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Mercury intrusion porosimetry (MIP) is a widely used technique
or characterizing the distribution of pore sizes in cement-based
aterials. It is a simple and quick indirect technique, but it has

imitations when applied to materials that have irregular pore
eometry. The relationship between MIP results and the actual
ore distribution and connectivity can be better understood with
he use of image analysis. This paper discusses the use of MIP to
escribe the pore structure of cements and the efforts to validate
he technique with microscopy. In particular, a study using molten

ood’s metal as an alternate intrusion liquid that is solid in the
ores at room temperature and can be examined by scanning
lectron microscopy will be presented. Results of the image anal-
sis and the intrusion behavior of Portland cement mortars will be
iscussed. © 1999 Academic Press

Key Words: mercury porosimetry; Wood’s metal; image analy-
is; porosity; cement-based materials.

INTRODUCTION

A cement-based engineering material, such as mort
oncrete, is a composite of a binding matrix primarily cont
ng hydrated Portland cement and aggregate. The hyd
ement is a highly porous material with a continuous rang
ore sizes from nanometers to micrometers. The pores, w
re contained within the calcium silicate hydrate phase o
ement paste (C-S-H gel) and are the remnants of spac
iously occupied by mixing water (referred to as capill
ores) that are partially filled by a variety of hydrated cem
roducts, have irregular geometry. Although the quantit
ores is great in cement-based materials, the permeabil

hese systems is low as Powers (1) pointed out in his pio
ng work. The amount of porosity and connectivity stron
nfluences the material properties, particularly the strength
ermeability, which affect the resistance to harmful penetr
he degree to which chloride ions can diffuse through the
ater of reinforced concrete and attack the passive film

ecting the reinforcing steel from expansive corrosion h
irect impact on the durability of structures such as bridges
arking decks.

1 To whom correspondence should be addressed.
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Because of the complexity of the pore structure of th
aterials, measuring total porosity and size distributio
ifficult. The methods typically used, which are mercury

rusion porosimetry (MIP), water vapor adsorption, and n
en adsorption, assume that the geometry of the por
egular, that the pores are interconnected, and that the
istribution is not affected by the loss of water in the po
pon drying. A single technique is not able to characterize
hole range of pore sizes found in cement materials. MIP
easure larger capillary pores (0.005–10mm), whereas th
dsorption techniques can describe the C-S-H gel por
,0.03 mm).

Microscopy has also been used extensively to observ
icrostructure of cement-based materials. Scanning ele
icroscopy (SEM) is capable of observing the microstruc

cale that includes the capillary porosity. In conjunction wi
ackscatter electron (BSE) detector, the chemical compo
f the microstructure is represented in the images by gray
ariation. Pores appear very dark, which allows them to
istinguished and quantified by image analysis of the
ections (2). Information about the 3-D pore network or c
ectivity cannot be directly observed.
Because MIP does provide information about the con

ivity of the pores and microscopy reveals information ab
ore geometry, researchers are interested in combinin

echniques for a more complete picture of pore systems.

MERCURY INTRUSION POROSIMETRY

Mercury intrusion porosimetry is based on the premise
nonwetting liquid (one having a contact angle greater

0°) will only intrude capillaries under pressure. The relat
hip between the pressure and capillary diameter is desc
y Washburn (3) as

P 5
24g cosu

d
,

hereP 5 pressure,g 5 surface tension of the liquid,u 5
ontact angle of the liquid, andd 5 diameter of the capillary
ercury must be forced using pressure into the pores
0021-9797/99 $30.00
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40 ABELL, WILLIS, AND LANGE
aterial. The pore size distribution is determined from
olume intruded at each pressure increment. Total poros
etermined from the total volume intruded.
The MIP technique is widely used because of its ease

implicity. However, it does not measure the true distribu
f sizes for pore geometries found in cement-based mate
or these systems, large internal pores are accessible b
arrow throats. The MIP technique misrepresents the si

hese pores as having the diameter of their throats. This b
eferred to as the “ink bottle” effect.

For cement-based materials the pore size distribution
seful for comparing similar systems and for obtaining a m
ure of percolation. The continuous pore diameter, whic
etermined from the largest differential intruded volume w
espect to diameter, identifies where percolation has occu
his diameter has been referred to in other literature a
ffective or threshold diameter.
An additional limitation of MIP to the “ink bottle” effect i

he influence on the contact angle for mercury with cem
ased materials by the preparation of the sample. MIP req

hat the sample be dry, which changes the pore structure.
hange in contact angle between P-dried and oven-drie
ent pastes has been found to reduced the diameter intru
given pressure by 30% (4). The contact angle may

hange depending upon the roughness of the surface (5).
le drying has also been implicated in the damage thought
aused to the cement microstructure under pressure with
ury (6). Lower pressurization over the typical pore size ra
o reduce the possibility of crushing was attained by intru
ercury that had been modified with a solution of sodium
In order to understand the limitations of MIP for ceme

ased materials, microscopy and alternative methods o
osimetry have been employed. Lange,et al. (8) imaged the
ore structure using BSE microscopy, evaluated pore siz
hape with respect to mechanical properties, and compar
ize distributions to MIP results for pastes and mortars
nd without silica fume. They found that image analysis c

