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Strain Composed of Autogenous Shrinkage and Thermal Expansion Due to Hydration of High
Strength Concrete and Stress in Reinforced Columns

by Hiroshi Hashida and Nobuyuki Yamazaki
Abstract

Reinforced concrete members made of high strength concrete (HSC) are subjected to stress due to coupled strain resulting from autogenous
shrinkage and thermal expansion/contraction, which may cause severe cracking at early age. In the paper, the coupled strain of HSC was
measured and estimated, then actual strain and shrinkage stress in full-scale model columns were investigated. By taking account of the
increase of thermal expansion coefficient with age, it was possible to estimate the coupled strain of HSC. While autogenous shrinkage of
concrete with usual Portland cement subjected to a high temperature history was considered to be smaller than that of 20°C-curing, autogenous
shrinkage of concrete with admixtures was considered to be larger when the admixture content was high. The actual strain and stress in the
reinforced concrete members could be estimated based on the concept of coupled strain of HSC.
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§ 1. Introduction HSC members at early ages ",

Accordingly, the authors measured the coupled strain of HSC

The number of reinforced concrete structures made of
high strength concrete (HSC) with a design strength of more
than 60 N/mm? has been increasing in Japan. Though
members made of such concrete basically exhibit high
strength and high durability, they are vulnerable to early
cracking. The high cement content causes a large temperature
rise during early hydration, while autogenous shrinkage is at
the same time also a matter of concern. For this reason, the
reinforced concrete members are subjected to stress due to
deformation composed of autogenous shrinkage and thermal
expansion/contraction, leading to cracking. However, few
studies have dealt with the coupled deformation and stress of

specimens under semi-adiabatic curing and estimated both
components, autogenous shrinkage and thermal expansion.
Actual strain and the shrinkage stress in full-scale model
columns were then investigated by comparing the estimated
values with the experimental measurements.

§ 2. Experimental Procedure
2.1 Laboratory Test

The materials of HSC are given in Table | and
proportioned as shown in Table 2. Four types of cement or



Table 1 Materials of Concrete

Materials r%%sg% Kind / Characteristics
OPC Ordinary Portland cement )

Density=3.16 glcm® , Blaine=0.327 m*/g
BPC Belite-rich Portland cement (C ,S=46%)
Density=3.20 g/cm® | Blaine=0.411 m*/g
Blastfurnace slag cement B type
OBC |Density=3.04 g/cm®, Blaine=0.370 m*/g
( OPC replaced about 42 wt% by slag )
Silica fume| SF |Density=2.20 g/cm® , Blaine=20 mf/g
Fine s Land sand / Density=2.59,

aggregate Absorption=1.63%, F. M.=2.80

Coarse G Crushed sand stone / Max. size=20mm
aggregate Density=2.65, Absorption=0.60%

Chemical Air entraining and high-rage water
admixture | SP reducingaggnts ki

Cement

Table 2 Mix Proportions

welwW|c|sF]ls|aG] fg
(%) kg/m* (N/mm)
BPC40]| 40 [168[420] — [785]975] 76.8
BPC27] 27 [165]611] — |697]940] 101
BPC20| 20 [165[825| — |581]896] 119
Bsc20] 20 [ 165|784 ] 41 | 606|856 | 123
opPc40| 40 | 168]420] — [780]975] 68.2
opc27| 27 [165]611] — |692]940] 97.4
0PC20| 20 | 165]825] — | 573|896 109
oBc27] 27 [165]611] — [751]859] 109

binder were used: ordinary Portland cement (OPC), belite-
rich Portland cement (BPC), BPC with 5% replaced by mass
with silica fume (BSC) and blast furnace slag cement (OPC
with about 42% replaced by mass with slag, OBC). Eight
types of concrete were prepared, with OPC or BPC having a
water-cement ratio (W/C) of 0.40, 0.27, and 0.20, BSC having
a water-binder ratio (W/B) of 0.20 and OBC having a W/C
of 0.27. The belite (C,S) content of BPC was 46% in terms
of mineral composition. Table 2 also shows the averages of
the 28-day compressive strength, f of standard-cured
specimens.

