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Abstract

 

Significant amounts of “hollow-shell” pores (i.e., Hadley grains) have been found in mature Portland cement-based systems containing
silica fume. Hollow-shell pores were found directly by electron microscopy and were indicated by desorption isotherms. Hollow shells are an
intrinsic type of pore, along with capillary pores and gel pores. They are large pores enclosed in cement gel and connected to the outside via
gel and capillary pores. At low water-to-binder ratios they can be more than two orders of magnitude larger than the capillary pores, and they
may constitute a porosity larger than that of capillary pores. Despite self-desiccation effects, hollow-shell pores seem to remain largely satu-
rated with pore fluid. The smaller capillary pores dry before hollow-shell pores. The development of hollow-shell pores and their preserva-
tion at later ages in cement silica fume systems is discussed. © 1999 Elsevier Science Ltd. All rights reserved.
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Different types of intrinsic pores exist in cement paste
and concrete: gel pores and capillary pores. Recently, the
presence of hollow-shell pores as a third type of intrinsic
pore has been postulated on the basis of electron optical ev-
idence [1]. As the cement grains recede due to hydration,
stable hydrates may or may not form within the boundaries
of the original cement particles. Hydrates formed within the
peripheries of the original cement grains are termed “inner”
products, whereas hydrates formed outside, in the capillary
pore space [2], are termed “outer” products [3]. As it some-
times can be problematic to distinguish between “inner” and
“outer” product using the electron microscope, various
modifications of the concept of “inner” and “outer” product
have been suggested [4–6].

When stable hydrates do not form within the original ce-
ment grain boundaries, a pore space is established, which
represents a pseudoform of the dissolved cement phase.
Such pores are often termed “hollow shells,” “hollow-shell”
pores, or “Hadley grains” [7]. It has been demonstrated that
they are not the result of specimen preparation [8,9], and

they have not been mixed with other types of pore [1,9]. In-
deed, a mode of cement hydration leading to the formation
of hollow shells is a very important mode in the hydration
of cement, at least in the hydration of low-alkali sulfate-
resistant cements [1]. By 1 day most of the hydrated cement
had, in fact, left hollow shells [1]. At later ages, inner prod-
ucts are increasingly formed, implying that the presence of
hollow shells diminishes. However, it seems that, in cement
silica fume systems, hollow shells largely persist at later
ages and may constitute a very significant porosity [1].

Hollow shells are large pores and are about the size of
smaller cement grains. At low water-to-binder (w/b) ratios,
they can be larger than the capillary pores by more than two
orders of magnitude [1]. In mature systems, in particular,
hollow-shell pores are embedded in cement gel containing
much smaller gel and capillary pores. Because of their
strong “ink-bottle” nature they may not easily be detected
by many indirect methods for pore structure characteriza-
tion, for example, mercury intrusion porosimetry (MIP). A
number of MIP studies have revealed that when parts of the
cement are replaced by silica fume, the “threshold pore di-
ameter,” as defined by Winslow and Diamond [10], and the
volume of pores intruded by mercury decrease [11–15]. The
results have been interpreted as “a refinement of the pore
structure” brought about by the presence of silica fume.
However, it is also possible that many large hollow-shell
pores were present in the systems with silica fume, but were
not detected due to the so-called “ink-bottle effect.” The
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presence of hollow shells may, in fact, be a major reason for
the recorded reduction of the threshold pore diameter and
the reduced intrusion of mercury. These topics are ad-
dressed in the present paper.

This paper reports experimental results on the influence
of silica fume on the microstructure and pore structure of
mature cementitious systems. The quantity and characteris-
tics of hollow-shell pores, and their preservation at later
ages particularly, are discussed. The results of numerous en-
ergy dispersive X-ray analyses will be reported at a later
stage. The microstructural development at early ages is dis-
cussed elsewhere [1,8]. The pore structure was studied di-
rectly by scanning electron microscopy (SEM) on flat pol-
ished sections and indirectly by water vapor desorption
isotherms. The paper is part of a larger project researching
the hydration and microstructure of high-performance con-
crete.

