [16–18]. Some empirical

and semi-empirical equations have been used with limited

success to describe this phenomenon [5, 7]. Pecqueux et al

[19] suggested that the effect of porosity on strength is gov-

erned by the effect of pore phase on the failure criterion

on the Griffith flaws. It was hypothesized that strength is a

function of pore size relative to flaw size and that stress con-

centrations affect strength only for a pore size of the order

of or greater than the flaw size. With respect to mechan-

ical strength, Tang [20] developed a relationship between
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pore size distribution and strength for mortar by using mer-

cury intrusion porosimetry (MIP) data. In this model, pores

are divided into different size groups and the fracture pro-

cess is simulated through a computer model. The material is

assumed to fracture progressively with applied stress, start-

ing from the fraction containing the largest pores to that

containing the smallest pores. The stress it withstands at

the final stage of fracture is assumed as the strength of the

material. However the problem with this procedure is that

the strength is calculated using a computer by a numerical

method needing 12 iteration steps and not by a simplified

analytical method.

The purpose of this paper is to define, both theoretically

and experimentally, the connection between strength and

pore structure of hardened concrete. In the present work a

specific model, that due to Ryshkewitch [21] has been mod-

ified to apply to the case of concrete, and calculations have

made to see how this model compares with the experimental

results.

2. Experimental investigations

2.1 Concrete samples

Considering the practical limits of water–cement ratios for

workable concrete without water-reducing cement, five con-

crete mixes were designed so as to ensure adequate variation

in pore structure of concrete. Ordinary Portland cement

(OPC) confirming to the requirement of ASTM Type-I was

used in the investigation. Distilled water prepared in the

laboratory was used for the purpose of preparation of the

concretes. The aggregate used were a 10-mm nominal max-

imum size crushed granite and natural river sand. The mix

proportions and curing ages of concrete samples are listed

in table 1. The mixing was done on a paint shaker. The

Table 1. Mix proportions and curing age of

concrete samples.

Sample no. C:S:A:w/c Age (days)

A-14 1:1.1:2.7:0.35 14

A-28 28

A-180 180

B-14 1:1.3:3.2:0.4 14

B-28 28

B-180 180

C-14 1:1.5:3.6:0.45 14

C-28 28

C-180 280

D-14 1:1.8:3.9:0.5 14

D-28 28

D-180 180

E-14 1:2.2:4.2:0.55 14

E-28 28

E-180 180

Note: C-cement, S-sand, A-aggregate.

concrete samples were cast in cubic steel molds (10 cm) for

pore structure and compressive strength testing. After stor-

age in a fog room for one day, the sample was demolded

and put into lime-saturated water at room temperature until

the test date. The range of hydration ages was from 1 to 180

days. At the predetermined ages, the specimens were taken

out of the lime water, and broken into smaller pieces for

intrusion. They were then dried in an oven at 105◦C for at

least 24 h.

2.2 Mercury intrusion porosimetry (MIP) test

Testing was performed with a Quantachrome Autoscan 60

mercury intrusion porosimeter with a maximum intrusion

pressure of 415 MPa (60,000 psi). The contact angle was

assumed to be 140◦. This assumption was based on previous

tests [22]. The sample cell with a capacity of 0.5 cm3, which

corresponds to a maximum mass of approximately 1.8 g,

was used throughout. All the tests, except where otherwise

specified, were performed on an automatic scanning rate of

pressurization with each test lasting approximately 25 min.

Figure 1 compares the cumulative mercury intrusion curve

as a function of pore diameter for the concrete at three ages

between 14 and 180 days.

2.3 Compression test

The compressive strength of the cube specimens of con-

crete was tested with a Denison compression machine at the

loading rate of 0.2–0.4 N/mm2/s.

