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Abstract

Effects of rate of pressure application and forms and type of sample on porosity and pore size distribution of concrete estimated through

mercury intrusion porosimetry (MIP) are presented in this experimental work. Two different forms of concrete sample, namely, crushed

chunks of concrete and small core drilled out from the concrete beam specimens, were used for this study. The results exhibit that the rate of

pressure application in mercury porosimetry has little effect on porosity and pore size distribution of concrete. It is also demonstrated that

small cores drilled out from large concrete specimens are preferable as samples for performing porosimetry test on concrete.

D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Until recently, the knowledge of nature and behaviour of

concrete was restricted to a few phenomenological prop-

erties. In the past few decades, concrete technologists have

focused their attention on the internal structure of concrete.

The internal structure of concrete represented by its pore

system, i.e., the porosity and pore size distribution, plays a

decisive role in influencing the physical and mechanical

properties of concrete. The most valued properties such as

compressive strength and durability of hardened concrete

are directly related to its pore structure. Mercury intrusion

porosimetry (MIP) is the most widely adopted method for

the study of pore structure characteristics of cement-based

materials. In recent years, this method has been widely used

for the study of pore structure of hydrated cement paste,

mortar and concrete [1–12]. However, mercury porosimetry

results are affected by a number of experimental factors

such as contact angle and surface tension of mercury,

sample preparation, forms and types of sample, sample-

drying technique and rate of pressure application, etc.

[1,8,9,11,13–22]. Hence, it is necessary to select the form

and types of sample, sample-drying techniques, contact

angle value of mercury, etc., suitably, so that the results

are obtained with minimal error. While using this technique

for the study of porosity and pore size distribution of

cement-based materials, approaches adopted by different

research workers in this regard vary markedly from one

another [1,7,8,14,16,17,19,22–27]. Effect of various sam-

ple-drying techniques on MIP results has been studied

extensively in the past by a number of research workers

[8,15,19,20]. The effect of sample type on the other hand

has got much less attention. The contact angle between

cement-based materials including concrete and mercury has

been measured by many in the past and adopted accordingly

depending upon the method of sample-drying technique

used. Similarly, surface tension value of mercury used in

Washburn equation for calculation of pore sizes has been

adopted based on measured values. However, effect of rate

of pressure application on MIP results has been investigated

only to a limited extent [19]. Effect of pore shape and other

minor factors, such as effect of mercury compression, has

been also studied by some workers in the past [28].

In the past, pore structure study of concrete has been

carried out using porosimetry test performed on either

cement paste or mortar extracted from concrete [29,30]

Mortar samples were again two types, namely, extracted

chunk of mortar and drilled small mortar core, both
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obtained from the parent concrete [8,29]. Winslow and Liu

[9] reported that the pore size distribution of cement paste

measured by MIP depends on the method of preparation of

the paste. Pore size distribution of plain paste prepared

independently is different than that of a paste separated

from fresh mortar of concrete, even though the pastes were

identical otherwise. Cement paste present in mortar and

concrete is more porous than the plain paste prepared

independently. The studies carried out by Kumar [30]

and Laskar et al. [31] have demonstrated that the mortar

adhered with coarse aggregate is more porous than the

mortar devoid of coarse aggregate taken from the same

concrete specimen. This is due to the fact that the

transition zone present between the boundary of coarse

aggregate and the bulk mortar matrix is also included in

the sample containing the coarse aggregate. This transition

zone is more porous than the bulk mortar present in the

interior concrete. Thus, it was concluded that mercury

porosimetry test performed on concrete should be con-

ducted using concrete sample, i.e., mortar adhered with

coarse aggregate, rather than plain mortar devoid of coarse

aggregate extracted from the parent concrete [30,31].

Sample-to-sample variation is likely to be more when such

chunks of concrete are adopted in testing. Small cores,

drilled from the concrete element on the other hand, are

likely to preserve the sample-to-sample uniformity more

reliably. In the present work, two forms of sample are

considered, namely, chunk of concrete obtained by crush-

ing large-sized core and small cores drilled directly from

concrete beam specimen. The results of the investigation

on the effects of the above two forms of sample and rate

of pressure application on pore size distribution of concrete

determined through MIP are presented in this paper.

