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Abstract : This study aims to provide information for the design and use of structural lightweight concrete (SLWC)
for floating concrete structures in a marine environment. An experimental program was set up and comprehensive
experimental campaign were carried out to determine SLWC mix proportions that can satisfy specified concrete
strength, density, and slump values all of them were determined from previous research. Comparisons with previous
SLWC mix designs that have been utilized for actual floating concrete structures were made. Key aspects needed to
be considered regarding to the use of SLWC for floating marine concrete structures were discussed.
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1. Introduction

Structural lightweight concrete (SLWC) has been widely
utilized for various concrete structures including breakwa-
ters, floating bridges, floating oil and gas storage tanks, and
offshore structures. Compared to the conventional normal
weight concrete (NWC), SLWC has many advantages such
as reduced unit weight, better thermal insulation character-
istics, and enhanced durability, all of which can contribute
to a longer service life of floating concrete structures. Espe-
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cially, reduced concrete density contributes to both the
increase in buoyancy and reduced cross-sectional areas of
structural elements. More space or span length are then
available to make when applying SLWC in floating con-
crete structures such as platforms and bridges (Chia and
Zhang, 2002). Fig. 1 shows offshore and floating concrete
structures constructed with using SLWC (Sandvik et al.,
2004).

Both concrete strength and density are two important

considerations for structural designers or engineers who
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Fig. 1. Offshore and Floating Concrete Structures Constructed with the Use of SLWC (a) Troll A Platform (Sandvik et al., 2004); (b) Troll
B Platform; (c) Bergseysund Bridge; (d) Multi-Purpose Unit Heavy Lifter.
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Fig. 2. Stability Analysis of Floating Oil Storage Tank (Jiang et al

consider using SLWC for floating concrete structures. Pre-
vious research concluded that the reduced concrete density
(lower than 1,800 kg/m’) greatly contributed to the better
stability of a floating oil storage tank subjected to wind and
current loads as illustrated in Fig. 2 (Jiang et al., 2017).
High strength SLWC can easily be produced using suit-
able type of aggregates and concrete recipes. In the SLWC,
the lightweight aggregate (LWA) is the weakest component
due to its lower strength and stiffness compared to the paste

., 2017).

and interfacial transition zone. Namely, SLWC has weaker
bond between the coarse and mortar compared to that of
NWC, and crack initiation and propagation processes might be
different when they subjected to compression as shown in Fig.
3 (FIP Manual of Lightweight Aggregate Concrete, 1983).
Many researchers have pointed out that the type of LWA
selected plays a significant role in the physical, mechani-
cal, and thermal properties of SLWC produced (Rossignolo
and Agnesini, 2002; Demirboga and Gul, 2003; Chi et al.,
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Fig. 3. Force Transfer Difference between SLWC and NWC under
Compression (FIP Manual of LWC, 1983).
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2003; Lo et al., 2007; Kim et al., 2010). Compared to nor-
mal weight aggregate (NWA), LWA has a higher internal
porosity, and that is the primary reason for the low appar-
ent specific gravity of the aggregate. LWA’s high water
absorption is an important concern for structural applica-
tions. For instance, the loss of workability can be a serious
problem if LWAs continuously absorb water during the
concrete production, and the amount of absorbed water has
a considerable influence on the density of the concrete lead-
ing to reduced buoyancy of floating structures. Table 1
summarized the previously constructed offshore and float-
ing concrete structures with the use of SLWC. The product
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name of LWAs applied for each structure were also
included in the table. The most common types of LWAs that
has been frequently utilized in floating concrete structures
were expanded clay and expanded slate.

Marine concrete structures are directly exposed to a harsh
environment that can accelerate concrete deterioration and
reduce the service life of structures. Concrete deterioration
in the marine environment is much more complicated since
the synergistic effects are common between different con-
stituents/mechanisms. Most of the concrete deterioration in
marine environments is caused by constituents in seawater
that contains 3.5% (35 g/L) of dissolved salt and principle
jons are Na', Mg™", CI, and (SO,)”” (Metha, 1991). In addi-
tion to dissolved salt, certain gases around a structure play a
role in chemical or electrochemical reactions that can influ-
ence the concrete durability. Seawater temperature is also
an important consideration for concrete durability, since
high variations in temperature can increase the rate of
chemical or electrochemical reactions in floating rein-
forced concrete structures. It should be noted that there is a
marked difference between sea-surface and atmosphere
temperatures. Rather than other constituents in seawater,
chloride ingression is the main cause of steel corrosion in
the marine environment and corrosion initiation has been
taken as failure criteria for durability analyses and service-
life predictions for marine concrete structures (Ferreira,
2009). Both concrete quality and exposure conditions are
two key parameters in determining the rate of chloride
ingress based on the measured diffusion coefficients and
surface chloride concentration (Costa and Appleton, 1999).

