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In this article an experimental and numerical study on the hydra-
tion, internal relative humidity, and strength of high performance
concrete is outlined. For this purpose about 650 cores were drilled
out of 24 simulated columns which had a diameter of 1 m. Eight
mixed proportions of concrete were studied. The specimens were
air-cured, sealed, or water-cured. Both compressive strength and
split tensile strength were studied. Parallel strength tests were car-
ried out on cubes that were made of concrete from the same batch of
concrete as the columns. The fragments from the strength tests were
used to observe the hydration. The internal relative humidity was
measured in about 150 cast-in pipes at different distances from the
exposed surface of the column. The study was carried out over a
period of 450 days but the specimens are still available for future
research. ADVANCED CEMENT BASED MATERIALS 1996, 3, 107-123
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igh performance concrete (HPC) stands for a

concrete with a 28-day 100-mm cube compres-

sive strength exceeding 80 MPa. HPC has good
rheological properties. In a fresh state, it is possible to
mix, transport, and cast HPC with existing methods.
The maximum compressive strength will be about 180
MPa in these conditions. Because such a concrete pos-
sesses, in addition to high strength, several other favor-
able qualities such as low permeability and self-
desiccation, it was designated high performance con-
crete.

The water/cement (w/c) ratio in the concrete is
greater than 0.38 for a normal concrete, whereas it var-
ies between 0.20 and 0.38 for HPC. The low w/c ratio
requires special additives in the concrete silica fume
and, above all, a superplasticizer to obtain good work-

Address correspondence to: Bertil Persson, Division Building Materials, Lund In-
stitute of Technology, Box 118, 5-22100 Lund, Sweden.
Received March 11, 1994; Accepted January 1, 1996

© 1996 by Elsevier Science Inc.
655 Avenue of the Americas, New York, NY 10010

ability. Usually special cements are also required. The
type of aggregate is important to obtain high strength.
The grading of the aggregate influences the workability.
The order in which the materials are mixed is also im-
portant for the workability of the concrete. Several
properties of the concrete are firmly related to the w/c
ratio, such as compressive strength, internal relative hu-
midity, hydration, and creep compliance. Other prop-
erties such as Young’s modulus, Poisson’s ratio, and the
creep coefficient do not vary much as compared to nor-
mal concrete, because they are mainly dependent on the
quality of the aggregate.

Objective of the Work

The main objective of this work was to investigate the
long-term strength of HPC subjected to different exter-
nal conditions, such as air or water, by observing its
compressive and tensile strength, hydration, and self-
desiccation. As a reference, studies were carried out on
membrane-cured specimens. The effect of silica fume
on the strength was of interest. An experimental com-
parison with the properties of normal concrete was
made. The work was carried out between 1989 and
1992. It was financed by the Swedish Council of Tech-
nological Development, NUTEK. This article contains
only original results.

Design of Specimens

It was essential to design a specimen consisting of as
large a homogeneous concrete as possible. Each batch
consisted of 250 kg concrete. The weight of the speci-
men was 200 kg. The specimen simulated a circular
column 1 m in diameter but only 100 mm long. Twenty-
four specimens were manufactured (about 5 tons). In
Figure 1, details of the specimens are given. In fabricat-
ing the specimen, the following detailed program was
followed:

1. The gravel contained about 4% moisture calcu-
lated on the dry weight of the gravel.
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FIGURE 1. Plan and section of specimen.