2. Research program and experimental details

2.1. Starting materials

The cement used in this work was ordinary Portland

cement. The aggregates used were graded 20 mm nominal

maximum-sized crushed quartzite with reddish, land quar-

ried sand confirming to zone II of British standard. The

water used was potable laboratory tap water.

2.2. Test specimens

The experimental program consisted of casting concrete

beams of dimensions 100� 200� 1000 mm. The mix

proportions used are given in Table 1. These mix propor-

tions were designed to have a 95% characteristic cube

strength varying from 15 MPa for Mix 1 to 40 MPa for

Mix 6 to cover the usual range of normal-strength concrete.

The specimens were demolded 24 h after casting and were

cured in moist environment for 27 days by wrapping the

specimens all around with wet Hessian cloth. The Hessian

cloth was constantly maintained wet by sprinkling water on

it.

2.3. Sample preparation for MIP investigation

Concrete samples representative of the overall quality of

concrete in the beam specimens for the forms of sample

mentioned earlier were collected as described below.

Concrete chunk samples were obtained by crushing cores

75 mm in diameter and 100 mm in height. These concrete

cores were drilled from the concrete beam specimens and

were crushed using a Universal testing machine. Crushing

was performed at the highest rate of loading, i.e., 22 MPa/

min, the maximum possible with the machine used. It was

expected that relatively higher rate of loading would min-

imize the chances of large-scale crack propagation before

failure [32]. Thus, chance of formation of additional cracks

was minimized. From the concrete so obtained after crush-

ing the cores, chunks of concrete were chosen as samples

for MIP test. Samples were selected ensuring presence of at

least one piece of maximum-sized coarse aggregate in each

chunk with sufficient quantity of mortar adhered at its

surface. A few of such chunks were used in a sample, such

that the quantity was just sufficient to fill the sample cell of

the porosimeter and the mass of the sample so selected was

about 18–20 g. Small core samples were obtained by direct

drilling. Different locations on the beam specimens were

chosen randomly on all surfaces of the beam for this

purpose. The diameter of such cores were 25 mm and the

length varying between 15 and 25 mm. Both types of

sample were dried in an oven at a temperature of 105–

110 �C for 24 h or more to a constant weight. After drying,

the samples were kept in a desiccator till testing.

2.4. MIP testing

The porosity and pore size distribution study was carried

out on a Quanta chrome Autoscan-33 mercury intrusion

porosimeter capable of generating pressure in the range of

subambient to 33,000 psi (227 MPa). The pore radius

calculation was done by using Washburn equation, i.e.,

r =� 2gcos q/P, where r is the pore entry radius in which

mercury is being intruded, g is surface tension, q and P are

contact angles of mercury with the solid and applied

Table 1

Concrete mix proportions and mix designations

Mix Proportions of

designation
Cement Fine

aggregate

Coarse

aggregate

Water/cement

ratio

Mix 1 1 2.5 5.1 0.65

Mix 2 1 2.2 4.2 0.56

Mix 3 1 1.8 3.9 0.51

Mix 4 1 1.5 3.6 0.46

Mix 5 1 1.3 3.2 0.42

Mix 6 1 1.1 2.7 0.38
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pressure, respectively. Values of g and q are suitably adopted
from literature as described below.

2.4.1. Drying techniques, contact angle and surface tension

It is obvious from Washburn’s equation that the accuracy

of the measurement of pore radii is dependent on the

accuracy of the adopted values of contact angle of mercury

with the material of the sample and surface tension of

mercury. Several factors, such as test material, sample-

drying technique used, mercury purity, etc., can affect the

contact angle value of mercury. For porosimetry study on

cement-based materials, values of contact angles commonly

adopted are 117� mostly for oven-dried sample [8,15,24],

130� for chemical drying using magnesium perchlorate

hydrate [8,21] and 140� for all other techniques [19,20,24].
From a comparative investigation on effect of various

sample-drying techniques on pore size distribution, Win-

slow and Diamond [8] reported that oven drying ensures

complete removal of water unlike other drying techniques

and recommended this technique as a standard method for

sample drying in MIP. Similarly, surface tension value of

mercury with material under investigation also affects MIP

results. For the cement-based materials, the values of

surface tension of mercury is reported to vary between

0.473 and 0.485 N/m [8,10,11,15,24]. This range is rel-

atively small. Therefore, the choice of surface tension value

within the reported range has a smaller effect on MIP

results. The most commonly reported value of surface

tension of mercury for oven-dried sample is 0.484 N/m.