This is because concrete pore structure is influenced by the

Table 1. Offshore and floating concrete structures and the product name of lightweight aggregate

. 28 days 28 days Concrete
Project . Product name
Type (year) Country strength densnjy of LWA Volugne
(MPa)  (kg/m’) (m’)
Offshore and Inclined tower (1984) Norway 71 1915 Liapor 8 -
floating structure Lightweight concrete floater (1991) 43 1570 Liapor K and 7 -
(with Leca FA)
Snorre tension leg platform (1991) 65 1970 Liapor 8 1100
Heidrum tension leg platform (1995) 71 1941 Liapor 8 65000
Troll A gravity based platform (1995) 70-75 2250 Leca 800 66000
Troll B catenary anchored floater (1995) 70-75 2250 Leca 800 20000
Multi-purpose unit heavy lifter (2009) 42 1565 Liapor F 6.5 20000
Hibernia offshore oil platform (1997) Canada 80 2170 Stalite 66000
C-Boat 500 concrete barge (1982) Japan 50 1800 not specified 1000
Concrete batching plant (1985) 45 1900 not specified 14300
Floating Bergsoysundet Norway 55 1900 Liapor 8 4800
(pontoon) bridge Bridge (1992) with 7 pontoons
Nordhordland bridge (1994), 55 1900 Liapor 8 8500

cable-stayed with 10 pontoons

(with Leca FA)
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quality of concrete, and the harsh marine environment
might increase the water content in the pore structure,
which affects the ingression of chloride.

Improved concrete durability through the use of SLWC
was reported based on field measurements conducted on
existing breakwater structures (Sturm et al., 1999). How-
ever, not all types of LWAs can be utilized for such floating
concrete structures because SLWC properties can be vari-
able depend on the aggregate type selected, aggregate pre-
soaking condition, concrete mixing and casting proce-
dures. A great number of experimental studies have been
carried out to investigate the effects of LWA types and/or
supplementary cementitious materials (SCMs) on concrete
mixing, chemical and physical properties, and durability of
SLWC. The initial water curing during the first few days
after concrete mixing have a significant influence in
increasing the strength and enhancing the durability of the
SLWC under hot marine exposure conditions (Haque and
Al-Khaiat, 1999; Haque et al., 2004; Haque et al., 2007).
SLWC with SCMs such as silica fume and fly ash exhib-
ited the higher material strength, lower chloride-ion ingress,
and improved resistance against sulfate attack (Babu and
Babu, 2003; Tanyildizi and Coskun, 2008).

As summarized previously, many experimental studies

have been conducted to clarify the effects of SCMs on the
physical property and durability of SLWCs. However, the
use of SLWC for floating concrete structures in a marine
environment has not been well explored yet. This might
due to the relatively more conservative nature of the marine
and offshore industry, the less wide spread in using con-
crete as a structural material for such construction, and lack
of well-developed design guides to determine of SLWC
mix proportion. In this regards, the main objective of this
paper is to provide information for the design and use of
SLWC for floating concrete structure in a marine environ-
ment. To this end, an experimental program was set up and
comprehensive experimental campaign were carried out to
determine SLWC mix proportions that can satisfy specified
concrete strength, density, and slump. Comparisons with
previous SLWC mix designs that have been utilized for
actual floating concrete structures were made. Lastly, key
aspects needed to be considered regarding to the use of
SLWC for floating marine concrete structures were discussed.

