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cence microscopy examinations are used to identify the damage induced as a result of restraining 
nous shrinkage. The characteristics of fluorescent areas and correlation with the autogenous shrinkage 
or of high strength concretes are discussed. The results show that silica fume concrete exhibits greater 
otential when loaded at a very early age. Sealed concrete microstructures are porous, especially at 

ate particle interfaces. Further, sealed silica fume concretes contain many Hadley grains. These 
tructure features are not observed in water-ponded concretes. The fluorescing areas may be defects 
 by self-desiccation and autogenous shrinkage. They have little effect on strength development. 
er, the presence of narrow openings around remnant cement particles may increase creep deformation 
ve internal stresses. 
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1. Introduction 
 
Cement hydration is the process by which a solid structure is formed in spaces previously occupied by water. 
In a case where no external water is supplied to a cement paste with a low water/cement ratio, the relative 
humidity of the system decreases as hydration proceeds. Such early drying results in volume changes of the 
premature concrete. Plastic shrinkage is a well-known phenomenon that results from early-age volume 
changes caused by drying. Cracking that would otherwise result from this plastic shrinkage is avoided by 
applying suitable curing methods to block loss of water from the surface by evaporation. However, when the 
water/cement ratio is extremely low, self-desiccation can occur as water is consumed by hydration, even if 
water curing is applied to the concrete. The menisci that develop as a result of self-desiccation cause 
capillary stresses, which then result in autogenous shrinkage of early-age concrete [1].  
 
Generally, autogenous shrinkage and self-desiccation have little effect on the performance of conventional 
concretes with high water/cement ratios. Consequently, little attention has been paid to their effects on 
concrete properties. However, autogenous shrinkage can be particularly severe in high strength concretes 
with low water/cement ratios. The restraint of autogenous shrinkage can induce cracking, since the early-age 
strength of concrete is not sufficient to resist the stresses caused by external and internal restraints [1]. Such 
early age cracking may have an adverse effect on the long-term durability and mechanical properties of high 
strength concrete [2].  
 
In Japan, research into autogenous shrinkage includes extensive studies by Tazawa and Miyazawa [3] over 
the past ten years. Also, the Japan Concrete Institute established a technical committee on autogenous 
shrinkage in 1994. The mechanisms of autogenous shrinkage, test methods, and design considerations for 
high strength concretes with low water/cement ratios have been extensively investigated in detail. The results 
of these activities were published as state-of-the-art reports in 1998 and 2002 [4,5]. At present, more 
advanced and comprehensive investigations are in progress with the aim of establishing a rational 
methodology for the use and design of high strength concretes in terms of early cracking risk and restraining 
stress estimation [6]. 
 
Cracking and internal stress generation are significantly influenced by the growth of the internal solid 
structure at an early age. However, few studies have attempted to relate features of the microstructure at an 
early age to restrained shrinkage behavior in high strength concretes [7,8,9]. In this study, fluorescence 
microscopy examinations are conducted to identify the damage induced by self-desiccation and the restraint 
of autogenous shrinkage. The characteristics of fluorescence areas detected in high strength concrete at an 
early age are discussed in relation to viscoelastic behavior as evaluated through closed-loop uniaxial 
restrained shrinkage tests. The effects of water ponding [10] and the incorporation of silica fume on 
shrinkage behavior are also discussed, with emphasis on changes in microstructure as revealed by 
fluorescence microscopy, quantitative analysis of backscattered electron images, and microhardness 
measurements. 
 
 
2. Experimental 
 
2.1 Concrete materials and mix proportions 
 

 
W/B Wate

PC 0.25 145
SF 0.25 142
PC 0.33 168
SF 0.33 165

 

The cement used 
was ordinary 
Portland cement. A 
silica fume with 
specific surface 
area of 20 m2/g was 
used. The 
replacement ratio 
of silica fume was 
10%. River gravel 
with a maximum 
size of 10 mm was 
used as the coarse 
Table 1 Mix proportion of concretes 

Unit Content (kg/m3) 

r Cement Silica 
Fume Sand Gravel 

Superplasticizer 
(%wt.B) 

581 0 559 1086 1.7 
510 57 559 1086 2.6 
509 0 559 1086 1.3 
449 50 559 1086 2.0 
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aggregate. The fine aggregate was a river sand. A polycarboxylic acid superplasticizer was used. Two 
water/binder ratios were used: 0.25 and 0.33. The mix proportions of the concretes are given in Table 1. In 
experiments using cement paste specimens, the dosage of superplasticizer was adjusted to attain adequate 
workability without excess bleeding. 
 
