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This study investigates the characteristics of massive concrete that has experienced a thermal history induced by
heat of hydration. Through a study of both mortar and concrete specimens cured under artificial heating to
simulate heat of hydration, the influence of temperature history on the mechanical characteristics and durability of
mortar and concrete are revealed. The specimens are blocks designed to simulate actual massive structures, and
the test results indicate that chloride ion penetration depth and carbonation depth, as well as compressive strength,
degrade as a result of the initial temperature history for at least 6.5 years after casting.
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1. INTRODUCTION

From the viewpoint of durability, it is very important to evaluate the characteristics of massive concrete structures
subjected to high temperatures and to take countermeasures against cracks that may be induced by heat of
hydration. It is known that, when high temperatures are induced in massive concrete by heat of hydration, its
characteristics are poorer as compared with those of concrete cured at moderate temperatures. Investigations of
the influence of curing temperature on compressive strength and microstructure[1]{2][3], as well as the influence
of steam curing on concrete strength[4][5], have been reported. As for high-performance concrete, which contains
a high volume of cement and so suffers a more extreme thermal history, research has demonstrated the importance
of controlling the rate of temperature rise as well as the maximum temperature induced by heat of hydration if
adequate concrete strength is to be achieved[6][7].

This paper focuses on the influence of initial heat of hydration on the long-term characteristics of concrete. The
investigation makes use of 6.5-year-old mortar specimens, 5.5-year-old concrete specimens exposed to an
artificial thermal history simulating heat of hydration, and 4.5 year-old core samples taken from a massive
concrete block.

2. TEST PROCEDURE

Three types of cement were used in the experiments: ordinary Portland cement (OPC), blast-furnace slag cement
type B (BB), and low-heat blast-furnace slag cement type B (LBB). The LBB contains 46% low-heat Portland
cement conforming to JIS R 5210 except in the amount of SO, and 54% ground blast-furnace slag. The chemical
composition and physical properties of these cements are indicated in Tables 1 and 2, respectively.

(1) Test Series 1

In this series of experiments, cylindrical mortar
specimens measuring ¢ 50X 100 mm were used to  [Type of Chemical composition (%)
investigate the influence of an artificial thermal history ~ [cement]ig. lossiinsol|SiO,ALO5 Fe,0,| CaO | MgO | SO, Total
on mortar characteristics. As indicated in Table 3, tests OPC | 10 |04 [21.8) 58126 1634} 15 |22]98.7
were carried out for 18 cases consisting of three types BB |13 105 1256/ 90 1.7 |558] 2.6 |2.1]986
of cement, three water-cement ratios, and two LBB |02 10.0 [298) 9.3 | 2.1 |51.3] 34 |1.6]976
maximum temperatures.

Table 1 Chemical composition of cements

Table 2 Physical properties of cements
Table 3 Cases investigated in Series 1

Type |Density| Specific| Compressive strength | Heat of hydration
of |(kg/m®)| surface (N/mm?) 1g)
Type of { Temp Max. 'I.‘emp. water / cement cement (cm*fg) [7days| 28days | 91days | 28days| 91days
cement at temp. | riserate | 045 | 0.55|0.65 OPC | 3150 | 3350 | 27.8 | 420 | 468 | 385 | 410
casting _ BB | 3020 | 4090 |21.1] 412 | 49.0 | 352 378
20C Curedinwater | O LBB | 3050 | 4580 | 11.1| 313 | 480 | 193 | 236
20C Cured in water O
OPC 20C Cured in water O
20C | 70C | 40C/day | O . . . .
Table 4 Mix proportions of mortar in Series 1
20C | 70C | 40C/day O prop
20:2 70C d.‘mt/day Q Type of Unit weight (kg/m)
20 Cure fnwaler O cement | W/C {Cement| Water Fine Admixture
20T Cured fn water Q apgregate fwater-reducing|Air-entrainin
pp |20C | Curedin water o 045 | 544 | 232 | 1345 8.07 5.44
20C | 60C | 40C/day | O OPC [ 055 | 442 | 233 | 1452 5.65 4.42
20C | 60C | 40C/day O 0.65 | 373 | 233 | 1516 5.51 3.73
200 | G0 | 40y Ol e I 3 I 7
- 0.55 23 1453 . .
202 g'ej In watet O 5 0.65 | 371 | 232 | 1508 5.48 3.71
20 red in water 045 | 541 | 231 | 1337 8.02 541
1pp |-20C | Cured in water o LBB [ 055 | 440 | 232 | 1455 6.53 4.40
20C | 50C | 40C/day | O 0.65 | 370 [ 232 | 1510 5.49 3.71
20C | 50C | 40C/day ®)
20C | 50C | 40C/day O