2. Experimental Investigation

2.1 Concrete Mix Design Requirements
Based on the literature review about existing floating

Fig. 4. Investigated Lightweight Aggregates (a) Stalite Coarse; (b) Liapor Coarse; (c) Asanolight Coarse; (d) Stalite Fine; (¢) Asanolight Fine;

(f) Liapor Fine.
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concrete structures, it can be seen that designed concrete
strength ranges between 42 and 80 MPa while density
ranges between 1,600 and 2,250 kg/m’ (See Table 1). Previ-
ous research concluded that the effect of concrete density
on the stability of floating oil storage tank subjected to wind
and current loads is much more significant compared to that
of strength. More details regarding the relationship between
the concrete density and stability can be found out from
previous research (Jiang et al., 2017). Thus, mix design
requirements in this study were specified as 28 days com-
pressive strength of 60 MPa and 1 day concrete density of
1,800 kg/m’.

2.2 Materials

As shown in Fig. 4, total three different types of light-
weight coarse aggregates (CAs) and three different types of
lightweight fine aggregates (FAs) were considered as test
variables in this study. NWC with Natural CA was also pre-
pared for the comparison purpose. Expanded slate CA,
named ‘Stalite’, has the particle density of 1,394 kg/m’ and
24 h water absorption ratio of 5.9% while expanded clay
CA, named ‘Liapor 4/8’, has the particle density of 1,449

Table 2. Investigated concrete mix proportions
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kg/m’ and water absorption ratio of 11.9%. Expanded shale
aggregate, named ‘Asanolight’, has the particle density of
1,277 kg/m’ as well as the water absorption ratio of 11.2%.
Stalite and Liapor 4/8 are two most common CAs been
applied for floating concrete structures as mentioned previ-
ously.

In addition to different aggregate type, the effects of sil-
ica fume (SF) and ground-granulated blast-furnace slag
(GGBS) on the strength development and durability of
SLWCs were considered as test variables. Type I ordinary
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Fig. 5. Particle size distributions of aggregates.

Mi wib Material (kg/m’)
lx (%) c? SF” GGBS™ LCA” NCA™ LFA"” NFA™ HRWR”
NA" SF-10-1 26 437 49 0 0 345 300(L) 396 3
NA SF-10-2 32 437 49 0 0 345 387(L) 310 5
NA SF-10-3 36 450 50 0 0 449 305(L) 351 5
ST Plain 27 468 0 0 590 0 491(A) 0 5
ST SF-10-1 25 467 60 0 667 0 467(S) 0 2
ST SF-10-2 27 421 47 0 590 0 491(A) 0 5
ST SF-10-3 36 450 50 0 449 0 305(L) 351 5
ST SF-10-4 32 452 50 0 641 0 415(A) 0 5
ST SF-10-5 29 421 47 0 590 0 344(A + 147(L) 0 5
ST SF-20 27 374 94 0 590 0 491(A) 0 5
ST GGBS-25 27 351 0 117 590 0 491(A) 0 5
ST GGBS-50 27 234 0 234 590 0 491(A) 0 5
LI SF-10-1 25 467 60 0 333 0 200(L) 507 5
LI SF-10-2 26 436 48 0 336 0 200(L) 508 3
LI SF-10-3 32 438 49 0 673 0 0 374 5
LI SF-10-4 32 436 48 0 336 0 262(L) 445 5
LI SF-10-5 32 479 53 0 630 0 0 381 5
LI SF-10-6 36 450 50 0 449 0 305(L) 351 5
AS Plain 27 458 0 0 594 0 487(A) 0 5
AS SF-10 27 412 46 0 594 0 487(A) 0 5
AS SF-20 27 366 92 0 594 0 487(A) 0 5
AS GGBS-25 27 344 0 115 594 0 487(A) 0 5
AS GGBS-50 27 229 0 229 594 0 487(A) 0 5

*1. NA = Natural Coarse Aggregate; *2. C = Ordinary Portland Cement; *3. SF = Silica Fume;
*4. GGBS = Ground-Granulated Blast Slag; *5. LCA = Lightweight Coarse Aggregate;

*6. NCA = Natural Coarse Aggregate; *7. LFA = Lightweight Fine Aggregate;

*8. NFA = Natural Fine Aggregate; *9. HRWR = High Range Water Reducer;

A = Asanolight Sand; L = Liapor Sand; S = Stalite Sand
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Fig. 6. Chloride penetration tests conducted in this study (a): RCPT and (b): NT Build 492 method.

portland cement with a specific density of 3.14 g/em’, SF
containing about 92% of SiO, with a density of 2.27 g/cm”,
GGBS containing 32% of SiO, and 38% of CaO with a
density of 2.94 g/cm’, and blaine surface area of 4,070 cm’/
g were used. The high range water-reducing super-plasti-
cizer of polycarboxylate was applied at constant rate of
1.0% of the binder content weight. The size distribution of
aggregates were investigated as shown in Fig. 5.

