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Abstract

Shrinkage cracking performance of lightweight concrete (LWC) has been investigated experimentally on ring-type specimens. LWCs with
and without silica fume were produced at water—cementitious material ratios (w/cm) of 0.32 to 0.55 with cold-bonded fly ash coarse
aggregates and natural sand. Coarse aggregate volume ratios were 30%, 45%, and 60% of the total aggregate volume in the mixtures. A total
of 12 lightweight aggregate concrete mixtures was cast and tested for compressive strength, static elastic modulus, split-tensile strength, free
shrinkage, weight loss, creep, and restrained shrinkage. It was found that the crack opening on ring specimens was wider than 2 mm for all
concretes. Free shrinkage, weight loss, and maximum crack width increased, while compressive and split-tensile strengths, static elastic
modulus, and specific creep decreased with increasing coarse aggregate content. The use of silica fume improved the mechanical properties
but negatively affected the shrinkage performance of LWCs. Shrinkage cracking performance of LWCs was significantly poorer than normal

weight concrete (NWC).
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Lightweight aggregate concrete has been used success-
fully for structural purposes for many years. They are
naturally utilized in structures for which major part of the
total load is due to the dead weight of concrete. Commer-
cially available lightweight aggregates, such as expanded
clay or shale, and sintered fly ash, are obtained through heat
treatment at 1000 to 1200 °C [1]. An alternative way of
producing lightweight aggregate with an environmental
impact and minimum energy consumption is the agglomer-
ation of fly ash particles by cold-bonding process, where the
water is the wetting agent acting as coagulant, so that the
moist mixture would be pelletized in a tilted revolving pan.
Lime or Portland cement is used as binder. By using such
aggregates, it has been possible to produce structural light-
weight concrete (LWC) with 28-day compressive strength
up to 30 MPa [2,3].
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LWCs have certain properties that are distinctly different
from normal weight concrete (NWC). In addition to low unit
weight, better reinforcing steel—concrete bond, durability
performance, tensile strain capacity, and fatigue resistance
make it preferable to NWC [4-6]. However, the wide
diversity of the lightweight aggregate source and manufac-
turing process result in distinctive behavior among the
LWCs. Therefore, properties of LWCs should be investigat-
ed independently for each type of lightweight aggregate [7].

LWC mixes are generally of low water—binder ratio (w/
b) to compensate the aggregate weakness. Apart from the
higher amount of cementitious material in the concrete mix,
lower modulus of elasticity of the aggregate make the
shrinkage of LWC very crucial. Neville [8] indicated that
lightweight aggregate results in higher shrinkage values than
normal weight aggregate. Nielsen and Aitcin [9] investigat-
ed the drying shrinkage of LWC incorporating expanded
shale. Different from Neville [9], they found that LWC had
30% to 50% lower shrinkage than the companion NWC
after 28 days of curing and 56 days of drying. They
attributed this to the presence of water inside the aggregate
particles. Likewise, Newman [10] stated that LWC with
dense fine aggregates exhibited similar shrinkage perfor-
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mance as NWC and that the shrinkage cracking was rare in
LWC due to the relief of restraint by creep and the
continuous supply of moisture from the pores of the
lightweight aggregate. Another research was conducted by
Kayali et al. [7] on LWCs made of Lytag aggregates
(sintered fly ash) with a total cementitious material content
of 785 kg/m3. This study [7] revealed that the drying
shrinkage (about 1000 microstrain) was nearly twice that
of NWC after 400 days, where the NWC had a cementitious
material content of 485 kg/m®. To reduce shrinkage, steel or
polypropylene fibers were added into the fresh concrete.
However, reinforcing the concrete with fibers did not seem
to impart any benefit other than reducing the drying shrink-
age. Shrinkage performance of Lytag aggregate was also
investigated by Al-Khaiyat and Hague [11]. After 6 days of
curing of demoulded specimens, they were exposed to long-
term drying. Drying shrinkage was 640 microstrain, which
was moderately high, at the age of 3 months. It is strongly
evident that various types of lightweight aggregate usually
result in very different behavior as far as drying shrinkage is
concerned.

