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Abstract

Mercury porosimetry was performed on 92 hardened cement paste specimens of water/cement (w/c) ratios 0.3, 0.4, 0.5, 0.6, and 0.7 and
curing times of 1, 3, 7, 14, 28, and 56 days. This paper presents the experimental techniques, results, and their possible implications with
respect to pore connectivity. As expected, longer curing times and lower w/c ratios resulted in smaller indicated total porosities and
smaller threshold pore widths. Longer curing times and higher w/c ratios resulted in greater degrees of hydration. In most of the mercury
intrusion results, two peaks could be observed in the differential curves that were identified as the “initial” and “rounded” peaks. The ini-
tial peak may correspond to the intrusion of mercury through a connected capillary network, while the rounded peak may correspond to
the crushing of interposed hydration products. © 1999 Elsevier Science Ltd. All rights reserved.

Keywords: Mercury porosimetry; Microstructure; Pore size distribution; Permeability; Cement paste

Concrete is a heterogeneous material in which aggre-
gates are held in place by a hardened cement paste binder.
The properties of this binder are, therefore, critical to the
performance of the concrete as a whole. To better under-
stand the properties of the binder, it is necessary to study the
paste microstructure and to see how it is affected by differ-
ent mixing proportions of water to cement and how the mi-
crostructure is affected as the reaction of cement with water
proceeds over time. One technique that has been used to
study the microstructure of hardened, portland cement
pastes is mercury intrusion porosimetry [1-5]. This paper
presents the results of 92 porosimetry experiments applied
to portland cement pastes of five different water cement (w/c)
ratios that were examined at six different curing ages.

1. Methods
1.1. Mercury intrusion porosimetry

With mercury intrusion porosimetry (MIP), porous sam-
ples are introduced into a chamber, the chamber is evacu-
ated, the samples are surrounded by mercury, and pressure
on the mercury is gradually increased. As the pressure in-
creases, mercury is forced into the pores on the surface of
the sample. If the pore system is continuous, a pressure may
be achieved at which mercury can penetrate the smallest
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pore necks of the system and penetrate the bulk sample vol-
ume. If the pore system is not continuous, mercury may
penetrate the sample volume by breaking through pore
walls. By tracking pressures and intrusion volumes during
the experiment, it is possible to get a measure of the con-
necting pore necks of a continuous system or a break-
through pressure in a discontinuous system. The pore width
corresponding to the highest rate of mercury intrusion per
change in pressure is known as the “threshold,” “critical,”
or “percolation” pore width. After achieving this highest
rate of intrusion, mercury has been shown to penetrate the
interior of the sample [3]. Using the technique, one also ob-
tains a measure of the total porosity in the sample as that
corresponding to the volume of mercury intruded at the
maximum experimental pressure divided by the bulk vol-
ume of the unintruded sample.

1.2. Limitations

Because mercury must pass through the narrowest pores
connecting the pore network, MIP cannot provide a true
pore size distribution [6,7]. The threshold pore width, how-
ever, may provide a better indicator of material durability as
it has an important influence on the permeability and diffu-
sion characteristics of the cement paste [8]. Total porosity
values by mercury porosimetry aso differ from those ob-
tained by other techniques. Mercury porosimetry will indi-
cate smaller than actual porosity values where pores are too
small or too isolated to be intruded by mercury. On the other
hand, MIP porosities may be closer to actual values than
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those indicated by other techniques where mercury pres-
sures can collapse small pores or break through to isolated
pores[9-13].

1.3. Materials

Cement pastes were made from a Type | portland cement
and distilled, deaerated water [14].

1.4. Sample preparation and curing

Cement pastes of 0.3, 0.4, 0.5, 0.6, and 0.7 (=0.001)
were prepared by adding sifted cement to chilled water in an
acrylic canister, sealing the canister, applying a vacuum to
the canister, and then shaking the canister in a commercial
paint shaking machine for 3 to 8 min [7,14,15]. Unless oth-
erwise noted, uncertainties and error bars correspond to a
95% confidence interval. Paste temperatures ranged from
24.2 to 28.2°C roughly 20 min after mixing was stopped.
The pastes were then poured into plastic cylinder molds, 51 X
102 mm size, with elastic latex liners. Liners were used to
allow pastes to contract in volume during the first 24 h of
curing. The molds were sealed and placed on a rotisserie
where they rotated about their longitudinal axis at a rate of
3.2 revolutions per min. A rotisserie was used to minimize
possible effects of bleeding and segregation. The rotisserie,
in turn, was located in a chamber with a controlled tempera-
ture of 23.0 = 0.1°C.