2.3 Aggregate Preparation and Mixing Procedures

All lightweight CAs were pre-soaked for 24 hours prior
to the concrete mixing to reduce aggregate water absorp-
tion during the mixing and casting. Surface water of pre-
soaked aggregates was then removed with using dried
towels to make a surface-saturated dry (SSD) condition.
Repeated concrete mixing, concrete slump and density
measurements were carried out until all measured values
satisfy the design requirements. Table 2 shows the SLWC
mix proportions investigated in this study.

Each mixture was labeled as ‘ST’, ‘LI’, and ‘AS’ accord-
ing to the product name of CAs. Cement was partially
replaced with SF of 0%, 10%, and 20% and GGBS of 0%,
25%, and 50%.

Followings are detailed mixing procedures adopted in
this study. Total concrete mixing time was 5 minutes.

(1) All CAs were pre-soaked for about 24 hours prior to
start mixing

(2) CAs were then surface dried with absorbent cotton-
towels

(3) Three lightweight FAs (Asanolight, Liapor, and
Stalite), natural CA and FA were prepared as no pre-soaked
condition

(4) All materials were then placed into a drum type pan
mixer

(5) Concrete mixing was carried out for one minute with

half of total water
(6) After one minute of mixing, remaining water were
added and mixing continuously conducted for additional 4

minutes.

2.4 Tests and Measurements

Compressive strength was measured according to BS EN
12390-3 using three 100 mm cubical specimens at 1, 7, and
28 days. Fresh and 1 day demolding density of SLWCs
were determined according to ASTM C138 and BS EN
12390-7, respectively. Oven dried density was recorded
according to BS EN 206-1. Chloride penetration resistance
was evaluated using 100 mm diameter and 50 mm length
discs cut from 100 mm diameter and 200 mm length cylin-
ders after the top and bottom portions removed. Two differ-
ent types of tests were implemented in this study to
investigate the chloride penetration resistance of SLWCs.
As shown in Fig. 6, the first one is rapid chloride penetra-
tion test (RCPT) in compliance with ASTM C1202 and the
other one is rapid migration test according to NT Build 492
that can estimate the chloride diffusion coefficient based on
the measured chloride penetration depth.

3. Results and Discussions

3.1 Effects of Aggregate Type on Strength and Density

In general, coarse and fine aggregates play a significant
role in strength, since it makes up about 60~70% of the
total volume of the concrete mix. Table 3 summarized mea-
sured compressive strength, density, and slump values for
all mixtures investigated in this study. Strength and density
values were averaged from three separated measurements.
Stalite-based SLWC showed the higher strength than Lia-
por-based and Asanolight-based SLWCs, as expected. This
might be related to the particle density of aggregate as
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Table 3. Measured strength, density, and slump of SLWCs
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. . 3
Mix Type of LWA Compressive strength (MPa) Density (kg/m’) Slump
1 day 7 days 28 days Fresh Demolding Oven-dry (mm)
NA™ SF-10-1 Natural 33 40 49 1664 1811 1745 0
NA SF-10-2 24 33 42 1637 1686 1581 180
NA SF-10-3 - 34 40 1763 1748 1639 200
ST Plain 51 72 72 1796 1778 1643 145
ST SF-10-1 42 51 63 1788 1802 1721 50
ST SF-10-2 58 73 73 1796 1805 1661 130
ST SF-10-3 - 31 34 1446 1535 1434 190
ST SF-10-4 Expanded Slate 53 66 71 1584 1706 1633 0
ST SF-10-5 33 47 53 1412 1600 1506 190
ST SF-20 56 75 78 1763 1738 1611 140
ST GGBS-25 - 65 69 1828 1832 1691 150
ST GGBS-50 - 49 57 1808 1851 1713 165
LI SF-10-1 39 52 61 1792 1808 1706 30
LI SF-10-2 31 44 48 1640 1700 1620 0
LI SF-10-3 Expanded Clay 32 40 45 1447 1644 1524 200
LI SF-10-4 26 38 43 1647 1700 1553 150
LI SF-10-5 22 26 31 1378 1454 1363 190
LI SF-10-6 - 31 34 1521 1580 1425 185
AS Plain 46 60 61 1860 1846 1590 130
AS SF-10 44 61 65 1834 1807 1551 180
AS SF-20 Expanded Shale 53 63 69 1830 1803 1574 120
AS GGBS-25 - 57 54 1845 1832 1578 135
AS GGBS-50 - 42 44 1870 1855 1601 145

