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Abstract

This paper presents the experimental results and prediction model for the autogenous shrinkage of concrete made with various water-to-
cementitious materials ratios (w/cm) ranging from 0.27 to 0.42 and granulated blast-furnace slag (BFS) in the range of 0% to 50% by mass of the
total cementitious materials. Test results showed that BFS concrete exhibited greater autogenous shrinkage than ordinary concrete with no BFS
with the same w/cm, and that the higher the BFS content, the greater the autogenous shrinkage. At the same content of BFS, the increasing rate of
autogenous shrinkage is affected by the w/cm; the lower the w/cm, the smaller the increasing rate of autogenous shrinkage. Based on the test
results, a prediction model for autogenous shrinkage was proposed. In particular, an effective autogenous shrinkage that is a realistic shrinkage
strain responsible for stress development was introduced in the model. It was determined by taking into account the characteristics of ultrasonic
pulse velocity evolution in concrete. This prediction method for autogenous shrinkage may be effectively used to estimate the stress induced by

autogenous shrinkage.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In the past decades, great efforts have been made to develop
a new generation of concrete to improve its performance and
competitiveness as a construction material. As a result, concrete
exhibiting high performance and high durability has been
developed and is used more frequently to construct civil
infrastructures. However, such concrete is more prone to early
age cracking caused by autogenous shrinkage due to the use of
rather low water-to-cementitious material ratio (w/cm) and
mineral admixtures such as silica fume.

Early age cracking of concrete results from the interplay
between the volume instability, the mechanical properties of
concrete and different types and degrees of restraint [1]. When
the concrete behaves like a fluid, i.e., during the very early age,
its volumetric changes are usually not of a great concern in
terms of stress generation because the concrete deforms
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plastically without generating stresses. However, once it has
transformed a visco-elastic solid, the stress is generated [2].
This transition is very important with respect to the initiation of
autogenous shrinkage strain and induced stress.

Determination of the initiation point of autogenous shrinkage
is not easy because of the complex fluid—solid transition
happening around setting. Thus, it is sometimes difficult to
compare the shrinkage results directly because autogenous
shrinkage is zeroed at different times, despite plenty of
quantitative studies in the literature. Actually, autogenous
shrinkage is strongly dependent on the start time of measure-
ment because self-desiccation starts to develop as soon as
hydration begins. Therefore, in order to obtain the maximum
potential autogenous shrinkage, it must be measured before the
specimen has aged 24 h and preferably before initial setting time
[3].

A technical committee on autogenous shrinkage at the Japan
Concrete Institute (JCI) defined autogenous shrinkage as the
macroscopic volume reduction of cementitious materials when
cement hydrates after initial setting [4]. This definition implies
that the initial setting time is the start point of autogenous
shrinkage. However, the setting times, which are measured in
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Table 1
Physical properties and chemical composition of cement and granulated blast-
furnace slag

Materials Physical properties Chemical composition (%)

Specific Blaine SiO, AlLO3; Fe,0; CaO MgO SO; LOI

gravity  (m?/kg)
Cement 3.14 320 217 50 33 624 2.1 24 082
Slag 2.94 430 31.6 146 04 424 21 3.0 0.02

accordance to the penetration resistance test method (ASTM C
403) are determined somewhat arbitrarily. Furthermore, setting
times may not necessarily coincide with the transition, and may
not be associated with the characteristic physico-chemical and
microstructural changes of concrete [5]. Therefore, an easier
and more practical method for monitoring the transition of
concrete is needed.

Granulated blast-furnace slag (BFS), either as a constituent
of cement or as a mineral admixture, is widely used to make not
only traditional concrete but also high-performance concrete,
which has several advantages in terms of workability, long-term
strength, and durability. BFS has been successfully applied in
Korea, particularly in marine concrete structures because of its
low permeability and pore refinement. In fact, however, the BFS
in concrete further increases autogenous shrinkage [6—8]. The
high autogenous shrinkage due to the use of BFS would cause
severe cracking in concrete structures. Even if cracking does not
seem to occur, there is considerable residual stress within the
concrete. Thus, any additional unexpected load, superimposed
on the internal residual stress, such as the one induced by
thermal gradients or movement of the formwork, can tilt the
balance and result in an overall stress greater than the tensile
strength of the concrete, and finally, lead to cracking [9].
Therefore, autogenous shrinkage of concrete containing BFS
must be estimated accurately. It should be also mitigated to
prevent cracking and to improve the quality and service life of
concrete structures. Previous research on the autogenous
shrinkage in cement paste and in concrete have mostly dealt
with the effect of silica fume, so only limited information is
currently available on autogenous shrinkage of concrete
containing BFS.