g Cores drilled out
A of the specimen
o Pipe for testing the
relative humidity
- = Epoxy plastic resin
O[T —N Tg
S0 [0y 200 b
) . 2. All materials except for the water and the super-
TABLE 1. Chemical composition of cement [1] plasticizer were then mixed for 30 seconds.
Component % 3. The water was added and mixed for another 30
Analyzed properties seconds. .
CaO 64.6 4. As a final stage of the mixing procedure, the su-
Si0, 21.8 perplasticizer was added and mixed for 3 min-
ALO, 3.34 utes.
i/?z?f ggz 5. The concrete was poured into a steel mold and
Kz% 0.62 vibrated for 2 minutes.
Na,O 0.07 6. The specimen was membrane-cured for 16 hours
Alkali 0.48 and then demolded.
SO, 2.23 7. The flat sides of the specimen were insulated with
€O, 0.14 2-mm epoxy resin to retain the moisture.
Ignition losses 063 8. The rim on one third of the speci treated
Free Ca0 113 . pecimens was treate
with 2-mm epoxy (membrane curing).
Mineralogical properties 9. The curing of the rim of the specimens started 3
gig égg days after casting (air or water curing).
C,A 1.42
S : 2 Tested Concretes
Physical properties
Blaine 325 m*/kg A low-alkali cement was used. The chemical composi-
Density 3180 kg/m’ tion of the cement is shown in Table 1. The aggregate

consisted of crushed quartzite sandstone 8-12 mm

TABLE 2. Composition (kg/m®) and properties in fresh state of the concretes [1]

Littera 1 2 3 4 5 6 7 8
Quartzite 1358 1145 1150 1153 1214 1158 1306 1306
Gravel 525 812 846 825 723 730 630 549
Cement, C 484 299 303 298 400 389 456 476
Silica fume, S 48 30 39 48
Superplasticizer 13.32 3.01 2.13 3.35 3.07 8.84 7.78
Density 2533 2424 2441 2451 2469 2456 2513 2500
Water/cement ratio, w/c 0.222 0.577 0.465 0.483 0.326 0.358 0.251 0.243
Air content (%) 0.95 0.75 1.1 0.95 1.4 1.1 1.5 0.8
Workability (vebe) 29 15 9 12 25 12 34 13
0.712 0.738 0.753 0.746 0.731 0.712 0.731 0.700

Aggregate content
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FIGURE 2. Relative humidity at sealed
curing as a function of logarithmic age.
The w/c ratio (w/C) is given in the fig-
ure. S5 = 10% silica fume.

Age (days)

(compressive strength, 333 MPa; split tensile strength, 15
MPa; Young’s modulus, 60 GPa; ignition losses, 0.25%)
together with natural gravel 0-8 mm (granite, ignition
losses, 0.85%) [1,2]. The silica fume was granulated (ig-
nition losses, 2.25%) [1]. The superplasticizer was naph-
thalene sulfonate. Half of the concretes contained silica
fume. As a reference, some normal concretes were
made. In Table 2, the composition (kg/m® dry material)
of the concretes and the properties in fresh state are
stated.

Internal Relative Humidity

The moisture conditions in the concrete affect both the
mechanical properties and the hydration of the cement.
It was thus essential to examine the internal relative
humidity of the concrete. The internal relative humid-
ity, ¢, of the concrete was measured by two sensors at
a distance of 50, 150, and 250 mm from the edge of the
rim. For the epoxy-treated edges of the specimens, the ¢
was observed at six different locations in each concrete.

0.95 +
0.9 T
0.85 +

0.8 +

Relative humidity at air curing

10 100

The sensors were calibrated for 22 hours before and
after each measurement, according to ASTM E 104-85
[3]. The period of measurement was 22 hours. The sen-
sor was placed in a case-in plastic pipe in the concrete.
A rubber membrane made it possible to seal to prevent
moisture losses between the pipe and the sensor. The
temperature of the sensor as well as that of the concrete
was 20°C. The accuracy of the measurement was within
2% ¢. In Figure 2, the development of the internal rela-
tive humidity during sealed curing is given as a func-
tion of logarithmic age (mean value of six measure-
ments each). In Figure 3 and Figure 4, the relative hu-
midity at a distance of 50 mm from the exposed edge of
the rim is given as function of age for air curing and
water curing, respectively (mean value of two measure-
ments each). The self-desiccation of the HPC was re-
markably high even as close as 50 mm from the exposed
surface of the rim. In Figure 5, ¢ at sealed curing is
given as a function of the w/c ratio (mean value of six
measurements each). From Figure 5, the following re-
lationships between the internal relative humidity, ¢, at
sealed condition and the w/c ratio in concrete was
evaluated:

—8— w/C=0.22 8
—— w/C=0.24 8
—*—— w/C=0.25
——0—— w/C=0.33
— & — w/C=0.36S
BT w/C=0.47

80— w/C=0.48 S

FIGURE 3. Relative humidity at air cur-
ing 50 mm from the edge of the rim. The
w/cratio (w/C) is given in the figure. S =
10% silica fume.

