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Abstract

Two lightweight aggregate concretes, SLWC35 and SLWC50, of 35 and 50 MPa 28 day cube compressive strength were cast. The
concrete specimens made with lightweight coarse aggregates and a dune sand were continuously cured in water for one or 7 days and
then exposed to predominantly hot and humid seaside ambient conditions containing air-borne salts. After 7 days of initial curing
and on subsequent exposure to hot and humid air both SLWCs attained an almost similar strength to those continuously water
cured cubes at an age of 12 months. In contrast, the water penetrability of SLWC35 and SLWCS50 after 7 days of initial curing and
subsequent exposure to the sea side was about 2 and 1.8 times the water penetration of those slabs which were water cured for the
entire duration of 12 months. However, the depth of carbonation of the two sand lightweight concretes up to an age of 12 months
were negligibly small. The results suggest that compressive strength is comparatively less sensitive to the curing regimes investigated.
Both the chloride and sulphate penetration after 12 months exposure were found to be within tolerable limits. Also replacement of
lightweight fine aggregate with normal weight sand produces a concrete that is somewhat more durable as indicated by their water

penetrability and depth of carbonation when concretes are of equal strength.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

A unique attribute of concrete, which makes it truly
versatile is that it consists of a family of materials with a
large range in colour, density, strength and durability
characteristics. It can be manufactured from a great
number of materials, in many ways for differing appli-
cations. Structural concrete is now available with a
density range between 1800-3000 kg/m? as lightweight,
normal weight and heavy weight concrete.

Lightweight concrete (LWC) is a very versatile ma-
terial for construction, which offers a range of technical,
economic and environment-enhancing and—preserving
advantages and is destined to become a dominant ma-
terial for construction in the new millennium [1-7]. The
only perceived limitation of the LWC is that it requires
manufactured lightweight aggregates (LWA). Now with
a range of proprietary LWA available, manufactured
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mainly using industrial byproducts such as flyash and
blast furnace slag, LWC in the strength range of 30-80
MPa can be easily made. Previously, the authors have
evaluated and reported the long term strength develop-
ment and durability characteristics of LWC made with
lightweight coarse and lightweight fine aggregates [1-3].
The results of the study suggested that for comparable
strength normal weight concrete (NWC) and LWC, the
water penetration, depth of carbonation and chloride
ion built-up in the LWC was higher than that in the
corresponding NWC [1-3]. Accordingly, it was decided
to design comparable strength LWC using normal sand
and lightweight coarse aggregates (SLWC). This paper
reports the strength development and durability per-
formance of 35 and 50 MPa SLWCs up to a period of 12
months after differing periods of initial water curing.
For comparison the values of various parameters after a
period of 9 months for both LWC and NWC are plotted
against those of SLWC. The results indicate that the
water penetrability and carbonation depth of SLWC are
almost identical to those of the corresponding strength
NWC and much less than those made with both fine and
coarse LWA.
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2. Experimental program

Two sand-lightweight concretes (SLWC) using Lytag,
imported from UK, as a coarse LWA and a dune sand,
were made to evaluate their strength and durability
characteristics. The cement used was normal Portland
cement manufactured in Kuwait. The SLWCs were de-
signed for a 28 day cube compressive strength of 50 and
35 MPa, hereafter referred to as SLWC50 and SLWC35,
respectively. A few initial trial mixes were made for both
SLWC50 and SLWC35 to obtain a slump of about 100
mm, fresh concrete density about 1800 kg/m?® and de-
sired compressive strength.

The 24-h water absorption capacity and bulk specific
gravity on oven dried basis and bulk density of the
Lytag coarse aggregate were found to be 13.6%, 1.42
and 820 kg/m?, respectively. The dune sand used was
washed, oven-dried and stored in sealed containers. The
Lytag coarse aggregate, 12 mm, oven-dried and stored
in sealed containers, was soaked and mixed with about
30% of the mixing water for approximately 10 min in a
pan mixer. Thereafter sand, cementitious materials and
the rest of the mixing water were added and mixed. The
superplasticiser admixed with about 1 kg of the water
was added in the final stage of mixing.

The slump, density, air content and temperature of
each batch of concrete were determined. Another slump
measurement was done 10 min after the first one to
determine loss in slump. The average value of the vari-
ous characteristics of the fresh concrete are given in
Table 1. In addition, Table 1 also includes the charac-
teristics of the comparable total LWCs, LWC50 and
LWC35, and NWC NWC50 whose results have been
reported previously [1-3].

All the concrete batches made were very cohesive and
workable. The slump of the two sand-lightweight con-
cretes varied between a value of 80 and 100 mm. In
summary, the slump and workability of the two con-
cretes made were very similar. The average value of the
fresh concrete density of SLWC35 and SLWCS50, were

1775 and 1800 kg/m?, respectively, and are included in
Table 1. The two LWCs are about 23% less in density
than the NWC. The temperature of the fresh concretes
was similar. There was no requirement for air-entrain-
ment in Kuwait and the values recorded for these con-
cretes were nominal and similar.