The research mentioned above were all based on the
drying shrinkage measured on free specimens cured for at
least 7 days. They have usually overlooked the shrinkage
performance at an early age despite the fact that early age
deterioration of concrete is a persistent problem that arises
especially from autogenous and/or drying shrinkage [12].
Moreover, free shrinkage tests may not offer sufficient
information on the behavior of concrete structures inasmuch
as virtually all concrete elements are restrained in some way
[13]. Concrete will be expected to crack whenever the
induced tensile stress exceeds its tensile strength. Tensile
strength of concrete is initially zero and increases with time.
The effect of thermal strain resulting from the heat of
hydration may be additive with shrinkage strain. For a given
level of strain, higher material stiffness will lead to higher
tensile stress. Creep, usually considered an undesirable
property of concrete, on the other hand, acts as a mechanism
of stress relief, reducing tensile stress.

Several studies on shrinkage cracking of NWC are
reported in the literature [12—18]. Test methods commonly
used for measuring shrinkage cracking of concrete are bar
test, plate test, ring test, and some recently developed
techniques [12,14]. The new methods include a layer of
fresh concrete placed directly on a hardened rough sub-
strate, and restrained and unrestrained tests of dog-bone
specimens. The bar test has several disadvantages in
providing constant restraint. The plate test provides a
biaxial restraint that depends on geometry and boundary
conditions. The ring test provides a high and nearly
constant restraint. Because of the axysymetry, the geometry
and the boundaries do not significantly influence the result.
Inasmuch as the free shrinkage of the bar and that of the
ring specimen have been shown to be equal, this test
method has considerable promise [13,15]. Table 1 shows
the restrained shrinkage test results from the literature

Table 1
Restrained shrinkage test data for NWC on ring specimens as reported in
literature

Reference Curing Compressive Drying Final Crack Cracking
no. time  strength period shrinkage width age
(h) (MPa) (days) (microstrain) (mm) (days)
15 25 24 7 - 0.175 -
15 96 24 42 1025 0.900 6
16 4 36 42 540 0.720 6
18 96 - 42 900 0.530 -
17 5 33 42 650 0.980 10
13 6 53 90 640 0.550 10
13 6 67 90 770 0.600 10
13 6 74 90 770 0.750 8
13 6 85 90 810 0.950 6

obtained through the ring specimens of NWC at different
strength levels.

The main objective of this paper is to investigate the
shrinkage cracking of lightweight aggregate concrete made
with cold-bonded fly ash aggregates. In addition to the
restrained and free shrinkage performance of the drying
specimens, creep, compressive and splitting tensile strengths,
and static elastic modulus of concrete were experimentally
investigated. Concrete mixtures with and without silica fume
at water—cementitious material ratios (w/cm) varying from
0.32 to 0.55 were cast with coarse aggregate volume concen-
trations of 30%, 45%, and 60% of the total aggregate content.
An addition of 10% silica fume by weight of cement was used
to investigate the effect of silica fume on the abovementioned
properties of the LWC, considering the change in w/cm of the
mixtures.

2. Experimental details
2.1. Aggregates

Cold-bonded fly ash lightweight coarse aggregates were
used in the concrete production. A dry powder mixture of
90% fly ash and 10% ASTM Type I Portland cement by
weight was pelletized through moistening in a revolving
tilted pan at ambient temperature. Properties of the fly ash
and the cement are shown in Table 2. During the first 10 min
of the agglomeration process, water was sprayed onto the fly
ash—portland cement powder mixture to act as coagulant in
the pelletization process. Agglomeration was continued for
an additional 10 min for further stiffening of the fresh
pellets. Then, the fresh pellets were put in sealed plastic
bags and were stored for the hardening in a curing room at a
temperature of 20 °C and 70% relative humidity for 28
days. At the end of the curing period, aggregates were
sieved, and only those passing a 9.5-mm sieve and were
retained on a 4-mm sieve were selected as the coarse
aggregate. Specific gravity of the SSD aggregates was
1.78, and water absorption at 24 h was 24% by weight.
Relatively high specific gravity of the fly ash caused a slight
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Table 2
Chemical and physical properties of cement, fly ash, and silica fume
Analysis report Cement  Fly ash  Silica fume
Si0, (%) 20.1 36.9 85.8
ALO; (%) 4.1 17.2 1.1
Fe,05 (%) 43 4.8 0.9
CaO (%) 63.4 33.2 1.9
MgO (%) 1.2 1.4 2.6
SO; (%) 2.4 3.8 1.0
Na,O (%) - 0.3 0.3
K50 (%) - 1.8 4.1
Insoluble residue (%) 0.4 0
Loss of ignition (%) 2.6 0.2 1.8
Free lime (%) 1.5 - -
C5S (%) 58.9 - -
C,S (%) 13.1 - -
C3A (%) 3.6 - -
C4AF (%) 132 - -
Specific weight 3.1 2.6 23
Vicat start/stop (hr:min) 184/229 — -
Le Chatelier (mm) 3 - -
Fineness (%) 45 mm 11 23.3 27.7
90 mm 0.3 9.9 4.5
200 mm - 2.7 1.2
Specific surface area 3499 3206 20500