This study investigated the effect of w/cm and BFS
percentage on the autogenous shrinkage of concrete, and then
a prediction model for autogenous shrinkage was proposed
based on the test results. In particular, an estimation formula of
the 28-day effective autogenous shrinkage was determined by
considering various w/cms and characteristics of UPV
evolution.

2. Experimental work
2.1. Materials and mixture proportioning of concrete

Type 1 portland cement and granulated blast-furnace slag
(BFS) produced in Korea were used as cementitious materials to
prepare the concrete mixtures. Their physical properties and
chemical composition are given in Table 1. The fine and coarse
aggregates were washed river sand with specific gravity of 2.58,
water absorption of 1.03%, fineness modulus of 2.86, and
crushed granite with specific gravity of 2.62 and maximum-size
of 25mm, respectively.

Table 2 shows the mixture proportioning of twelve concrete
mixtures evaluated in this study. All concrete mixtures had the
same unit water content of 168kg, while the corresponding unit
content of cementitious materials was increased from 400 to
622kg as the w/cm was decreased. This means that the paste
content by volume is lower in the high-w/cm concrete mixtures,
which implies that it can influence on the autogenous shrinkage
because the coarse aggregate restrain the shrinkage deformation
proportionally to its volume ratio and stiffness. It should be
noted here that the effort is undertaken to evaluate the auto-
genous deformation of concrete mixtures with the same unit
water content.

Concrete mixtures without any BFS were designated as OPC
concrete, whereas the other made with BFS were designated as
BFS30 and BFS50 concretes, where the numerical notation
after ‘BFS’ corresponds to the replacement percentage of BFS.
A naphthalene-based high-range water-reducing admixture
(HRWRA) with a dark brown solution and air-entraining
admixture (AEA) were used to adjust the slump value of 180+
20mm and air content in all mixtures.

Table 2
Mixture proportioning of concrete per cubic meter
w/cm Replacement % of Codification Water Type I cement BFS Sand Coarse agg. AEA HRWRA

BFS (kg) (kg) (kg) (kg) (kg) (cm®xwt. %) (cmxwt. %)
0.42 0 42-0PC 168 400 0 783 972 0.015 0.70

30 42-BFS30 168 280 120 780 968 0.013 0.45

50 42-BFS50 168 200 200 778 966 0.013 0.40
0.37 0 37-OPC 168 454 0 729 981 0.017 0.80

30 37-BFS30 168 318 136 726 971 0.015 0.50

50 37-BFS50 168 227 227 724 974 0.015 0.45
0.32 0 32-OPC 168 525 0 672 981 0.018 1.00

30 32-BFS30 168 368 157 668 976 0.018 0.85

50 32-BFS50 168 263 262 665 972 0.017 0.75
0.27 0 27-OPC 168 622 0 608 965 0.020 1.50

30 27-BFS30 168 435 187 604 959 0.020 1.35

50 27-BFS50 168 311 311 601 954 0.020 1.25

? Cementitious materials=Cement+BFS.
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Fig. 1. Experimental set-up for measuring any change in the length of the concrete before demolding.

2.2. Specimen preparation and test method

2.2.1. Free autogenous shrinkage

In order to measure the length change of concrete at early
age, the method similar to the one proposed by Japan Concrete
Institute (JCI) was used, as shown in Fig. 1. For each mixture,
two concrete prisms of 100x100x400mm were prepared.
Before the removal of the mold, two LVDTs contacted on the
stud and an embedded strain gauge measuring 120-mm in
length positioned at the center of the specimen were installed to
monitor the length change of the specimen. Immediately after
demolding at 24h, the specimens were sealed with an adhesive
aluminum tape to avoid moisture loss, and any change in the
length was recorded by the embedded strain gauge only. All
specimens were stored in a chamber at a 20+ 1 °C and a relative
humidity of 60+3% during the test. The first measurement of
length change in sample was carried out at 3h after cement
contact with water.

Autogenous shrinkage can be influenced by the thermal
expansion and contraction caused by the temperature change in
concrete due to hydration reaction. Therefore, a thermocouple
was cast to monitor the temperature variations in each
specimen. The measurement of autogenous shrinkage was
corrected for thermal strain by assuming that the linear thermal
expansion coefficient of concrete was 10x 10~ ¢/°C.

