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Abstract

Around a decade ago, the first realistic mix of infra lightweight concrete (ILC)

was developed and used in the construction of the façades of a family house in

Berlin. Since then, it has been demonstrated that ILC represents a promising

lightweight concrete material of dry density less than 800 kg/m3 and possesses

both good thermal insulation characteristics and a sufficient load bearing resis-

tance. Such a unique combination makes it a competitive alternative to the

conventional multilayer façades common nowadays in terms of robustness,

durability, energy saving and ease of construction. In addition, it opens up

innovative architectural horizons. The chief aim of this review is to present the

current state of knowledge and the development of ILC over the last decade.

A further and equally important consideration is to shed light on scientific

gaps and issues that require additional investigation. Accordingly, wide com-

parisons between numerous mixes as to ingredients, density, strength and

thermal conductivity are conducted. The review shows how the mechanical

and thermal properties of ILC have improved considerably over time. It also

reveals, however, how the understanding of the structural behavior of ILC

could be improved through further discussions.
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1 | INTRODUCTION

1.1 | Lightweight concrete

Buildings throughout the world have benefitted from
how material and structural engineers have been improv-
ing material properties and behavior. In the last decades,
Lightweight concrete (LWC), in particular, has become
an important and versatile material that has been greatly
improved, thanks to scientific efforts. LWC is considered
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one of the promising materials in modern construction
because of the enormous benefits that can be attained
both structurally and ecologically [1].

Structurally, it has numerous applications, especially
in heavy structures in which the self-weight governs the
overall weight and where that self-weight is considerably
higher than the expected service loads, as is the case for
multistory buildings and bridges. The reduced weight
that comes from utilizing LWC in multi-story buildings
provides flexibility and significant cost saving; it also
improves seismic structural response, provides longer
spans, heightens fire resistance and lowers reinforcement
ratios and foundation materials [2,3]. Moreover, precast
elements constructed from LWC reduce transportation
and placement cost [4]. With bridges, LWC may allow for
more lanes and longer spans as well. In cantilever type
bridges, LWC can be used on one side of the pier and
Normal Weight Concrete (NWC) on the other to provide
weight balance while accommodating a longer span on
the LWC side [5].

Ecologically, LWC has a much lower thermal conduc-
tivity than NWC, and it can thus play a substantial role
in energy saving when employed as insulation material.
In other words, using LWC made with controlled thermal
properties saves the energy consumed in air acclimatizing
in both cold and warm countries [6,7]. Recently, energy
shortage problems have been increasing at an alarming
rate and energy has become a global concern. An addi-
tional benefit of LWC arises because many industrial and
agricultural wastes may be utilized when it is being man-
ufactured, presenting an economic and eco-friendly
approach.

1.2 | Terminology

By adding the descriptive term “Lightweight” to concrete,
it becomes a collective term for different sorts of concrete
that are characterized by low specific weight. The
reduced weight is achieved by either using certain types
of aggregates (expanded materials) that have a specific
gravity noticeably lower than that of the classic aggregate
types (gravels or crushed stones) or by introducing air
bubbles in the cementitious paste [8]. The former LWC
type is designated as lightweight aggregate concrete
(LWAC) while the latter type is known as Foamed Con-
crete (FC), which is usually used for nonstructural appli-
cations. The dilemma is that the lightness arises from the
entrapped air within either the aggregates or the cement
matrix: The more entrapped air, the lighter the weight
and the better the insulation, but inversely, the lower the
strength [9].

In many international design codes, LWC is defined
as a concrete with a dry density of less than 2,000 kg/m3.
However, in the last decades, LWC could be made with a
wide range of densities (300–2,000 kg/m3) and
corresponding strengths from 1.0 to 60 MPa [10]. There-
fore, the descriptive terms “Structural” and “Infra” had
to be introduced. Structural Lightweight Concrete
(SLWC) is defined according to Eurocode 2 [11] as con-
crete with a mean cylinder compressive strength not less
than 17 MPa and a unit weight not less than 800 kg/m3

[11]. The Latin prefix “Infra” was first presented by the
Chair of Conceptual and Structural Design at TU Berlin
in 2006 to delineate the new LWC with a density lower
than 800 kg/m3 [12]. “Ultra” is used instead of “Infra” by
many researchers. In the Netherlands, due to the high
temperature arising from the hydration process, it is
called a “warmbeton” or a warm concrete [13]. To sum
up, Infra lightweight concrete (ILC), ultra lightweight
concrete (ULWC) or “warmbeton” is the state-of-the-art
concrete in terms of density and insulation properties
and classifies concrete with a density below 800 kg/m3.
In this paper, the acronym ILC is used.