 

1. Experimental

 

1.1. Materials, mixing, and curing

 

Paste and mortar specimens were made of Portland ce-
ment, condensed silica fume (csf), deionized water, and a
superplasticizer. A quartz sand was used in the mortars.
Paste specimens were made for SEM examination, whereas
mortars were made for the desorption experiments. The ce-
ment used was a Swedish low-alkali sulfate-resistant ce-
ment (corresponding to ASTM type V). The characteristics
of the cement and csf are as described by Kjellsen et al. [1].
The csf was in slurry form and contained 50% solids. The
superplasticizer was composed of 40% sulfonated naphtha-
lene formaldehyde, 0.3% tributyl phosphate, and water. The
w/b ratios were 0.25 and 0.40. The binder contained either 0
or 10% csf by weight. The paste-to-sand ratio of the mortars
was 1.0 by volume. The mass of superplasticizer was 3% or
4% in the 0.25 w/b ratio mixes without or with csf, respec-
tively. At 0.40 w/b ratio, the mass of superplasticizer was
0.5% or 1.5% in the mixes without or with csf, respectively.
Mixing was performed so as to assure that the csf was well
dispersed [1].

The curing temperature was 20

 

8

 

C. To prevent segrega-
tion of the paste specimens, the molds were completely
sealed and slowly rotated for at least 12 hours before they
were opened. The paste specimens were placed in tightly
sealed glass bottles containing only a very small amount of
air. The mortars were cured in two ways; one set of speci-
mens was sealed in thick rubber membranes while the other
set was placed in confined plastic containers containing
lime water. Curing in the sealed glass bottles or rubber
membranes ensured that practically no moisture was lost or
gained from the specimens. Carbonation was avoided.

 

1.2. Microscopy

 

SEM backscattered electron (BSE) images of 9-month-
old paste specimens were obtained. The JEOL 6400 SEM

was operated at 10 kV, and the working distance was 8 mm.
SEM energy dispersive X-ray analysis was performed to
identify various phases. Epoxy impregnated and flat pol-
ished specimens were examined. Samples were sawn out of
the paste specimens. Hydration was stopped by freeze dry-
ing. The specimens were finally dried at 105

 

8

 

C overnight
and were subsequently vacuum impregnated with a low-vis-
cosity epoxy resin. They were then very carefully ground
and polished down to 0.25 

 

m

 

m. Alcohol was used as lubri-
cant during cutting and grinding, whereas diamond pastes
were used as the polishing compound. The specimens were
finally coated with carbon. Additional details of the speci-
men preparation procedure were provided previously [9]).

 

1.3. Desorption isotherms

 

After 3 months of curing in sealed containers, or in wa-
ter, the cast mortar bars (40/40/160 mm) were cut into discs
about 1.5 mm thick. The discs of the water-cured bars were
stored in lime water for 1 week to obtain full saturation. The
discs were placed in desiccators over saturated salt solutions
of LiCl, MgCl

 

2

 

, K

 

2

 

CO

 

3

 

, NaBr, NaCl, KCl, KNO

 

3

 

, K

 

2

 

SO

 

4

 

,
and distilled water, respectively. The temperature was 20

 

8

 

C.
The water vapor pressures thus obtained provided relative
humidities (RHs) of about 11%, 33%, 43%, 59%, 75%,
86%, 94%, 98%, and 100%, respectively. The specimens
were subjected to the various environments for up to 3
months. Periodic registration of their weight indicated that
constant weight was practically reached after 3 months. A
precise weight equilibrium may never be reached because
of structural changes that may occur on prolonged exposure
under the various environments [16]. The RH was measured
on dummy specimens and showed, at the time of the final
weight registrations, RHs corresponding reasonably well to
their surrounding environment. Measures were taken to
avoid carbonation during the experiment. The evaporable
water content, W

 

e

 

/B, was determined on the basis of drying
at 105

 

8

 

C. The denominator, B, refers to the mass of binder
(i.e., cement plus csf). Preliminary tests showed that the
paste and the mortar specimens provided practically identi-
cal desorption isotherms. It should be noted that the iso-
therms of the specimens cured under sealed conditions are
not true desorption isotherms. Because of self-desiccation
effects, the RH in the specimens at the start of the experi-
ments will be considerably lower than 100%. The part of the
isotherms above the RH in the seal-cured specimens is actu-
ally a scanning curve, meaning that the seal-cured speci-
mens will absorb water rather than loose water in the upper
range of water vapor pressures.