The changes in the autogenous shrinkage strain and pore
humidity at a constant temperature of 20°C and the total strain
under semi-adiabatic curing, i.e. the strain composed of
autogenous shrinkage and thermal expansion, were measured.
The autogenous shrinkage and pore humidity test at 20°C
were conducted using beam specimens 100x100x400 mm
and cylinders ¢100x200 mm in size as shown in Figure 1
and 2. For the semi-adiabatic curing test, beam specimens
100x100x700 mm in size were fabricated using molds made
of insulation as shown in Figure 3. They were adiabatic-cured
from immediately after placing to undergo a temperature
history similar to the actual members. The strains and
temperatures of beam specimens were measured with
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Fig. 1 Test Specimen for Measurement of Autogenous
Shrinkage Cured at 20°C
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Fig. 3 Test Specimen for Semi-adiabatic Curing

embedded strain gauges and thermocouples.

2.2 Experiments on Full-scale Columns

Two types of ready-mixed concrete, OPC-Rm and BPC-
Rm with materials and mix proportions (Table 3) similar to
OPC27 and BPC27 in the laboratory test, were used for an
experiment on full-scale columns. For the experiment,
unreinforced and reinforced concrete model columns (U-
column and R-column) 550600 mm in cross section and
1500 mm in height were prepared as shown in Figure 4.
Whereas the U-column was used for measuring the total strain
composed of autogenous shrinkage, thermal expansion and

Table 3 Mix Proportions of RMC

welwlcls]ael re
(%) kg/m* (N/mnT)
BPC-Rm | 27 [170]630|741|854| 92.7
opc-Rm| 28 | 165|589 719]922| 96.1

Mix




Section : 550x600mm /R3
Embedded e
strain gage C3
c2 3
c1 c2
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(Unreinforcement) (Reinforcement)

Fig. 4 Full-scale Model Columns

internally restricted strain, the R-column was used for
measuring the actual strain of the main reinforcing bar and
concrete under restraint of the reinforcing bar. To minimize
the effect of drying, the exposed surfaces of the wooden
formwork were covered with curing sheets. The placing
surface of OPC-Rm, however, was exposed to the air by
mistake, while that of BPC-Rm was covered with curing
sheets from immediately after placing. The strains of concrete
and the reinforcing bar were measured with embedded strain
gauges and foil strain gauges (the 4 gauge method),
respectively. The measuring points for strain and temperature
are shown in the cross sectional view in Figure 4.
Measurements were made at 3 heights, but this paper deals
with only the central measuring point readings.

§ 3. Results

3.1 Autogenous Shrinkage at 20°C

The autogenous shrinkage strains of specimens cured at
20°C are shown in Figure 5. In this paper, the datum strain of
the autogenous shrinkage is the value at the time of final
setting because final setting nearly corresponds to the practical
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revelation of elasticity and stress of concrete. The autogenous
shrinkage developed to 50% of the 28-day value by an
equivalent age of 1 day and gradually converged. When
comparing specimens with the same water-cement ratio, the
autogenous shrinkage strain of BPC specimens was much
lower than OPC specimens, presumably due to the C A
content of belite-rich cement as low as approximately 3% 2.
The autogenous shrinkage strain can be approximated by the
model curve of equation (1).

0.5
28-1
3 - — _—-£
8',,,(!) Eass expljsll [!—!!, ] ]} (1)

where £, (f)= autogenous shrinkage strain at t days, 1 =
equivalent age (days), €,,,= autogenous shrinkage strain at
28 days, s.= factor for rate of autogenous shrinkage
development and 7 = final setting time (days). The equivalent
age used in the paper is specified in CEB-FIP Model Code
90 9 and expressed by equation (2).
4000
273+ T{Arf)] ()

i=1

n
=Y Al -cxp[13.65 -

where 1= equivalent age (days), T(Af,)= temperature in
period Az, ("C) and Ar,= duration of temperature T' (days).
The solid lines in Figure 5 are the autogenous shrinkage strain
curves at 20°C approximated by Equation (1). The values of
£, and s, regressed for each concrete are listed in Table 4.
These parameters are significantly dependent on the water-
cement ratio.

Figure 6 shows the changes in the pore humidity of concrete
in an environment at 20°C. The humidity of all concretes
progressively decreased over time. Those of BPC20, BSC20,
OPC20, and OBC27 particularly decreased to around
75%RH at 3 months, clearly exhibiting self-desiccation due
to hydration. Figure 7 shows the relationship between the
pore humidity and autogenous shrinkage, exhibiting
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Fig. 5 Autogenous Shrinkage Strains of Specimens at 20°C



Table 4 £, and 5, Regressed by Euation (1)