2.2.2. Monitoring of ultrasonic pulse velocity

An ultrasonic monitoring system, which can measure the
longitudinal ultrasonic pulse velocity (UPV) at any desired
intervals, was constructed and it is detailed in Ref. [10]. Fresh
mixture was poured in the container and properly compacted.
The UPV measurement started 3h and continued for 24 h at
30-min intervals. The UPV can be easily calculated by dividing
the length of the straight wave path through the sample by the
travel time of the ultrasonic pulse. All UPV measurements at the
laboratory were conducted at the same condition of autogenous
shrinkage measurement.

3. Results and discussion
3.1. Properties of fresh and hardened concrete
Table 3 shows the slump, air content, and compressive

strength of concrete evaluated at given ages, measured in
accordance to ASTM C 143, C 231, and C 39, respectively. The

slump value of the tested mixtures was 180£20mm, and air
content varied from 1.5% to 5.6%. Table 3 revealed that by
3 days, compressive strength of all concrete made with BFS was
lower than that of OPC concrete. After 28 days of curing in
water, however, BFS concrete exhibited similar or slightly
higher compressive strength than the OPC concrete with the
same w/cm.

3.2. Free autogenous shrinkage

Fig. 2 shows the free autogenous shrinkage strain of the
tested concrete up to 180 days. In the figures, the solid lines
represent the predicted value obtained from a proposed model.
The value will be discussed in the next section.

All BES concrete had higher autogenous shrinkage than the
OPC concretes with the same w/cm, and the higher the BFS
replacement percentage, the higher the autogenous shrinkage.
This result is in agreement with those reported by previous
researches [6—8]. At 28 days, when w/cm was 0.37 or 0.42, the
autogenous shrinkage of BFS30 and BFS50 were increased by
about 31~56% and 58~76%, respectively, compared with that
of OPC with the same w/cm. However, the mixture made with
w/cm of 0.27 exhibited relatively small increase of autogenous
shrinkage; 6.6% for BFS30 and 17.4% for BFS50 at 28 days.
The higher autogenous shrinkage of concrete containing BFS
may be due to the greater chemical shrinkage than that of the
concrete with pure portland cement. Thus, the greater shrinkage
led to faster and greater self-desiccation, and resulted in larger

Table 3
Initial slump, air content, and compressive strength of concrete

Codification Slump Air Compressive strength (MPa)

(mm) C(f;mem 13 7 28 90 180

(%) day days days days days days

42-OPC 180 4.7 17.0 29.8 37.2 46.1 50.8 553
42-BFS30 180 4.8 5.1 19.5 302 449 51.7 53.1
42-BFS50 190 5.6 24 148 273 446 523 54.3

37-OPC 180 3.8 19.6 36.1 423 505 538  60.7
37-BFS30 180 4.2 103 272 392 563 578 608
37-BFS50 160 3.7 52 222 357 571 58.6 619
32-OPC 180 2.1 304 393 550 60.0 70.6 738
32-BFS30 190 1.8 11.8 405 574 643 745 752
32-BFS50 200 2.8 10.0 354 549 667 749 753
27-OPC 180 22 31.1 544 633 714 80.7 853
27-BFS30 190 1.5 - 5277 703 726 839  86.5
27-BFS50 200 1.7 - 462 692 762 862  89.6
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Fig. 2. Experimental results and predicted values for autogenous shrinkage of concrete containing granulated blast-furnace slag with various w/cms.

autogenous shrinkage [11]. Moreover, the use of BFS makes a
cement paste have a finer pore structure, as confirmed by
permeability [12]. Finer pores contribute to a lower relative
humidity, which increases the degree of self-desiccation within
the cement paste.

Table 4 lists the autogenous shrinkage strain for each
concrete evaluated at 3, 7, 28, and 180 days of age. The value in
parenthesis represents the ratio of the autogenous shrinkage
strain at given ages to the 180-day autogenous shrinkage strain.
The low-w/cm concrete experienced autogenous shrinkage
faster than the high-w/cm concrete regardless of the concrete
type. For the concrete mixtures with w/cm of 0.27 (27-OPC,
27-BFS30, and 27-BFS50), about 54% or more of the auto-
genous shrinkage up to 180 days occurred at 7 days of age,

while for the concrete made with w/cm of 0.37 (37-OPC, 37-
BFS30, and 37-BFS50) only 27-30% occurred during the same
period.