(cm?/ 2)

increase in that of the aggregates compared to various other
artificial lightweight aggregates [1—3]. Natural sand of two
size groups, 0—1 and 0—4 mm, was used as fine aggregate.
Specific gravity of the sand was 2.60.

2.2. Mix proportioning and casting of concrete

LWC specimens were cast using ASTM Type I Portland
cement, lightweight fly ash coarse aggregate, natural sand,
water, superplasticizer, and condensed silica fume in some
cases. Properties of silica fume are given in Table 2. A total
of 12 concrete mixtures was produced at low (0.32 and
0.35) and high (0.50 and 0.55) w/cm. Cement content was
550 and 400 kg/m® for low and high w/cm ratio mixtures,
respectively. The mixtures for each w/cm were prepared
with lightweight coarse aggregate covering 30%, 45%, and

60% by volume of the total aggregate in the mixture, and the
remaining 70%, 55%, and 40% of the total aggregate
volume were occupied by natural sand fine aggregate.
Actual proportions for 1-m® concrete are given in Table 3.

A special procedure was followed for batching, mixing,
and casting of concrete to minimize the early slump loss due
to the high water absorption of lightweight aggregates.
Concrete mixtures were designed to have a 200 £+ 20-mm
slump, which was realized by using a superplasticizer.
Lightweight fly ash aggregates were first immersed in water
for 30 min for saturation and then laid on a lower sized sieve
for an additional 30 min for the seepage of excessive surface
water. Concrete was mixed in a laboratory pan mixer. First,
the saturated-surface-dry lightweight aggregate was mixed
with the Portland cement and the silica fume if used. Then,
the natural sand was added into the mixer. Finally, the water
containing the superplasticizer was added gradually to this
mixture, which was continued to be mixed for about 4 min.
Slump and density were then measured. After that, the
concrete mixture was poured into the steel moulds in two
layers, each of which being vibrated for a couple of seconds.

2.3. Test specimens

Specimens were cast from a typical mixture consisted of
three 100 mm-cubes for compressive strength testing, three
100 x 200-mm cylinders for splitting tensile strength and
modulus of elasticity determination, four 50 X 50 X 300-mm
prisms to monitor the free shrinkage and weight loss, two
ring specimens to monitor the restrained shrinkage cracking,
and two 75 X 75 X 300-mm prisms for creep tests.

Ring-type specimens were used in this study to observe
the restrained shrinkage-induced cracking of concrete. The
scheme and the dimensions of the ring mould and the
photograph of a cracked specimen (M6) are shown in Figs.
1 and 2, respectively. For such a ring, as the concrete was
subjected to an internal pressure induced by the restraining
inner steel tube, the difference between the values of the
tensile hoop stress on the outer and the inner surface of the
concrete was only 10%. Also, the maximum value of the

Table 3

Actual mix proportions for 1 m® concrete (in kg/m®)

Mix no. w/c w/cm Cement Water Silica fume HRWRA*® LW Aggregate Natural sand Crushed sand Fresh density
Ml 0.35 0.35 547.3 191.6 - 15.6 323.0 764.7 327.7 2170
M2 549.5 192.3 - 11.0 486.5 603.2 258.5 2101
M3 547.4 191.6 - 5.5 646.2 437.1 187.3 2015
M4 0.32 545.0 190.7 54.5 16.1 307.8 728.7 3123 2155
M5 546.0 191.1 54.6 11.5 462.5 573.6 245.8 2085
M6 549.0 192.2 54.9 9.4 620.2 419.5 179.8 2025
M7 0.55 0.55 396.1 217.8 - 6.9 336.4 796.4 3413 2095
M8 399.4 219.7 - 2.5 508.9 631.0 270.4 2032
M9 400.8 220.4 - 0.0 680.8 460.5 197.4 1960
M10 0.50 396.2 217.9 39.6 8.9 326.4 772.8 331.2 2093
Ml1 398.6 219.2 39.9 3.0 492.6 610.9 261.8 2026
MI12 398.6 219.2 39.9 1.0 656.8 4442 190.4 1950

? High-range water-reducing admixture.
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Fig. 1. Restrained shrinkage ring specimen (in mm).

radial stress was 20% of the maximum hoop stress. Thus, it
can be assumed that the concrete annulus was essentially
subjected to a uniform, uniaxial tensile stress when it was
internally restrained by the steel ring. In addition, the width
of the specimen (140 mm) was four times its thickness (35
mm), so that a uniform shrinkage along the width of the
specimen can be assumed [13,15—17].