Mix BPC40|BPC27 |BPC20|BSC20| OPC40| OPC27| OPC20| OBC27
Eas(x10%)| 98 236 512 610 193 420 900 473
Se 0.37 0.13 0.09 0.13 0.37 0.13 0.09 0.32
100 100
T T
o
% 9t = 90
2 2
£ o BPC40 5 o OPC40
‘€ 80 | |O BPC27 ‘E 80 | |O OPC27
E A BPC20 £ A OPC20
e BSC20 e OBC27
70 L 1 70 1 1
0.1 1 10 100 0.1 1 10 100
Age (days) Age (days)
Fig. 6 Pore Humidity Changes of Specimens at 20°C
¢ .
3 5 BPCA0 3.2 Coupled Strain under Semi-adiabatic Curing
c -200 [-|O BPC27 " Figure 8 shows the temperature histories and of the
% e : ggggg g A® specimensthe under semi-adiabatic curing and Figure 9
& 7 [| e opcao » 2ok shows the changes in the total strain of the specimens, i.c.
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< -600 [-| ™ OPC27 % ° the coupled strain from autogenous shrinkage and thermal
£ o expansion/contraction. These temperature histori
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3 A similar to those of the full-scale model columns (see Figure
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Fig. 7 Pore Humidity versus Autogrnous Shrinkage

correlation, though some types show certain scatter. It is
therefore considered that autogenous shrinkage of HSC
significantly depends on the self-desiccation.
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value at the time of final setting. The solid lines in Figure 9
show the changes in the strain due to autogenous shrinkage
at 20°C (e,,,) superposed on the thermal expansion (e, ).
Thermal expansion coefficients were measured by subjecting
post-test specimens to temperature changes at an age of 3
months, when the autogenous shrinkage had almost
converged. They widely varied from one concrete to another,
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Fig. 8 TemperatureHistories under Semi-adiabatic Curing
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Fig. 9 Coupled Strains under Semi-adiabatic Curing

ranging from 8.0 to 13.3x10°/°C (see Figure 14). In the case 3.3 Actual Strain in Full-scale Model Columns

of BPC40, BPC27 and BSC20, there were small differences Temperature histories of the full-scale model members,
between the superposed strain and the measurement. In the U-columns which had much the same histories as R-columns,
case of BPC20, OPC40 and OPC27, the differences were are shown in Figure 10. Figure 11 shows the actual strain

moderate, whereas in the case of OPC20 and OBC27, the changes of concrete measured in U-columns and those of
differences were great. These may result from the differences reinforcing bars measured in R-columns. Accordance of the
in autogenous shrinkage development and thermal expansion strain changes from the center (C1) to the comer (C3)
coefficients through semi-adiabatic curing. demonstrates that the plane section of the column remains

plane under the temperature histories. The difference in actual
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Fig. 11 Actual Strains of Model Columns

strain between the concrete in U-columns and the reinforcing
bars in R-columns was considered to cause the shrinkage
stress of concrete in R-columns. Some shrinkage cracks
tended to relax the strain of R1 bar in R-columns with OPC-
Rm,

§ 4. Discussion

4.1 Coupled Strain from Autogenous shrinkage and Thermal
expansion

As shown in Figure 9, the actual changes in the strain of
HSC subjected to high temperatures differ from the
superposed strain consisting of the autogenous shrinkage at
20°C and the thermal expansion. One reason for the difference
may be that the actual thermal expansion coefficient is not
constant throughout the ages. However, the thermal expansion
coefficient of HSC at early ages has scarcely been measured,
as the simultaneous autogenous shrinkage strain makes it
difficult to identify. Nevertheless, it is reported that the thermal
expansion coefficient of cement paste increases with age ©
and is highest when the relative humidity is around 70% 7. It
is therefore expected that the thermal expansion coefficient

of HSC with a large autogenous shrinkage, i.e. large self-
desiccation, increases with age as shown in Figure 12,
referring to the results measured by Bjentegaard & Sellevold
9. It was considered that the thermal expansion coefficient of
concrete is great before the final setting, as the thermal
expansion coefficient of water is large and the fabric of the
microstructures has not been fully formulated. The thermal
expansion coefficient is considered minimized near the final
setting, when the fabric has been formed and the concrete is
still in a wet condition. Also, it is judged rational to assume
the thermal expansion coefficient at the final setting to be
7.0x10%/°C, since the pore humidity correlates with the
thermal expansion coefficient regardless of concrete types
as evidently shown in Figure 13. Accordingly, as a case study
hereafter, the coefficient of thermal expansion, a , was
assumed to be 7.0x10%/°C at the final setting and increases
in proportion to the logarithm of the age up to an age of 3
months as shown in Figure 14 and expressed by equation
(3).

a(n)=aInt/1,)+b 3)

where o(f)= coefficient of thermal expansion at  days (1/
‘C), t = equivalent age (days), /= final setting time (days),
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Fig. 14 Assumed Coefficients of Thermal Expansion, o, as a Case Study

coefficients g,and b= material constans and 5,=7.0x10 in
this study.