3. Model for relating pore structure to strength of

concrete

The hypothesis in this research is that compressive strength

is related to the distribution of pore size determined by MIP

curve. This hypothesis can be expressed in a mathematical

form as follows:

σ = σ0 × f (V ), (1)

where f is a function of V which is a pore size distribution

from MIP, σ0 is the compressive strength of the fully dense

material (namely, the porosity is zero). To formulate f (V ),

V must be expressed in a mathematical equation. Since the

MIP curve behaves similar to Fermic–Dirac function [23], it

can be expressed as follows:

V = V0
1

1 + exp
(

d−d0

r

) , (2)

where V (d) is the cumulative pore volume at a pore diam-

eter “d”, V0 is the total pore volume, d is pore diameter in

log scale, d0 is the pore diameter at the point of 50% intru-

sion, and r is a constant describing the curvature. Usually,
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Figure 1. Cumulative volume of intrude mercury vs. pore diameter for concrete (a) mix A, (b) mix B, (c) mix C, (d) mix D, and

(e) mix E.

the MIP curve has a smaller curvature when d > d0. To

accommodate this fact, V (d) is expressed as follows:

if d > d0, V = V0
1

1 + exp
(

d−d0

r1

) (3)

if d < d0, V = V0
1

1 + exp
(

d−d0

r2

) . (4)

With these terms of V0, d0, r1 and r2, the MIP curve can

be characterized. In relation to these parameters, Eq. (1) can

be expressed as follows:

σ = σ0 × f (V0, d0, r1, r2) (5)

Ryshkewitch [21] suggested the following equation for

porous sintered alumina and zirconia:

σ = σ0 exp (−βp) , (6)

where p is the porosity, and β is empirical constant.

With respect to multiple linear equation, the following

equation is postulated:

σ = σ0 exp (b0 + b1V0 + b2d0 + b3r1 + b4r2) , (7)

where b1, b2, b3 and b4 are coefficients for V0, d0, r1 and r2,

respectively and b0 is a constant.

For Eq. (7), p and d0 can be calculated from the MIP

data. However, r1 and r2 in Eqs. (3) and (4) is not easily cal-

culated from raw MIP data. Figure 2 shows the calculated
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Figure 2. Actual MIP curve of sample B-28 and predicted results

(a) Eq. (3), and (b) Eq. (4).

curve from curve fitting and the actual MIP curve. For the

statistical analysis, computer program “1stopt” was used for

computation.

As mentioned by Deo & Neithalath [24], interaction of

pores with cracks also must be considered. In this respect,

the curvatures of the tip of micro-pores are important param-

eters. Since the front end of intruding mercury is assumed

as spherical in shape, micro-pore is expected to be filled

at a pressure equivalent to pore size R4. It is assumed that

the pore diameter corresponding to 90% total intrusion is

R4. Equation (4) can be a relevant function for MIP curve

since its shape changes similarly with changing of r2. There-

fore, two terms, R4 and r ′
2 are formulated with respect to

the micro-pores. For this reason, the micro-pore region of

the MIP curve was characterized using Eq. (4) in terms of

R4 and r ′
2 replacing d0 and r2, respectively, and it can be

expressed as follow,

F(x) =
1

1 + exp(
R4−x

r ′
2

)
. (8)
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Figure 3. Plot of F(x) with d0 of 1.65 and different r ′
2 for sample

B-28.

As shown in figure 3, Eq. (8) characterize the shape of MIP

curve as the changing of r ′
2. The curve in micro-pore region

tends to straight line with decreasing of curvature r ′
2.

Although pore shape of macro-pores cannot be character-

ized with MIP curves, the overall contents of macro-pores

may be characterized by the slope of the MIP curve, which is

a straight in the large pore region. As a new microstructural

parameter characterizing the macro-pore region, Slope-L is

devised instead of r1. Slope-L is calculated as follows:

Slope-L =
VR′

2
− VR2

R2 − R′
2

, (9)

where R2 and R′
2 are the beginning and ending points of the

straight line in macro-pore region in MIP curve.

d0 does not represent the major threshold. Threshold

diameter R3 can be defined as the pore diameter at which

largest mercury intrusion during MIP occurs, at this point

the negative curvature of the cumulative mercury intrusion

volume curve turns to be positive; usually this is not the

same as d0, which is the pore diameter which is equiva-

lent to 50% of total intrusion. R3 is another newly formu-

lated microstructural parameter for characterizing the major

threshold.