2.4. Curing of the specimens

Free and restrained shrinkage specimens were cured for
24 h at 20 °C and 100% relative humidity and were then
demoulded. After the outer steel ring had been stripped off,
the top surface of the concrete ring was sealed off using
silicon rubber, so that the drying would be allowed only
from the outer circumferential surface. After that, the speci-
mens were exposed to drying in a humidity cabinet at
23+£2 °C and 50 %+ 5% relative humidity, as per ASTM
C157-75 [19] for about 50 days. All the other test specimens
were first maintained under plastic sheets for 24 h and were
then demoulded. Specimens for creep, compressive
strength, split-tensile strength, and modulus of rupture were
water-cured for 28 days after demoulding.

2.5. Measurements and testing
Free shrinkage measurements were performed according

to ASTM C157-75 [19]. The length change was measured
by means of a dial gage extensometer with a 200-mm gage

length. Measurements were carried out every 24 h for the
first 3 weeks and then 3 times a week. At the same time,
weight loss measurements were also made on the same
specimens. To measure the crack widths on ring specimens,
a special microscope setup was used as proposed in Refs.
[13,15—17]. The microscope was attached to an adjustable
scaled locator connected to a vertical bar passing through
the inner steel ring and fixed at the center of the base plate
in such a way that it enabled the microscope to move
around the specimen. A locator was connected to the
horizontal bar, permitting up-and-down movement, so that
the whole circumferential surface of the specimen could be
observed with the microscope. The crack widths reported
herein were the average of three measurements: one at the
center of the ring and the other two at the centers of the top
and bottom halves of the ring. The surface of the speci-
mens was examined for new cracks, and the measurement
of the existing crack widths were performed every 24
h during the first 7 days after cracking, and then every
48 h. Free shrinkage strains and the crack widths given
here are the average of four prisms and two ring speci-
mens, respectively.

Creep tests were performed at the age of 28 days
according to ASTM C512 [20]. Two specimens were loaded
in series up to 35% of the compressive strength of the
concrete obtained at the same age. The specimens under the
sustained load were maintained in the curing room at 23 + 2
°C and 60 £ 5% relative humidity for 90 days. Length
change of the creep specimens was measured on two
opposite sides by a dial gage extensometer with a 50-mm
gage length. An unloaded specimen accompanied the loaded
ones to monitor the shrinkage deformation. Thus, the creep
strain was obtained as the total strain less the shrinkage and
elastic strains.

Compression, static elastic modulus, and splitting tensile
tests were carried out at the 28th days according to the
relevant ASTM standards.

Fig. 2. Photographic view of a cracked ring specimen (M6).
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3. Experimental results and discussion
3.1. Fresh concrete properties

Concretes produced had slumps within 200 £ 20 mm
which was achieved by using varying amounts of a high-
range water-reducing admixture. The concretes were of
cohesive and sticky consistency. Fresh density of the
concretes ranged from 2170 to 1950 kg/m® (Table 3).
The fresh densities seem to be slightly high for LWCs.
This might be attributed to three reasons. First, w/cm was
low, and the cement content was high. Second, specific
gravity of the fly ash was rather high resulting in artificial
aggregates having a specific gravity of 1.78, which was
slightly large for use in LWC. Finally, the main reason was
the use of natural sand as fine aggregate, which caused all
the concretes to exceed the ACI limitation as far as the
density of the concrete was concerned. However, similar
results were reported in previous studies [2—4]. Air con-
tents of the mixtures were determined through calculating
the actual compositions, and the values were in the range of
1.5-2.5%.