Figure 15 shows separations of the actual strains of OPC27
under semi-adiabatic curing into thermal strains and
autogenous shrinkage strains, with the coefficient of thermal
expansion being assumed in one case to be constant at the
measurement at an age of 3 months and in another case to be
increasing according to Figure 14. A nearly exponential curve
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of autogenous shrinkage strain was obtained when the
increasing coefficient of thermal expansion was applied,
whereas a wavy and unreasonable strain curve was obtained
when the constant coefficient was applied. The development
of the exponential strain curve became about 64% of that of
20°C-curing. Figure 16 shows the autogenous shrinkage
strains of other concretes with OPC or BPC, also suiting to
exponential curves when the increasing coefficient was
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Fig. 15 Separations of Actual Strain of OPC27 under Semi-adiabatic Curing into Thermal Strain and

Autogenous Shrinkage Strain
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Fig. 17 Estimated Autogenous Shrinkage Strains of BSC20 and OBC27 under Semi-adiabatic Curing

applied. The exponential strain curves were about 49-93%
of that of 20°C-curing in all cases. In other words, autogenous
shrinkage strain remains lower when subjected to a high
temperature history at early ages than when maintained at
20°C, similarly to strength development. These results in the
case study suggest that by taking account of the increase in
the coefficient of thermal expansion, reasonable autogenous
shrinkage curves suiting to exponential functions are obtained.
Figure 17 shows the autogenous shrinkage strains of OBC27
and BSC20, also suiting to exponential curves but having
some complexity even when the increasing coefficient was
applied. Figure 18 shows the relationship between the
maximum temperature in the history and the ratio of the
development of autogenous shrinkage in the history to that
of 20°C-curing (e_/e,,,). Though the amount of data is
limited, the figure clearly reveals that the autogenous
shrinkage of HSC with usual Portland cements is highly

dependent on the temperature conditions regardless of the
cement type. Therefore ¢,,/¢,,,, of such concrete may be
roughly expressed by equation (4).
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Fig. 18 Effect of Maximum Temperature on
Autogenous Shrinkage



€as Easzo = —0.0095 T +136 (T,,240°C)  (4)

where 7, =maximum temperature of concrete during curing
CE).

It should be noted, however, that OBC27 and BSC20 show
higher developments, especially OBC27 is higher than 1.0,
presumably due to the fact that temperature has a great
influence on the hydrating activity and hydrated
microstructure of admixtures such as blast furnace slag and
silica fume. The singularly low development of OPC40
cannot easily be evaluated and requires further investigation.

4.2 Estimation of Actual Strain and Stress in Columns
Figure 19 shows the autogenous shrinkage strains of OPC-
Rm and BPC-Rm at 20°C measured in the same manner as
the laboratory test. The lines in the figure are the strain curves
approximated by equation (1). The strain curves at 20°C and
the temperature changes measured were the basic data to
estimate the actual strain and stress in the model columns.
For the actual strain in the U-column, we roughly estimated
the temperature change at the boundary (CB in Figure 20)
where the internally restricted thermal stress is assumed to
hardly occur. Then the coupled strain from autogenous
shrinkage and thermal expansion at the boundary, which
meant the actual strain in the U-column, was estimated
through the process as described above. For the actual strain
and the average stress of concrete in the R-column, we applied
the step-by-step method based on the principle of
superimposition of creep and on the self-equilibrium between
concrete and reinforcing bars. The stresses of concrete at the
center (C1) and at the comner (C3) were estimated based on
the difference between the actual strain and the coupled strain
at each point. The principle of the estimating process is shown
in Figure 20.
Elastic modulus and creep coefficient required for the
estimation were determined with the following equations,

0 Fa®
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referring to previous papers - ®:

0.5
28—l[
— . — il
Ef(f} E“ EXp Ss[l [f—{ﬁ_] ] (5)

where E_(1)= elastic modulus at 1 days, 1 = equivalent age
(days), E,,= 28-day elastic modulus of standard-cured
specimen, §;= factor for rate of elastic modulus development
and 1= final setting time (days).