After being cured for 23.3 to 24.0 h, the hardened paste
cylinders were removed from the plastic molds and stored
in lime-saturated water at 23.0 = 1.7°C so that total, nomi-
nal, curing periods of 1, 3, 7, 14, 28, and 56 days were
achieved, including the 1 day of sedled curing. Herein,
pastes are designated by a number where the digits to the
left of the decimal point indicate the days of curing and the
number to the right of the decimal point indicates the w/c
ratio. For example, paste 28.4 was cured for 28 days after
being created at a 0.4 w/c ratio. The 3.7 paste was inadvert-
ently cured for 4 days rather than 3 days. The nomenclature,
however, is retained for consistency. Other curing periods
were within 6% of the nominal value.

1.5. Drying

At the end of each curing period, two slices measuring
13 = 1 mm were cut from a cylinder using a water-cooled,
diamond-bladed, geologic saw and four cubes measuring 13 =
1 mm per side were cut from the center portion of each
dlice. These cubes were then weighed in a saturated, sur-
face-dry condition and then placed into a vacuum desiccator
for drying.

The drying method employed was a variation on the
D-drying method of Copeland and Hayes [16]. As with the
method of Copeland and Hayes, the desiccator is evacuated
by a vacuum pump through a tubing path exposed to
—79°C. The method used here differs from that of Copeland
and Hayes in that discrete, relatively large specimens (the
sample cubes) were dried, as opposed to Copeland and

Hayes' method of drying the samples of particles passing a
No. 30 and retained on a No. 80 sieve. The use of large
specimens was to obtain the best possible results from mer-
cury porosimetry whereindividual specimens are preferable
to the use of a sample of particles [6,17,18]. The use of a
single specimen eliminates the possibility that the intrusion
of mercury between the particles of apowder samplewill be
confused with that corresponding to the porosity of the par-
ticles themselves [19-21]. Furthermore, using a single,
large specimen in a porosimetry experiment minimizes the
surface area to volume ratio of the sample thus minimizing
boundary effects. The use of cubes, in turn, resulted in a
vacuum of 20 = 7 Pa (as opposed to 3 = 1 Pa), and
prompted the selection of a more stringent drying end point
than that of Copeland and Hayes. Samples were dried for 27
to 29 days and the D-dried weights were taken as those cor-
responding to a weight loss of 0.01%/day (as opposed to
Copeland and Hayes' 0.1%/day [14]).

1.6. Degree of hydration

The degree of hydration, «, is defined as the fraction of
cement that has fully hydrated [22,23]. For the present ex-
periments, a was determined experimentally by comparing
the amount of nonevaporable water in a sample to the
amount needed for complete hydration. To determine the
nonevaporable water content, four dried specimens from
each paste group were subjected to ignition at 1000 + 50°C
for 1 h, cooled in a vacuum desiccator at less than 20 Pafor
1 h, and then weighed. The water in the paste that was not
removed by the drying process, w,, (also known as the non-
evaporable water) is then estimated as shown in Eq. (1)
[16,22]

Mg __L O
i 1 )

w. 100%

where w,; and w, are the weights of the dry specimen before
and after ignition, respectively. The factor (1 — L/100%) is
an adjustment made to compensate for the percent weight
loss on ignition, L, of the original cement and is based on
the assumption that thisloss is the same before and after ce-
ment hydration. Given w,/c, the degree of hydration can
then be calculated as shown in Eq. (2):

w,/C

a = 5
(wWy/€)

@

where (w,/c)° is the nonevaporable water corresponding to a
completely hydrated paste.

For the present work, the value for L was determined by
igniting twelve 3 to 4 g specimens of unhydrated cement
and was found to be 1.223 + 0.024%. The value for P-dried
(w,/c)° was estimated as 0.276 = 0.005 [14] using generally
accepted equations [23-25]. Accepting the finding of Cope-
land and Hayes [16] that the D-drying method removes ap-
proximately 1.084 times more water than does the P-drying
method used by Powers, the equivalent D-dried (w,/c)°
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value was taken to be 0.276/1.084 or 0.255 *+ 0.005. The
0.255 value is similar to that used by others [26] and was
used in Eq. (2) for the estimation of « for the present work.