3.2. Compressive strength and static elastic modulus

A summary of the test results regarding the compressive
strength and modulus of elasticity of the LWCs are given in
Table 4, and comparisons were made through the table and
Figs. 3 and 4. Fig. 3 shows the variation of compressive
strength with the w/cm, the use of silica fume, and the
lightweight coarse aggregate volume concentration. The
compressive strengths ranging from 20.8 to 47.3 MPa for
all mixtures satisfied the lower limit (17.2 MPa) to be used
for structural purposes [21]. The concrete mixture contain-
ing silica fume, with 0.32 w/cm and lightweight coarse
aggregate volume concentration of 30%, had the highest
compressive strength. Fig. 3 also indicates that when the
amount of lightweight aggregate increased, the compres-
sive strength gradually decreased because the artificial fly

Table 4
Test results of compressive and tensile strengths, and static elastic modulus

Mix no. Compressive Splitting-tensile Static elastic
strength (MPa) strength (MPa) modulus (GPa)
Ml 40.1 3.22 22.44
M2 36.9 2.86 20.05
M3 29.1 2.58 18.19
M4 473 3.94 24.43
M5 39.1 3.17 23.19
M6 37.5 2.58 21.81
M7 21.5 2.35 19.08
M8 23.2 2.16 17.01
M9 20.8 1.86 14.22
M10 30.4 2.67 21.96
MI1 25.3 2.35 18.32
MI12 24.6 2.12 16.48

45 1

Compressive Strength (MPa)

30 45 60
Coarse Aggregate Volume Content (%)

@Ew/cm=0.32 SF
mWw/cm=0.50 SF

gw/cm=0.35
w/cm=0.55

Fig. 3. Variation in compressive strength for different concrete mixes.

ash aggregates were weaker than the matrix. A decrease in
the w/cm from 0.55 to 0.35 resulted in a substantial
increase in the compressive strength by 86%, 60%, and
40% for the concretes with 30%, 45%, and 60% coarse
aggregate volume, respectively, and containing no silica
fume. However, this increase was approximately 50% for
all concretes with silica fume. For the concretes with
weaker matrices, namely, M7, M8, and M9, the effect of
the lightweight aggregate content diminished significantly.
The addition of silica fume enhanced the compressive
strength for all concretes due to subsequent decrease in
w/cm. However, this beneficial effect was less for the
concretes of low w/cm inasmuch as the further improve-
ment of the matrix did not necessarily mean higher
compressive strength for concrete due to the earlier failure
of the lightweight coarse aggregate particles. With the use
of silica fume and thus decreasing the w/cm from 0.35 to
0.32 and from 0.55 to 0.50 for both mixtures, the increase
in the compressive strength was 18%, 6%, and 29%, and
41%, 9%, and 18% at 30%, 45%, and 60% aggregate
volume concentrations, respectively. It was seen that silica
fume was less effective at medium concentrations of the
lightweight coarse aggregate.

Static elastic moduli of the concretes also decreased
gradually with increasing lightweight coarse aggregate con-
tent (Fig. 4). Concretes with lower w/cm had higher
modulus of elasticity. Silica fume concretes had greater
elastic moduli by approximately 9%, 15%, and 20% for
low w/cm, and 16%, 6%, and 16% for higher w/cm. It was
observed that silica fume was less effective at 45% light-
weight aggregate concentration as for the compressive
strength. Elastic moduli for the concrete mixtures varied
from 14.2 to 24.4 GPa. Moreover, Table 5 shows the
comparison of the experimental values of the modulus of
elasticity with those predicted by the various equations
given in ACI 318 [22], Norwegian Concrete Code “NS
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Fig. 4. Variation in static elastic modulus for different concrete mixes.

3473 [23], British standard “BS 8110 [24], and the
equation given by Slate et al. [25] as specified below.

ACI 318: E, = 0.043w'> /1, (1)
. . 03 w 1.5
NS 3473: E, = 9500/ (—2400) 2)
BS 8118: E. = 0.0017w*f? (3)
w o\ LS5
Slate et al.: £, = (3320+/f; + 6895) (ﬁ) (4)

where E, is the modulus of elasticity of the concrete (MPa);
w is the air dried density of the concrete (kg/m?); fic is the
cylinder compressive strength measured on 100 X 200-mm
specimens (MPa); f. is the cylinder compressive strength
measured on 150 X 300-mm specimens (MPa); f'is the 150-
mm cube compressive strength (MPa).