1.3 | Utilization of ILC

The rational and economic layout of buildings with rela-
tively low energy consumption can be based on the
respective mechanical and thermal properties of ILC,
LWC, and NWC: ILC, with perfect insulation characteris-
tics, can be best used for load bearing façades; LWC, with
moderate insulation and strength, for floor slabs and
NWC, with the greatest strength but poor insulation, for
vertical interior members such as columns and shear
walls [14].

Over the last few years, the strength, production and
thermal properties of ILC have improved remarkably.
For instance, Yu et al. [15] reported ILC with a compres-
sive strength of 15 MPa, a corresponding dry density of
745 kg/m3 and a thermal conductivity of 0.17 W m−1 K−1

[15]. Abd Elrahman et al. [16,17] developed ILC with a
compressive strength of 15.2 MPa, a corresponding dry
density of 810 kg/m3 and a thermal conductivity of
0.19 W m−1 K−1 [16,17]. The ongoing improvements to
the material, particularly in terms of strength, allow ILC
to be used as a load bearing material. ILC has thus
become a monolithic material providing both bearing
resistance and thermal insulation. Therefore, it can be
utilized in robust, durable and straightforward construc-
tions. In comparison to the currently common multilayer
wall constructions, these potentials make it a competitive
alternative in respect of conceptual design, insulation,
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ease of construction, fire protection, energy saving and
recyclability [18,19].

1.4 | Research objectives

The key objective of this paper is to compile the recent
scientific efforts and standpoints related to ILC. This
compilation offers a deeper understanding of the whole
picture and bridges the gaps between viewpoints of
researchers across the academic spectrum. Moreover,
such a compilation can shed light on scientific gaps and
encourage new researchers to effectively fill these gaps.
In this context, 80 mixes of ILC are compared in terms of
mix proportions, materials, admixtures and thermal and
mechanical properties. In addition, this review includes a
discussion on the limited efforts so far towards under-
standing the structural behavior of ILC.

2 | INFRA LIGHTWEIGHT
CONCRETE

2.1 | Motivations towards the innovation
of ILC

There are three main phases required for any novel mate-
rial to be adopted by the industrial community and,
hence, to be widely applied in different fields of construc-
tion: Phase 1, the problem statement and a feasible solu-
tion; Phase 2, material development and extensive
investigations; and Phase 3, industrialization.

In Phase 1, to detect the problems that encouraged
the innovation and development of ILC, for instance,
the German thermal insulation composite system
(“Wärmedämmverbundsysteme” [WDVS]) should be
first mentioned. Figure 1 illustrates different types of

the multi-layer insulation systems with thermal proper-
ties compared to ILC. The multi-layer system has many
drawbacks, for example that installation is time-
consuming and multipart, requiring highly qualified
staff to perform special connections between the layers.
In addition, the materials used, such as the polystyrene
and mineral wool, are difficult to recycle and have a rel-
atively short life cycle, which in turn cause a high long-
term maintenance cost [20]. ILC could be a promising
material for a new era of monolithic building by provid-
ing the following three merits [21]; (a) cost saving by
eliminating the extra insulation layers, saving time and
reducing the necessity of highly trained labor.
(b) flexibility, since one single layer provides both bear-
ing and insulation, no need for plastering or cladding is
required and it can be cast in situ or as a precast ele-
ment and (c) sustainability that is gained by such a
monolithic structure with easy maintenance, recycling
ability and energy saving. In this context, 50 cm wall
thickness has been proven by many researchers to meet
the insulation criteria and to provide a sufficient bearing
resistance [13,14,18,19,22].