1.7. Mercury intrusion porosimetry

After drying, the bulk volumes of four sample cubes
were measured using a calibrated mercury displacement pyc-
nometry method that yielded an uncertainty of =0.0039 mL
for the approximately 2 mL cubes [14]. After the volume of
acube was measured, the cube was placed in the chamber of
an automated porosimeter (a Model PMI 60K-A-2 manu-
factured by Porous Materials Inc., Ithaca, NY, USA) and
the chamber evacuated to 20 Pa. Mercury was then intro-
duced to the chamber, the hydrostatic head of which yielded
an initial low pressure of 5 kPa. Pressure was subsequently
increased in 55 to 60 pressure increments to a maximum
pressure of approximately 300 MPa. These pressure incre-
ments were chosen to correspond to even intervals on alog-
arithmic scale. After each pressure increment, the machine
was set to pause and allow the pressure and volume read-
ings to stabilize before recording a pressure/volume data
pair. The average time to achieve full pressure during an ex-
periment was approximately 1 h and 45 min. Two replicates
were performed on the 1.6 paste, four replicates each for the
56.3, 1.7, and 3.7 pastes, and three replicates each for the
other 26 pastes.

1.8. Correctionsto porosimetry data

Porosimetry data was processed using software devel-
oped by the researchers. In processing the data, certain as-
sumptions and corrections discussed elsewhere [6,27] need
to be applied. Pressures were corrected to account for the
hydrostatic mercury head above the geometric center of
gravity of the specimens and, subsequently, corrected pres-
sures were converted to equivaent pore widths using a
modified form of the Washburn equation, asin Eq. (3):

—@Y,,cosO
d = DOYeo

+ 4bcosb. 3
Here, d is the pore width, ¢ is a pore shape factor, v,, isthe
surface tension of mercury for a planar meniscus, 6 is the
contact angle between mercury and the pore wall, p is the net
pressure across the mercury meniscus at the time of the cu-
mulative intrusion measurement, and b is the effective ra-
dius of a mercury atom (approximately 270 picometers).
The vaues for ¢, v, 8 were assumed to be 3, 0.480 N/m,
and 130° respectively. Volume measurements were cor-
rected by a blank run for differential mercury compression
and for specimen compression (where the compressibility
of the specimens was assumed to be 1 X 10~ m%N). Sam-
ple cumulative porosities were calculated as the corrected
intrusion volume of mercury divided by the bulk volumes of
the samples as measured before the experiment by mercury
displacement pycnometry.

2. Results
2.1. Degree of hydration

Degrees of hydration vs. time and paste type are given in
Fig. 1. With one possible exception, measured degrees of
hydration increase with curing time. The apparent excep-
tion—the 0.4 w/c paste between 28 and 56 days of curing—
may be aresult of the uncertainty in the measurements. De-
grees of hydration also increased with increasing wi/c ratio.
All pastes achieved approximately 35% hydration after 1
day of sea curing. After nominally 56 days, hydration
ranged from 50.8 + 2.0% for the 0.3 w/c paste to 81.7 +
3.2% for the 0.7 w/c paste.

2.2. Mercury intrusion

Porosities measured varied from approximately 16% for
the 0.3 paste cured for 56 days to 56% for the 0.7 paste
cured for 1 day (Fig. 2). Well-defined threshold pore widths
were evident from approximately 2 pm to 20 nm. Repro-
ducibility among the replicates was good and, as expected,
increased curing time and decreased w/c ratio resulted in
lower total porosities and smaller values of threshold pore
width for all pastes.

It was al so noted that as pastes cured, the character of the
porosimetry curves changed. Differential MIP curves for
pastes cured for the least amount of time exhibited a sharply
defined initial peak indicating a unimodal distribution of
pore sizes. As curing times increased, a second, more
rounded peak appeared at smaller pore sizes thus suggesting
a bimodal distribution. With increasing curing times, the
initial sharp peak became less dominant and, in al but the
0.7 w/c pastes, disappeared altogether. The lower the w/c
ratio was, the sooner the initial peak disappeared. The 0.3
w/c paste was unique in that curves did not exhibit two
peaks at any curing period tested. Differential curve shapes
can be affected by the number of points taken during a poro-
simetry run. Shapes stabilize as the number of points taken
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Fig. 1. Degree of hydration, «, as afunction of curing time.