In the present study, the contact angle and surface tension

values were taken as 117� and 0.484 N/m, respectively,

because oven-drying procedure was adopted as a technique

for sample drying [11,29].

2.4.2. Pore shape

Washburn equation is valid for pores of circular cross

section, which is the most commonly adopted shape of the

pores. Jenkin and Rao [28] have suggested a more general

expression for the pores of other shapes such as elliptical

or slit by introducing a shape factor in the Washburn

equation, i.e.,

d ¼ �fgcos q=p

where f and d stand for the shape factor and narrow

dimension of the pore, respectively, and the other symbols

have the same meaning as mentioned earlier. The shape

factors for various types of pore range from 2 for slit

(parallel walls) to 4 for cylindrical pore of circular cross

section [11]. Based on extensive work, Cook and Hover

[11] reported that the shape factor has no effect on total

porosity but exhibits minor influence on the threshold

diameter. Further, based on scanning electron micrographs

(SEM) observation, Maage [33] concluded that no other

simple cross section other than circular cross section fits

better to the actual cross section of the pores present in the

materials. Based on this fact, the pore shape is assumed to

be circular in cross section for this study. Hence, the final

form of the Washburn equation used in this study is as

given below:

r ¼ �637; 500=p

where p is applied pressure in psi and r is the pore radius

in Å. Thus, the range of pore radii covered for subambient

to 33,000 psi applied pressure was 0.002–200 mm.

2.4.3. Effect of solid compressibility, mercury compression

and other minor factors

Mercury and solid sample both are compressible at very

high pressures. Compression of pressure cavity and sample

cell may also affect the porosimetry results at very high

pressures [34–36]. Errors due these factors can be signific-

ant while dealing with soft plastics [35,36]. From the

investigation conducted, it is reported that, for cement-based

materials, these factors affect the pore size distribution curve

only in the region below the pore diameter of 50 nm. It is

further reported that error due to these factors is never more

than 3% [36]. Thus, for the study of pore size distribution of

concrete, effect of these factors can be neglected without

introducing significant error.

2.5. Number of samples

The possible largest dimension of the sample cell

restricts the size of the sample used in MIP. The maximum

volume of mercury intrusion also restricts the sample size.

The sample cell used in this work was cylindrical with

diameter of 26 mm and height of 38 mm. Usual dimension

of concrete structural element is very large compared to the

above size. Therefore, due to inherent point-to-point mater-

ial variability in concrete, the MIP results obtained from one

sample to another are likely to exhibit wide variation. Thus,

the number of samples required to be tested in order to get

MIP results within a reasonable accuracy for concrete may

be more than three. In an earlier paper, a thorough invest-

igation on this aspect of evaluation of concrete through MIP

was presented [31]. Three most important parameters of

MIP, namely, porosity, mean distribution radius and reten-

tion factor, were considered in that investigation. These

factors are closely related to the strength and performance

properties of concrete. The statistical distribution of these

parameters were investigated upon and ascertained to be

normal. Further, it had been observed that the coefficient of

variation of porosity is higher than those of mean distri-

bution radius and retention factor and ranged between 10%

and 18%. The number of samples required to obtain all the

results within 15% of sampling error with a confidence level

of 95% were estimated to be 6 based on Stein’s two stage

formula [31]. However, when three samples are used, the

sampling error would be within ± 25% with a confidence

level of 95%. Many earlier researchers reportedly used 2 or

3 number of samples for MIP test [9,10]. To study the

effects of number of sample on porosity and pore structure,
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six samples were thus used to obtain average porosity, mean

distribution radius, etc. However, in the study of effect of

the rate of pressure application, three samples were used

expecting a maximum error of ± 25%.