—: not measured.

many researchers pointed out. Aggregate strength is also
one of the most important factors determining the concrete
strength while this was not included in the range of this
study. Aggregate type did not show significant influences
on the measured concrete density. All lightweight concrete
(ALWAC) showed the improved workability while the
strength was reduced.

3.2 Effects of SCMs on Strength Development and
Concrete Durability

The addition of silica fume (SF) does not influence much
the early strength gain between 1 and 7 days as shown in
Fig. 7. However, the effect of SF on the compressive
strength at 28 days was clearly confirmed. Specifically, the
strength increased by 7 to 13% compared to that of plain
concrete. The effect of ground-granulated blast-furnace slag
(GGBS) on the compressive strength measured between 1
and 28 days was not significant regardless of its replace-
ment ratio.

Importantly, 1 day strength of SLWC containing GGBS
was significantly lower than that of plain concrete. This low
early strength gain with GGBS may be due to slow hydra-
tion process with higher amount of slag content. However,
long-term strength development can be expected if mois-

ture remains available for further reactions between pri-

mary hydration product Ca(OH), and GGBS as Li and Yao,
2001 and Choo and Newman, 2003 pointed out. Silica
fume addition rates did not show any significant influences
on the concrete slumps. This might be due to low addition
rate of SF investigated. Fig. 8 shows the some representa-
tive SLWC slumps measured in this study.

Especially in SLWC, oven-dry density is an important
consideration since it can directly influence the strength.
Fresh density of SLWCs were gradually decreased accord-
ing to the increase of SF while GGBS showed no effects on
measured densities. The mean weight differences between
fresh and oven-dry densities in SLWC with Stalite and Asa-
nolight were 134.4 kg/m’ and 269 kg/m’, respectively. The
mean weight differences to the fresh density ratio for
SLWC with Stalite and Asanolight were 8.1% and 17.0%,
respectively.

Two different rapid chloride-ion penetration tests were
conducted to evaluate the difference among types of CAs,
SF replacement level. The effect of GGBS replacement on
the resistance to chloride penetration was not investigated
at this time since this study focuses more on the early-age
properties. The total charge passed and chloride diffusion
coefficient were both decreased with the increase of SF
content. Stalite-based SLWC showed the higher resistance

against chloride penetration compared to that of Asanoli-
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Fig. 8. Some SLWC slumps (a): ST-SF-10-1 and (b): LI-SF-10-1.

ght-based SLWC. Calcium hydroxide in hydrated cement is
converted to calcium silicate hydrates by reacting with sili-
cates in SF. Thus, it is considered that the resistance to chlo-
ride penetration of concrete was affected by not only the
type of CA but also the microstructure of hydrated cement.
All mixtures exhibited quite similar values of diffusion
coefficient when SF was added. This might due to the
enhancement of pore distribution and microstructure by
using SF as Youm et al., 2016 pointed out.

3.3 Lightweight Concrete Mix Proportions Satisfying
Specified Design Requirements

Two best mix designs that satisfy design requirements for
targeted floating concrete structures were ST SF-10-1 and
LI SF-10-1 as shown in Table 2. Both mixtures also exhib-

ited the good workability and consistency compared to
other mixtures. Note that Stalite aggregate can be utilized
for concrete pumping due to the relatively low water absorp-
tion under the high water pressure compared to expanded
clay aggregates such as Liapor and Leca 800. Lower con-
crete density can be achieved when using both lightweight
CA and FA. For example, ALWC with both Stalite fine and
coarse aggregates exhibited better workability without any
bleeding issues. Some studies concluded that proper use of
natural aggregates in SLWC can contribute to make a good
concrete. However, extensive trial mixing might be neces-
sary to ensure the quality of concrete.