2.1. Specimens cast

The following specimens, for each concrete, were cast
in this investigation:

(1) 100 mm cubes for compressive strength evaluation;

(i1) 100 x 100 x 500 mm beams to determine modulus
of rupture;

(ii1) 150 x 300 mm cylinders for indirect (splitting) ten-
sile strength and modulus of elasticity;

(iv) 200 x 200 x 120 mm slabs to determine depth of
water penetration;

(v) 150 x 150 x 750 mm beams to determine depth of
carbonation, chloride and sulphate concentration.

After casting all the specimens were covered with
their lids and stored in the laboratory environment
maintained at 23 4+ 2 °C and 45 + 5% relative humidity
(RH). The specimens were demoulded after 24 h of
casting.

2.2. Initial curing and exposure regimes
The specimens were initially cured as given below:

Full curing: curing in water tank maintained at
23 £ 2 °C till the age of testing;

1 day curing: no water curing after demoulding;

3 day curing: curing in water tank for 2 days after
demoulding;

7 day curing: curing in water for 6 days after demoul-
ding.

Table 1

Mix proportions (kg/m*) and characteristics of fresh concretes
Ingredient Concrete

LWC35 SLWC35 LWC50 SLWC50 NWCs50

Cement 353 280 536 480 450
CSF 353 28 53.6 48 45
Total water content 280 195 294 200 219
Lytag coarse 625 700 567 726 1084*
Lytag fine 499 - 357 - -
Sand (washed and dried) - 570 - 345 571
Superplasticizer 35 3 6.5 5.5 5
Slump (mm) 90 100 95 80 85
Bulk density (kg/m?) 1795 1775 1815 1800 2355

#Normal weight crushed gravel.
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In addition to the continuous water curing, specimens
were placed at an exposure site near the sea at a yacht
club after 1 and 7 days of initial curing (as described
above) and are referred to as 1SS and 7SS exposure
regimes, respectively. The specimens were exposed to the
elements but not subjected to seawater splash. During
May-Sept. the mean maximum temperature reached
40% or beyond. Likewise, the RH varied between 5%
and 95% during the storage period.

The relevant British Standards [8,9] were used to
evaluate strength and durability characteristics of the
concrete. Slices were obtained from the prismatic spec-
imens to determine sulphate and chloride contents of
concretes after varying periods of exposure. These slices
were broken into lumps taking care to prevent aggregate
fracture. These portions were dried in an oven at 105 °C,
allowed to cool and divided into sub-samples. After
crushing a powder passing 150 pm fine mesh sieve was
collected to determine sulphate and total chloride con-
tents. Permeability of concrete to water was determined
by DIN 1048 Part 2 [10]. This test was performed on
thick plate shaped specimens of 200 x 200 x 120 mm.
The existing moisture state of the plate specimens was
not determined before the start of test. The test takes 4
days for completion. At first a pressure of 1 bar was
applied for 24 h, then pressures of 3 and 7 bars, each for
24 h. Immediately after the test, the plate was split in the
middle and the water penetration depth and its distri-
bution were measured. The depth of carbonation on the
site exposed beams was determined using phenolphtha-
lein indicator. The strength and durability results, an
average value of 3 or a minimum of two tests, are
included in Tables 2-8.
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Table 4
Modulus of elasticity of SLWC (MPa) after 1 year
Curing SLWC35 SLWCS50
Age (days) Age (days)
28 365 28 365
Full 23,782 26,120 26,648 29,040
1SS 21,991 23,030 27,058 27,190
7SS 24,003 25,240 28,198 29,000
Table 5
Water penetrability of SLWC (mm) after 1 year
Curing SLWC35 SLWCS50
Age (days) Age (days)
28 365 28 365
Full 40 34 26 24
1SS 73 115 35 65
7SS 49 72 26 43
Table 6
Carbonation of SLWC (mm) after 1 year
Curing SLWC35 SLWC50
Age (days) Age (days)
28 365 28 365
1SS 1.0 1.5 0.4 1.0
7SS 0.6 1.0 0.0 0.5
Table 7

Average sulphate content (% by weight of cement) in SLWC specimens

after 1 year

Curing SLWC35 SLWCS50
Age (days) Age (days)
28 365 28 365
1SS 1.8 2.0 1.5 1.7
7SS 1.5 1.6 1.4 1.5
Table 8

Average chloride content (% by weight of cement) in SLWC specimens

Table 2
Compressive strength of SLWC (MPa) after 1 year
Curing SLWC35 SLWCS50
Age (days) Age (days)
28 365 28 365
Full 38.0 48.0 49.5 64.5
1SS 40.0 41.0 49.5 52.5
7SS 42.5 47.0 57.0 62.5
Table 3