3. Effect of rate of pressure application on porosity and

pore size distribution

Most of the commercially available porosimeters have

the facility for applying pressure at varying scanning rate,

while some porosimeters can also apply pressure by equi-

librating at each pressure step. To investigate the effect of

rate of pressure application on porosity and pore size

distribution of concrete, porosimetry tests were carried out

on the samples of concrete at different scanning rate of

machine, i.e., the rate corresponding to the machine knob

position of 2, 5 and 10. In the machine, the range of

scanning rate is divided on a scale of 0–10 corresponding

to 10 positions of the knob. Scanning rate of machine

controls the rate of pressure applied to intrude mercury into

the pores of sample. Thus, by considering scanning rates

corresponding to positions 2, 5 and 10 of the machine knob,

the range of scanning rate available was nearly covered.

Further, to detect any possible interaction effect of concrete

mix characteristics and rate of pressure application on

porosimetry results, this investigation was carried out on

concrete of two different mixes, namely, Mix 1 and Mix 6

corresponding to the water/cement ratios of 0.65 and 0.38,

respectively. Mix 1 and Mix 6 represent the lowest strength

and the highest strength of concrete used in this study.

Similarly, to study any possible interaction between the rate

of pressure application and the different forms of sample,

namely, crushed and cored sample of concrete, the tests

were also conducted on both forms of samples extracted

from the same concrete beam specimens. Thus, four vari-

eties of samples were used in this investigation and at each

scanning rate, i.e., at each rate of pressure application.

Triplicate samples of each of the concrete specimens were

tested at each of the rate of pressure application. The

average pore size distribution curves for these samples were

obtained by averaging the cumulative intrusions of all the

three samples at a given radius of the pore and plotting the

resulting average cumulative intrusion against pore radii.

The resulting average pore size distribution curve was

considered as the representative pore size distribution for

the concrete under investigation. This representative pore

size distribution curve was used for the calculation of

Fig. 1. Pore size distribution curves at different scanning rates of machine

for cored samples taken from concrete of Mix 1.

Fig. 3. Pore size distribution curves at different scanning rates of machine

for cored samples taken from concrete of Mix 6.

Fig. 2. Pore size distribution curves at different scanning rates of machine

for crushed samples taken from concrete of Mix 1.
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relevant pore structural parameters such as porosity, mean

distribution radius and equivalent pore radius, etc. Figs. 1–4

present the average pore size distribution curve at each of

the selected scanning rate. Fig. 1 shows the average pore

size distribution curve of the concrete for the cored samples

extracted from the beam specimen of concrete cast with Mix

1. A similar figure for crushed sample extracted from the

same beam is given in Fig. 2. Figs. 3 and 4 correspond to the

cored and crushed samples, respectively, taken from the

beam cast with concrete designated as Mix 6. A close

observation of Fig. 1 reveals that the maximum cumulative

intruded volume of mercury per gram of the sample and

cumulative intruded volume of mercury at any radius for the

scanning rate of 2 is more than that of scanning rate of 5,

which is again more than that corresponding to scanning

rate of 10. Similarly, in Fig. 2, it is obvious that the

maximum cumulative intrusion corresponds to scanning

rate of 2, but unlike Fig. 1 the minimum cumulative

intrusion volume per gram corresponds to the scanning rate

of 5. Further, in Fig. 3, the maximum cumulative intrusion

per gram of sample is highest for scanning rate of 5 and

lowest for scanning rate of 10, whereas in Fig. 4 the same

maximum corresponds to scanning rate of 2 and the min-

imum corresponds to scanning rate of 10. However, the

nature of these pore size distribution curves at different

scanning rates is similar. On comparison of these pore size

distribution curves, it is apparent that the rate of pressure

application affects the pore size distribution of concrete

somewhat randomly. The pore size distribution curves

representing the average intrusion of three scanning rates

are also shown in Figs. 1–4. The observed maximum

deviation of the cumulative intrusion from their average at

any radius due to scanning rate is ± 17%, which is reas-

onably small. Therefore, it is possible to select a single

scanning rate at which comparative study of porosity and

pore size distribution of concrete can be performed through

porosimetry, as rate of pressure application has a little effect

on porosimetry results. Hearn and Hooton [19] also arrived

at a similar conclusion earlier from their investigation.

Slower rates are highly time consuming. Therefore, in the

rest of this work, i.e., to know the effect of the forms and

types of sample of concrete on its porosity and pore size

distribution, a moderate rate of pressure application, i.e.,

corresponding to machine knob position 5, was adopted. It

is worthwhile to mention here that the time required for one

Fig. 4. Pore size distribution curves at different scanning rates of machine

for crushed samples taken from concrete of Mix 6.