2.2 | State of the art

Table 1 compares different ILC mixes in terms of ingre-
dients, proportions, density, thermal conductivity and
compressive strengths. The available data reflect the
improvements in ILC properties over time. The Chair of
Conceptual and Structural Design at TU Berlin has been
practically investigating ILC since 2006. The first
results, obtained by El Zareef [14], provided basic
knowledge on the materials, on mix design and on the
mechanical properties. The developed ILC has a dry
density of 760 kg/m3, a mean cube compressive strength
of 7 MPa and a thermal conductivity of 0.18 W m−1 K−1

FIGURE 1 Standard insulation

systems versus Infra lightweight

concrete [20]
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TABLE 1 Infra lightweight concrete mixes and propertiesf

Mix Binder LWAs kg/m3 Liquid Admixtures
Dry

density
kg/m3

Thermal
Conduc.
w/m.k

Mean
comp. 

Strength 
MPa

Ref. mix Type
Content
kg/m3 Type

Size fraction

Type
Amount
kg/m3

SP
kg/m3

ST or 
Other

additives

Fibers
Air 

Agent
kg/m3

0.1-
0.3
mm

0.3-
0.5
mm

0.5-
1.0
mm

1.0-
2.0
mm

2.0-
4.0
mm

4.0-
8.0
mm

Type &
content

(Y
u
 e

t 
al

.,
 2

0
1
6
)

1

CEM I 52.5 R 350 EG 92.2 16.1 35.4 31.7 54.6 68.9 water 140 1.75 --
% vol. (LPF) +

% vol. (SPF) a

0+0

--

750 0.165 10.5
2 0.1+0 750 0.162 11.8

3 0.2+0 750 0.165 12.1

4 0.3+0 750 0.162 13.0

5 0.15+0.05 750 0.170 13.0

6 0.1+0.1 750 0.162 12.5

7 0.05+0.15 750 0.168 12.3

8 0.6+0 745 0.170 15.0

9 0.9+0 735 0.168 14.0

10 1.2+0 720 0.160 13.0

(Y
u
 e

t 
al

.,
 2

0
1
5
)

11
CEM II/B-V 42.5 N 450

EG

212.2

water

225 --

-- -- -- 2.25
650-

700

0.120 12.0Limestone powder 0

Nano-silica 0

12

CEM III/A 52.5 N 450

212.2 225 -- 0.125 11.5Limestone powder 0

Nano-silica 0

13

CEM I 52.5 N 355

207.8 223.5 1.0 %b 0.130 11.0Limestone powder 52.6

Nano-silica 40

14

CEM II/B-V 42.5 N 405

212.2 225 1.0 %b 0.130 11.0Limestone powder 0

Nano-silica 45

15

CEM V/A (S-V) 42.5 N 405

212.2 225 1.0 %b 0.120 12.0Limestone powder 0

Nano-silica 45

16

CEM III/A 52.5 N 405

212.2 225 1.0 %b 0.125 11.5Limestone powder 0

Nano-silica 45

17

CEM I 52.5 N 315

205.4 228 1.0 %b 0.130 11.0Limestone powder 106

Nano-silica 35

(H
u
is

k
es

 e
t 

al
.,
 2

0
1
6
)

18

Alkali activated 

materials 

(Geopolymer):

by mass 70% powder 

coal fly ash 

and 

30% ground granulated 

blast furnace

450

EG --

-- 30 -- 184 --

water

(kg) +

NaOH

Molar

160+3M

3 l/m3

c -- --

--

687 0.133 9.1
19 492 29 43 33 57 70 140+3M 840 0.172 10.0

20 492 29 43 33 57 69 150+3M 860 0.174 10.2

21 492 28 42 32 56 68 160+3M 800 0.159 9.5

22 492 27 41 32 54 66 175+3M 720 0.144 9.0

23 492 29 43 33 57 69 150+3M -- 0.174 10.4

24 492 29 43 33 127 -- 150+3M -- 0.127 12.0

25 400 31 46 36 61 74 140+3M -- 0.074 8.0

26 400 31 46 36 136 -- 140+3M -- 0.070 9.0

27 492 29 43 33 127 -- 150+3M 949 0.127 11.5

28 457 27 40 31 118 -- 139+3M 3 881 0.108 9.7

29 388 122 34 68 54 -- 174+3M
--

-- -- 9.0

30 388 122 34 68 54 -- 174+2M -- -- 6.6

(C
h
u
n
g
 e

t 
al

.,
 2

0
1
7
)