2.2 Restrained and free shrinkage tests 
 
The restrained and free shrinkage tests were carried out on sealed specimens at 18°C. Concrete was cast 
directly into the molds of the restrained and free shrinkage test apparatus (Fig. 1) [11]. In order to reduce 
friction between the cast concrete and the mould, the mold was lined with thin plastic sheet. This system, 
developed by Kovler [11], can be used to determine free shrinkage, restraining stresses, and viscoelastic 
response using the procedures outlined in Kovler's paper (Fig.2). The specimens were sealed immediately 
after casting. As for the water-ponded specimens, the top surfaces were fully covered with thick sponge 
saturated with water. The sponge was wetted every day to ensure that the concrete remained in saturated 
condition. 
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Fig.1 Restrained shrinkage test apparatus 
 
The two types of test are carried out on identical specimens with identical measuring devices. In the 
restrained shrinkage tests, as shrinkage causes the strain to exceed 10x10-6, a servo motor automatically pulls 
the specimen back to its initial position. This movement of the grip corresponds to the increment in elastic 
strain ( elε∆  ). The elastic strain cancels the shrinkage strain ( shε∆  ) and the creep strain ( crε∆  ). The 
shrinkage strain is obtained from the free shrinkage strain of the free specimen. The loading system is 
designed such that the total deformation of a restrained specimen is always zero at each increment of elastic 
strain, as follows: 
 
  )1(0=++= crelshtotal εεεε   
 
where, 

shε

elε

 

 
cumulative elastic strain 

: cumulative shrinkage strain 

: 
 
: cumulative creep strain 

crε
 

The sum of elastic strains up to a particular time is equal to the sum of the shrinkage and creep strains in 
absolute value (Eq. (2)). 
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Therefore, the cumulative creep strain up to a given time τk is given by Eq. (3). 
 

here, 
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)( kcr τε : cumulative creep strain at time kτ   
)( ksh τε : shrinkage strain at time kτ  

)( iτε  : measured strain at time iτ  
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Fig. 2 Creep strain calculated using data from restrained autogenous shrinkage tests 
 

he specific creep is calculated by dividing the cumulative creep strain by the total restraining stress at a 

.3 Strength tests

T
given time [12,13]. The length changes of both specimens and the restraining load generated by the 
restrained shrinkage specimen were continuously recorded. Restraint was applied to the specimen after 
allowing it to shrink for the first 12 hours. Testing continued for seven days after casting. 
 
2

Fig

 

ylinder specimens measuring 50 mm in diameter by 100 mm in height were produced. They were cured 

 Fluorescence microscopy

 
C
under the same conditions as the specimens for the shrinkage tests. Splitting tensile strength and compressive 
strength tests were carried out at the ages of 1, 3, and 7 days. Specimens used in the shrinkage tests were also 
tested for splitting tensile strength. 
  
2.4  

lices measuring about 10 mm in thickness were cut 

.5 Microhardness measurements

 
S
from the mid-point of specimens previously used for 
the shrinkage tests. The slices were immersed in 
ethanol, and then impregnated with epoxy resin 
containing a fluorescence dye. After hardening the 
resin at room temperature, the slices were polished 
with silicon carbide paper in preparation for 
fluorescence microscopy examinations. 
 
2  

ement paste specimens containing only coarse 
 
C
aggregate were produced. The volume fraction of 
coarse aggregate was 10%. These specimens were 
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cured under the same conditions as those used in the shrinkage tests. At the age of seven days, slices were 
cut from the specimens. The surfaces of the slices were polished. A microhardness tester with a Vickers 
indenter (load = 0.1 N) was used to measure microhardness in the cement paste phase around aggregate 
grains. 
 
2.6 BSE image analysis 
 
Cylinders measuring 100 mm in length and 50 mm in diameter were produced. They were cured under the 
same conditions as the specimens for the shrinkage tests. At the ages of 12 and 24 hours, slices measuring 
about 10 mm in thickness were cut for use in BSE image analysis. They were dried by ethanol replacement 
and vacuum drying, and then impregnated with a low-viscosity epoxy resin. After the resin had hardened at 
room temperature, the slices were finely polished with silicon carbide paper. The polished surfaces were 
meticulously finished with diamond slurry for a short time. 
 