From the above background of micro-pore, macro-pore and

threshold, a new set of micro-pore, macro-pore and thresh-

old, a new set of microstructural parameters, p, Slope-L,

r ′
2, R3, d0 and R4 can be formulated. Their structural char-

acteristics are summarized in table 2. Graphically these

microstructural parameters are shown in figure 4. The cor-

responding data for these parameters for each specimen are

summarized in table 3 and used in multiple linear regres-

sions for the strength.

Thus, a modified equation can be expressed as follows:

σ = f
(

p, Slope-L, d0, R3, R4, r
′
2

)

. (10)
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Table 2. Summary of parameters from MIP and their characteris-

tic features.

Characteristic feature Parameter Unit

Total porosity p None

Total amount of macro-pores Slope-L None

Threshold R3 µm

d0 µm

Radius of micro-pores R4 µm

Shape of micro-pores r ′
2 None
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Figure 4. Microstructural parameters shown in a typical MIP

curve.

The equation was tested by multiple linear regression

assuming the following model equation for the relationship

between strength and the microstructural parameters.

ln

(

σ

σ0

)

=
∑

i

biXi, (11)

where Xi represents each of the microstructural parameters,

p, Slope-L, r ′
2, d0, R3, and R4. Among these parameters,

three parameters, d0, R3, and R4, have the same charac-

teristic features representing radius of pores although R4

represents the radius of micro-pores.

4. Results and discussions

4.1 Determination of the statistical model

As expected, a multiple non-linear regression model was

found to provide the highest degree of predictive capability.

However, when all the pore structure features were consid-

ered individually in a non-linear regression model, issues

with multicollinearity were observed. Multicollinearity is a

phenomenon in which two or more model terms are highly

correlated to each other, and this correlation coefficient is

greater than the correlation of these terms with the response

variable [25]. While this in itself does not reduce the pre-

dictive capability of the model, it might interfere with the

validity of assigning sensitivity to the individual variables.

Statistics of the parameters used for regression analysis are

summarized in table 3. The correlation matrix in table 4

reveals the general relationship between the dependent vari-

able ln (σ/σ0) and independent variables and between inde-

pendent variables. Among these parameters, p and Slope-L

have high correlation coefficients greater than 0.9. This

high correlation means that these two parameters should be

entered in the statistical analysis. Also, among R3, R4 and

d0, which represent diameters of the pores, d0 has a highest

correlation coefficient with strength. Considering the cor-

relation between the independent variables (microstructural

parameters), high correlations are seen to exist between p

and Slope − L(0.899), r ′
2 and R3(0.624), r ′

2 and d0(0.62),

R3 and d0(0.975). This high correlation between indepen-

dent variables indicates that Eq. (11) does not need all of

microstructural parameters.

Table 3. Summary of microstructural parameters with strength for statistical analysis.

Sample no. p d0 Slope-L R3 R4 r ′
2 Strength (MPa)

A-14 15.27 1.09 0.0383 1.20 1.0325 0.198 41.38

A-28 11.93 1.15 0.00367 1.31 1.0372 0.231 47.17

A-180 10.30 1.09 0.00267 1.17 1.0301 0.227 50.33

B-14 16.85 1.09 0.0497 1.19 1.0327 0.222 36.54

B-28 14.82 1.14 0.00803 1.32 1.0334 0.255 42.65

B-180 13.05 1.11 0.00419 1.20 1.0358 0.201 46.28

C-14 18.74 1.13 0.0618 1.27 1.0349 0.220 32.56

C-28 15.31 1.19 0.0396 1.32 1.0361 0.261 38.77

C-180 14.30 1.11 0.0384 1.17 1.0418 0.197 41.08

D-14 18.66 1.17 0.0802 1.31 1.0361 0.279 27.34

D-28 15.88 1.12 0.0559 1.28 1.0325 0.255 34.49

D-180 14.38 1.12 0.0417 1.21 1.0334 0.236 38.21

E-14 20.97 1.10 0.0839 1.19 1.0361 0.173 24.91

E-28 17.02 1.12 0.0699 1.27 1.0349 0.243 31.19

E-180 15.71 1.09 0.0569 1.17 1.0339 0.254 33.78
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Table 4. Statistics of data set and correlation data.

ln (σ/σ0) p Slope-L r ′
2 R4 R3 d0

ln (σ/σ0) 1 −0.942 −0.961 0.299 −0.166 −0.293 −0.392

p 1 0.899 −0.141 0.0239 0.356 0.314

Slope-L 1 −0.432 0.117 0.0245 0.0124

r ′
2 1 −0.224 0.624 0.62

R4 1 0.101 0.319

R3 1 0.975

d0 1

Table 5. List of model selection criteria,R2, AIC and χ2 for combination of microstructural parameters.