936 R.A. Cook, K.C. Hover/Cement and Concrete Research 29 (1999) 933-943

Paste: 1.3

Paste: 3.3

Porosity (%)
- N U » U O
O O 0O 0O 0O 0O o

Paste: 7.3

Porosity (%)
- N U » O O
O O O OO O O

T —T-T T

Paste: 14.3

Porosity (%)
- N U » O O
O O O O O 0O O

Paste: 28.3

Ra
230
[72d
220
o
Q10
o
60
50
~—~
Rao0
230
"
S20
[*]
Q10

®

Paste: 56.3

i

0
0.001 0.01 0.1 1 10 100 1000

Equivalent Pore Width (um)

125 Paste: 1.3

m))

E 100
75
50

25

Slope (%/log

(o}
125 Paste: 3.3
100

75

50

Slope (%/log(m))

25

1
25 Paste: 7.3
100
75
50

25

Slope (%/log(m))

125 Paste: 14.

(0

100
75
50
25

Slope (%/log(m))

125 Paste: 28.

W

100
75
50
25

Slope (%/log(m))

125 Paste: 56.

(@]

100

75

50

25

Slope (®/log(m))

0
0.001 0.01 0.1 1 10 100 1000
Equivalent Pore Width (um)

Fig. 2. Results from mercury intrusion into pastes made with awi/c ratio of (a) 0.3, (b) 0.4, (c) 0.5, (d) 0.6, (e) 0.7.

increases. The number of points selected for these runs was
based on the researchers’ experience as being sufficient to
achieve stable and reproducible differential curves.

With respect to reproducibility among the replicates, the
maximum difference between the greatest and least total po-
rosity valuesfor a given paste group was 4.0% with an aver-
age difference of 1.9% and an average standard error of the
resultant mean of 0.6%. Threshold pore widths varied more.
With one exception, the maximum difference between the
maximum and minimum value was 56% with an average

difference of 17% and an average standard error of the
mean of 5.3%. The exception was a 126% difference exhib-
ited by the 14.5 paste.

As expected, increased curing time and decreased wi/c ra-
tio results in lower total porosities and smaller values of
threshold pore width for all pastes (Figs. 3, 4, 5, and 6). The
minimum values of total porosity and threshold pore width
were obtained by minimizing w/c ratio and maximizing
curing time. Experimental results for pastes with increasing
w/c ratio and partially compensating increases in curing
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Fig. 2. (continued).
time are given in Fig. 7. For the paste specimens investi- less than 6% found by Hearn and Hooton [21]. It is widely
gated, lowering the wi/c ratio by 0.1 is more effective at accepted that as hydration proceeds, hydration products
minimizing threshold pore widths and total porosities than grow into the pore space of a hardened cement paste. There-
is doubling the curing period. fore, that increased curing time and decreased w/c ratio re-

sult in lower total porosity values and smaller threshold
pore widths was expected and agrees with the data of others
[1,3,4,28,29].

Experimental reproducibility was good. The variation in A careful inspection of the data of others also provides
total porosity (less than 4.0%) compares favorably with the indications of the existence of initial and rounded peaks

3. Discussion



938

Paoste: 1.5

50
-~
a0
230

(723

220

o
Q10

60

50
)
a0

230
(72}

Paste: 3.5

7.5

Paste:

Paste: 14.

(6]

Paste: 28.

(¢

a0
230
[72]
220
(=]
A 10
o}
60
50
-~
K40
230
12d
20
o
a 10

Paste: 56.

wn

0
0.001 0.01 0.1 1 10 100 1000
Equivalent Pore Width (um)

R.A. Cook, K.C. Hover/Cement and Concrete Research 29 (1999) 933-943

1
25 Paste:

100

N
(4]

Slope (%/log(m))

N
0]

125

Paoste: 3.5

100
75

50

Slope (%/log(m))

25

125

Paste: 7.5

100
75

50

Slope (%/log(m))

25

125

(¢)]

Paste: 14.
100

75

50

Slope (%/log(m))

25

125 Paste: 28.

(§)

100

75

50

Slope (8/log(m))

25

125 Paste: 56.

(6]

100
75
50

25

Slope (%/log(m))

0
0.001 0.01 0.1 1 10 100 1000
Equivalent Pore Width (um)

Fig. 2. (continued).