FIG. 1. 0.4 w/c mortar sample intruded at 34.5 MPa
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rovide more information about larger pores, that the shap
he pore size distributions were similar to the curves from M
nd that the pore sizes were three orders of magnitude

han the sizes from MIP. Diamond and Leeman (9) also c
ared MIP to pore size distributions of equivalent diame
etermined by image analysis and found the same shift in s
Dullien and Mehta (10) compared size distribution of

articles by statistical methods. The salt was packed in a
nfiltrated with molten Wood’s metal (a low-melting po
lloy), sectioned after the metal had solidified, and ph
raphed. The salt was leached and the porous skeleto

nvestigated with MIP. The pore size distribution from M
ailed to show the existence of the majority of observed p
ecause of the small entries to those pores. Dullien
hawan (11) later compared pore volume distributions f
IP to those determined by pore size analysis from phot

roscopy of sandstones intruded with Wood’s metal and fo
hat the volume contribution from entry pores was significa
maller than from larger pores behind the entry. Wood’s m
ntrusion has also been applied to concrete to investigate p
ggregate interfacial porosity (12). Recently the alternat

00, field width 5 85 mm). (a) BSE image, (b) binary image.

FIG. 2. Volume fraction by image analysis and MIP for the 0.4
ortar.
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41MERCURY INTRUSION POROSIMETRY OF CEMENTS
rusion technique has been applied to Portland cement m
n conjunction with image analysis of BSE micrographs.

WOOD’S METAL INTRUSION POROSIMETRY

Wood’s metal intrusion porosimetry (WMIP) is a techniq
hat replaces the intruding mercury of MIP with an alloy t
as a melting point of 65.5°C and is solid at room tempera
olten Wood’s metal is nonwetting and behaves simila

iquid mercury used in mercury porosimetry (11). For
tudy of mortars the contact angle for Wood’s metal
easured from digital photographs of molten drops on a
ortar surface under ambient conditions. The measured
f 133–140° is the same as widely accepted values for co
ngles for mercury. The intrusion procedure includes eva

ng a sample and Wood’s metal contained within the pres
essel of an autoclave, heating the autoclave to liquify
etal inserted with the sample, and applying pressure t

essel with nitrogen gas. The intruded samples can be
ioned and observed with electron microscopy using a b
catter detector. The large mean atomic number of the m

FIG. 3. Volume fraction by image analysis and MIP for the 0.6
ortar.

FIG. 4. MIP and Wood’s metal po
ars
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ith respect to the mean atomic number of the mortar ph
esults in a high contrast of the brightness of the metal-fi
ores that can be identified by image analysis.

EXPERIMENT TECHNIQUE

Two Portland cement mortars with different water cem
atios were chosen for investigation of the pore struct
he properties of the fresh and hardened mortar were
ured, and the hardened samples were intruded with Wo
etal, sectioned, and imaged using a scanning ele
icroscope.
The materials tested were mortars of ordinary Portland
ent (OPC) with water to cement ratios (w/c) of 0.4 and
ith a ratio of 1:2 by weight of cement to ASTM 20/30 sil
and. The air content of the fresh mortars measured by A
185 was 8 and 4% for the 0.4 and 0.6 w/c mixes, respecti
eams were cast and compacted with vibration and m
ured for 14 days.
The samples were cored from the beams. Core sectio

m (3
8

in.) in diameter and roughly 2 cm long, were ov
ried. A glass test tube containing a sample and s
ood’s metal was placed in the pressure vessel and

ated to 6.7 Pa (50mm Hg) to replicate the evacuation in t
IP test. The vessel was heated to 100°C under vac

ented, and pressurized. One sample of each mortar
ressurized to 34.5, 20.7, 10.3, 6.9, and 3.4 MPa (5
000, 1500, 1000, and 500 psi) using nitrogen gas. The
as maintained for approximately 15 min, and then
essel was allowed to cool to room temperature outside
utoclave while still under pressure.
Each of the 10 samples was prepared for BSE microsco

ectioning to expose three surfaces. These surfaces we
regnated with epoxy, ground, and polished. Twenty di

mages of each cut surface were recorded at a magnificat
5003 with a voltage of 15 keV.

size distribution for the 0.6 w/c mortar.
re
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42 ABELL, WILLIS, AND LANGE
IMAGE ANALYSIS AND POROSITY

The digital micrographs were evaluated on a Macin
sing the public domain NIH Image program and its ma
rogramming language (developed at the U.S. National I

utes of Health and available on the Internet at http://rsb.
ih.gov/nih-image/). The intruded pores were identified