Samples were examined using a scanning electron microscope (SEM) equipped with a quadruple backscatter 
detector. BSE images were acquired at a magnification of 500 x. In order to avoid the influence of interfacial 
transition zones around fine aggregate particles, regions of interest for acquiring images were chosen 
sufficiently distant from aggregate particles. Each BSE image consists of 1,148 x 1,000 pixels, with one 
pixel representing about 0.22 x 0.22µm. The dynamic thresholding method was used to make a binary 
segmentation based on the gray level histogram. Pixels for unhydrated cement particles and pores were 
tallied so as to obtain area fractions of the phases [14]. Based on stereology principles, area fractions in 2D 
cross sections were assumed to be equal to 3D volume fractions. It was also assumed that volume fractions 
of hydration products (i.e. CSH and calcium hydroxide crystals) could be obtained by subtracting the volume 
of unhydrated cement particles and capillary pores from the total volume of a sample. A typical BSE 
micrograph of a young cement paste and its binary segmentation are shown in Fig. 3. 
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Fig. 4 Free autogenous shrinkage strain 
of cement paste specimens with 
and without silica fume 

 
3. Results 
 
3.1 Autogenous shrinkage behavior of sealed 
 concrete 
 
(1) Autogenous shrinkage strain and evolution of 
 restraining stress 
 
Figure 4 shows the free autogenous shrinkage for cement 
pastes with and without silica fume. Regardless of the 
presence of silica fume, a dramatic increase in autogenous 
shrinkage strain was observed within the initial 10-15 hours 
of casting. However, subsequent changes were less notable. 
The paste containing silica fume exhibited greater shrinkage 
than the one without. Tensile failure occurred in the silica 
fume specimen at the age of 5.5 days; the length change of this specimen had approached the ultimate 
shrinkage strain allowed for the test apparatus in this study (about 1900 x 10-6). 
 

 

Fig.5 Free autogenous shrinkage strain of concretes 

Figure 5 shows the free 
autogenous shrinkage 
for concretes with 
water/binder ratios of 
0.25 and 0.33. 
Autogenous shrinkage 
strain increased rapidly 
during the first 24 
hours. However, the 
rate of shrinkage fell 
thereafter. Little 
difference was seen in 
the free autogenous 
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shrinkage strain between concretes with and without silica fume. It has previously been pointed out that the 
addition of silica fume increases the autogenous shrinkage of cement paste [1], and this is backed up by Fig. 
4. However, it seems that silica fume concrete does not always exhibit greater shrinkage strain than silica 
fume-free concrete, since aggregate particles have a diluting effect and restrain shrinkage of the surrounding 
cement paste matrix. 
 
Fig.6 Development of restraining stress 

 
Figure 6 shows the development of restraining stress with time. Step-wise increases in restraining stress are 
observed here since compensation for strain by the movable grip took place in fixed increments. The 
restraining stress generated in the silica fume-free concrete with a water/binder ratio of 0.25 was greater than 
that in the silica fume concrete with the same water/binder ratio, whereas the free shrinkage strain was 
almost the same in the two cases. The stresses induced in concretes with a water/binder ratio of 0.33 were 
considerably smaller than those in concretes with a water/binder ratio of 0.25. The restraining stress in the 
silica fume concrete with a water/binder ratio of 0.33 was also smaller than that of silica fume-free concrete 
at the age of 120 hours. 
 
Figures 5 and 6 make clear that restraining stress cannot be determined from only the absolute values of free 
autogenous shrinkage. The viscoelastic properties of early-age concrete need to be taken into account when 
resolving the evolution of stress under restraint [4,5]. 
 
(2) Total creep strain and specific creep 
 
Figure 7 shows increase in creep strain with time in the restrained specimens. The presence of silica fume in 
the concrete had little influence on the amount of strain. Comparing Fig. 7 with Fig. 5, it can be seen that  
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Fig.7 Creep strain in restrained shrinkage specimens 
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Fig.8 Specific creep of concretes
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Fig.9 Swelling strain in water-ponded 
concretes 

most of the free autogenous shrinkage was 
compensated by creep. This large creep strain leads to 
relaxation of stress in the restrained concrete. 
 