 

2. Results

 

2.1. Microscopy

2.1.1. Systems without silica fume

 

Fig. 1 provides a view of the 0.40 w/b ratio paste without
silica fume (csf). The cement grains appear almost white,
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CH appears light gray, other reaction products appear gen-
erally as darker gray, and pores appear black in BSE im-
ages. It can be observed that relatively few anhydrous ce-
ment grains remain unreacted after 9 months. An analysis
showed the degree of cement hydration to be about 74%.
However, most of the ferrite phase remains unreacted, as in
all the examined specimens [17]. Ferrite is observed as the
brightest anhydrous phase in the image.

Early in the hydration process, CH may form as large
crystals in the capillary pore space [18]. These are often ob-
served as massive regular crystals and sometimes as irregu-
lar formations in flat polished sections; their formation may
be restricted by obstacles such as the boundaries of the tor-
tuous capillary pore space. Examples of CH that are likely
to be of this origin are marked with black circles in Fig. 1.
CH also may form as slender platy crystals in the capillary
pore space, mostly observed as elongated thin rods in flat
polished sections. At later ages, CH particles with the size
and regular shape of smaller cement grains also may be ob-
served. Examples are indicated by black crosses in Fig. 1.
Our experience is that CH particles of this form are not ob-
served very often at early ages (e.g., Figs. 3–5 of [8]). A few
large pores are observed; these are hollow shells that will be
discussed. A couple of these are partially hollow shells with
remnant belite phases; these are outlined by squares. The
BSE image in Fig. 2 shows a close-up from the upper cen-
tral part of Fig. 1. A partially hollow shell is outlined in Fig.
2. The striated structure and size and shape of feature indi-
cate that it is a hydrated belite grain. X-ray analysis showed
the upper part to consist of C-S-H, whereas the brighter,
more porous lower part is essentially CH. Whereas alite
leaves hollow shells at early ages [1,8], belite may, at later
ages, hydrate according to a hollow-shell mode, with the
formation of partially hollow shells with a characteristic

striated structure [1]. CH particles, with the size and shape
of cement grains, are observed and marked with black
crosses. The phenograins (i.e., distinct microstructural fea-
tures) [6] “I” contain products of C-S-H (darker phases) and
CH (brighter phases). CH and AFm phases often are observed
in relation to remaining ferrite phases; examples are outlined
by circles. The brightest areas of these features are anhydrous
ferrite; CH phases are darker than ferrite phases, whereas
AFm phases are darker than CH phases. AFm phases some-
times appear cracked. A large AFm particle is seen toward
the top of the image and is marked with a white cross.

A view of the 0.25 w/b ratio paste without csf is depicted
in Fig. 3. The degree of cement hydration is about 58% [17].
Relatively few hollow shells are observed; some of the par-

Fig. 1. BSE image of the 0.40 w/b ratio paste without silica fume. Small
black circles indicate irregularly shaped CH phases; black crosses indicate
CH particles with the distinct shape of cement grains; squares indicate par-
tially hollow shells with remnant belite phases.

Fig. 2. Detailed BSE image from the upper central part of Fig. 1. f, ferrite;
I, inner product phase of C-S-H/CH; black crosses indicate CH particles
with the distinct shape of cement grains; circles indicate assemblages of
CH/AFm/ferrite; white cross indicates a large AFm particle.

Fig. 3. BSE image of the 0.25 w/b ratio paste without silica fume. a, alite;
b, belite; f, ferrite; arrows indicate partially hollow shells.



 

136

 

K.O. Kjellsen, E.H. Atlassi/Cement and Concrete Research 29 (1999) 133–142

 

tially hollow shells are marked with arrows. Fig. 4 depicts a
detailed area from the lower part of Fig. 3. Bright phases of
what are considered to be essentially inner products are seen
around most alite grains. These bright phases are mostly of
C-S-H, sometimes also of CH, or mixtures of the two. Pre-
sumably because of the restricted capillary pore space of
this low w/b ratio paste, the type of continuous and highly
irregular CH phases frequently seen at the higher w/b ratio
are observed to a much lesser extent now. However, the CH
particles with the size and distinct shape of cement grains
also are found extensively in this low w/b ratio paste. They
are difficult to distinguish from the relatively dense C-S-H
“inner” product phases. However, energy dispersive X-ray
analysis showed that many of these features, with the size
and shape of cement grains, were of CH.