To make use of the above equations, 100-mm cube
compressive strengths were converted to 100 x 200- and

Table 5
Comparison of observed and predicted elastic moduli

Predicted values of £ (GPa)

Mixture no. Observed

values ACI 318 NS 3473 BS 8110 Slate et al.
of E (GPa)
[25]

Ml 22.44 24.60 23.94 23.54 23.24
M2 20.05 22.50 2226 21.53 21.49
M3 18.19 18.78 19.47 18.45 18.56
M4 24.43 26.45 24.90 24.39 24.45
M5 23.19 22.90 22.39 21.58 21.70
M6 21.81 21.45 21.15 20.09 20.44
M7 19.08 17.09 18.84 18.20 17.73
M8 17.01 16.98 18.42 17.52 17.38
M9 14.22 15.22 16.89 15.78 15.87
M10 21.96 20.30 20.87 20.15 19.93
Mil 18.32 17.63 18.81 17.87 17.81
MI2 16.48 16.44 17.63 16.43 16.67

150 x 300-mm cylinder strengths, and 150-mm cube com-
pressive strengths in the same way by multiplying by a
factor of 0.9 [26]. Measured fresh densities were used in the
above equations. As it is seen from Table 5, the predicted
values of static elastic moduli agreed well with the test
results for all equations.

3.3. Split-tensile strength

Table 4 also presents the indirect tensile strength of
concretes measured through splitting tests which are also
shown in Fig. 5. The split-tensile strengths exhibited a
gradual decrease as the volume ratio of the lightweight
coarse aggregate increased from 30% to 60%. This reduc-
tion was most dramatic for the silica fume concretes with w/
cm of 0.32. Decreasing the w/cm and the use of silica fume
enhanced the splitting tensile strengths. The concretes with
silica fume had splitting tensile strengths which were about
12% greater than those without silica fume at high w/cm.
The effect of silica fume was highest at low lightweight
coarse aggregate concentration at low w/cm but diminished
to null with increase in the coarse aggregate content. The
split-tensile strength ranged from 1.86 to 3.94 MPa when
the compressive strength increased from 20.8 to 47.3 MPa.
The ratio of the former to the latter ranged from 7.8% to
9.7% for all the concrete mixtures, where the addition of
silica fume caused a slight decrease in this ratio, inasmuch
as the enhancement due to silica fume and thus reduced w/
cm was higher in the compressive strength. Chang and
Shieh [2] gave this ratio as 9% to 11% for the concretes
made with cold-bonded aggregates. The ratio was about 7%
for a concrete having a compressive strength of 51 MPa and
made with sintered fly ash aggregates [11]. Zhang and Gjorv
[26], and Khaloo and Kim [27] revealed that for compres-
sive strength ranging from 50 to 100 MPa, this ratio was
approximately 5%. In addition, they found a relation be-
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Fig. 5. Splitting tensile strength of different concrete mixes.
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tween splitting tensile and compressive strength for com-
pressive strength ranging from 57 to 102 MPa, as given in
Eq. 5 [26]:

fu=0239/f3 (5)

The relation obtained in this study is given in Eq. 6 for
compressive strength between 20.8 and 47.3 MPa:

fu= 027913 (6)

In the above equations, f;, is the splitting tensile strength
measured on 100 X 200-mm cylinders, and f; is the 100-
mm cube compressive strength in MPa, respectively.

3.4. Free shrinkage and weight loss

Free shrinkage tests can provide necessary information
on how the drying shrinkage stresses develop, although they
cannot offer sufficient information on the behavior of
concrete structures [13].

Variation of drying shrinkage and weight loss with time
for the concretes studied are shown in Figs. 6 and 7,
respectively. The final shrinkage and weight loss values
obtained after 50 days of drying are given in Table 6. As it is
seen from Fig. 6, the free shrinkage strains were comparable
at early ages of the drying period. However, a clear
distinction was observed for different concrete mixtures
after about a week. Concretes of higher lightweight coarse
aggregate content demonstrated higher shrinkage for all w/
cm, but this effect was more indicative for the higher w/cm.
Although the lightweight coarse aggregate particles provid-
ed water into the drying matrix at the very early ages and
thus extended the cracking time by reducing the autogenous
shrinkage, higher unit water content resulted in higher
shrinkage values at later ages. Concretes with silica fume
shrunk more than the plain concrete, especially in the case
of higher w/cm inasmuch as the addition of silica fume
increased the total cementitious material content and

1800
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0 10 20 30 40 50 60
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~a-M7  -x-M8 -0--M9 -+-M10-o--M12

Fig. 6. Free shrinkage of concretes.