~O-—- w/C=0.58

Age (days)
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—— W/C=0.33 FIG.URE 4. Relative humidity at water
curing 50 mm from the edge of the rim.
—a—— w/C=0.36 § | [hew/cratio (w/C) is given in the fig-
ure. S = 10% silica fume.
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FIGURE 5. Relative humidity at sealed curing as a function of
the w/c ratio. The age is given in the figure. S = 10% silica
fume.
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d) = 1.08 x (1 + 0.0001 x t) x (W/C)O.lé x (1 + 0.0015 x D

{without silica fume, R? = 0.93} 1)
b =139 x (1 -0.05 xInt) x (w/c)38>*1-01xInD
{10% silica fume, R> = 0.90} )

where t is the age of concrete (days) and R” is the co-
efficient of variation.

Strength Development

The tested objects consisted of cores of 40 mm diameter
drilled out of the large specimen. At 28 days, 90 days,
and 450 days each, 3 cores were drilled out of the rim at
a distance of 50 mm from the exposed edge. Three cores
were taken out 150 mm from the edge and 3 cores were
taken at 250 mm from the edge. In all, 648 cores were
used. After the cores were drilled out, the holes were
filled with sand and tightened with epoxy plastic resin.
The cores were cut and ground to a length of 80 mm.
The cores were weighed and measured before the
strength was tested. One third of the specimens were
used to obtain the split tensile strength. The remaining

—®— w/C=0.228
- w/C=0.24 S

+—— w/C=0.25

O W/C=0.33 FIGURE 6. Compressive strength at
sealed curing as a function of the
k—— W/C=0.36 S age. The w/c ratio (w/C) is given. §
= 10% silica fume.

A w/C=0.47

¢ w/C=0.48S

© = w/C=0.58
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FIGURE 7. Compressive strength at
water curing as a function of the
age. The w/c ratio (w/C) is given. S
= 10% silica fume.

FIGURE 8. Compressive strength at
air curing as a function of the age.
The w/c ratio (w/C) is given. S =
10% silica fume.

FIGURE 9. Average compressive
strength as a function of the age. The
w/c ratio (w/C) is given. S = 10%
silica fume.
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cores were used to obtain the compressive strength. The
compressive stress was applied at a rate of 1 MPa/s.
Interlayers of 5-mm hardboard were placed between
the concrete and the pressure plates of the testing ma-
chine. The width of the interlayers of hardboard when
obtaining the split tensile strength was 3.5 mm. The
ultimate split stress was applied for a duration of at
least 30 seconds. In Figures 6, 7, and 8, the compressive
strength at membrane curing, air curing, and water cur-
ing is shown as a function of age. Each mark corre-
sponds to the mean value of the compressive strength
of 6 cores. The difference in the strength due to the kind
of curing was very little, probably due to the large size
of the specimen. In Figure 9, the mean value of the
compressive strength at distances of 50, 150, and 350
mm from the edge is shown as a function of the age.
Each mark then corresponds to 18 cores tested.

The compressive strength in all 72 cubes, 28 days or
90 days of age, was tested on concretes from the same
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i ™~ - .
. mAir curing

FIGURE 10. Cube strength as a function
of the cylinder strength at air curing or
water curing.

" g Water curing

batches as the cores [1]. The same kind of 5-mm hard-
board interlayers was used between the concrete and
the testing device as for the cores. The development of
the strength of air-cured or water-cured 150-mm cubes
is given in Figure 10 as a function of the cylinder
strength of 40-mm cylinder cores, either air or water
cured.