— 256 —



Table 5 Mix proportion of concrete in Series 2
70 Type of] Unit weight (kg/m’)
— cement | W/C|Cement| Water | Aggregate Admixture
8 60 Fine [Coarse{Water-reducinjAir-entrainin
® g g
=50 3 OPC |0.55] 295 | 162 | 7971061 | 0.738 0.177
o % BB |0.55] 295 | 162 {794]1056| 0.738 0177
s 40 = : LBB |0.55| 295 | 162 |793]1054] 0.738 0.708
B
= 30 Casted in moulds
and sealed up
from the start
20
| | 1 Table 6 Investigated cases in Series 2
5 8
Age (days) Type of | Temp at| Max. temp. [Temp. rise rate| _water / cement
cement | casting 0.4510.55 | 0.65
Fig. 1 Artificial thermal history in Series 1 and 2 orc 20T Cured in water - 1O -
20C 70C | 40C/ay | - | O] -
The mortar mix proportions are shown in Table 4. The | g | 20T Cured in water -1Q) -
fine aggregate used -in the test was river sand with a 20C | 60T |. 40C/day | - |O | -
fineness modulus of 2.84 and a density of 2.61 g/em’. LBB 20T Cured in water - 101 -
The mortar was mixed in a pan-type mixer of 30-liter 20C | 50C | 40Ciay | - [O] -
capacity for two minutes without water and for two ‘
minutes after adding the water. As an AE admixture,
ligninsulfonic acid and an alkyl-allyl sulfonate anion 1.0m square
surface-active agent was used. After casting in steel . g
molds, which were sealed at the top with steel plates e 0.5m . 0.5m =
and a sealant, the mortar specimens were cured under Top ! -
the thermal histories shown in Fig. 1[8]. These thermal i ; = )
histories were obtained from the adiabatic temperature fst. layer £ ?Th"mm,e_, 3
rise characteristics of a typical massive concrete o t =
.. 3 . . R e | w
containing 300 kg/m” of cement. After experiencing 2nd. layer 45 S | ]
R

these thermal histories, the specimens were kept in a
room at a constant temperature of 20°C and a constant
relative humidity of 60%.

‘Thermocoupi e-2

3rd. layer

0.2m

AN

5%

®

Heat insulation materilas

7

Thermocouple-3

0.2m

For reference, some specimens were not subjected to a 4th. layer

thermal history. These were removed from the molds Bottom
one day after casting and cured in water at 20C as
standard cured specimens until testing.

(2) Test Series 2

L]

N

Fig. 2 Qutline of concrete block

In this series, the same thermal histories as in Series 1 were applied to cylindrical concrete specimens measuring
¢ 100X 200 mm. Mix proportions and cases are shown in Tables 5 and 6, respectively. The fine aggregate used
for these concrete specimens was-river sand with a fineness modulus of 3.08 and a density of 2.62 g/cm”, and the
coarse aggregate was crushed stone with a maximum particle size of 20 mm and a fineness modulus of 6.7.

The mixing, casting, and sealing procedure was the same as in Series 1. After applying the artificial thermal
history, the specimens were kept in a room at 20°C and 60% R.H. until testing.

(3) Test Series 3

To evaluate the influence of thermal history in an actual concrete structure, a one cubic meter concrete block
enclosed in heat-insulating material, as shown in Fig. 2, was prepared. The water-cement ratio was 0.55 and BB
cement was used, as indicated in Table 7. The fine aggregate was river sand with a fineness modulus of 2.55 and a
density of 2.59 g/m’. As a coarse aggregate, gravel and crushed stone with fineness modulus 6.84 and 6.67 and
densities of 2.59 and 2.65 g/em’, respectively, were equally mixed. The concrete was cured under a wet mat for 3
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days after placement and was then stored outdoors.

Table 7 Mix proportions of concrete in Series 3

The thermal history of the block was measured by Type of Unit weight (kg/m°)

thermocouples at the positions indicated in Fig. 2. The cement |W/C|Cemen|Water| Aggregate |  Admixture

thermal history measurements, as shown in Fig. 3, t Fine|Coarse| Water- | Air-

confirmed that the maximum temperature rise was reducinglentrainin

approximately 30°C at the center of the block and that the BB [0.55] 273 | 150 [803] 1084 | 0.546 | 0.015

rise rate was about 25°C/day. These values were less

severe than the artificial thermal history adopted for BB

in Test Series 1 and 2. Moreover, the maximum

temperature near the block surface, as measured by 0 ™ o2

thermocouple-1 in Rig, 2, was approximately 10C lower ermocouple—

than that measured at the center or bottom of the block. 60 .‘F\\‘ ~ hermocouple-3
—~ ¥ -‘\\\J:‘N-:-~\

An investigation was carried out on ¢ 100 mm core % 50f- e —

specimens taken from the block as shown in Fig. 2. 5 Thermocouple—1 -

Evaluations were conducted immediately after sampling = 40

except in the case of 4.5-year-old specimens, which were )

sampled from the block about one year after casting and 8- 30 \//\ \ /A‘“\/o/\ // \\ /

stored in water till testing. The test results were evaluated g \\w - -

in comparison with standard cured specimens. F ook Ambient temperature

3. EVALUATION S AND METHODS 10 1 1 L 1

1 2 3 4
Elapsed time (days)
Fig. 3 Thermal history of concrete block

The evaluations used to clarify the influence of initial
thermal history on the long-term characteristics of mortar
and concrete are shown in Table 8.

(1) Compressive Strength, Tensile Strength, and Young's Modulus

The compressive strength, tensile strength, and Young's modulus of specimens were measured according to JIS
A1108, JIS A1113, and JSCE G 502, respectively. The specimens in Series 1 and 2, which were subjected to the
thermal history and then stored, were tested immediately after stripping from the sealed molds and polishing the
upper surface. The core samples in Series 3 were taken from the block and prepared immediately before testing,
except for the 4.5-year-old specimens as mentioned before.