31

CEM III/A 42.5 N +

Silica fume

216+

24 
EG -- --

74.36 80.7 75.4

-- water 182.4 4.32
ST = 0.72 

kg 
-- -- --

485 0.132 6.1

32 75.48 80.8 67.04 478 0.132 6.2

33 68.7 80 80.1 498 0.145 6.8

34 65.9 79.46 82.4 487 0.136 6.5

(C
h
en

 &
 L

iu
, 
2
0
1
3
)

35

CEM I 72.5 N+

Silica fume+

High alumina cement

264+

26.4+

15.8
EPS:

D= 

1mm

-- --

23.5

-- -- -- water

79.8 0.245

13.2 kg 

Polymer

Latexd

polypropylene 

of 10 mm 

length 

0.3 kg

0 410 e 0.150 1.58

36 22 0.85 406 e 0.130 1.76

37 20.5 0.90 403 e 0.100 2.07

38 19 0.93 405 e 0.090 2.76

39 17.6 0.98 395 e 0.070 2.37

40

529+

52.9+

31.7

17.1

160 0.49

26.4 kg 

Polymer

Latexd

0 790 e 0.300 7.79

41 15.6 0.85 805 e 0.280 8.82

42 14.1 0.90 800 e 0.250 11.0

43 12.6 0.93 803 e 0.220 10.75

44 11.1 0.98 810 e 0.200 10.56

(C
h
u
n
g
 e

t 
al

.,
 2

0
1
8
)

45
CEM III A 42.5 N 432

EG -- -- 67.1 46 47.7 -- water 206 4.80
ST = 0.66 

kg 
-- -- --

920 0.270 21Silica fume 48

Limstone powder 155

46

CEM III A 42.5 N 432

800 0.230 15.5Silica fume 48

Liapor sand 96

47

CEM III A 42.5 N 432

900 0.300 23Silica fume 48

Fine fly ash 140

48

CEM III A 42.5 N 432

890 0.280 21.5Silica fume 48

Fly ash 131

49

CEM III A 42.5 N 432

900 0.300 18.5Silica fume 48

Fine sand 150

50

CEM III A 42.5 N 432

900 0.290 17Silica fume 48

Normal sand 150

(E
l 

Z
ar

ee
f 

&
 

S
ch

la
ic

h
, 
2
0
0
8
)

51

CEM III-A 32.5 N 330 EC
200 kg (0-2mm) light sand

25 kg:1-4 

mm +

170 kg: 2-9 

mm

water 165 -- -- --

--

2 760 0.181

7.0

52

p
o
ly

p
ro

p
y
le

n
e 

 

1
 k

g
/m

3

6

mm
2.6

53
12

mm
3.4

54
20

mm
3.5
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TABLE 1 (Continued)
(C

h
u
n
g
 e

t 
al

.,
 2

0
1
9
)

55

CEM I 52.5 R+

Silica fume

198+22

EG

--

--

102 74 76

-- water

110 5.4 
ST = 0.90 

kg 

-- --

-- 500 0.140 6.0

56 405+45 -- 91 58 62 225 4.8 
ST = 0.70 

kg 
-- 700 0.210 13.5

57 450+50 230 f 72 49 51 250 4.8 
ST = 0.70 

kg 
-- 930 0.330 17.2

58 198+22

--

230 f -- -- -- 110 3.8 
ST = 0.90 

kg 

670 g

L/m3
500 0.140 2.2

59 405+45 210 f -- -- -- 225 2.6 
ST = 1.9 

kg 

500 g

L/m3
780 0.240 6.5

60 450+50 400 f -- -- -- 250 2.8 
ST = 2.5 

kg 

420 g

L/m3
920 0.320 8.5

(F
al

li
an

o
 e

t 
al

.,
 2

0
1
9
) 61

CEM I 52.5 R

321

-- water

96

-- -- -- --

141

kg/m3 

g

423 2.24

62 479 144

170

kg/m3 

g

636 6.5

63 647 194

191

kg/m3 

g

824 13.38

(H
ü
ck

le
r,

 2
0
1
6

)