Based on experimental results, two mix proportions (ST-
SF-10-1 and LI SF-10-1) both can satisfy design require-
ments were introduced in this study. All other proportions
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Table 4. Mix proportions for floating concrete structures in marine environment

Material (kg/m’)

Project w/b HRWR
(CONENNG SF FA" LCA NCA LFA NFA (Liter)
Inclined tower (Norway, 1984) 39 385 15 0 (L?Z;or) 0 0 600  10-12
. . 540 150
Lightweight concrete floater (Norway, 1991) 30 430-500 40-80 0 (Liapor) 0 (Leca) 0 7-10
. 620
Snorre tension leg platform (Norway, 1990) 38 400 20 0 (Liapor) 0 0 650 5-8
. . 580
Heidrun tension leg platform (Norway, 1993) 38 420 20 0 (Liapor) 0 0 630  5-10
. 240
Troll A gravity based platform (Norway, 1993) 36 435 15 0 (Leca 800) 460 0 910  5-10
240
Troll B catenary anchored floater (Norway, 1993) 36 435 15 0 (Leca 800) 460 0 910  5-10
. L 609
Super-concrete island drilling system (Japan, 1984) 28 520 52 0 (not specified) 0 0 530 7.28
. 623 178
Floating concrete barge gate (USA, 2011) 30 357 0 89 (Stalite) 0 (Stalite) 368 0.7

*1. FA = Fly Ash.

except for two mix proportions (namely, ST-SF-10-1 and
LI-SF-10-1) did not satisfy the requirements. It should be
noted that there are no mature guidelines to determine the
mixture design of SLWC based on the LWA type, concrete
strength, and density requirements. Thus, preliminary test
or trial mixtures are necessary to determine the optimum
mix design of SLWC for targeted floating concrete struc-
tures.

Table 4 shows the summary of SLWC mix designs that
were applied for existing floating concrete structures. It can
be seen that applying natural aggregates in SLWC might
increase both the strength and density. It should be noted
that reducing concrete density is much more tricky com-
pared to the increase of strength and the relationship between
strength and density is not always proportional. This all
caused by high water absorption rate of LWAs.

Recently, two SLWC mix designs were reported by
Justnes et al., 2016. According to the first design below,
compressive strength higher than 60 MPa and demolding
density of 1,850 kg/m’ can be produced with using expanded
clay aggregates such as Leca 800 or any LWAs with equiv-
alent bulk density.

650 kg binder

685 kg NWA (e.g. granite) (0-8 mm)

260 kg LWA (4-8 mm)

260 kg LWA (0-12 mm)

This design includes NWA, thus, it might be more cost
effective compared to ALWAC.

Very low demolding density such as 1,450 kg/m’ can be

also produced with the second design introduced below, but

the strength will be decreased compared to the first one.

660 kg binder

140 kg LWA (0-3 mm)

85 kg LWA (1-4 mm)

240 kg LWA (4-8 mm)

240 kg LWA (8-12 mm)

Two suggested mix designs can be adjusted according the
use of SCMs, the type of super-plasticizer, and absorbed
water content of LWA to satisfy design requirements.

3.4 Discussions and Recommendations

Mix design of SLWC has to be given more attention than
that of NWC since more parameters such as low aggregate
density and high water absorption need to be considered.
For the same reason, the absolute volume method to mea-
sure air content cannot be used for SLWC without extra
caution. There are no mature guidelines to determine the
mixture design of SLWC based on the LWA type, concrete
strength, and density requirements. Some researchers pro-
posed detailed aggregate preparations and mixing proce-
dures based on the test results with limited number of
specimens. Most of them are valid only for laboratory test-
ing not for real-scale concrete mixing. Thus, preliminary
test or trial mixtures are necessary to determine the opti-
mum mix design of SLWC for targeted floating concrete
structures. It is not recommended to directly batch and mix
with dried LWAs, because the aggregate particles continu-
ously absorb the water from the mix. For instance, the loss
of workability can be a big problem if LWAs continuously

absorb water during the concrete production, and the
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amount of absorbed water has a considerable influence on
the density of the concrete leading to reduced buoyance of
floating structures. In this regards, the use of pre-soaked
LWA is recommended to ensure a robust concrete recipe.