Analysis of Compressive Strength

From Figure 10, the following expressions were ob-
tained between the cube strength and the cylinder
strength of HPC (MPa):

fccb,air = 1.86 x f«:cOA9 {RZ = 0.95} 3)
fochwat = 2:32 % f0% {R? = 0.97) @)

where f,_ .. is the compressive strength of 150 mm
cubes cured in air (MPa), f,. is the strength of cylinders;

FIGURE 11. Compressive strength of
144 cores at sealed curing as a function
of the w/c ratio at different ages. d =
days; S = 10% silica fume.
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FIGURE 12. Efficiency factor for silica fume related to strength according to eq 5 as a function of the w/c ratio at different ages

of the concrete. d = days.

80 mm in length and with a diameter of 40 mm (MPa),
fecbwat 1S the compressive strength of 150 mm cubes
cured in water (MPa), and R? is the coefficient of varia-
tion.

The effect of the kind of curing was more or less the
same for HPC as for normal concrete. It was therefore of
more interest to study the effect of age, or w/c ratio,
and of silica fume on the strength of the HPC. In Figure
11, a summary is given of the compressive strength of
144 cores as a function of the w/c ratio at different ages.
The content of silica fume is given.

It was appropriate to define the effective water/
binder ratio, wbr

wbreff = w/(C + ks X S) (5)

where w is the water content in the concrete (kg/ m?),
c is the cement content in the concrete (kg/m?>), k, is the
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efficiency factor of silica fume related to the compres-
sive strength of the concrete, and S is the content of
silica fume (kg/m®).

From Figure 11 the following expression was ob-
tained for the compressive strength (MPa):

foe =169 x [4.55 — 5.08 x whryg + (1 — 1.36 x wbr )
x In t] {R? = 0.95} (6)

where f,. is the strength of cylinders that are 80 mm in
length and with a diameter of 40 mm (MPa), wbr . is the
effective water/binder ratio defined in eq 5, and t is age
(days).

The efficiency factor was dependent on age and on
w/c ratio according to Figure 12. The efficiency factor
was astonishingly large at 28 days age, especially at a

FIGURE 13. Relative strength at air curing (ratio
of strength at air curing and strength at sealed
curing), 55 mm from the surface as a function of
the w/c ratio. d = days; 5 = 10% silica fume.
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Relative strength at air curing,
160 mm from surface
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Water-cement ratio

lower w/c ratio. However, the long-term effect of silica
fume decreased to less than half at 450 days of age
compared with the effect at 28 days. The strength in-
crease of an HPC with silica fume was much lower than
the strength increase in a concrete without silica fume,
which explained the development of the efficiency fac-
tor. Equation 7 gives the efficiency factor:

ks =112 x t~0.4O x e(0,00073 x £ — 5.23) x wfc {RZ — 099} (7)

where k, is the efficiency factor of silica fume related to
the compressive strength of the concrete according to
Eq 5, w is the water content in the concrete (kg/ m?), ¢ is
the cement content in the concrete (kg/m>), ¢ is age
(days), R? is the coefficient of variation, and ¢ is the
natural logarithm

Effect of Air Curing or Water Curing
on Cylinder Strength

The effect of air curing or water curing on the cube
strength was studied earlier. As expected, a minor in-
crease in strength was observed when the surface of the
concrete cube dried at air curing. The opposite effect on
the compressive strength was observed when the con-
crete was water cured. One of the objectives of the work
was to study the effect on the strength due to the dis-

1.3 +

Relative strength at air curing,
350 mm from surface

0.2 0.3 0.4 0.5 0.6

Water-cement ratio

s 450d-§ -
090d-§ = =
+28d-§ = = =
©450d ——
2 90d -

FIGURE 14. Relative strength at air curing, 150 mm
from the surface as a function of the w/c ratio. d = days;
S = 10% silica fume.

tances to the surface of the concrete. In Figure 13, the
relative strength at air curing (ratio of strength at air
curing and strength at sealed curing) 50 mm from the
surface is given as a function of the w/c ratio. In Figure
14, the relative strength at air curing 150 mm from the
surface is given as a function of the w/c ratio. In Figure
15, the relative strength at air curing 350 mm from the
surface is given as a function of the w/c ratio. The effect
of the air curing was less than 10% of the relative
strength irrespective of the distance to the surface of the
specimen. Only tendencies could be observed on con-
cretes with higher w/c ratio (normal concrete): a slight
increase of the strength at air curing, 50 mm from the
surface. At lower w/c ratio, no long-term effects on the
strength of the air curing could be observed. The reason
for the small differences was the size of the specimen; it
simulated a column, 1 m in diameter.