64

CEM III A 32.5 + 

Micro silica

190+74

EC

25 kg (0-2mm) light sand

139 kg:1-4   

mm

243 kg: 2-6 

mm

water

144 2.86 
ST = 0.27 

kg

-- -- --

619 0.141 6.49

65 225+72 42 kg (0-2mm) light sand

132 kg: 1-4 

mm 

227 kg: 2-6 

mm

154 3.03 
ST = 0.36 

kg
674 0.153 7.51

66 260+70 59 kg (0-2mm) light sand

126 kg: 1-4 

mm

212 kg: 2-6 

mm

164 3.19 
ST = 0.45 

kg
711 0.166 9.60

67 296+68 76 kg (0-2mm) light sand

120 kg: 1-4 

mm 

196 kg: 2-6 

mm

175 3.36 
ST = 0.53 

kg
766 0.178 11.35

68 333+66 93 kg (0-2mm) light sand

114 kg: 1-4 

mm 

180 kg: 2-6 

mm

185 3.52 
ST = 0.63 

kg
809 0.193 13.36

)
9

1
0

2
,.la

te
na

m
harl

E
d

b
A(

69

CEM III A 42.5 N+

Silica fume

216+24

EG -- -- 89.1 28.5 33.4 42.6

water

183.5 3.75
ST = 0.90 

kg

-- -- --

580 0.13 6.50

70 EC
72.7 kg (1-4mm) 

267.9 kg (0-2mm)

95.2 kg: 2-8 mm 

58.1 kg: 2-6 mm
850 0.22 8.30

71 Ecog. 207.9
44 kg: 5-8 mm 

62.4 kg: 2-5 mm
920 0.21 7.90

72

405+45

EG -- -- 15.1 38.3 45 57.5

193.5 4.5
ST = 0.71 

kg

810 0.19 15.20

73 EC
93.1 kg (1-4mm) 

45.5 kg (0-2mm)

128.4 kg: 2-8 mm 

78.4 kg: 2-6 mm
1000 0.3 18.10

74 Ecog. 35.3
59.4 kg: 5-8 mm 

84.1 kg: 2-5 mm
1100 0.28 10.80

(S
p
ie

sz
 &

 H
u
n
g
er

, 

2
0
1
7
)

75
CEM III-C 32.5 N+

Fly ash

350+100 EG 232 kg (0.25-8mm) water 147

2.0

-- -- --

7.7 760 0.14 10.2

76
CEM I 42.5 N+

Fly ash
2.2 7.7 703 0.15 7.90

77
CEM I 42.5 N +

Limestone powder
1.9 1.8 739 0.19 8.90

78
CEM I 42.5 N +

Fly ash
3.3 1.0 815 0.20 12.0

(S
ch

u
lz

e 
&

 B
re

it
, 

2
0
1
6
)

79 CEM III-B 32.5 N 370 EG
74 kg (0.25-0.5 mm) + 74 kg (1-2 mm) 

+ 62 kg (4-8 mm)
water 136 5.8

ST (0.5 

kg)+ 

water 

proofing 

(1.3 kg) + 

shrinkage 

reducing 

agent 

(9.2)