 

2.1.2. Systems with silica fume

 

Fig. 5 depicts a BSE image of the 0.40 w/b ratio paste
with csf. The degree of cement hydration is about 74%, all
csf has reacted [17]. The microstructure appears more ho-
mogeneous than in the pastes without csf (Figs. 1–4). One
reason for this is the pozzolanic reaction between csf and
CH, which has resulted in conversion of csf and CH to C-S-H.
Another characteristic feature of this paste with csf is the
presence of many hollow-shell pores. Examples are denoted
by arrows. Fig. 6 shows a detailed area from the central part
of Fig. 5. Some of the hollow-shell pores are marked with
arrows. When they are partially hollow at this stage, they
often contain ferrite phases and some reaction products. In
cement grains originally composed of alite and ferrite
phases, the alite phase may hydrate completely, often leav-
ing a partially hollow shell with remnant unreacted ferrite
phases. The CH observed in the “outer” product often ap-
pears discontinous and intermixed with C-S-H. This is typi-
cal of mixes containing csf. One such area is outlined in Fig.
6. The phenograin “I” consists of a remnant ferrite phase
(very bright triangular shaped phase), products of C-S-H
(darker gray), and a surrounding rim of CH (bright rim).
The many distinct CH particles, with the size and shape of
cement grains, which were observed frequently in the pastes
without silica fume, are much more seldom seen when csf is
present. A partly hydrated belite grain is marked with a “b.”

Fig. 7 shows a BSE image of the 0.25 w/b ratio paste
with csf. The degree of cement hydration is about 50%.
Practically all csf has reacted [17]. An apparent difference
from the pastes without csf is the presence of considerably
more hollow-shell pores. As with the 0.40 w/b ratio paste,
the presence of distinct CH phases is much less pronounced
when csf is present. Also, the bright distinct phases of es-
sentially inner product commonly seen around remnant alite
cores in the pastes without csf are not often observed when

Fig. 4. Detailed BSE image from the lower part of Fig. 3. a, alite; b, belite;
f, ferrite; arrow indicates partially hollow shell.

Fig. 5. BSE image of the 0.40 w/b ratio paste with silica fume. Arrows
indicate hollow-shell pores.

Fig. 6. Detailed BSE image from the central part of Fig. 5. b, belite; f, fer-
rite; I, inner product phase of C-S-H/CH; arrows indicate hollow shells;
area of discontinous CH is outlined.



 

K.O. Kjellsen, E.H. Atlassi/Cement and Concrete Research 29 (1999) 133–142

 

137

 

csf is present. There is often a separation between what is
considered to be essentially inner and outer product. Fig. 8
shows an area from the central part of Fig. 7 in detail. Hol-
low shells are marked with arrows. Large phases of AFm
are marked with white crosses.

 

2.2. Desorption isotherms

 

Figs. 9 and 10 depict the water vapor desorption iso-
therms of the 0.40 and 0.25 w/b ratio pastes, respectively.
Sealed curing conditions imply that a certain internal desic-
cation (i.e., self-desiccation) occurs as the volume of chemi-
cal shrinkage is not refilled with water. The water-treated
specimens, on the other hand, represent a state of practically
full water saturation. The additional evaporable water
present in the water-treated specimens corresponds quite

well to the calculated volume of chemical shrinkage. It
seems that the 0.25 w/b ratio specimens have gained some
extra hydration due to the water treatment. This is indicated
by the slightly higher evaporable water content at 11% RH
and a slightly higher nonevaporable water content.

Fig. 11 shows the difference in evaporable water content
between the water-cured and the seal-cured specimens in
the different RH intervals. It is observed from Figs. 9–11

Fig. 9. Water vapor desorption isotherms of the water-cured and seal-cured
0.40 w/b ratio systems, with or without silica fume.

Fig. 10. Water vapor desorption isotherms of the water-cured and seal-
cured 0.25 w/b ratio systems, with or without silica fume.

Fig. 7. BSE image of the 0.25 w/b ratio paste with silica fume. a, alite; b,
belite; f, ferrite; arrows indicate hollow shells.

Fig. 8. Detailed BSE image from the central part of Fig. 7. a, alite; b, belite;
f, ferrite; arrows indicate hollow shells; white crosses indicate AFm.
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that most of the additional water present in the water-treated
samples is evaporated at relatively high humidities. Practi-
cally all the additional water present in the water-treated
0.40 w/b ratio systems has evaporated at an RH of 59%.
Most of the additional water present in the water-cured 0.25
w/b ratio systems is evaporated at RHs in the 75% to 43%
range. Some additional water is evaporated between 43%
and 33% RH. The results indicate that, upon self-desicca-
tion, it is primarily the water present in the larger continous
pores (i.e., capillary pores) that is desiccated. The negative
values for three of the mixes in the 100% to 75% RH inter-
val in Fig. 11 presumably occur because the isotherm of the
seal-cured specimens in this upper region is a scanning
curve and not a desorption curve (c.f. experimental section).