Figure 16 shows the relative strength at water curing
(ratio of strength at water curing and strength at sealed
curing), 50 mm from the surface, as a function of the
w/c ratio. In Figure 17, the relative strength at water
curing 150 mm from the surface is given as a function of
the w/c ratio. In Figure 18, the relative strength at water
curing 350 mm from the surface is shown as a function
of the w/c ratio. At water curing, the compressive
strength of a normal concrete increased more than 30%
at a distance of 50 mm from the surface provided the
concrete did not contain silica fume. If 10% silica fume

FIGURE 15. Relative strength at air curing, 350
mm from the surface as a function of the w/c
ratio. d = days; S = 10% silica fume.
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FIGURE 16. Relative strength at water
‘ curing (strength at water curing to

strength at sealed curing), 50 mm from
the surface as a function of the w/c ratio.
d = days; S = 10% silica fume.

Water-cement ratio

was included in the concrete composition, the strength
rose by only about 20% at the surface of a normal con-
crete due to water curing. At a lower w/c ratio or at 150
mm or 350 mm distance from the surface, the difference
in strength from the strength of a sealed specimen was
minor. Compared to the results of the cube test, an op-
posite result was obtained in this case. This was due to
the size of the specimen. The 150-mm cube probably
developed wet conditions at the surface only, but the
cylinder core probably got wet through during the wa-
ter curing. Water-cured cubes obtained stresses due to
the curing conditions, which decreased the strength [4].

Split Tensile Strength

The variation in the compressive strength due to dis-
tance from the cured surface and due to the curing con-
dition (sealed, air, or water) was analyzed earlier. In
Figure 19, the results of the split tensile strength at
sealed curing are shown as a function of the compres-
sive strength at sealed curing. Two cores were used to
obtain the compressive strength for each core used for
the split strength. The compressive strength cores were
geometrically taken close to the split tensile strength
cores in the large specimens. Figure 19 includes results
from 216 cores [1,5]. The age of the concrete is indicated.
In Figures 20 and 21, the split tensile strength at air
curing and water curing is given as a function of the

OO

Relative strength at water
curing, 150 mm from surface

0.3

Water-cement ratio

compressive strength. Figures 20 and 21 include results
from 216 cores each [1,5]. The age of the concrete is
indicated. In Figures 22, 23, and 24, the split tensile
strength at constant age during sealed curing, air cur-
ing, and water curing is given as a function of the com-
pressive strength. Figures 22, 23, and 24 include results
from 216 cores each [1,5]. The kind of curing is indi-
cated in the figures.

Analysis of Split Tensile Strength

From Figure 19, the following time-dependent relation-
ship was obtained for split tensile strength, f,,, at sealed
curing (MPa):

fct - 0.23 x 8—0.000411‘ x fCC(0.785 + 0.000061%) {R2 — 091} (8)

where f_, is the compressive strength (MPa), ¢ is the age
of concrete (days), and R? is the coefficient of variation.