(2) Penetration Depth of Chloride Ions

The permeability of chloride ions in the concrete was evaluated by measuring the chloride penetration depth. A
0.1% fluorescent sodium solution and 0.1 N silver nitrate solution was sprayed on the split face of a cylindrical
specimen that had been immersed in sea water at a temperature of 20°C  for a specified period, and the fluorescing
area was then measured. Once specimens reached the appropriate age, they were immersed in seawater

Table 8 Evaluation items adopted in each series

ist. series 2nd. series 3rd. series
Age 7days| 28 QPldayy 6.5 |3days|7days|28days|{91days| 5.5 [28 days01days 182 4.5
days _years years days | years
Compressive Strength | O ] O O o] O O O O O O O O
Tensile Strength O O )] O O
Young’s modulus O O O O O O O O ®]
Chloride  penetration O O O O O O O @]
depth
Carbonation depth O O O ®) O O 0] O @]
Pore size distribution O O 0 O
SEM observations O O O O
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immediately after preparation, which entailed removal from the molds in Series 1 and 2, sampling from the block
in Series 3, and removing standard cured specimens from the water, Penetration depth was measured at six points
of fluoresced area from the surface where the chloride concentration can be estimated more than 0.25% by weight
of oven dried mortar component [9].

(3) Carbonation Depth

Specimens were prepared as for the chloride ion penetration depth measurements and exposed in a room at a
constant temperature of 20°C and a relative humidity of 60%. Carbonation depth was measured on split
specimens after exposure for the specified term at the specified age, with the average of six measurements by the
phenolphthalein method being calculated.

(4) Microstructure

At the specified age, the midsections of some specimens were crushed into fragments measuring 3 to 5 mm. The
fragments were immersed in acetone for 2 hours and hydration was terminated by D-dry method in preparation for
testing. The pore size distribution of the samples was measured with a mercury intrusion porosimeter. The
microstructure was observed with a scanning electron microscope (SEM).

4. EXPERIMENTAL RESULTS AND DISCUSSION

(1) Compressive Strength, Tensile Strength, and Young's Modulus

a) Compressive strength of mortar specimens in Series1

The measured compressive strength of mortar specimens up to the age of 6.5 years is shown in Fig. 4. These
results indicate that the compressive strength of specimens subjected to an artificial thermal history was greater
than that of standard-cured specimens up to 7 days. Thereafter, the rise in compressive strength slows and by 28
days is the same as that of standard-cured specimens, regardless of cement type. By the age of 91 days, the
compressive strength of specimens subjected to the artificial thermal history was between 0.72 and 0.79 that of the
standard-cured specimens for OPC, 0.57 to 0.69 for BB and 0.45 to 0.59 for LBB.

It was observed that a gradual increase in compressive strength of specimens subjected to the thermal history took
place up to 6.5 years. At this age, the compressive strength exceeded the 28-day strength of the standard-cured
specimens, which is usually adopted as the design strength of OPC and BB, by a sufficient margin. However, the
compressive strength of LBB at 6.5 years did not reach the 91-day strength of standard-cured specimens, which is
usually adopted as the design strength for low-heat cement.

The reduced rise in compressive strength observed in specimens subjected to an artificial thermal history might
result from a shortage of water during sealed curing. To confirm the influence of curing conditions on strength,
some of the specimens subjected to an artificial thermal history and stored in sealed molds were cured in water

Cured in 20 *C water
eeeeemmmne Cured under thermat history

Cured in 20 °C water
PR Cured under thermal history

Cured in 20 °C water
aeeseeeeen. Cured under thermal history
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OPC BB
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Fig. 4 Changes in compressive strength of mortar specimens in series 1
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Fig. 6 Changes in compressive/tensile strength of concrete in Series 2

from 28 days to 91 days. As shown in Fig. 5, no rise in compressive strength of these specimens was obvious in
the case of OPC specimens, while slight and significant increases were observed in the case of BB and LBB.
These results indicate that the hydration of ground blast-furnace slag dominated the increase in compressive
strength of BB and LBB specimens during water curing, while the reduced compressive strength resulting from
saturation of the specimens prevailed in the case of OPC[10][11]. A comparison of Figs. 4 and 5 indicates that the
development of compressive strength in specimens that experience an initial thermal history is poor regardless of
the curing conditions when compared with that of standard-cured specimens.

b) Compressive strength of concrete specimens in Series 2

The compressive strength of concrete specimens subjected to an artificial thermal history is similar to that of
mortar specimens, as shown in Fig. 6. At 5.5 years, the compressive strength of specimens subjected to the
thermal history was comparably less than that of standard-cured specimens, with ratios of 0.73 for OPC, 0.68 for
BB, and 0.66 for LBB.

c¢) Compressive strength of block specimens in Series 3

It has been reported that an artificial thermal history has a different influence on concrete characteristics from an
actual heat of hydration history[12]. The changes in compressive strength of core specimens taken from the block
and of standard-cured specimens are shown in Fig. 7. This confirms that the rise in compressive strength in cores
taken from the block surface is less than that in the standard-cured specimens used in Series 1 and 2. No such
tendency was obvious in cores taken from the center or lower part of the block. Figure 8 shows the compressive
strength of each core and its location; the compressive strength increases with distance from the block surface. In
these test results, not only the thermal history but also bleeding and/or surface drying of the concrete block during
curing [13] and consolidation by self-weight [7] influenced the test results.
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Fig. 7 Changes in compressive strength Fig. 8 Distribution of compressive
of core specimens in Series 3 strength of block