The physical and mechanical properties of SLWC are
mainly determined by the type of aggregate, particle den-
sity, and aggregate water absorption. SLWC with high com-
pressive strength can easily be produced with a suitable
concrete mix design and LWA. It cannot be simply con-
cluded that which type of structural LWA is mostly preferred
for floating concrete structures. However, it is reasonable to
focus on selecting LWA can contribute the high strength/
density ratio of SLWC and low water absorption. Exten-
sive mix tests is important to determining the suitable type
of LWA since water absorption rate can be variable depends
on the environmental conditions such as humidity and tem-
perature.

In general, SLWC exhibits better durability performance
compared to that of NWC under the same exposure condi-
tions. This might be due to the high quality of the interfa-
cial zone between the paste and aggregate as well as the
better elastic compatibility of the aggregate with the sur-
rounding mortar. The durability performance of floating
concrete structures in harsh marine environments depends
on many factors such as chlorides, sulfates, temperatures,
tidal action including repeated wetting and drying, high
hydrostatic pressures, and the growth of marine organisms.
In this regards, long-term durability experiments that can
consider chemical or electrochemical reactions between
concrete and seater must be accompanied. Carbonation,
alkali-aggregate reaction, and sulfate attack can be pre-
vented with the addition of SCMs such as silica fume, fly
ash, and calcined clay. Surface coating such as epoxy coat-
ing or cathodic protection can be utilized in order to pre-
vent chloride ingress into the concrete and rebar corrosion
initiation, respectively, and extend the service life of float-

ing concrete structures.

4. Conclusions

The tests performed in this research project are aimed to
investigate whether the type of the aggregate, as well as
selected supplementary cementitious materials may affect
the strength, density, and durability of structural light-
weight concrete. The focus of the experimental campaign is
to determine the concrete mix proportion that can satisfy
design requirements for the actual construction of floating
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concrete structures. Concrete mix designs were determined
based on repeated concrete mixing and measurements.

The present study indicates that the type of lightweight
coarse aggregate has a strong influence on the measured
compressive strength. It was found that an increase in the
particle density of lightweight corse aggregate increases the
compressive strength of concrete. Overall, Stalite-based
SLWC showed the best performance in compressive strength,
density, workability, and consistency. The effects of silica
fume on the compressive strength at 28 days and the resis-
tance to chloride-ion penetration were obvious. In more
detail, the compressive strength increased by about 10%
and the chloride diffusion coefficient decreased by about
70%, respectively, compared to the plain concrete speci-
men. However, the study indicated that the addition of sil-
ica fume or ground-granulated blast-furnace slag had
negligible effects on the early strength gain between 1 and 7
days. Further studies may be necessary to identify the opti-
mum replacement ratio of supplementary cementitious
materials to increase the strength and improve the durabil-
ity performance. The present results were obtained by com-
pressive strength, density, and rapid chloride-ion penetration
tests. Good understanding of concrete long-term behavior is
basically important for floating concrete structures that con-
structed in marine environments. In this regards, further
studies must be carried out to understand a long-term behav-
ior such as strength development and durability of SLWCs
produced with mix proportions introduced in this study.
Fracture surface analysis must be conducted because crack
initiation and propagation process of SLWC can be signifi-
cantly different compared to that of NWC due to weaker
bond between the aggregate and cement paste.

Based on both an experimental study and collected previ-
ous mix proportions, some important recommendations were
made for better use of structural lightweight concrete for
floating concrete structures. It was not able to conclude the
best type of aggregate at this time because the best one can be
different depend on the importability of lightweight aggre-
gate, portion of concrete, type and location of targeted float-
ing structure, and also environmental conditions. Pre-soaking
of lightweight coarse aggregate, repeated concrete mixing,
and measurements all must be carried out to determine a
robust concrete recipe for floating concrete structures.

Acknowledgments

This work was supported by the “Development of Wave



TAYE FR7xA 482 99 2R

Power System for the Floating Light Beacon(Project Num-
ber: 20170323)”, and “Study of the tidal-current power
generating system using concrete shroud (Project Number
20170122)”.

References

Babu, K.G and Babu, D.S. (2003). Behaviour of lightweight
expanded polystyrene concrete containing silica fume. Cem.
and Concr. Res., 33(5), 755-762.

Chi, J.M., Huang, R., Yang, C.C. and Chang, J.J. (2003). Effect of
aggregate properties on the strength and stiffness of lightweight
concrete. Cem. and Concr. Compos., 25(2), 197-205.