[3,5,28,30-34]. The presence of a sharply defined intrusion
peak in the differential curve indicates the intrusion of
mercury throughout the specimen through a pore network
connected to the specimen surface [3,8,30,35]. It appears,
therefore, that the initial intrusion peak observed here corre-
sponds to the minimum throat dimension of an intercon-
nected capillary network. As hydration proceeds and hydra-
tion products expand into the pore space, it is logica that
the size of connecting pores would diminish. This corre-

sponds to the experimentally observed movement of the ini-
tial peak to smaller pore widths.

The appearance and growth of the rounded peak, how-
ever, may indicate a different intrusion mechanism. One
possibility is that the rounded peaks correspond to intrusion
into a material phase with a distinct network of smaller
pores. The roundness of the peak would then correspond to
awidedistribution in pore sizesfor this materia phase. That
the rounded peaks become more dominant as hydration pro-
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Fig. 2. (continued).

ceeds would indicate that the volume of this material phase
isincreasing with increased hydration. Such a phenomenon
would correspond to the appearance of the “gel” porosity of
the Powers model. However, the experimental results do not
agree with the Powers model or with data from adsorption
studies because the pore sizes of the rounded peaks seen
here (between 20 to 60 nm) is far larger than the 1 to 2 nm
expected for gel pores.

Recalling that pore sizes are inferred from intrusion pres-

sures, there is another explanation of the source of the
rounded peak. It is possible that the rounded peak corre-
sponds not to a pore size, but rather to the crushing strength
of hydration products impeding the intrusion of mercury.
During the course of hydration, it is possible that clear inter-
connections between pores become entirely blocked. This
would correspond to the observed disappearance of the ini-
tial intrusion peak. If pore volume still exists but isisolated,
mercury may be able to either intrude through or break open
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Fig. 2. (continued).

the blockages during the course of the experiment. If thisis
the case, the rounded peak corresponds not to awidth of in-
terconnected pores, but to either a characteristic pore width
associated with the blocking hydration products or the
crushing pressure of the interposed products.

Again, the pore widths measured here are larger than we
would expect in blocking hydration products. On the other
hand, if the second peak corresponds to a crushing mecha-
nism and if the gel products are fairly uniform regardless of

the initial w/c ratio and curing time, the indicated crushing
strength of the gel should also be roughly uniform. This
would explain why the rounded peaks are relatively stable
with respect to the pore width axis. While initial intrusion
peaks move from 2 pm to less than 200 nm (an order of
magnitude), the rounded peaks are al within a range of 20
to 60 nm. That the peaks are more rounded than the initial
intrusion peaks also islogica as barriers can be expected to
vary in strength depending on the size of the space between
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Fig. 3. The effect of curing on MIP results for pastes of w/c = 0.5.

unhydrated cement grains and depending on the thickness
of the barriers. If this hypothesis is correct, the crushing
strength of cement gel barriers is between 15 and 45 MPa
(2200 to 6600 psi). Furthermore, the greater of these crush-
ing strengths corresponds to the low wi/c pastes that also
have smaller distances between unhydrated cement grains.
That both peaks exist in pastes of intermediate curing age
may correspond to the coexistence of interconnected capil-
lary pores and regions of capillary pore space blocked from
the exterior by gel barriers. In the 0.3 w/c ratio pastes, no
initial intrusion peak is observed. It may be that in these
pastes, sufficient hydration products have formed after only
one day to isolate the interior pore space.

Additional corroboration of the hypothesis that capillary
pores become discontinuous can be found in the discussion
of permeability by Powers et al.[36] and in an investigation
of capillary pore percolation by Bentz and Garboczi
[37,38]. Both teams of investigators concluded that at cer-
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Fig. 4. The effect of w/c ratio on MIP results for pastes cured for 7 days.
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Fig. 5. Summary of the effect of curing time and w/c ratio on total porosity
as determined by MIP.

tain degrees of hydration, the capillary pore network be-
comes discontinuous. Powers et a. summarized their results
in afigure in which, given aw/c ratio, the degree of hydra-
tion at which the capillary pores becomes discontinuous can
be estimated. Bentz and Garboczi concluded that capillary
pores become discontinuous when the capillary porosity is
18% or less, regardless of the w/c ratio or degree of hydra-
tion required to achieve the 18% value.