FIG. 5. BSE micrographs of 0.6 w/c pressurized samples (503, field wid
Pa.
h
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hresholding the brightness of the pores to produce a b
mage. The thresholding process differentiated between
rightest areas of Wood’s metal from the intermediate br
esses that were a result of the interaction of the electron

n the paste having low mean atomic number and metal ha
igh mean atomic number. Figure 1 illustrates the recorded
inary images. The area fraction of the metal in the bin

2.6 mm). (a) 3.4 MPa, (b) 6.9 MPa, (c) 10.3 MPa, (d) 20.7 MPa, (e)
th 5
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43MERCURY INTRUSION POROSIMETRY OF CEMENTS
mage was computed and the particle areas and sizes
nalyzed. Each pixel of the digital image was measure
.0813 0.081mm. The volume fraction of the intruded me
hich can be related directly to the area fraction (13)
etermined using the average of the area fractions calcu

rom the images for each sample.
Figure 2 and Figure 3 present the results from the im

nalysis and MIP. There is good agreement between the
me fraction of mercury intruded and the volume fraction
ood’s metal intruded as determined by image analysis.
ercury volume fraction reported by MIP and the Woo
etal volume fraction reported by image analysis are com

able parameters that show good agreement in this study
mage analysis and MIP results indicate a threshold (cons
ng) diameter for both mortars at a pressure of 10 MPa.

The pore size distributions for the pressure range up to
Pa for MIP and WMIP are compared in Fig. 4. Figure 4
istogram that indicates the amount of porosity with each
or the WMIP analysis the amount of porosity for a given

s determined by computing the sum of the areas of indivi
ores within the bin size range and dividing by the t

ntruded volume of Wood’s metal. For example, 26% of
ores in the WMIP analysis were between 1 and 2mm average
ore diameter. For the MIP analysis the amount of porosit
ach bin is determined directly from the intrusion curve in
, and the volume of porosity within each bin size rang
ivided by the total intruded mercury. The intent of Fig. 4 i

llustrate how MIP and image analysis differ in their ass
ent of pore sizes. The image analysis showed a gr
uantity of larger pores than MIP. MIP indicated that m
ores are under 0.005mm in diameter. But microscopic inve

igation reveals most pores are between 0.02 and 50mm in
verage diameter. The results confirm the problem creat

he “ink bottle” effect that inflates the volume of smaller po
ue to the presence of larger pores behind the bottlenec
The intrusion process can also be observed from the m

raphs of samples intruded at increasing pressures. Fig

FIG. 6. BSE Micrograph of 0.6 w/c mortar and intrusion of C-S
15003, field width 5 60 mm).
ere
at

s
ed

e
ol-
f
e

a-
he
t-

.5

n.

al
l

r
.
s

-
ter
t

by

o-
5

hows a series of images for 0.6 w/c mortar samples. A
Pa (Fig. 5a) the metal has infiltrated through cracks and

arge voids. Unconnected large voids remain empty. At
Pa (Fig. 5b) the metal intruding the cracks continues to

arge connected voids, and the very porous regions bet
losely spaced aggregate particles (shown as solid black
lled. In Fig. 5c, the intrusion at 10.3 MPa has noticea
ncreased and is evident by a saturation of the interf
egions surrounding the aggregate particles and infiltration
ome of the groundmass (bulk cement paste). This press
ear the second threshold diameter measured by MIP
icroscopy indicates that the constriction is in the groundm

n Fig. 5d, the sample was pressurized to 20.7 MPa resulti
relatively uniform intrusion of the groundmass. At 34.5 M

Fig. 5e) the concentration of the intrusion into the groundm
as increased. At this pressure, the pore diameters measu
IP are 0.036mm, which is within the range of the gel po

izes. The increased concentration of Wood’s metal in
roundmass corresponds to the filling of the gel porosity.
Further observation of the intrusion of the groundmass

eals some information about the nature of the C-S-H
igure 6 shows that while the groundmass has been
aturated at 34.5 MPa, the area surrounding unhydrated c
rains has not. The groundmass, which is composed of C
el formed at the early stages of hydration, is much m
orous than the dense C-S-H formed at the later stages. F

nvestigation using higher pressure for the Wood’s metal
osimetry is needed to further quantify these differences.

SUMMARY

The Wood’s metal intrusion technique and image ana
ere applied to cement-based materials for a better unders

ng of the pore structure and its relationship to the pore s
ure measured by MIP. The findings show that the limitatio
IP due to the assumption of regular pore geometry ca

onfirmed by substitution of the intruding liquid with one t
emains solid in the pores of mortar samples after pressu
ion and by quantitative measurement of the infiltrated sys
he volume intruded by WMIP agrees well with MIP and
istribution in pore sizes from WMIP indicates that more la
ores are present. The micrographs also enabled the intr
rocess to be interpreted and indicate that there is a diffe

n porosity between the early and late C-S-H hydration p
cts.
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