It has previously been reported that the compressive strength of concrete is affected by curing temperature rather
than the temperature of the fresh concrete at casting [14][15], and these test results fit these findings.

d) Tensile strength and Young's modulus in Series 2

The influence of heat of hydration on the tensile strength of concrete is shown in Fig. 6. The changes in tensile
strength of concrete specimens subjected to the artificial thermal history are similar to those in compressive
strength; i.e. there is greater tensile strength at an early age, but the rate of increase is lower. The relationship
between compressive strength and tensile strength, which is shown in Fig. 9, shows no obvious influence of
thermal history. The correlation between compressive strength and Young's modulus for Series 2, as shown in Fig.
10, indicates good agreement with the dotted line, which is the relationship for common concrete as given in the
JSCE concrete standard, and the effects of the thermal history are not significant.

(2) Penetration Depth of Chloride Ions

a) Penetration chloride ions in Series 1 mortar specimens

The chloride penetration depth into mortar specimens immersed in seawater for two months after the specified age
is shown in Fig. 11. This figure shows that the penetration depth was greater in the case of OPC and BB
specimens subjected to the initial thermal history up until the age of 6.5 years. On the other hand, the chloride

NPC BB LBB NPC BB LBB
OB A Curedin 20°C water O M A Curedin20°C water
O A  cured under thermal history s O[O A Curedunder thermal history
6 . . . . : e . . ,
NA
13 £ JSCE
£ E 40+
£ 4 ] £
= o ER -
5 3 o) n 3 B ®
b g0 o o ° |
- 2 L
H ol "
2.l 3"
s 2
0 T T 0 e
0 20 40 60 0 20 40 60
: 2 ) .
Compressive strength (N/mm ©) Compressive strength (N/mm 2)
Fig. 9 Relationship between compressive Fig. 10 Relationship between compressive
strength and tensile strength in Series 2 strength and Young's modulus in Series 2
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Fig. 11 Chloride penetration depth of mortar in Series 1
(Horizontal axis indicates age of specimens at start of two months immersion)

penetration depth in LBB specimens was less up to the
age of 91 days, possibly because the accelerated cement
hydration prevailed over the formation of defects as a
result of the thermal history when compared with
standard-cured specimens. However, defects formed
during the initial heat of hydration tend to affect the
long-term characteristics, and the penetration depth at
the age of 6.5 years was greater than that of
standard-cured specimens.

The time-dependent reduction in chloride penetration
depth was less in specimens that experienced an
artificial thermal history than that of standard-cured
specimens. These test results demonstrate that the initial
thermal history affects the chloride ion permeability in
mortar until the age of 6.5 years.

b) Penetration depth of chloride ions in Series 2
concrete specimens

Figure 12 shows the chloride penetration depth of
concrete specimens subjected to the artificial thermal
history as well as that of standard-cured specimens after
two months' immersion in seawater beyond the
specified age. In the specimens subjected to the thermal
history, the penetration depth is greater and depth
reduction with age is smaller than for the
standard-cured specimens. These results are similar to
those for the mortar specimens. However, in contrast
with the mortar specimens, the penetration depth of
chloride ions at a younger age was smaller and changes
in depth with age were not obvious. It is inferred that
the coarse aggregate obstructs the permeation of
chloride ions when the concrete is younger, while
interfacial zones and/or other defects related to the
coarse aggregate affect the long-term permeability[16].
Secondary ettringite formation in the interfacial zone,
which may increase the penetration depth[17], was not
observed in the EPMA investigation.
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Fig.12 Penetration depth of chloride ions in concrete
specimens in Series 2 (Horizontal axis indicates age of
specimens at start of two months immersion
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in core samples in series 3
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Fig. 14 Relationship between chloride ion penetration depth and compressive strength in Series 1

¢) Penetration depth of chloride in block specimens in
series 3

The chloride penetration depth in cored samples removed
from the block specimen and in standard-cured specimens
immersed in seawater for three months from the age of 28
days and from 4.5 years is shown in Fig. 13. These results
show that the penetration depth of chloride ions in the core
samples was greater than that in standard-cured specimens
of both ages.

O Core taken from block

251 1
Y=045* x+5.7

The core taken from the block surface indicates twice the
chloride penetration depth seen in the standard-cured
specimens, and the penetration depth increases with distance
from the block surface. It is clear from these results that the

Chloride penetration depth (mm)

heat of hydration affects the penetration depth of chloride 50
ions. This influence of hydration heat on chloride . 5
penetration depth is clearly visible at the age of 4.5 years. Compressive strength (N/mm®)
d) Relationship between compressive strength and Fig. 15 Relationship between chloride
chloride jon penetration depth penetration depth and compressive

Figure 14 shows the inverse relationship between
compressive strength and chloride ion penetration depth.
The correlation is different according to the cement type and
the curing conditions. The relation obtained for core
samples taken at the age of 28 days was different from that given by the mortar specimens, as shown in Fig. 15..In
the mortar specimens, the increase in compressive strength was dominated by cement hydration, which closely
affected chlorine permeability. On the other hand, the compressive strength and chlorine ion permeability in core
samples taken from different locations in the block are likely to be affected by the thermal history, consolidation,
bleeding, etc. The magnitude of these influences on chlorine permeability and strength are considered to be
various, and these test results demonstrate the difficulty in evaluating chlorine permeability from the compressive
strength of concrete.