Chia, K.S. and Zhang, M.H. (2002). Water permeability and chlo-
ride penetrability of high-strength lightweight aggregate con-
crete. Cem. and Concr. Compos., 32(4), 639-645.

Choo, B.S. and Newman, J.B. (2003). Advanced concrete technol-
ogy 2: concrete properties, Butterworth-Heinemann.

Costa, A. and Appleton, J. (1999). Chloride penetration into con-
crete in marine environment-part I: main parameters affecting
chloride penetration. Mater. and Struct., 32(5), 354-359.

Demirboga, R. and Giil, R. (2003). The effects of expanded perlite
aggregate, silica fume and fly ash on the thermal conductivity of
lightweight concrete. Cem. and Concr. Res., 33(5), 723-727.

Federation Internationale de la Precontrainte (1983). FIP manual of
lightweight aggregate concrete. Surrey Unversity Press, Glasgow.

Ferreira, R.M. (2009). Service-life design of concrete structures in
marine environments: a probabilistic based approach, VDM
Verlag Dr. Muller Aktiengesellschaft & Co. KG

Haque, N. and Al-khaiat H. (1999). Strength and durability of light-
weight concrete in hot marine exposure conditions. Mater. and
Struct., 32(7), 533-538.

Haque, M.N., Al-Khaiat, H. and Kayali, O. (2007). Long-term
strength and durability parameters of lightweight concrete in hot
regime: importance of initial curing. Build. and Environ., 42(8),
3086-3092.

Haque, M.N., Al-Khaiat, H. and Kayali, O. (2004). Strength and
durability of lightweight concrete. Cem. and Concr. Compos.,
26(4), 307-314.

Jiang, D., Tan, K.H., Ong, K.C.G, Heng, S., Dai, J., Lim, B.K. and

A ES] HHujgv] A4 325

Ang, K.K. (2017). Behavior of prestressed concrete self-stabi-
lizing floating fuel storage tanks. Proc. of CIGOS, Ho Chi Minh
City, Vietnam. (will be published).

Justnes, H., Kim, M.O., Ng, S. and Qian, X. (2016). Methodology
of calculating required chloride diffusion coefficient for intended
service life as function of concrete cover in reinforced marine
structures. Cem. and Concr. Compos., 73, 316-323.

Kim, Y.J., Choi, Y.W. and Lachimi, M. (2010). Characteristics of
self-consolidating concrete using two types of lightweight
coarse aggregates. Constr. and Build. Mater., 24(1), 11-16.

Li, J. and Yao, Y. (2001). A study on creep and drying shrinkage
of high performance concrete. Cem. and Concr. Res., 31(8),
1203-1206.

Lo, T.Y., Tang, W.C. and Cui, H.Z. (2007). The effects of aggregate
properties on lightweight concrete. Build. and Environ., 42(8),
3025-3029.

Metha, PK. (1991). Concrete in marine environment. Elsevier
Applied Science, London.

Rossignolo, J.A. and Agnesini, M.V.C. (2002). Mechanical prop-
erties of polymer-modified lightweight aggregate concrete.
Cem. and Concr. Res., 32(3), 329-334.

Sandvik, K., Eie, R., Advocaat, J., Godejord, A., Hereid, K.,
Hoyland, K. and Olsen, T. (2004). Offshore structures - a new
challenge. Proc. 14th National Conf. on Struct. Engrg., Aca-
pulco Offshore Structures, Norway.

Strum, R.D., McAskill, N., Burg, R.G. and Morgan, D.R. (1999).
Evaluation of lightweight concrete performance in 55 to 80
years-old ships. ACI Spec. Publ., 189, 101-120.

Tanyildizi, H. and Coskun, A. (2008). Performance of lightweight
concrete with silica fume after high temperature. Constr. and
Build. Mater., 22(10), 2124-2129.

Youm, K.S., Moon, J., Cho, J.Y. and Kim, J.J. (2016). Experimental
study on strength and durability of lightweight aggregate con-
crete containing silica fume. Constr. and Build. Mater., 114,
517-527.

Received 15 October, 2017

1™ Revised 8 November, 2017
2™ Revised 5 December, 2017
Accepted 11 December, 2017




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