3.3. Relationship between UPV evolution and autogenous
shrinkage

As mentioned earlier in the Introduction, it is important to
know the transition time of a given concrete because it is related
to the stress generation. One possible method for evaluating the
transition of concrete is to use an ultrasonic technique, with
which depending on the age of the concrete, amplitude-, veloci-
ty-, and frequency-variations can be observed during the transi-
tion from viscous suspension to plastic state of the mixture [10].
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Free autogenous shrinkage strain of concrete evaluated at specified ages
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w/cm Autogenous shrinkage strain (x 10~°) ( % of 180-day shrinkage)

OPC BFS30 BFS50

3 days 7 days 28 days 180 days 3 days 7 days 28 days 180 days 3 days 7 days 28 days 180 days
0.27 244 (60)* 271 (67) 317 (78) 405 (100) 193 (44) 239(54) 338(77) 438 (100) 216 (45) 285(59) 384 (80) 480 (100)
0.32 64 (21) 96 (32) 175(58) 302 (100) 62 (17) 123 (34) 230 (63) 364 (100) 69 (17) 181 (44) 276 (67) 414 (100)
0.37 25 (9) 68 (27) 125(50) 250 (100)  36(12)  90(29) 195(63) 308 (100) 58 (16) 109 (30) 220 (61) 360 (100)
0.42 19 (10) 37(19) 104 (54) 193 (100) 6(2) 25(9) 148 (54) 276 (100) 16 (5) 79 (24) 175(54) 326 (100)

? Ratio of autogenous shrinkage strain at 3, 7, and 28 days to the 180-day autogenous shrinkage strain.

Fig. 3 compares the evolution of the UPV monitored over the
first 24 h for all concrete mixtures made with BFS replacement
percentage of 0%, 30%, and 50% at the same w/cm. All UPV
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Fig. 3. Evolution of UPV of concrete with the BFS replacement level of 0%, 30%, and 50%.

curves shown in Fig. 3 were similar to the curves as observed by
other researchers [13—15]. All concrete mixtures had almost the
same UPV at very early age regardless of w/cm or BFS content
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(400-500 m/s). Afterward, the UPV started to increase as the
hydration continued at different rates. In particular, the mixture
made with a relatively low w/cm of 0.27 and BFS replacement
level of 50% (Fig. 3(d)) had different evolution trend of UPV
compared to other mixtures, which exhibited gradual and pro-
longed development of UPV. The possible explanation is that
the cement particles in the low w/cm cases may begin to
become connected at relatively early ages because of the
relatively short distances between them, but massive hydration
is delayed due to the presence of the BFS in addition to the
HRWRA effects [10]. The stiffening process of a specific
concrete mixture could be investigated by the monitoring of the
UPV, which could be used to determine the transition time of
concrete.

When the hydrates percolate and the first solid paths are
formed in the hardening paste, the stiffness as well as the UPV
starts to increase because the wave velocity is directly
associated with the stiffness of material. Thus, the time at
which the UPV begins to increase has been used as the criterion
for transition and would be related to the initial set. However,
the time cannot be identified from the UPV curve for every case,
particularly when large amount of mineral admixture and/or
high dosage of HRWRA, which causes the set retardation, is
used for making the concrete [10]. Therefore, in this study, an
effective autogenous shrinkage, i.e. a realistic shrinkage strain
responsible for stress generation, was defined as the shrinkage
that occurred after the UPV reaches a specific value, as defined
by Pessiki and Carino [16]. In this study, UPV value of 1500 m/s
was suggested as a target velocity for the initiation of
autogenous shrinkage because of the following reasons: The
wave velocity is proportional to the square root of the stiffness
(or elastic modulus) of a material. By assuming that the UPV of
concrete at 28 days is about 4500m/s, as shown in Fig. 3, the
stiffness becomes one-ninth of the 28-day stiffness, where the
UPV equals to 1500m/s. Consequently, the stress generated at

400
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Fig. 4. Relationship between the w/cm of OPC concrete and its 28-day effective
autogenous shrinkage strain depending on the three criteria.