The long-term split tensile strength decreased slightly
compared with the compressive strength during sealed
curing. Both at air curing and at water curing, a signifi-
cant decrease of the split tensile strength after 450 days
was observed in Figure 20 and Figure 21. However, at
both 28 and 90 days of age, the split tensile strength was
fairly independent of the kind of curing (Figures 22 and
23). In Figure 24, it was observed that the split tensile
strength decreased at both air curing and water curing
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090d-S == -

©28d-S= = = FIGURE 17. Relative strength at water cur-

© 450d ing, 150 mm from the surface as a function of
the w/c ratio. d = days; S = 10% silica fume.
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compared with sealed curing. The following equations
were obtained:

fra = 039 x £..2%° {R* = 0.86} )
fus =019 x £,28" {R* = 0.91) (10)
fct,w =048 x fCCO'61 {R? = 0.71} an

where f,, , is the split tensile strength at 450 days age
during air curing (MPa), f,, . is the split tensile strength
at 450 days age during sealed curing (MPa), f,; ., is the
split tensile strength at 450 days age during water cur-
ing (MPa), f.. is the compressive strength at 450 days

age during the same kind of curing (MPa), and R? is the
coefficient of variation.

The eq 11 exhibited a very low coefficient of varia-
tion. However, eq 9 and 11 were similar to equations
obtained by Jaccoud [6] summarized according to:

feesp = 0.385 x £7° (12)

where f,, , is the split tensile strength (MPa) and f, is the
compressive strength (MPa). The substantial decrease
of the split tensile strength during air curing and water
curing compared with sealed curing was due to the
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FIGURE 23. Split tensile strength at 90
days age as a function of the compressive
strength. The kind of curing is indicated.
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moisture conditions in the concrete. It was then of in-
terest to study the difference in internal relative humid-
ity between the sealed curing and air curing or water
curing. As mentioned earlier, the internal relative hu-
midity was measured at the same distance from the
surface as where the cores were taken out from the
large concrete specimens. In Figure 25, the relative split
tensile strength (ratio of the split tensile strength at air
curing or water curing to the split tensile strength at
sealed curing) is given as a function of the difference
between the internal relative humidity at sealed curing
and at air curing or water curing [1,5]. The internal
relative humidity of the concrete was compared at each

location of the drilled cores in the large specimens.
However, only tendencies could be observed in Figure
25, because measurements both of split strength and
internal relative humidity are hard to carry out. The
preliminary conclusions of Figure 25 were: (1) the split
tensile strength of HPC with silica fume was more sen-
sitive to changes in the internal relative humidity than
the split tensile strength of concrete without silica fume,
and (2) the split tensile strength of concrete at a lower
w/c ratio decreased more with changes in the internal
relative humidity than the split tensile strength in nor-
mal concrete. More research is required to confirm these
tendencies.
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Difference of relative humidity to sealed curing

Hydration

It was of interest to study to what extent the hydration
of the concretes depended on the curing conditions and
on the age. The influence on the content of silica fume
in the concrete on the hydration was also of interest. All
the 432 cylinders from the compressive strength tests
were used as specimens (about 250 g concrete each). In
all, the hydration of 110 kg concrete was studied. The
fragments of the compressive test were further crushed
into pieces of maximum of 5 mm concrete. The pieces
were rapidly heated at 105°C in an oven for 1 week.
After the drying of the evaporable water, the fragments
were cooled in a exsiccator and weighed. The fragments
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o
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Hydration (non-evaporable water fo
cement) at sealed curing
o
o

TR

aw/C=0.22 § ===
Ow/C=0.24§ == =
lew/C=0.25 ——
ow/C=0.33 ——— FIGURE 25. Relative split tensile
. W/C=036S - - -| strengthas a-f-unction of the differgqce
between the internal relative humidity
a awW/C=0.47 -----. at sealed curing and at air curing or
ew/C=0.48S == = water curing.
ow/C=0.58 —~-—-

were then ignited at 1050°C for 16 hours and then
cooled in an exsiccator before the final weighing was
performed. The chemically bound water was obtained
according to Byfors [7]:

w, w91 -1) - w®
- n (13)

105

where w,/c is the ratio of nonevaporable water to
amount of cement (kg/kg), w'® is the weight after dry-
ing at 105°C (kg), w'®" is the weight after ignition at
1050°C (kg), and v is the ratio of aggregate to cement.