Fig. 12 shows the ratio between the evaporable water
content of the systems with csf and the systems without csf,
in the different RH intervals. The presence of csf increases
the amount of evaporable water held at lower RHs, particu-
larily in the 0–11% and 33–43% ranges, and decreases the
amount of evaporable water held at higher RHs. This effect
is seen in Figs. 9 and 10 as an increasing convex shape of
the isotherms when the systems contain csf. This principal
effect of csf on the desorption isotherm has been observed
previously [11,16,19–21].

 

2.3. Evaluation of desorption isotherms: Relation to 
pore structure

 

Water vapor desorption isotherms provide information
about the radius of pore (openings) through which the pore
water may evacuate upon drying. The relationship between
the approximate diameter of the opening to a pore that will
be emptied at a certain RH is given by the Kelvin equation
as follows: 11% RH—15Å; 33% RH—25Å; 43% RH—
35Å; 59% RH—50Å; 75% RH—90Å; 86% RH—160Å;
94% RH—400Å 98% RH—1000Å.

The evaporable water content at 11% RH may be taken
as a measure of the specific surface area of the specimen, or
as a measure of the amount of C-S-H gel [22]. Based on the
Kelvin equation, the desorption isotherms (Fig. 10) indicate
that there are very few pores that are connected to the out-
side by pore openings larger than about 90Å at w/b ratio
0.25. At w/b ratio 0.40, the diameter of the largest “entry-
way” pore sizes decreases from about 400Å to about 160Å,
when csf is incorporated (Fig. 9).

Apart from an apparent reduction in entryway pore sizes
and an increased amount of evaporable water content re-
tained at 11% RH, the presence of csf implies a notable in-
crease in the amount of evaporable water desiccated in the
43% to 33% RH range, corresponding to pore openings be-
tween about 25 and 35Å. This can, in principle, be due to
the presence of a considerable amount of gel pores, or ex-
tremely fine capillary pores, in this narrow range of pore
sizes. Alternatively, the considerable loss of evaporable wa-
ter of particularely the systems with silica fume upon desic-
cation between 43% and 33% RH is due to the presence of
larger pores embedded in a gel matrix of much smaller
pores. The small entryway pores leading to the larger pore
would still be about 25 to 35Å in diameter. Helsing Atlassi
[16,20,21] obtained both desorption and absorption iso-
therms from systems with and without csf. The desorption
isotherms were, in principle, identical to those shown in
Figs. 9 and 10. The specific loss of evaporable water be-
tween 43% and 33% RH from the system with csf was evi-
dent. The hysteresis effect between desorption and absorp-
tion was much stronger when csf was present. The
absorption data indicated that, in the 33% to 43% RH inter-
val, a porosity not greater than that corresponding to that of
the gel isotherm was readsorbed. Thus, the specific porosity
desiccated between 43% and 33% RH, present primarily in

Fig. 11. Difference in evaporable water content (We/B) between the water-
cured and seal-cured specimens, for different relative humidity intervals.

Fig. 12. Ratio between the evaporable water content (We/B) of the systems
with silica fume and the systems without silica fume, respectively, for dif-
ferent relative humidity intervals.
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the csf systems, was apparently reabsorbed at considerably
higher RHs than those from which they were desiccated.
More water was absorbed at very high RHs, above 94%,
when csf was present. This type of strong hysteresis effect,
obtained in the systems with csf in particular, is characteris-
tic of the presence of “ink-bottle” pores. “Ink-bottle” pores
will be drained at water vapor pressures corresponding to
the size of their entryway pores, whereas they should be re-
filled at water vapor pressures corresponding to their own
sizes. The observations provide a strong indication that the
amount of evaporable water removed between 43% and 33%
RH, corrected for the contribution from the gel isotherm, is
removed from “ink-bottle” pores with largest entryway pores
of the size of “coarse” gel pores. If this particular porosity
dessicated at water vapor pressures corresponding to be-
tween 43 and 33% RH had been gel pores or extremely fine
capillary pores, they should have been readsorbed at water
vapor pressures similar to those at which they were desic-
cated, but were not. The “ink-bottle” pores indicated from
the desorption isotherms in the 43% to 33% RH interval can
be hollow-shell pores and/or possibly enclosed capillary
pores, for example. The result from the section on micros-
copy and a previous paper [1] show direct evidence of hol-
low-shell pores.