strength of core specimens taken from
the block at the age of 28 days

(3) Carbonation Depth

a) Carbonation depth of mortar specimens in Series 1

The carbonation depth recorded in mortar specimens exposed for two months in a controlled room once the
specified age was reached are shown in Fig. 16. The carbonation depth of those specimens subjected to the
artificial thermal history is greater than that of standard-cured specimens up to the age of 6.5 years, regardless of
the type of cement. However, carbonation depth does vary according to cement type, with LBB showing the
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greatest depth, OPC the least, and BB in between for a given
water-cement ratio. For one particular type of cement, the
carbonation depth falls with a decrease in water-cement
ratio. Another observation is that the carbonation depth
differs according to age at which exposure begins, but the
progress of carbonation depth with age is not as obvious as
the rise in chloride penetration depth.

b) Carbonation depth of concrete specimens in Series 2
The influence of thermal history on concrete carbonation
depth after two months of exposure is shown in Fig. 17. The
test results show that carbonation depth is greater up to the
age of 5.5 years in the case of specimens that experience the
initial thermal history.

¢) Relationship between carbonation depth and
compressive strength

As shown in Fig. 18, the relationship between carbonation
depth and compressive strength of mortar specimens is
similar to that between chloride penetration depth and
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compressive strength. However, the correlation is not as strong and is affected by the type of cement. From these
results, it can be concluded that variations in the carbonation depth of mortar specimens subjected to a thermal

history may arise not only from differences in microstructure but also the quantity of calcium hydrate
generated[18]

(4) Pore Size Distribution

a) Mortar specimens in Series 1

Pore size distributions of mortar specimens are shown in Figs. 19-21. At 91 days, pores in the range 0.3-10 pm in
specimens that experienced the artificial thermal history were more numerous than in specimens subjected to
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standard curing. At the age of 6.5 years, the overall Table 9 Changes in total pore volume
pore count had decreased, but even then there were of mortar in Series 1

more pores measuring 0.3-10 pm in specimens
subjected to the thermal history. This range is made

Type of cement and the pore volume

up of capillary pores said to be from 0.03 to 30 um at 91 days and 6.5 years

in size [19], and it is considered that the effects of OPC BB LBB

thermal history on capillary pores were great. 91 | 6.5 [Ratio] 91 | 6.5 |Ratio| 91 | 6.5 |Ratio
days | years days | years days | years

On the other hand, gel pores in the range In water[18.38 12.37 | 0.6716.92(0.059(0.66 |19.98 | 15.12 ] 0.76
corresponding to 1-3 nm, and entrained and Thermal [20.04] 12.53 | 0.63 |23.62|0.056]0.47 |26.24| 19.91 | 0.76

entrapped air corresponding to pores 30 pm and LRIt _
larger, the effects of the thermal history were not Unit : vol. % Ratio = 6.5 years /91 days
very prominent, and, apparently, changes with

advancing age were less than in the case of

capillary pores.

The total pore volume, as indicated in Table 9, tended to increase when specimens were subjected to the thermal
history, irrespective of the type of cement. However, the total pore volume decreased with age, and the ratio of
total pore volume at 6.5 years to that at 91 days ranged from 0.67 to 0.76 for standard-cured specimens, while it
was 0.47 for BB and 0.63-0.76 for the other cements. Aside from the case of BB, there was no significant
difference between the standard-cured and thermal history. These results confirm that even when an extreme
thermal history is experienced, if the mortar is sealed and cured, the hydration reaction will progress over the long
term similarly to that in standard-cured mortar, particularly in the case of BB.

b) Block specimens in Series 3
Pore size distributions of cores taken from block specimens and of standard-cured specimens are shown in Fig.

22.

Differences in pore size distribution between the cores and standard-cured specimens are not as distinct as with
the mortar specimens. However, at the age of 4.5 years, pore volumes tended to be lower than at 28 days, and it
can be seen that the decrease in capillary pore count was especially prominent. On the other hand, with thermal
history specimens at 4.5 years, the quantity of pores in the

range 0.1-2 wm was greater than in standard-cured

specimens, a trend similar to that with mortar specimens. Table 10 Changes in total pore volume

of concrete in Series 3 "

The ratios of total pore volumes between the standard-cured

and thermal history at 28 days and 4.5 years are given in Pore volume at 28 days and 4.5 years
Table 10. Goto et al.[20] reported that, for a maximum and ratio
temperature of 70°C, no large differences in pore size 28days | 4.Syears Ratio
distribution at 7 days and 128 days were seen. However, Cured in water | 29.322 18.09 0.62
within the scope of the present experiments, the total pore Cores 26.354 | 20.766 0.79
volume at 4.5 years had decreased to 0.62 compared with 28 Unit : vol. % Ratio = 6.5 years / 28 days
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days for standard-cured specimens. The ratio was 0.79 for thermal-history specimens. Thus, progress of the
hydration reaction in thermal-history specimens over the long term was confirmed to be similar to that in mortar
specimens.

According to the above, the influence of thermal history on pore size distribution, and especially on capillary pore
volumes, is significant. It also confirms that it remains significant over the long term. We surmise that the effects
of thermal history on pore size distribution are strongly related to the influence that thermal history has on
physical values such as compressive strength, chloride ion penetration, and carbonation depth.