—*— w/C=0.228S
—— w/C=0.24S

—— w/C=0.33
—— w/C=0.36S
—— w/C=047
—*— w/C=0488

—0— w/C=0.58

*

w/C=0.25

FIGURE 26. Hydration, w,/c, as a func-
tion of logarithmic age at sealed curing
(six measurements); w/c ratio (w/C)
content is indicated. S = 10% silica
fume.
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FIGURE 27. Hydration, w,/c, as a func-
tion of logarithmic age at air curing (six
measurements); w/c ratio (w/C) is indi-
cated. S = 10% silica fume.
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where p, is the ignition losses for aggregate (kg/kg)
and . is the ignition losses for cement (kg/kg).

The distance from the cured surface (the edge of the
rimy), 50, 150, or 250 mm, had very little influence on the
hydration [5]. This fact was probably explained by the
large size of the specimen. Due to the small differences
observed relating the distance to the surface, the mean
value of the hydration of the measured distances was
calculated including six measurements. In Figures 26,
27, and 28, the ratio of nonevaporable water to amount

0.26

Hydration (non-evaporable water to cement)
at water curing

of cement, w,/c, is given as a function of logarithmic age
for sealed curing, air curing, and water curing. In Fig-
ures 26, 27, and 28, the ratio of nonevaporable water to
amount of cement, w,/c, developed differently, depend-
ing on the presence of silica fume. As the silica fume
reacted with the calcium hydroxide in the concrete, the
nonevaporable water to amount of cement, w,/c,
dropped after 90 days, most probably due to polymer-
ization [8].

Discussion of Hydration and Strength

No strength decline was observed during the 450 days.
The compressive strength increased for concretes sub-
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— 1 w/C=0.24 8
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FIGURE 28. Hydration, w,/c, as a func-
tion of logarithmic age at water curing
(six measurements) w/c ratio (w/C) and
content of silica fume is indicated.
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FIGURE 29. Compressive strength, f., of 50 mm cement-paste
cubes as a function of the relative strength, w,/w. Low-alkali
cement [9].

jected to both air and water curing and also during
sealed curing conditions. The split tensile strength fol-
lowed the increase of the compressive strength fairly
well at sealed curing. At higher strength, the increase of
split strength at sealed curing was less pronounced,
probably due to the properties of the aggregate (split
tensile strength of aggregate = 15 MPa). At 450 days, a
decrease of the split tensile strength of HPC was ob-
served at both air curing and water curing, most prob-
ably due to moisture-related stresses between the ag-
gregate and the cement paste. However, it is normally
assumed that the hydration of the concrete (expressed
as the ratio of nonevaporable water to the cement, w, /c)
increases with the strength of the concrete. This was not
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the case in this study in concretes that contained silica
fume. An HPC contains less water than is necessary for
the hydration to proceed to a final state of w,/c = 0.25.
The maximum degree of hydration, o = 1, can then only
be obtained at a w/c ratio larger than 0.39. The maxi-
mum degree of hydration, a, of a curing with a w/c
ratio less than 0.39 is then linear dependent on the w/c
ratio [5]:

w
Omax =039 x ¢

(16)

where w is the mixing water of the concrete (kg/m?)
and ¢ is the cement content of the concrete (kg/m?®). The
degree of hydration, a, can also be expressed as:

wn
T 025xc

o 17)

where w, is the nonevaporable water content of the
concrete (kg/m®) and c is the cement content of the
concrete (kg/m?). Dividing eq 16 by 17 gave the maxi-
mum value of the relative hydration defined as:

(W, /W) pax = 0.64 {0 < wfc < 0.39)
(w,,/w) ey = 0.25 x cfw {wfc > 0.39)

(18)
(19)

where w, is the nonevaporable water content of the
concrete (kg/m>), w is the mixing water of the concrete
(kg/m>), and c is the cement content of the concrete
(kg/m?).