Indirect tensile strength (o) and modulus of rupture (o) of fully cured
SLWC (MPa) after 1 year

Strength SLWC35 SLWCS50

Age (days) Age (days)

28 365 28 365
oy 3.00 3.35 3.70 4.25
o 4.00 4.55 4.65 5.50

after 1 year

Curing SLWC35 SLWCS50

Age (days) Age (days)

28 365 28 365
1SS 0.17 0.28 0.14 0.24
7SS 0.11 0.16 0.11 0.15

3. Results and discussion

3.1. Strength and durability characteristics of hardened

concrete

3.1.1. Strength development
Table 2 presents compressive strength for the two
concretes with various curing periods. To eliminate the
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Fig. 1. Compressive strength of sand LWC, total LWC and NWC after 270 days water curing and exposure on seaside.

possible variation in strength due to surface moisture, all
strength specimens were tested in saturated surface dry
condition. The compressive strength of SLWCS50 control
specimens at 28 days was 49.5 MPa and kept on increasing
and reached 64.5 MPa at 365 days with a 26% increase.
SLWC35 control specimens had compressive strength of
48 MPa at 1 year. As shown in Table 2, as the period of
initial curing of concrete in water increased compressive
strength also increased for all testing ages. Seven days of
initial water curing and subsequent exposure to uncon-
trolled predominantly hot-humid exposure conditions
resulted in almost similar strength to those of the
continuously water cured cubes at the age of 12 months.

To avoid duplication, compressive strength and the
depth of water penetration results, after a period of 270
days, plotted in Figs. 1 and 2 have not been included in
Tables 2 and 5, respectively. In Fig. 1, the strength de-
velopment of the total LWCs, LWC35 and LWC50, as
reported by Al-Khaiat and Haque [2], is compared with
SLWC35 and SLWC50. As can be seen, under similar
curing and exposure conditions, the total and sand
LWCs strength development is nearly similar to a period
of 270 days.

Indirect (splitting) tensile strength and the modulus
of rupture development of the two concretes are in-
cluded in Table 3. As can be seen in the table, the
indirect tensile and the modulus of rupture values of

100

the two concretes are about 1/15th and 1/11th of the
corresponding value of their compressive strength, re-
spectively. According to Bradhan-Roy [11] compared
to NWC, the elastic modulus, the modulus of rupture
and tensile strength are generally lower for LWA
concrete of equivalent grade. Zhang and Gjorv [12]
have also reported that the tensile/compressive
strength ratio appears to be lower for high strength
LWC than that of normal weight high strength con-
crete.

3.1.2. Modulus of elasticity (E)

As shown in Table 4, 1 and 7 days of initial water
curing and subsequent exposure of specimens to hot-
humid conditions gave very similar E values to those of
the continuously water cured specimens. Also, the E
value of SLWC50 is about 12% higher than that of the
SLWC35. Bamforth [13] has reported an E value of
24.5 GPa at 180 days in comparison to a value of 28.7
GPa at 270 days as reported here. For LWC different
researchers have proposed different relationships to
estimate E value from compressive strength and unit
weight [12,14,15]. However, these relationships very
much depend on the type and source of LWA and
whether the concrete is all lightweight or sand light-
weight.
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Fig. 2. Depth of water penetration of sand LWC, total LWC and NWC after 270 days water curing and exposure and seaside.
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3.1.3. Water penetration

The water penetration in the two concretes tested is
included in Table 5. As water penetrability of concrete is
indicative of its durability [13,16], an in-depth analysis
of these results is warranted.

First, in both the concretes, the greater the extent of
initial water curing before exposure to the ambience
the lesser is the depth of water penetration and hence
the better is the quality (durability) of concrete. Proper
and adequate curing seems to be more critical for
water penetrability than strength. The water penetra-
bility of SLWC35 and SLWCS50 after 7 days of curing
and subsequent exposure to the ambience is about 2
and 1.8 times that of the fully water cured specimens
after 12 months. These results also suggest that com-
pressive strength is less sensitive to lack of curing (see
Table 2).

Second, from the viewpoint of water penetrability
(and hence durability), SLWCS50 is much better in
comparison to SLWC35. Under practical curing condi-
tions, the water penetrability of SLWC35 is approxi-
mately 1.7 times that of the SLWC50.

Third, the water penetrability of LWC35, LWC50
and NWCS50 as reported previously [2] has been plotted
in Fig. 2 for comparison with SLWC. As can be seen in
Fig. 2, the 35 MPa sand lightweight concrete has lower
water penetrability than the corresponding total LWC.
Of course, the 50 MPa (higher strength) concretes water
penetrability is comparable.