¢) Relationship between pore volume and compressive strength

The relationship between compressive strength and the volume of pores 10 nm or more in diameter is shown in
Fig. 23. There is no observable influence of thermal history, and compressive strength decreased with rising pore
volume. The correlation factor (-0.835) obtained here is larger than the correlation factor (-0.754) between total
pore volume and compressive strength, and is similar to what has been reported previously [21]. This confirms
that a strong correlation exists between the volume of pores above a specific diameter and compressive strength.

d) Pore volume, chloride ion penetration depth, and carbonation depth

The correlation between the volume of pores over 44 nm in diameter and chloride ion penetration depth is shown
in Fig. 24. The penetration depth tends to increase with rising pore volume, but the correlation factor is not large.
This is thought to be because the penetration properties of chloride ions do not depend simply on pore volume, but
also on other factors: differences in the fixation of aluminate phase chloride ions according to type of cement [20],
and the influence of continuity and surface area of pores 4 nm and less in diameter [22].

There have in the past been attempts to tie the ease of mass transport within concrete to representative pore
diameters [21][23][24][25], but within the scope of these experiments no distinct correlation of this type was
noted.

The carbonation depth, as with chloride ion penetration depth, increased with rising pore volume, but the
correlation was not as strong as in the case of compressive strength.

(5) Microstructure of Hardened Mortar and Concrete

The results of observations of the microstructure of hardened mortar specimens at the ages of 91 days and 6.5
years, both standard-cured and subject to the artificial thermal history, are shown in Photos 1 to 6.

With standard-cured specimens of OPC, dense Type III or Type IV C-S-H structures were confirmed at 91 days.
On the other hand, specimens subjected to the thermal history indicated granular hydration products at 91 days.
These were thought to have been unable to grow sufficiently due to the influence of the thermal history. At the age
of 6.5 years, it could be seen that the granular hydration products visible at the age of 91 days had been covered
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Standard cured specimen

Standard cured specimen Specimen subjected to
thermal history

Photo 1 SEM observations of OPC mortar at the age of 91 days

by C-S-H, but even then it appeared that comparatively large voids Specimen subjected to thermal history
measuring 1-3 um remained in the interior. It has previously been
pointed out that the composition or configuration of C-S-H differs .
with curing temperature in blended cement [26]. These results Photo 2, SEM observations of mortar
indicate that even with OPC the C-S-H structure is influenced by Specimens at the age of 6.5 years
thermal history.

In the case of standard-cured specimens using cement BB, dense structures of Type III or Type IV C-S-H had
already been formed at 91 days. On the other hand, specimens subjected to the thermal history included many
granular hydration products at the microstructure surface at 91, as was the case with OPC. Here also, the surface
of this initial granular structure was covered with C-S-H at 6.5 years. Further, as can be surmised from the ratio of
pore volume reduction as given in Table 9, it appears that the hydration product had become denser in comparison
with other cements. However, unlike standard-cured specimens, there remained voids of approximately 1-3 pm in
the interior.

The hydration products in standard-cured specimens of LBB resembled those in BB, except that, in 6.5-year-old
specimens, calcium aluminate hydration products were seen in some
places. Specimens subjected to the thermal history were confirmed
to have granular hydration products at 91 days, and it was concluded
that the influence of thermal history on the hydration reaction was
the same as with the other cements. At the age of 6.5 years, the
initial granular hydration products were covered with C-S-H and
there were voids of approximately 1-3 wm in the interior as above.

180 (ol >

Standard cured specimen Specimen subjected to Specimen subjected to theal history
thermal history
Photo 4 SEM observations of BB mortar
Photo 3 SEM observations of BB mortar at the age of 91 days at the age of 6.5 years
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thermal history

Photo 5 SEM observations of LBB mortar at the age of 91 days

The block specimens, also, exhibited a hydration product growth
process similar to that of the mortar specimens, as shown in
Photos 7 and 8. However, in cores taken from block specimens
at 4.5 years, although there were numerous voids of
approximately 1-3 pm, they were not as prominent as in the
mortar specimens.

From these results, it may be said that when mortar and block
specimens are subjected to an extreme thermal history, the early
granular C-S-H is unable to grow completely, but becomes

o
10KV %1,808 | 10km 000064
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Specimen subjected to thermal history

Photo 6 SEM observations of LBB mortar
at the age of 6.5 years

covered by the growth of C-S-H over the long term. This leaves comparatively large voids of around 1-3 pm in
the interior. It is concluded that such differences in pore structure affect the mechanical characteristics and

permeability of massive concrete.