The curve from the figure of Powers, Copeland, and
Mann has been reproduced in Fig. 8 with aline correspond-
ing to Bentz and Gaboczi’s 18% porosity [14,37]. Addition-
ally, vertical bars have been added that correspond to the
degrees of hydration at which the initial intrusion peak dis-
appeared from the data presented in Part | of this paper.

For plotting experimental MIP data, bars are used rather
than points because it is uncertain as to the precise degree of
hydration corresponding to the disappearance of the initial
intrusion peaks. For example, the initia peak disappears
from the 0.6 w/c data between 28 and 56 days or between

g
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|

Threshold Pore Width (nm)

0 i

0 10 20 30 40 50 6
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Fig. 6. Summary of the effect of curing time and w/c ratio on threshold
pore width as determined by MIP.
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Fig. 7. Contrasting effects of increasing w/c ratio with increasing curing
time on MIP results.

corresponding degrees of hydration of 70 and 77%. Thus,
the peak could have disappeared at any degree of hydration
within this range and a corresponding bar from 70to 77% s
plotted. For the 0.3 paste the peak has aready disappeared
by the time a has reached 35% ,and for the 0.7 paste the
peak has not yet disappeared by the time o has reached
82%. Hence, for these pastes bars proceed to the limits of
the figure. The slope of the 18% porosity line is similar to
both the Powers et al. curve and the experimental results.
For agiven w/c ratio, however, the 18% porosity line yields

1.0

09 A
Line corresponding
to 18% capillary
08 4 porosity
[}
2
g I
GE 074
£c
s § Original curve of
oA Powers et al.
o 06 4
0
o0
5E
[¢]
50 05 A .
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b $ of initial intrusion
g o 04 1 peak (typical)
o
o >
28 03
a
0
O]
0.2 4
0.1 4
0.0 T T .L T T T T
0.0 0.1 0.2 03 0.4 05 0.6 0.7
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Fig. 8. A comparison between the wi/c ratio and the degree of hydration at
which capillary pores become discontinuous according to Powers et al. [36]
(dashed and solid curves) and the degrees of hydration at within which the
initia intrusion peak disappeared from the present research (vertica bars).

a degree of hydration approximately 20% higher than that
indicated by the experimental results. In other words, the
experimental results from this study indicate that capillary
pores become discontinuous earlier in the curing period
than indicated by the findings of Bentz and Garboczi. If the
disappearance of the initial intrusion peak does correspond
to a discontinuous pore system, the experimental data indi-
cate that pores become discontinuous at an MIP porosity of
between 28 and 35%.

The Powers et al. curve is based on two experimentally
determined points and estimates for others. Considering that
the curve corresponds to pastes made from a different ce-
ment, there is good agreement between their data and the
present theory that the disappearance of the initial peak cor-
responds to a state of discontinuous capillary pores.

4. Conclusions

1. Degrees of hydration were achieved from 35 to 82%
depending on water cement ratio and curing time.
Longer curing times and higher w/c ratios resulted in
greater degrees of hydration.

2. Porosity as measured by mercury intrusion varied
from 16 to 56% depending on w/c ratio and curing
time. Longer curing times and lower water cement ra-
tiosresulted in lower porosity values.

3. Threshold pore widths varied from 2 um to 20 nm.
Longer curing times and lower water cement ratios re-
sulted in lower threshold pore width values.

4. For the paste specimens investigated, lowering the
w/c ratio by 0.1 is more effective a minimizing
threshold pore widths and total MIP porosities than
doubling the curing period is.

5. As pastes cure, the character of the porosimetry
curves changes. Differential MIP curves exhibit two
types of peaks: a sharp initial peak and a rounded
peak. Theinitial peak shifts to smaller pore sizes and
diminishes in size with increased curing time and
lower wi/c ratios. The rounded peak does not shift as
much and becomes more dominant with increased
curing time and lower water cement ratios.

6. Theinitia peak exhibited in differential MIP curves
of hardened cement paste appears to correspond to the
size of pore necks connecting a continuous capillary
pore network, disappearing as pores become blocked
with hydration product.

7. The rounded peak exhibited in differentid MIP
curves of hardened cement paste appears to corre-
spond to the pressure required to break through block-
agesin the capillary pore network.
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