In contrast with the total creep strain shown in Fig. 7, 
significant differences are seen in specific creep, a 
value obtained by normalizing the total creep strain by 
the total restraining stress (Fig. 8). Silica fume concrete 
exhibited greater specific creep than concretes without 
silica fume at a water/binder ratio of 0.25, even though 
there was little difference in total autogenous shrinkage 
and creep strain between the two. The change in 
specific creep with time was relatively small after the 
first 24 hours. The specific creep of concretes with a 
water/binder ratio of 0.25 fell slightly with time. The 
characteristics of this change were different for 
concretes with water/binder ratios of 0.33 and 0.25. The 
specific creep of concrete with no silica fume and a water/binder ratio of 0.33 decreased with time, since the 
restraining stress increased with age. The specific creep of silica fume concrete with a water/binder ratio of 
0.33 was greater than that of silica fume-free concrete at an age of 168 hours. 
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Fig.10 Coarse capillary pore size distributions at early age (W/B=0.25) 

It is well known that mature 
silica fume concrete exhibits 
smaller creep deformation 
under compressive loading 
than concrete without silica 
fume. This lower creep 
potential results from the 
higher strength and denser 
microstructure at the time 
when loading takes place. 
However, in this study, the 
specific tensile creep of 
silica fume concrete was 
greater than that of concrete 
without silica fume. Greater 
creep deformation in silica 
fume concrete under tensile 
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loading at an early age has also been reported by Bissonnette and Pigeon [15]. Similarly, Pane and Hansen 
[16] have also shown that the incorporation of silica fume increases tensile creep deformation, in contrast 
with the influence of fly ash and blast furnace slag. They attributed the greater potential for tensile creep 
deformation of silica fume concrete to the high pozzolanic reactivity of silica fume. It seems that greater 
creep is a characteristic of silica fume concrete that is exhibited under tensile loading at an early age. 
 
(3) Reduction of autogenous shrinkage by water curing 
 
Autogenous shrinkage is usually explained in terms of self-desiccation, which gives rise to capillary tension. 
In order to avoid the risk of early-age cracking due to self-desiccation, the recommendation has been to carry 
out water curing by ponding at an early age or to use saturated lightweight aggregate [10,17,18]. Figure 9 
shows the free autogenous shrinkage of concretes kept sufficiently wet immediately following casting. In 
contrast with sealed concrete specimens, these concretes exhibited rapid swelling for the first 24 hours. The 
swelling strain of concrete without silica fume was greater than that of silica fume concrete. Thereafter, 
however, the concretes began shrinking, and the differences in swelling strain between the two types 
decreased with time. Figure 9 confirms that water ponding is an effective method of avoiding autogenous 
shrinkage and the generation of restraining tensile stresses. 
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Fig.11 Volumetric fractions of various concrete constituents at 

     early age (W/B=0.25) 

 
Figure 10 shows the coarse 
capillary pore size distribution 
in high strength concretes 
with and without silica fume, 
indicating that silica fume 
concretes have fewer coarse 
pores than ordinary concretes 
even at the very early ages of 
12 and 24 hours. Generally, 
total porosity does not change 
with the addition of silica 
fume, as long as the concrete 
is produced with the same 
water/binder ratio [19]. 
Differences in the total 
porosity and pore size 
distribution curves for 
concretes with and without 
silica fume (Fig. 10) indicate that concrete containing silica fume has greater numbers of pores finer than the 
image resolution (or smaller than about 0.2 µm in diameter) than ordinary concrete. Park, Noguchi, and 
Tomosawa [20] have measured the porosity of cement pastes at an early age by the mercury intrusion 
Fig.12 Fluorescence micrographs of concretes without silica fume (W/B=0.25) 
(a) Sealed (free)  (b) Sealed (restrained )  (c) Water-ponded 
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porosimetry (MIP) method. According to their results, the total porosity of ordinary Portland cement pastes 
with a water/cement ratio of 0.25 is about 0.12 and 0.08 cc/g at 12 and 24 hours of age, respectively. A direct 
comparison in pore size distributions between the data obtained by both methods cannot be treated as 
significant. However, we can compare the total porosity obtained by the two methods. The fine porosity 
(pores less than 0.2 µm in diameter) of silica fume-containing concrete is 40% greater than that of concrete 
without silica fume. This clearly demonstrates that concretes containing silica fume have more finer pores. In 
other words, more refined pore structures have already been formed in such concretes within 24 hours of 
casting. 
 