Various types of porosities have been obtained on the ba-
sis of the water vapor desorption isotherms (Figs. 9 and 10).
On the basis of calculations, the results are given in Table 1.
The porosities were calculated according to Powers and
Brownyard [22]. Three months’ hydration data necessary
for these calculations is as given in [17]. The measured total
porosity is obtained from the total evaporable water content.
The evaporable water content at 11% RH was used to estab-
lish “gel isotherms” and, thus, gel porosities in accordance
with Powers and Brownyard [22]. The measured total po-
rosity and the gel porosity increase with the presence of csf,

which is in agreement with previous findings based on simi-
lar experiments [11,15,19,20]. The loss of evaporable water
in the 43% to 33% RH range, corrected for the contribution
from the gel isotherm, is taken as an “ink-bottle” porosity.
The results from both seal-cured and water-cured specimens
are given in Table 1. Kjellsen et al. [1] measured the hol-
low-shell porosity by image analysis. The results obtained
after 3 months of hydration are given in Table 1. The mea-
sures of “ink-bottle” porosity obtained from the desorption
isotherms are in good agreement with the hollow-shell po-
rosity obtained by image analysis. Measures of capillary po-
rosity were obtained by subtracting the gel porosity and the
hollow-shell porosity from the total porosity. The measured
total porosity and the obtained gel porosity agree reasonably
well with the calculated values. It can be seen from Table 1
that at a w/b ratio of 0.40, the system with csf has a some-
what lower hollow-shell porosity than capillary porosity.
However, in the 0.25 w/b ratio system with csf, the hollow-
shell porosity is larger than the capillary porosity. The po-
rosity constituted by hollow shells may represent around
20% of the total porosity when csf is present, and up to
about 10% in the systems without csf.

As shown previously (Figs. 9–11), the desorption iso-
therms indicate that it is primarily the capillary pores that
become drained upon self-desiccation. At w/b ratio of 0.40,
the gel- and hollow-shell pores appear to remain saturated
upon self-desiccation, as the desorption isotherms of the
water- and seal-cured specimens are practically identical
below 43% RH. At a w/b ratio of 0.25, the isotherms of the
seal- and water-cured specimens do not join each other until
an RH of 33%. It is very likely that parts of the water in the
hollow-shell pores are drained upon self-desiccation in this
case. The volume of chemical shrinkage is larger than the
capillary porosity.

 

3. Discussion

 

3.1. Formation and preservation of hollow shells

 

After a rim of hydration products forms on the cement
grains early in the hydration process, the cement gel mostly
grows outward, into the capillary pore space (i.e., as outer
products). A void space (i.e., hollow shell) may develop
within the boundary of the original cement grains as the ce-
ment grains recede on continued hydration. A mode of hy-
dration leading to hollow shells appears to be the dominat-
ing hydration mode up to the age of 1 day [1]. Smaller
grains of alite may hydrate completely, leaving completely
hollow shells after about 1 day. Larger alite grains will not
have hydrated completely at the same age, thus leaving hol-
low shells with remnant anhydrous cores [1,8].

Later in the hydration process, outer products continue to
form while, simultaneously, inner products are increasingly
formed. This implies that those partially hollow shells es-
tablished relatively early in the hydration process, with hol-
low-shell separations dividing remnant anhydrous alite

 

Table 1
Various types of porosity as obtained from desorption isotherms, 
microscopy, and theoretical calculations

Water-to-binder ratio/silica fume (%)