When a rapid temperature rise is experienced at an early age, a dense C-S-H phase is formed on the surface of
unhydrated cement particles, making diffusion and moisture penetration difficult. At the same time, the progress

of hydration is delayed since it is difficult for ions such as
Ca®* and Si044' to diffuse to the exterior. As a consequence,
more free water remains than is the case with standard
curing, and water-filled voids form. Specimens subjected to
such a thermal history were sealed to simulate conditions in
the interior of mass concrete, so it is possible that local air
voids resulted due to the volumetric difference between the
water consumed in hydration and the hydration products

18kY 1,008 10vm SoBB7PL

Standard cured specimen

184y x2. 000

Standard cured specimen Core specimen from block Core specimen from block
Photo 7 SEM observations of the concrete specimens Photo 8 SEM observations of the concrete
in Series 3 at the age of 28 days specimens in Series 3 at the age of 4.45 years
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formed. It is thought that, in SEM observations made at the age of 91 days, the coarse structure resulting from the
above water voids and local air voids was observed. With advancing age, C-S-H gradually formed in the
remaining free water, thus decreasing the volume of water-filled voids. However, since the hydrated phase will not
develop in air voids formed as hydration progresses, even with C-S-H in the vicinity, the air voids remained. It
is surmised that it is these remaining air voids that were captured in SEM observations made at the ages of 4.5-6.5
years. The localized air void formation process described above is quite plausible if the similarity to the
mechanism of autogenous shrinkage strain development is taken into consideration [27].

Cores taken from block specimens were cured in water for approximately 3 years before carrying out the
advanced-age tests. Accordingly, some of the above-mentioned local air voids were refilled with free water and
hydration products were formed, and it is thought that this explains the reduction in voids of around 1-3 um as
compared with the mortar specimens. That the compressive strengths of standard-cured specimens and cores
differed little, as in the case of mortar specimens, is thought to have been due to this reasoning.

S. CONCLUSIONS

This long-term study looked into the influences of the thermal history induced by heat of hydration on the
mechanical characteristics and durability of massive concrete. The following findings were revealed by the study:

(1) Mechanical Characteristics

(1-1) It was ascertained that specimens subjected to an extreme thermal history induced by heat of hydration
are higher in compressive and tensile strength at the age of 7 days than standard-cured specimens. However,
subsequent strength gain is slow, and by around 28 days the two converge, while over the long term, the
compressive strength of specimens that experienced the thermal history is lower. Moreover, this influence was
seen to continue up to 6.5 years, which was the maximum scope of these experiments.

(1-2) LBB, when standard-cured, shows a strength gain over the long term, but in cases where concrete strength is
specified at 91 days, it should be noted that structures subjected an extreme thermal history may fail to reach the
specified strength.

(2) Chloride Ion Penetration Depth

(2-1) It was ascertained that chloride ion penetration depth is greater for all cements, OPC, BB, and LBB, when
subjected to the severe thermal history. The penetration depth decreases with age, but it is confirmed to be greater
for thermal history specimens even at the age of 6.5 years.

(2-2) Chloride penetration depths for BB and LBB, which contained finely ground blast-furnace slag, are
confirmed to be less than for OPC even when the severe thermal history is experienced. In the case of LBB, this is
particularly notable.

(2-3) With mortar specimens, chloride ion penetration depth decreases with rising compressive strength. However,
where compressive strength varies with depth, as in block specimens, no equivalent correlation between chloride
ion penetration depth and compressive strength is seen.

(3) Carbonation

(3-1) With all cements, it is ascertained that the carbonation depth is greater where the thermal history has been
experienced in comparison with standard curing. This trend continues up to 6.5 years in the case of mortar
specimens.

(3-2) A positive correlation is confirmed to exist between chloride ion penetration depth and carbonation depth in
mortar specimens.

(4) Pore Size Distribution and Microstructure of Mortar and Concrete

(4-1) There is a tendency for capillary pore volume to be higher when the severe thermal history is experienced.
Although the number of such voids decreases as hydration progresses, the trend continues even up to the age of
6.5 years.

(4-2) A strong correlation was recognized between the volume of pores 10 nm and larger and compressive
strength. However, no distinct correlation is seen for chloride ion penetration depth or carbonation depth.

(4-3) Through observations of the microstructure of hardened mortar and concrete, it is confirmed that granular
C-S-H is present, and it is thought that this is unable to grow sufficiently at early age as a result of the thermal
history. Over the long term, the surface of these initial granular hydration products becomes covered with C-S-H
formed by subsequent hydration reactions. However, it is confirmed that air voids of approximately 1-3 pm
remain within the concrete and mortar.

(4-4) No influence of the thermal history on chloride ion permeability in the transition zone around the aggregates
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is recognized.

From the standpoint of preventing thermal cracking and securing durability, it may be said to be important that the
post-placement temperature rise be held to the minimum when working with massive concrete.

Acknowledgements

For their assistance in conducting this study, the authors are greatly indebted to Dr. Hidenori Hamada (Port and
Harbour Research Institute, Ministry of Transport) for work on durability evaluations, Messrs. Michio Muramatsu,
Shigeyuki Kohtaka, and Makoto Kitazawa (Toa Harbor Works Co., Ltd.) for confirming mechanical
characteristics, and Mr. Takanori Yamamoto and Ms. Takako Yuko (Sumitomo Osaka Cement Co., Ltd.) and Mr.
Hideki Takemura (Asahi Glass Co., Ltd.) for observations and analyses of microstructures. The authors hereby
express their gratitude to these people.