Fig. 5. Pore size distribution curves for cored and crushed samples taken

from concrete of Mix 1.

Fig. 6. Pore size distribution curves for cored and crushed samples taken

from concrete of Mix 2.
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cycle of intrusion and extrusion curve at scanning rates of 2

and 5 are 80 and 40 min, respectively.

4. Effects of forms of sample of concrete on its porosity

and pore size distribution

To investigate on the effect of forms of sample on

porosimetry results, two types of sample, i.e., directly

drilled cored sample and crushed chunk sample of concrete,

were adopted. These samples were prepared from six beams

cast with Mix 1 to Mix 6, one from each of the concrete

mixtures. The average pore size distribution curves for

crushed samples and cored samples of concrete are shown

in Figs. 5–10. From the figures, it is obvious that both

forms of concrete sample yield approximately the same

value of total cumulative intrusion of mercury. More pre-

cisely, the difference in porosity value is seldom more than

8%, except in case of concrete of Mix 3 where the same is of

the order 14%. Thus, the concrete sample whether cored or

crushed provides nearly identical MIP results. Therefore, it

is obvious from the study that either form of the concrete

sample can be used in MIP study. However, in order to

obtain crushed concrete samples, the larger-sized core is

required to be drilled from the actual structure, which when

crushed under short-term loading results in the desired

samples. On the other hand, extraction of small core sample

from structure is a one-step procedure. Further, in cored

Fig. 7. Pore size distribution curves for cored and crushed samples taken

from concrete of Mix 3.

Fig. 8. Pore size distribution curves for cored and crushed samples taken

from concrete of Mix 4.

Fig. 9. Pore size distribution curves for cored and crushed samples taken

from concrete of Mix 5.

Fig. 10. Pore size distribution curves for cored and crushed samples taken

from concrete of Mix 6.
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samples, similarity can be maintained in sample mass and

sample dimensions, hence minimizing the sample-to-sample

variation in concrete. Moreover, in the case of cored sample,

it is also possible to extract the test samples from different

depth in the structural concrete, while the same is not

possible for crushed concrete sample. Thus, when cored

samples are used, the profile of porosity and pore structure

across a section of concrete can be obtained. Further, the

other important pore structural parameters calculated from

pore size distribution curves, namely, average porosity and

its standard deviation, mean distribution radius, mean equi-

valent radius and average retention factors for all the six

mixes obtained on both forms of concrete sample, are given

in Table 2. The mean distribution radius (rm) [31] and

equivalent pore radius (re) [10] are defined by following

equations, respectively:

lnrm ¼

Pi¼n

i¼1

Vilnri

Pi¼n

i¼1

Vi

ð1Þ

and

r2e ¼

Z
dv

dðlogrÞ r
2dðlogrÞ

Z
dv

dðlogrÞ dðlogrÞ
ð2Þ

where Vi is the intrusion of mercury corresponding to ith

radius range represented by mean radius ri and dV/d(logr) is

the differential pore size distribution with respect to log r, r

being the radius of the pore. Retention factor R is the ratio of

retained volume of mercury after the first cycle of

intrusion–extrusion to the total intrusion of mercury

expressed in percentage. The results presented in Table 2

reveal that the standard deviations of porosity obtained from

cored samples are relatively lower, and average standard

deviations for all the six concrete mixtures are 1.26 and

1.96, respectively, for cored and crushed sample. Thus,

sample-to-sample variation is relatively lower in case of

cored sample. Hence, cored sample of concrete is the most

suitable form of sample of the concrete for the study of its

porosity and pore size distribution.

5. Conclusions

1. The rate of pressure application has little or insignific-

ant effect on porosity and pore size distribution of concrete

as determined through porosimetry.

2. Both crushed and cored sample of concrete can be

used for the study of its porosity and pore size distribution.

However, cored samples exhibit less sample-to-sample

variation. Hence, from the point of view of similarity in

sample mass, sample dimensions, nature of concrete con-

tained in sample and ease of obtaining it, the cored samples

of concrete is preferable.
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