Table 5

Coefficient, y in Eq. (1) and constant, @ and b, in Eq. (3)

Codification w/cm b a b
42-OPC 0.42 1.00 3.365 0.132
42-BFS30 1.59 1.565 0.272
42-BFS50 1.88 1.491 0.307
37-OPC 0.37 1.00 1.708 0.258
37-BFS30 1.44 1.215 0.253
37-BFS50 1.63 1.208 0.290
32-OPC 0.32 1.00 1.413 0.201
32-BFS30 1.18 1.115 0.285
32-BFS50 1.42 0.753 0.397
27-0OPC 0.27 1.00 1.121 0.185
27-BFS30 1.20 0.516 0.358
27-BFS50 1.37 0.466 0.344

that time would be negligible not only because of the relatively
low stiffness, but also stress relaxation. Moreover, comparing
the setting times obtained from penetration resistance test
method and the corresponding UPV evolution curve, it was
found that the initial setting time was not the same as the time at
which the UPV started to increase. The setting occurred after a
few hours when the UPV began to increase, and the
corresponding UPV was roughly 1500m/s [10]. Of course,
the setting times or the increasing time of UPV does not have to
be used as the indication time of the initiation of autogenous
shrinkage. However, a specified UPV value would be simpler
and easier to apply in practice.

3.4. Prediction model for autogenous shrinkage

Several researchers have tried to predict autogenous
shrinkage [17-20]. In this study, the following prediction
model that considers an effective autogenous shrinkage at
28 days was adopted [21].

tas(t) = 7y e8(w/cm) (1) (1)

&g = 2080 -exp[—7.4(w/cm)] (2)
2811500\

B = expd o 1- (210 ®)

I=11500

where,

€as (1)  autogenous shrinkage strain (x 10~ °)

€og autogenous shrinkage strain at 28 days (% 109

v coefficient to describe to the effect of BFS

1500 time at which the UPV reaches 1500m/s (day)

a, b constants that depend on the replacement level of BFS

t age of concrete (day).

In order to compare the e,g according to the start time of
autogenous shrinkage, three criteria, i.e., initial and final setting
time, and #1509, were considered. Fig. 4 is a plot of the w/cm
versus the corresponding the 28-day effective autogenous
shrinkage strain for OPC concrete. In the figure, solid and
dashed lines represent the fitted curve obtained by regression
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analysis. Two curves for #;5( and initial setting time showed a
similar trend, while that of the final setting time exhibited a
different trend, as w/cm decreased. Also, an exponential
relation was suitable for the data.

By applying the test data to the autogenous shrinkage model
in Eq. (1), coefficient y and constants,  and b, were determined,
as given in Table 5. y of BFS concrete were greater than 1.0 and
increased with increasing the BFS replacement level at the same
w/cm, implying that the presence of BFS increases the
autogenous shrinkage. At the same replacement level of BFS,
v was gradually decreased with decreasing the w/cm. In other
words, when the replacement level of BFS was the same, BFS
effects on autogenous shrinkage varied according to the w/cm.
At the same w/cm and higher replacement level of BFS, a
decreased with decreasing the w/cm while b increased. For the
same concrete, a decreased as the w/cm decreased while b did
not show the consistent trend.

As shown in Fig. 2, little difference between measured
autogenous shrinkage results and predicted results can be
observed. In particular, relatively large discrepancy was obtained
for the 32-OPC and 27-OPC mixture, particularly before and
after 28 days. This is attributed to the difference between the
measured autogenous shrinkage at 28 days and predicted one by
Eq. (2). Therefore, more data on the 28-day autogenous
shrinkage are needed to improve the accuracy of prediction.

4. Conclusions

The autogenous shrinkage of concrete made with w/cm
ranging from 0.27 to 0.42 and BFS replacement level of 0%,
30%, and 50% was evaluated. The concrete made with BFS
exhibited higher autogenous shrinkage than ordinary concrete
without any BFS, and the higher the BFS replacement level, the
greater the autogenous shrinkage at the same w/cm. This may
be due to the greater chemical shrinkage and finer pore structure
of the concrete with BFS than pure portland cement, and the
particle shape of BFS.

Based on the limited experimental results, a prediction model
for autogenous shrinkage, including the effect of w/cm and
BFS, was proposed. In particular, the start time of autogenous
shrinkage was determined by ultrasonic test, and then an
effective autogenous shrinkage can be predicted by the model.
BFS in concrete could increase autogenous shrinkage, thus a
method to reduce autogenous shrinkage and induced stress must
be investigated.
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