0.40/0 0.40/10 0.25/0 0.25/10

Total porosity
Desorption isotherms 37.1 40.7 30.7 32.4
Calculated 37.7 — 26.9 —

Gel porosity
Desorption isotherms 18.3 21.8 17.5 25.4
Calculated 19.7 — 18.7 —

Ink bottle porosity
Desorption isotherms

Seal cured 3.1 7.9 2.7 3.2
Water cured 4.0 8.3 4.1 6.1

Hollow-shell porosity
Microscopy 2.5 9.1 2.2 4.9

Capillary porosity
Experimental 16.3 9.8 11.0 2.1
Calculated 18.0 — 8.3 —
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cores and product (c.f. Figs. 4 and 5 of [8]), later may be-
come filled with fresh hydration products, mainly C-S-H.
The formation of inner product phases of essentially C-S-H
at later ages is observed clearly in the systems without csf
but not so extensively in the systems with csf (Figs. 1–8).
CH may form in apparently complete hollow shells,
whereas AFm often forms in hollow shells containing rem-
nant ferrite phases. That AFm and CH phases form in previ-
ously established hollow shells is indicated by the fact that
they often have the size and shape of cement grains. Al-
though CH crystals also form at early ages, they seldom
then have the size and shape of cement grains. AFm largely
forms at somewhat later ages, when the capillary pores of
the relatively low w/b ratio systems studied are much
smaller than the size of the large AFm formations. The only
pores corresponding to their size are hollow shells. This
provides a clear indication that these phases have formed in
hollow shells established earlier in the hydration process.
AFm, in particular, is often observed in relation to remnant
ferrite phases in distinct assemblages. Ferrite is a source of
Fe, which probably does not readily migrate outside the
boundary of the original cement grain due to its low solubil-
ity in an alkaline environment [23]. Thus, the Fe-containing
AFm phases may preferably form in hollow shells contain-
ing remnant ferrite, where Fe is provided by the hydration
of the ferrite and where the crystals have room to grow. The
formation of CH and AFm at relatively late ages in previ-
ously formed hollow shells is similar to the formation of
these phases in water-saturated cracks or air voids. Crystal
growth preferably occurs in larger water-filled spaces [24].
The desorption isotherms do indicate that the hollow-shell
pores to a large extent remain saturated with pore fluid un-
der seal-curing conditions.

The formation of reaction products in previously estab-
lished hollow shells, primarily the formation of C-S-H in
hollow-shell separations outside larger alite particles and
CH in smaller completely hollow shells, is seen to a much
reduced extent when the systems contain csf. This is an im-
portant reason for high hollow-shell porosities at later ages
in systems with csf.

 

3.2. Presence of hollow-shell pores, implications for the 
capillary pore structure, and MIP results

 

When reaction products do not form within the original
cement grain boundaries (i.e., formation of hollow shells),
they will form outside, in the capillary pore space. Thus, the
formation and preservation of hollow-shell pores imply that
the capillary porosity and the sizes of the capillary pores are
reduced. A densification of the capillary pore space of the
systems with csf is also indicated from Figs. 1–8, most con-
veniently from the high-magnification images. BSE images
of flat specimens reflect the backscattering coefficient of
scattered regions. The backscattering coefficient is basically
dependent on the atomic number of the elements present
and their mass concentration. The higher the atomic number

of the elements present in a phase and/or the higher their
concentration, the brighter the phase appears in the image.
The average atomic number of the elements of the C-S-H
outer product phase is lower in the systems with silica fume
due to their lower Ca/Si ratio. Despite this, the “outer” C-S-H
product phase appears equally or more bright, relative to,
for example, the anhydrous phases, thus indicating a higher
mass concentration or, in other words, a reduced fine poros-
ity. That the backscattering coefficient is influenced by the
fine porosity has been reported by Scrivener [25]. In all
these relatively dense specimens with capillary pores too
small to be resolved in BSE images, a reduced fine porosity
of the “outer” C-S-H phase in the systems with silica fume
may very well be due to a reduced capillary porosity. As the
degree of hydration is not increased when the systems con-
tain csf [17], a reduced capillary porosity can be understood
in terms of a hollow-shell hydration mechanism as dis-
cussed, but hardly in terms of a pozzolanic reaction. An in-
crease in the volume of solids providing reduced capillary
porosity is not to be expected from the pozzolanic reaction.
On the contrary, a certain decrease in volume of the solids
would be expected as bound water is apparently released
[17,26] and a certain chemical shrinkage will occur when
CH and csf combine to C-S-H [11].