In Figure 29, the relationship between the relative
hydration, w,/w, and the compressive strength, f., of a

FIGURE 30. Compressive strength,
f., of concrete cylinders as a function
of the relative hydration, w,/w. Con-
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tent of silica fume is indicated in the
figure. d = days.
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low-alkali cement paste is given [9]. The strength was
obtained for cube 50 x 50 mm. Recalculation into 40-
mm diameter cylinders (80 mm in length) [5] gave the
compressive cylinder strength, f. .., (MPa) as a function
of the relative hydration (ratio of nonevaporable water
to cement), w,,fw:

feey = 210 x (w,/w - 0.135)
{No silica fume; R* = 0.83} (20)

It was reasonable to believe that a relationship would
also exist between the relative hydration w,/w and the
compressive strength of HPC. In Figure 30, the com-
pressive strength of all the cylinders tested in the work
(432 cylinders) is shown as a function of the relative
hydration.

The following equation applied for the compressive
cylinder strength, f ., of concrete without silica fume
(MPa) as a function of the ratio of the relative hydration
(nonevaporable water to cement), w, /w:

feey = 260 x (w,/w - 0.085)
{No silica fume; R* = 0.93} (21)

However, for concrete with silica fume, the relative hy-
dration, w,/w, declined after 90 days age in spite of the
increase in strength of the concrete. The following equa-
tion applied for the compressive cylinder strength, f, .,
of concrete with 10% silica fume (MPa) as a function of
the ratio of the relative hydration (nonevaporable water
to cement), w,/w:

feeyt = 310 x {In £ x [0.030 - (w,/w — 0.46)°] - 2.25 x
(w,/w - 0.54)* + 0.31)
(10% silica fume; R? = 0.97} (22)

The following symbols applied in egs 20, 21, and 22:
feeyt is the compressive strength of cylinder of 40 mm
diameter and 80 mm length (MPa), t is age (days), w,, is
the nonevaporable water content of the concrete (kg/
m?), w is the mixing water of the concrete (kg/m?), and
R? is the coefficient of variation.

Conclusions

The long-term development of internal relative humid-
ity, strength, and hydration was studied for eight con-
cretes during sealed curing, air curing, or water curing
at 28, 90, and 450 days. The w/c ratio of the concrete
varied between 0.22 and 0.58. Half of the concretes con-
tained 10% silica fume. The specimens consisted of 1 m
diameter rims with a thickness of 100 mm. The flat sides
of the large specimen were sealed by epoxy plastic
resin. The large specimen simulated a column with a
diameter of 1 m.
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The internal relative humidity was measured with a
total of 144 cast-in plastic pipes 50, 150, or 350 mm from
the circular edge of the rim. The sealed curing exhibited
a remarkable self-desiccation, especially when silica
fume was utilized in the composition of the concrete.
Even at water curing, the internal relative humidity in a
concrete with a w/c ratio of 0.22 dropped to 0.8 after
450 days of curing as close as 50 mm to the water-cured
surface. The self-desiccation of concrete was found to be
dependent on time and the w/c ratio.

To obtain the strength, a total of 648 cores were
drilled out of the rims. The strength of the concrete
increased continuously during the 450 days indepen-
dent of the kind of curing. The strength development
was also fairly independent of the distance from the
cured edge of the rim to the core (50, 150, or 250 mm).
The strength was affected only in concrete of higher
w/c ratio by the kind of curing. Another equation in-
dicated that the so-called efficiency factor between silica
fume and cement content, as referred to the compres-
sive strength of 432 cores, varied between 1 and 8 due
to the age and the w/c ratio of the concrete. As a result,
the strength developed more slowly for concretes con-
taining silica fume than for concretes without silica
fume content. Still, the strength of concretes with silica
fume increased at least over 450 days. Relationships
were obtained between compressive and split tensile
strength including 648 specimens. At 450 days, the split
tensile strength was lower related to the compressive
strength at both air and water curing than at sealed
curing, most probably due to self-stresses created by the
moisture differences in the concrete.

The self-desiccation affected the hydration process.
For concrete without silica fume, the degree of hydra-
tion increased continuously. For concretes with silica
fume, however, the degree of hydration decreased after
an age of approximately 90 days. Finally, expressions
were also found between the strength of the concrete
and the development of the relative hydration (ratio of
the hydrated water and the mixing water content in the
concrete).
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