Table 6

Final values for drying shrinkage test results at 50 days

Mix Maximum Maximum Average Maximum
free shrinkage weight cracking crack width
(microstrain) loss (g) age (days) (mm)

Ml 1410 98.4 7 2.96

M2 1428 108.6 7 3.02

M3 1506 135.7 8 32

M4 1475 92.0 6 3.4

M5 - - - -

M6 1576 1153 6 4.52

M7 1132 128.0 11 2.17

M8 1160 137.0 11 22

M9 1260 168.0 12 2.32

M10 1412 120.4 8 2.61

Ml1 - - - -

M12 1564 163.8 10 3.25

resulted in finer pore structure and proportionally higher
free shrinkage [13,28]. Maximum shrinkage strains at 50
days were about five and 25% greater for low and high w/
cm, respectively, at all coarse aggregate contents. Moreover,
low-w/cm concretes without silica fume experienced higher
shrinkage strains, but the addition of silica fume into the
concretes substantially reduced the difference due to in-
crease in w/cm. The shrinkage strains increased 24%, 23%,
and 19% for the increasing coarse aggregate contents as the
w/cm was decreased from 0.55 to 0.35, whereas this
difference was only 4% in the case of the silica fume
concretes.

The weight loss with respect to time for all concretes are
shown in Fig. 7. The weight losses for different concretes
were similar at early ages. However, clear distinctions could
be observed at 10 days onwards. For the same w/cm, higher
amount of coarse aggregate gave rise to greater water loss
inasmuch as the lightweight aggregates were used in SSD
condition, which in turn increased the unit water content.
This behavior also explained the higher free shrinkage for
these concretes. However, for the concretes without silica
fume the free shrinkage strains were higher for the low w/
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cm despite the fact that the corresponding weight losses
were smaller than those of high w/cm. Similar results were
obtained for the silica fume concretes. This behavior is
attributed to the fact that free shrinkage is related to other
factors in addition to weight loss [13]. One possible expla-
nation may be that concrete with higher amount of cemen-
titious materials has finer pore structure that may
proportionally increase free shrinkage [28].

3.5. Creep

Creep test results are expressed in specific creep and are
shown in Fig. 8. Concretes were loaded at 35% of the
compressive strength obtained at 28 days, resulting in
different absolute stress levels in creep tests. It is observed
from the figure that the specific creep significantly de-
creased with using silica fume for all concretes irrespective
of the lightweight coarse aggregate content. This is because
the concrete with silica fume had higher compressive
strength resulting from the increased total cementitious
material content as well as filling and pozzolanic effect of
silica fume. However, the reduction in the final creep by the
inclusion of silica fume was more pronounced for the
concretes containing less amount of lightweight aggregate.
This behavior is particularly important inasmuch as the
silica fume concretes cracked earlier than the companion
plain concretes. Moreover, the crack width was larger, and
the rate of crack development was faster for silica fume
concretes. Similar behavior was observed in NWC regard-
ing the effect of silica fume [13,29]. Fig. 8 also revealed that
the specific creep was remarkably greater (approximately
triple) for the high-w/cm concretes. Unlike the free shrink-
age, the specific creep decreased with the increase in the
lightweight coarse aggregate content. The specific creep at
90 days dropped from 80 to 70 (us/MPa) and from 220 to
150 (us/MPa) for the concretes without silica fume when the
coarse aggregate volume ratio increased from 30% to 60%.
The opposite of this, however, was observed for the silica

fume concretes. Although the lightweight coarse aggregate
particles were weaker than the mortar phase, the decrease in
the sand content induced this behavior [8].