Figure 11 shows the volumetric fractions of various concrete constituents in the two types of concrete. The 
volume fractions of hydration products in silica fume concretes are found to be greater than those in ordinary 
concretes. However, these fractions of hydration products at 12 and 24 hours include unreacted silica fume. 
However, it is known that the pozzolanic reaction of silica fume begins at a very early stage [21], so if it is 
assumed that half of the silica fume reacts within 24 hours of mixing [21], the net volume fraction of 
hydration products in silica fume-containing concretes is greater than that of ordinary concretes (Fig. 11). 
Furthermore, remembering that the mean size of silica fume particles is of the same order as that of 
hydration products, it can be assumed that the remaining silica fume particles are themselves involved in 
forming the finer porous microstructure. Increased amounts of hydration products with less Ca(OH)2 crystals 
and a more refined pore structure (Figs. 10 and 11) may be consistent with the increase in autogenous 
shrinkage in systems containing silica fume (Fig. 4)[9]. 
 
 
3.3 Fluorescence microscopy and microhardness measurements 
 
Figure 12 shows fluorescence micrographs of the polished surface of concrete specimens without silica fume. 
Regardless of the restraint conditions, the whole of the mortar matrix of concrete cured under sealed 
conditions is found to fluoresce quite brightly under the microscope. Furthermore, the area around aggregate 
grains is brighter than the bulk cement paste matrix. Brighter fluorescence equates to greater porosity. This 
demonstrates that the cement paste matrix of concretes cured without an external supply of water is 
extremely porous, particularly in the vicinity of aggregate grains. On the contrary, the matrix in 
water-ponded concrete specimens is much darker. Water ponding at a very early age results in the formation 
of a dense microstructure. 
 
Fluorescence micrographs for silica fume concretes are shown in Fig. 13. These concretes have a very dense 
microstructure compared to those without silica fume. However, as seen in Fig. 13(b), regions brighter than 
the bulk matrix are visible around aggregate grains where the concrete was sealed (as marked by arrows #1). 
It should be noted that there are many remnant cores of cement particles of which peripheries were profiled 
by thin fluorescent areas in the sealed silica fume concretes (eg. shown by the arrows #2). These are 
distributed throughout the cement matrix. However, bright peripheries around cement particles were not 
observed in concretes supplied with adequate water during initial curing (Fig. 13(c)). Given that no bright 
fluorescent regions around aggregate grains and no bright peripheral regions around remaining cement 
particles are seen in the case of ponded concretes, these porous areas can be attributed to self-desiccation in 

Fig.13 Fluorescence micrographs of silica fume concretes (W/B=0.25) 
(a) Sealed (restrained)  (b) Sealed (restrained )[ long exposure time]  (c) Water-ponded 
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Fig.14 Microhardness distribution in vicinity of aggregate 

silica fume concretes with an extremely low water/binder ratio. 
 
Values of measured microhardness around aggregate grains are plotted in Fig. 14. In the case of sealed 
specimens, microhardness is lower around aggregate grains than in the bulk cement paste matrix. Thus the 
microhardness measurements indicate that weak microstructures are formed around aggregate grains in 
sealed specimens with an extremely low water/binder ratio. However, such weak regions around aggregate 
grains are not present in the case of ponded specimens. 
 
 
4. Discussion  
 
4.1 Damage induced by self-desiccation and restraining stresses 
 
Internal stresses develop in response to restraint of autogenous shrinkage, as demonstrated in Fig. 6. 
Generally, it is considered that microcracks occur if such stresses exceed the tensile strength [22]. However, 
as shown in Figs. 13 and 14, no cracks are visible under the fluorescence microscope. Figure 15 shows the 
variations in the ratio of restraining stress to tensile strength in the restrained concrete specimens. The ratios 
for concretes with water/binder ratios of 0.25 and 0.33 are always less than 0.20, regardless of whether the 
concrete contains silica fume or not. They are found to be far less than the critical values above which 
microcracks form. Therefore, no serious damage was caused to the concrete by the restraining stress in this 
study. The splitting tensile strengths after restrained shrinkage tests are given in Table 2. A minor decrease in 
strength is seen in concretes subjected to the restraining stress. 
 
On the other hands, as shown in Fig. 12, sealed specimens exhibited a porous microstructure as compared 
with the water-ponded ones. This porous microstructure results from a lack of water at an early age. The 
inadequate supply of water must have interrupted further hydration of the cement. 
 
Generally, the interfacial transition zone around an aggregate particle is considered a weak region. However, 
no weakness was detected here in water-ponded concrete. Furthermore, since the concretes with an 
extremely low water/binder ratio contain silica fume, the bright areas seen around aggregate particles cannot 
be attributed to the formation of an interfacial transition zone. Therefore, these bright regions suggest the 
presence of invisible microcracks. Such damage may be induced by the restraint of rigid aggregate grains 
against autogenous shrinkage of the surrounding matrix [23]. Indeed, this is consistent with the fact that the 
bright areas were not present in concretes where shrinkage was reduced by water curing. 
 