3.1.4. Depth of carbonation

The depth of carbonation of the two sand-lightweight
concretes up to an age of 12 months appears to be
marginal and negligible (Table 6). Like water penetra-
tion, carbonation depth for SLWC3S5 is higher than that
of SLWC50. Osborne [17] has also reported that after 5
years of exposure most lightweight and NWCs showed
very low depth of carbonation, generally below 1 mm.
Mays and Barne [18] measured carbonation depth on

samples taken from 16 LWA concrete structures. Re-
sults varied from 6-25 mm carbonation after 20 years.
In the same exposure conditions, the carbonation depth
in the LWC was equal to, or slightly greater than, ad-
jacent NWC of similar age.

In Fig. 3, depth of carbonation of the corresponding
sand LWC, total LWCs and NWC are plotted. At the
age of 9 months and under identical curing and exposure
conditions, the extent of carbonation of sand LWCs is
almost insignificant in comparison with the corre-
sponding total LWCs. Further, the depth of carbona-
tion of SLWCs is lesser than and of the same order of
that of the NWCs as reported earlier [2] and shown in
Fig. 3.

3.1.5. Sulphate contents

Sulphate concentration in the two concretes, after 1
year’s exposure, is included in Table 7. Sulphate
concentration in SLWCS50 is somewhat less than that
in SLWC35. Likewise 7 day initial curing has im-
proved the resistance of the two concretes to the in-
gress of sulphate ions. The sulphate concentration in
the concretes is much lower than the 5% limit as
prescribed by the concrete structures codes [19,20].
Obviously, the wind-blown and mist carried salts are
the source of sulphate buildup in the specimens ex-
posed on the seaside. The sulphate concentration in
SLWCs is, comparatively, lesser than that in the total
LWCs as shown in Fig. 4. Again, the extent of sul-
phate penetration in SLWC50 and NWC50 are com-
parable.

3.1.6. Chloride penetration

After 12 months of exposure the acid soluble chloride
concentration in the two concretes is less than 0.4% by
weight of cement (see Table 8). The chloride concen-
tration in the two concretes, especially after 7 days of
initial curing is similar. Again extent of curing has im-
proved the resistance of the two concretes to the ingress
of chloride (see Table 8). The chloride concentration in
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Fig. 3. Carbonation depth of sand LWC, total LWC and NWC after 270 days exposure on seaside.
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Fig. 4. Sulfate concentration in sand LWC, total LCW and NWC after 270 days exposure on seaside.
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Fig. 5. Chloride concentration in sand LWC, total LWC and NWC after 270 days exposure on seaside.

sand LWCs are comparable to those reported in the
corresponding total LWCs by the authors [2] and as
shown in Fig. 5. Osborne [17] has observed that chloride
levels in LWCs exposed to seawater were somewhat
higher than those in the NWC. The salt content at the
surface of the LWC has also been reported to be higher
than in the NWC, although the depth of penetration was
small [18].

4.00

3.1.7. Water penetrability—an indicator of durability
The depth of water penetration of total LWC, sand
LWC and NWC of 50 MPa compressive strength, at
different ages up to 1 year, have been plotted against the
corresponding values of depth of carbonation, chloride
and sulphate concentrations in Figs. 6-8, respectively. In
all cases, a linear best fit was aimed for. It can be con-
cluded from these plots that depth of water penetration
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Fig. 6. Depth of carbonation versus water penetration of concretes to 1 year exposure on seaside.
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Fig. 8. Sulphate concentration versus water penetration of concretes to 1 year exposure on seaside.

of concrete, as monitored in this investigation, can be
used as an approximate indicator of durability para-
meters like extent of carbonation and penetration of
chloride and sulphate ions in concrete. Of course, the
nature of these relationships very much depend on type
and grade of concrete. The linear correlation seems to
be better for the SLWC50 and LWC50 than for the
NWCS50.

4. Conclusions

1. As expected, the best strength development of the
two concretes, total LWC and sand LWC, took
place under water curing. However, 7 days of initial
curing and subsequent exposure to the sea side am-
bience seems to achieve about the full potential
strength.

2. At the age of 1 year, the indirect tensile strength and
modulus of rupture of the SLWCs were found to
be about 1/15th and 1/11th of their compressive
strength; lower than those reported for NWCs.

3. The water penetrability and the extent of carbonation
of sand light weight concretes have been found to be
more sensitive to the extent of initial curing than their
compressive strength.

4. The water penetrability and depth of carbonation
of adequately cured sand LWC have been found to
be less than those of the corresponding total
LWCs.

5. The results suggest that the higher the water penetra-
bility of a given concrete, the higher is the penetration
of the damaging species like carbon dioxide, sulphate
and chloride ions into a concrete. Further, the depth
of water penetrability of a concrete can be used as an
indicator of its durability.
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