References

1) Chino, D., and Shire, T.: Influence of Various Conditions of Curing and Mixing Temperature (20-90°C) on
Strength of Concrete at Early Age, Transactions of the Architectural Institute of Japan, No.320, pp.1_11,
1982.10 (in Japanese)

2) Verbeck, G.J., and Copeland, L.E.: Some Physical and Chemical Aspects of High Pressure Steam Curing,
ACI, SP-32, 1932 :

3) Ikabata, T., Takemura, H., and Uchida, K.: Heat/Strength Characteristics and Microstructure of Low Heat
Cement, Proceedings of Cement and Concrete, No.45, pp.134-139, 1991 (in Japanese)

4) Yoshida, H., IIsaka, T.,, and Sugiyama, A.: Effect of Curing Temperature on the Properties of Concrete,
Proceeding of the Japan Concrete Institute, Vol.8, pp.317-320, 1986 (in Japanese)

5) Hirai, K., and Narita, T.: Effect of High Temperature Curing Procedures on the Porosity of Mortar,
Proceedings of the Japan Concrete Institute, Vol.9, No. 1, pp.163-168, 1987 (in Japanese)

6) Tomatsuri, K., Kuroha, K., and Marushima, N.: Consideration on Affection on Strength Gain and Quality
Control of High Strength Concrete which experiences High Temperature at Early Stage of Hydration, Journal
of Structure Construction Engineering, AlJ, No. 445, pp.1-10, 1993.3 (in Japanese)

7) Kakizaki, M.: How Does Hydration Affect the Characteristics of High Strength, Results from Tests of Actual
Size Members, Part 2, Cement/Concrete, No.544, pp.60-67, 1992.6 (in Japanese)

8) Fukute, T., Moriwake, A., and Suzuki, Y.: A study on mortar to assess the durability of massive concrete,
Durability of Building Materials and Components 6, Volume one, pp.388-397,1993.10

9) Sub-Committee on Test Method for Polymer Cement Mortar, Test Method for Polymer Cement Mortar/Draft
- Part 2 - 12, Test Methods for the Penetration Depth of Chloride in Polymer Cement Mortar (Draft),
Concrete Journal, JCI, Vol.25, No.8, pp.5-7, Aug. 1987 (in Japanese)

10) Gilkey, H.J.: The Moist Curing of Concrete, Engineering New-Record, Vol.19, pp.630-633, Oct. 1937

11) Okajima, T., and Ishikawa, T.: Effect of Moisture Content on Mechanical Properties of Hydrated Cement
Materials, Proceeding of the Japan Concrete Institute, Vol.2, pp.101-104, 1980 (in Japanese)

12) Sandvik, M., and Gj¢rv, O. E.: High Curing Temperature in Lightweight High-strength Concrete, Concrete
International, pp. 40-42, 1992.12

13) Yuasa, N.: Protection of RC concrete - The Surface Layer Concrete -, Cement/Concrete, No.621 pp.44-50
1998 (in Japanese)

14) Kjellsen, K. O., Detwiler, R. J. and Gj¢1v, O. E.: Development of Microstructures in Plane Cement Paste
Hydrated at Different Temperature, CEMENT and CONCRETE REASEARCH, Vol.21, pp.179-189, 1991

15) Morita, S., Kondo, G., and Kou, K.: Temperature History and Strength Development of Concrete due to
Hydration Heat Accumulation, Cement/Concrete No. 578, pp.57-65, 1995.4 (in Japanese)

16) Bretton, D., Olliver, J.P,, and Ballivy, G.: Diffusivity of Chloride ions in Transition Zone between Cement
Paste and Granite, Interface in Cementitious Composites, Proceedings 18 of the RIREM International
Conference, E & FN Spon, London, pp.269-278, 1992

17) Heinz, D., and Ludwig, U.: Mechanism of Secondary Ettiringite Formation in Mortars and Concretes
Subjected to Heat Treatment, ACU SP100, No.2, pp. 2059-2071, 1987

18) Horiguchi, K., Chosokabe, T., Ikabata, T., and Suzuki, Y.: The Rate of Carbonation in Concrete Made with
Blended Cement, Third CANMET/ACI International Conference on Durability of Concrete, pp.917-931,
1994

19) Uchikawa, H., Uchida, S., and Hanehara,S.,: il cemento, pp.67-90, 2/1991

20) Goto, S., Tunetani, M., Yanagida, H., and Kondo, R.: Diffusion of Chorine Ion in Hardened Cement Paste,
Journal of the Ceramic Society of Japan, Vol.87, No.1003, pp.126-133, 1979.3 (in Japanese)

21) Morimoto, J., and Uomoto, T.: Pore Structure of Portland Cement Cured under High Temperature at Early

— 271 —



Ages, Concrete Research and Technology, Vol. 1, pp.153-159, 1996.1 (in Japanese)

22) Goto, S., Shoge, K., Takagi, T., and Daimon, M.: Micro Pore Distribution and Diffusion of Ion in Hardening
Cement Paste, JCA Proceedings of Cement & Concrete, No. 36, pp.49-52, 1983 (in Japanese)

23) Goto, S., and Roy, D. M.: CCR 11, pp.575-579, 1981

24) Mehta, P. K. and Manmoha, D.: Proc. 7th, Int’I Cong. Chem. Cement Vol.3, VI-3, 1980

25) Nyame, B. K., and Iliston, J. M.: Proc. 7th, Int’1 Cong. Chem. Cement VoI3, VI-181, 1980

26) Ikabata, T., Yoshida, H., Matsuoka, Y., and Uchida, K.: Effect of Curing Temperature on the Microstructure
of Cement Pastes, Proceedings of Cement and Concrete No. 44, pp.46-51, 1990 (in Japanese)

27) JCI technical committee on autogenous shrinkage, Committee report, Japan Concrete Institute, pp.43-45,
1996.11 (in Japanese)

— 272 —