4.2 Role of aggregate grains in  autogenous shrinkage of silica fume concrete 
 
As shown in Fig. 4, pastes containing silica fume exhibited greater autogenous shrinkage than pastes made 
with ordinary Portland cement. A more refined pore structure and more CSH gel developed in silica fume 
pastes, accompanying the greater shrinkage strain (Fig. 10). However, as regards the concrete specimens 
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Fig. 15 Ratios of restraining stress/splitting tensile strength 

corresponding to these pastes, the silica 
fume concrete did not always exhibit 
greater shrinkage than ordinary concrete. 
 
Coarse aggregate particles have two 
effects on the shrinkage behavior of 
concrete. One is dilution of shrinkage, as 
mentioned previously. The other is 
restraint of mortar matrix shrinkage. 
Tazawa and Miyazawa [24] have shown that
of aggregate and paste matrix. However, in 
explained by the dilution effect. On the oth
tensile strength is at most 20%. Iriya, Hattori
sufficiently effective for restraining the def
strength ratio of 0.2. Actually, as shown in F
were higher in silica fume concrete than in 
silica fume concrete have a greater restrainin
concrete was almost the same as that of ordin
 
4.3 Effects of microstructure on tens
 
From Fig. 14, it can be seen that silica fum
along the peripheries of remaining cement p
at a higher magnification revealed that ther
surrounding cement paste matrix. These we
cement particles [26]. Kjelsen and Atlassi [
silica fume–containing system with a low
pozzolanic reaction of silica fume and the ac
be related to the insufficient filling around re
as inclusions in the cement paste matrix on th
the matrix by gaps must be less effective a
Furthermore, silica fume reacts with Ca(OH
amounts of colloidal CSH gel are produced
extremely low water/binder ratios will lead
creep deformation. However, the function of
as stated above. The greater tensile creep po
an early age reflects the microstructure chara
 
 

Table 2 Splitting tensile strength of concretes after the 
shrinkage tests (N/mm2) 

 
Water/Binder 0.25 0.33 

 PC SF PC SF
Free Specimens 4.99 5.03 3.84 3.88

Restrained Specimens 4.24 4.45 3.64 3.78
 concrete shrinkage can be calculated from the volume fractions 
this study, the shrinkage of the silica fume concrete cannot be 
er hand, as given in Fig. 15, the ratio of restraining stress to 
, and Umehara [25] have pointed out that aggregate particles are 
ormation of the surrounding cement paste matrix at a stress / 
ig. 14, the values of microhardness around aggregate particles 

ordinary concrete. This suggests that the aggregate particles in 
g effect, so that the overall autogenous shrinkage of silica fume 
ary concrete. 

ile creep in concrete loaded at an early age 

e concretes at an early age had many bright fluorescent areas 
articles over the entire cement paste matrix. SEM examinations 
e were small gaps between the core cement particles and the 
re very similar to those caused by hollow shell hydration of 

27] have pointed out that many Hadley grains are present in a 
 water/binder ratio. Greater chemical shrinkage due to the 
celerated hydration of cement in a low-water environment may 
maining cement particles. Unhydrated cement particles function 
e microscopic scale. However, cement particles separated from 
t confining the deformation of the cement paste matrix [28]. 
)2 at an early stage of cement hydration, so relatively large 

 at this time [21]. Namely, the incorporation of silica fume at 
 to the formation of large amounts of CSH gel as a source of 
 unhydrated cement particles as deformation arresters is lower, 
tential for relieving restraining stress in silica fume concrete at 
cteristics of concretes with extremely low water/binder ratios. 
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5. Conclusions 
 
(1) Sealed concrete is more porous than concrete cured in water. 
 
(2) Water ponding at an early age effectively blocks autogenous shrinkage of high strength concrete. A 

dense microstructure is formed in water-ponded concrete. 
 
(3) Weak regions develop around aggregate grains in sealed concrete. The restraint provided by rigid 

aggregate grains against autogenous shrinkage causes invisible microcracks in the vicinity of aggregate 
grains. 

 
(4) Silica fume concrete contains many remaining core cement particles surrounded by fine gaps at an early 

age. These particles disappear if sufficient water is supplied to the system. 
 
(5) The reduced effectiveness of cement particles surrounded by gaps may account for the greater creep 

potential of silica fume concrete at an early age. 
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