3.6. Restrained shrinkage cracking

Shrinkage cracking age and the maximum crack width of
the LWCs are given in Table 6, and the crack development
within time for different concretes are shown in Fig. 9. At
low w/cm, plain concretes cracked at 7 and 8 days depend-
ing on the coarse aggregate volume ratio, whereas the
cracking occurred at 6 days for the silica fume concretes.
At high w/cm, on the other hand, the cracks were first seen
at 11 and 12 days for plain concretes and at 8 and 10 days
for the concretes with silica fume. Despite the fact that the
concretes with 60% coarse aggregate volume ratio had
higher free shrinkage, lower tensile strength and specific
creep, the cracking time was extended 1 or 2 days than the
concretes with 30% or 45% lightweight aggregate. This
might be attributed to the fact that the lightweight coarse
aggregate particles in SSD condition supplied water into the
concrete during early ages of drying period, which in turn
reduced the self-desiccation [30]. Furthermore, the lower
elastic moduli of these concretes helped in extending the
cracking time. However, this was not observed in the silica
fume concretes with 0.32 w/cm. As it is seen from Table 6
and Fig. 9, shrinkage cracking was observed at earlier ages
for silica fume concretes, especially in those of 0.50 w/cm.
In addition, the crack opening was faster in the first few
days, and the maximum crack widths at 50 days were 15%
to 40% higher depending on the coarse aggregate content
for both 0.32 and 0.50 w/cm. This behavior resulted from
the combined effect of higher free shrinkage, lower specific
creep, and higher elastic modulus for silica fume concretes,
although their tensile strengths were greater. Like silica
fume, lower w/cm accompanied by higher cement content
resulted in early cracking of the concretes. The cracking was
observed 4 days prior to those at 0.55 w/cm. Furthermore,
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Fig. 9. Restrained shrinkage cracking of concretes.
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the crack width at 50 days was 35% larger, and the crack
development was faster at all lightweight coarse aggregate
contents. Fig. 9 also indicates that the crack opening
stabilized after about 15 days in all cases.

Shrinkage cracking performance of the LWC was signif-
icantly poorer than NWC when Tables 1 and 6 are com-
pared. Although the free shrinkage values were almost
double, the crack opening was much larger reaching to five
times, for LWC in comparison to NWC. The cracking time
of the former, on the other hand, was longer than the latter
inasmuch as the lightweight aggregate behaved as a water
reservoir by providing water into the concrete during the
early ages of the drying, thus extending the cracking time.

4. Conclusions

Based on the results obtained from this study, the
following conclusions may be drawn:

1. Structural LWCs were produced with cold-bonded fly
ash aggregates. The compressive strength ranged from
20.8 to 47.3 MPa. However, higher coarse aggregate
volume ratio resulted in a gradual decrease in the
compressive strength. This negative effect was less
pronounced at 0.55 w/cm. Addition of silica fume and
thus increasing the total cementitious material content
increased the compressive strength at some level,
especially at high w/cm ratio.

2. Static elastic modulus ranged from 14.2 to 24.4 GPa,
decreasing with higher lightweight coarse aggregate
concentration. The experimental values were compared
with those predicted by the equations given by ACI 318,
NS 3473, BS 8110, and Slate et al. [25]. The predicted
values agreed well with the test results. The prediction
was generally within + 12%.

3. Split-tensile strength of the concretes also decreased with
the lightweight coarse aggregate content. The reduction
in split-tensile strength was more marked for the
concretes of low w/cm and/or silica fume. The ratio of
split-tensile strength to corresponding cube compressive
strength were 8% and 10% at low and high w/cm,
respectively.

4. Shrinkage strains at 50 days were higher for the concretes
incorporating lightweight aggregates at higher quantities.
This might be due to the excess water in the mixture
supplied by the saturated lightweight coarse aggregates.
Although the plain concretes with low w/cm had higher
shrinkage than high w/cm concretes, the addition of silica
fume reduced the difference substantially.

5. For the same w/cm, concretes with higher lightweight
coarse aggregate content lost more water. This may
explain the higher shrinkage strain for these concretes.
However, the weight loss were higher at 0.55 w/cm
despite the corresponding shrinkage strain being smaller.
Similar results were observed for silica fume concretes.

6. Specific creep reduced significantly for the silica fume

concretes at both low and high w/cm. Concretes without
silica fume at low w/cm showed lower creep values. In
addition, concretes containing higher lightweight coarse
aggregate content had lower creep strain at all w/cm.

7. Shrinkage cracking was observed at about 7 and 11 days

for the plain concretes at 0.35 and 0.55 w/cm, respectively.
With the addition of silica fume, the cracking took place
earlier. The combined action of higher free shrinkage,
higher elastic modulus, and lower specific creep resulted
in earlier cracking of the plain concretes at 0.35 w/cm and
all silica fume concretes at both w/cm of 0.32 and 0.50 in
spite of their higher tensile strengths. The concretes with
60% lightweight coarse aggregate volume ratio cracked 1
or 2 days after their counterparts with less lightweight
coarse aggregate content. This might be due to the
reduction in self-desiccation of these concretes at early
ages inasmuch as the lightweight coarse aggregate
particles might supply water as the concrete dried.
Compared to the NWC as reported in the literature,
shrinkage cracking performance of LWC was much
poorer.
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