Case p Slope-L d0 R3 R4 r ′
2 R2 |AIC|

∣

∣χ2
∣

∣

1 * 0.942 7.9 0.03

2 * * 0.964 0.73 0.023

3 * * * * 0.978 1.36 0.012

4 * * * * 0.978 0.59 0.012

5 * * * 0.978 0.66 0.012

6 * * * * 0.98 0.54 0.011

7 * * * * * 0.981 2.6 0.013

∗The corresponding pore structure parameter is selected in the statistical model.

Although the correlation table (table 4) indicates the sig-

nificance of p, Slope-L and R3, the selection of microstruc-

tural parameters as the best independent variables must be

completed with selection criteria such as R2(correlation

coefficient), AIC (Aikake’s Information Criterion) and χ2

(Chi-Square) test [26].

R2(correlation coefficient) reflects relationship between

two variables, the higher the value is, the closer the fitting

results to experimental data.

AIC (Aikake’s Information Criterion) is a criterion to

evaluate statistical model, it can be expressed as

AIC = (2K − 2L)/n, (12)

where K is the number of parameters, L is logarithmic likeli-

hood function, and n is number of observations. K represents

the simplification of the model, and the less K demonstrated

the model is more simplified. Larger L indicates the model

is more accurate. Therefore, AIC can test the simplification

and accuracy of a model, and the less the value of AIC,

the better the model is. The statistic of χ2 (Chi-Square) test

is χ2 value, which is a cumulative sum of the ratio of the

square of difference between experimental frequency and

theoretical frequency to theoretical frequency. The larger

absolute value of χ2 represents the more obvious difference

between experimental and theoretical results. As a conse-

quence, a model with largest R2, least AIC and χ2 value is

the best.

These selection criteria are given in table 5. From the

results of statistical analysis, the best model is Case 6.

Therefore the relationship of compressive strength with

these microstructural parameters can be expressed as

follows:

ln

(

σ

σ0

)

=
∑

i

biXi =bSlope-L·Slope-L+bp·p+br ′
2
·r ′

2+bd0
·d0.

(13)

In an exponential form, Eq. (13) can be expressed as

σ =σ0 exp
(

bp ·p + bSlope-L · Slope-L + br ′
2
· r ′

2 + bd0
· d0

)

.

(14)

Inserting the bi from regression analysis, Eq. (14) becomes as

σ =σ0 exp
(

−0.032p − 0.244d0 − 4.073Slope-L− 0.317r ′
2

)

.

(15)
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Figure 5. Predicted vs. actual strength for all concrete specimens.
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[27].

4.2 Verification of the proposed model

The accuracy of the model in predicting the compressive

strength of concrete under the experimental conditions is

shown in figure 5 where actual vs. predicted results is plotted

for all mixtures. In order to be shown to be of general use-

fulness, the empirical equation obtained in this paper is also

verified using several other concrete mixes from Poon et al

[27] and the experimental vs. predicted strengths are plotted

in figure 6. The model predictions of the strength are found

to be acceptable.

5. Conclusions

This study has focused on relating the pore structure fea-

tures of concrete to the measured compressive strength. It is

shown that the pore structure features other than porosity are

also responsible for the compressive strength of concrete.

An equation for calculating strength included pore structure

parameters extracted from MIP data expressed as Eq. (15).

Among these pore structure parameters, slope and curva-

ture are characteristic features extracted from MIP curve and

are related to macro-pores and micro-pores, respectively.

Strength predicted using this equation is in good accuracy

with experimental values.
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