)06
o(1,10)= %HI—IV{ (6)

where ¢(z,1, )= creep coefficient at ¢ days of specimen loaded
at f,days, t and f,= equivalent age (days), ¢,= apparent
ultimate creep coefficient determined by equation (7) and
= factor for rate of creep progress determined by equation

(8).

E,
$=b-a % (7
E,
B =005 cxp[S.O —‘E‘-(-::’—)] ®)

where coefficients g, and b, = material constans. As seen
from the equations above, the creep coefficient was
determined as a function of elastic modulus. The coefficients,
factors and measurements of BPC-Rm and OPC-Rm inputted
in the equations are listed in Table 5. The estimation of the
actual strain and the stress of concrete in the R-column was
done with the following equations:

step-by-step method;

1

O (l12)=
MURIPND)

[gc(fmrz)‘ Ece(li12) = € (fmrz}] )

where,
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Fig. 19 Autogenous Shrinkage Strains of OPC-Rm and BPC-Rm at 20°C
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Table 5 Coefficients and Measurements of BPC-Rm, OPC-Rm Used for Estimation

Coefficient/ Bg: ) Eq.G)

Eq. (4) : at CB Eq. (5) Eq. (7)

M Eaer ﬂa a b,
esurement | 10-)| % day) <1076 | x10-9)

.
(C) |fadfan gN/mnd| F | 2 | b2

BPC-Rm 307 | 013 | 040 | 037 | 7.0

50 089 | 368 |0115| 4.0 4.9

OPC-Rm | 495 | 013 | 051 | 077 | 7.0

64 075 | 39.2 |0075]| 49 5.8

1 f+ % -
J(!f*]_,z‘fj}:_."_ﬂl 1/2 f) )
E.(%) E.,

i-1
E,(ly2)= ZAO}({‘.)— T 12:8) = O (i1 12) T Wsq 201

j=1
Ao (1) =0.(l,12) =0 (tiy2)
fi112, Iy and I;,,,,= at the beginning, the middle and the end
of i th time interval, o.(1,,,,,)= stress of concrete at time
Iis1r2, Ec(lis12)= actual strain of concrete at time /;,,,, and

€.,(l;,172)= coupled strain at time /;,y/,.
self-equilibrium condition;
A O (tiy2) + Ay E[€,(t14112) — E(ti12)] =0 (10)

Elis1s2) = E(li4112) (1)

where A= sectional area of concrete, A,=total sectional area
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Fig. 21 Measured and Estimated Actual Strains in
Columns

of main bars, E, = elastic modulus of main bar, &,(1,,,,)=
actual strain of main bar at time /., ,, and £.(1,,,,,)=thermal
strain of main bar at time ;5.

Figure 21shows the measured and the estimated actual strains
in U-columns and R-columns. Each measured value was the
average of three measurements, C1-C3 or R1-R3. The
measured and the estimated values agree enough except OPC-
Rm after the age of 2 days in R-column, probably due to
cracking. Figure 22 shows the measured average stress,
converted from the strain of reinforcing bar, and the estimated
stress in R-columns. While the average stress estimated of
BPC-Rm agrees well with the measured one, that of OPC-
Rm overestimates the measured one, corresponding with
cracking. It was considered that the stress at the corner (C3)
of OPC-Rm up to the age of 1 day was too high to protect
against the crack.

These results make clear that the estimating approach
including the concept of strain composed of autogenous
shrinkage and thermal expansion are very useful for the
analysis of actual strain and stress of HSC structural members,

§ 5. Conclusions

Autogenous shrinkage strain and coupled strain resulting
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Fig. 22 Measured and Estimated Stresses in R-columns

from autogenous shrinkage and thermal expansion of HSC
specimens were experimentally investigated. Then the actual
strain and stress in full-scale model columns of HSC were
experimentally and analytically investigated. Though the
amount of data is limited, the following were found:

1) Autogenous shrinkage strain beginning at final setting
was obtained, and its practical development model was
proposed.

2) By taking account of the increase of thermal expansion
coefficient with age, it was possible to estimate coupled
deformation due to autogenous shrinkage and thermal
expansion of HSC subjected to a high temperature history at
early ages, such as structural members.

3) While autogenous shrinkage of concrete with usual
Portland cement subjected to a high temperature history was
considered to be smaller than that of 20°C-curing, autogenous
shrinkage of concrete with mineral admixtures, such as silica
fume and blast furnace slag, was considered to be larger when
the admixture content was high.

4) The actual strain and stress in the reinforced concrete
columns could be estimated based on the concept of coupled
deformation.
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