As discussed in the Introductory, a number of MIP stud-
ies have provided results indicating that csf provides a re-
finement of the pore structure. To demonstrate that the re-
sults obtained previously by MIP are not necessarily in
conflict with our results showing the presence of a very sig-
nificant amount of large hollow-shell pores in systems with
csf, we will discuss one of the problems inherent with ap-
plying MIP to cement-based materials. MIP relates applied
mercury pressure to pore diameter; as the pressure increases
smaller pores will be intruded. The amount of mercury in-
truded at a certain applied pressure is taken as the pore vol-
ume of pores with a diameter corresponding to the applied
pressure. The theory has been briefly described [10,27]. A
serious problem arises if a large pore within a specimen is
connected to the surface of the specimen via smaller pores,
say a hollow-shell pore connected to the surface of the spec-
imen by smaller gel and capillary pores. The large pore will
not be intruded at the pressure corresponding to its own
size, but at the higher pressure corresponding to the size of
the connecting pores. Thus, the pore volume of the large en-
closed pore will be recorded at the pore diameter of the
small connecting pores [27]. This gives too high a weight to
the smaller pores, whereas the size of the large isolated pore
will not be recorded. This phenomenon is often termed the
“ink-bottle” effect and may obviously restrict the correct-
ness of pore size distributions obtained by MIP, as noted by
Auskern and Horn [27] and Diamond and Leeman [28]. The
experiment of Diamond and Leeman may demonstrate this
phenomenon. They mercury intruded pastes, with and with-
out entrained air voids, of otherwise identical formulations.
The pore size distributions revealed that the air voids were
detected by the incremental pore volume recorded by MIP.
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However, nearly all of the incremental volume was re-
corded not in the range of the actual sizes of the air voids,
but rather in sizes below the threshold diameter. The air
voids were tallied by MIP at diameters approximately three
orders of magnitude smaller than their real diameters.

Due to the “ink-bottle” effect, the actual sizes of hollow-
shell pores, as with “enclosed” capillary pores and air voids,
cannot be recorded from the intrusion of mercury. By also
recording the mercury retained under depressuration, it is
possible to obtain measures of “ink-bottle” porosities [27].
However, as far as the present authors are aware of, this has
not been reported for systems containing csf. Although pre-
viously obtained MIP pore size distributions do not reveal
large “hollow shells,” which would not have been expected
as discussed, they generally reveal reduced threshold pore
diameters and reduced mercury intrusion when csf replaced
parts of the cement [11–15]. They also generally show that,
at a range of pressures just above the pressure correspond-
ing to the threshold diameter, the volume of mercury in-
truded is substantially lower in the mixes with csf, whereas
at very high pressures more mercury is intruded into the
systems with csf. The reduced threshold pore diameter and
the reduced intrusion of mercury at pressures just above the
pressure corresponding to the threshold pore diameter indi-
cate a lower capillary porosity and thus a refined capillary
pore structure. This is consistent with a greater hollow-shell
porosity as discussed. The hollow-shell pores themselves
are consistent with the increased intrusion of mercury at the
highest pressures. Gel pores and hollow-shell pores, the last
which probably are connected to the surface of the speci-
men via “coarse” gel pores, would not be expected to be in-
truded until very high pressures are attained. Although MIP
results are consistent with the presence of hollow shells, res-
ervations should be made for the possibility that mercury
“breaks” its way through dense microstructures and for the
influence of specimen preparation (i.e., drying) on the fine
pore structure.

 

4. Conclusions

 

The microstructure and pore structure of mature cementi-
tious systems, with and without silica fume, have been stud-
ied by electron microscopy and desorption isotherms. The
results indicate a reduced capillary porosity and the pres-
ence of many more hollow-shell pores (i.e., Hadley grains)
when silica fume replaces parts of the cement. Hollow-shell
pores are in the size range of about 1 to 15 

 

m

 

m and are em-
bedded in cement gel. They appear to be connected to the
“continuous” capillary pore system by much smaller gel
pores. Re-evaluation of previous MIP results actually sup-
ports the observation of greater hollow-shell porosities in
systems with silica fume.

Hollow shells are formed primarily at early ages, due to
the dissolution of cement grains, and they may remain at
later ages. In systems without silica fume, most hollow
shells become filled with fresh hydrates at somewhat later

ages. However, in systems with silica fume, many hollow
shells may persist also at later ages. The formation and pres-
ervation of hollow shells implies reduced capillary porosi-
ties, as reaction products are deposited in the capillary pore
space rather than inside the original cement grain bound-
aries. The reduction of capillary porosity, to a large extent
brought about by the formation and preservation of hollow
shells, is hypothesized to be an important reason why silica
fume is so efficient in reducing permeability. The large but
“enclosed” hollow shells will presumably not contribute
much to the transport of matter itself.

Hollow-shell pores seem to largely remain saturated with
pore fluid despite self-desiccation effects. The smaller cap-
illary pores desiccate before the larger hollow-shell pores,
apparently because the hollow-shell pores are not drained
until their small entryway pores (gel pores) are drained.
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