-- -- 7.4
650-

700
0.15 6.30

Abbreviations: EC, expanded clay; Ecog, foamed glass; EG, expanded glass; EPS, expanded polystyrene; LPF, long polypropylene fiber; SP,
superplasticizer; SPF, short polypropylene fiber; ST, stabilizer.
aLPF: (L = 45 mm, D = 0.5 mm) SPF: (L = 18 mm, D = 22 μm).
bSP is mass percentage based on the overall binder content.
cPolymer latex was added to improve the bond.
dFresh density.
eQuartz sand.
fSpecial developed geopolymer additive.
gFoam.
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[14]. The mix was used in the construction of the exte-
rior walls of a family house in Berlin in 2007
(Figure 2b). This stage inspired and opened a wide door
for many researchers to complete what has begun
(Phase 2). Hückler [22] developed ILC mixes with dry
density ranges of 600–800 kg/m3 with corresponding
mean compressive strengths of 7–14 MPa and thermal
conductivities of 0.14–0.19 W m−1 K−1. Moreover, he
investigated the structural behavior of ILC in terms of
flexural, bond and cracking behavior.

At the Chair of Building Materials and Concrete
Chemistry, TU Berlin, work has also been conducted into
developing ILC in the last few years. Chung et al. [33,34]
investigated the effect of different gradings of lightweight
aggregates on the thermal and mechanical properties of
ILC with a dry density below 500 kg/m3. In 2018, the
effects of various concrete additions such as fine fly ash,
fine sand and fly ash on ILC properties were addressed
[26]. Abd Elrahman et al. [16,17] compared the mechani-
cal and physical properties of ILC mixes made of differ-
ent expanded aggregates such as expanded clay,
expanded glass and foamed glass. LWAC and FC share
many properties. In addition, FC can be produced with a
density range between 500 and 1,500 kg/m3, which is
lower than that of LWAC [35,36]. Accordingly, Chung
et al. [28], compared the Infra LWAC and Infra Light-
weight Foamed Concrete (ILFC). Moreover, the effect of
incorporating LWAs in preparing and characterizing
ILFC has been investigated [16,17].

Likewise, since 2012, efforts have been exerted at the
Chair of the Built Environment (Eindhoven University of

Technology) towards improving monolithic structures by
developing ILC ready for both insulation and bearing appli-
cations. Yu et al. [23] investigated the influence of partially
replacing the cement by secondary cementitious materials
such as limestone powder and nano-silica. ILC with a dry
density of about 650–700 kg/m3 showed an excellent ther-
mal conductivity of 0.12 W m−1 K−1, and a mean compres-
sive strength of about 10–12 MPa could be produced
[23]. Huiskes et al. [24] developed a sustainable ILC by
completely replacing the cement with alkali activated
materials (geopolymer) [24]. Yu et al. [15] investigated the
effect of polypropylene fiber on the mechanical and ther-
mal characteristics of ILC. They developed ILC with a
mean compressive strength of 15 MPa and a corresponding
dry density of 745 kg/m3 and a thermal conductivity of
0.17 W m−1 K−1. The impact of fiber inclusion on the over-
all behavior of ILC has been widely addressed
[27,29]. Recently, Falliano et al. [29] studied the effect of
short polymer fibers and glass fiber reinforced polymer
mesh on the mechanical and flexural behavior of ILFC
with densities of 400, 600, and 800 kg/m3.

To this end, despite a considerable number of applica-
tions utilizing LWC or ILC, as can be seen in Figure 2
[13,27], further investigations are still required to show
more paramount features of this relatively new material
and provide design engineers with complete guidelines con-
taining information on all essential mechanical properties
and the structural behavior. Moreover, such investigations
could add to the reliability and confidence in the potentials
of ILC, and hence to increased application. The scientific
community approaches the industrialization phase.

FIGURE 2 (a) Lightweight

concrete (Gartmann house) Schweiz

2003 density; 1,100 kg/m3, thermal

conductivity; 0.32 W m−1 K−1,

strength; 12.9 MPa [13]. (b) Infra

lightweight concrete (Schlaich

house) Berlin 2007 density; 760 kg/

m3, thermal conductivity;

0.18 W m−1 K−1, strength; 7.4 MPa

[32]. (c) Lightweight concrete (house

H36) Stuttgart 2012 density;

1,000 kg/m3, thermal conductivity;

0.23 W m−1 K−1, strength; 10.9 MPa

[13]. (d) Infra lightweight concrete

(Pavilion) TU Eindhoven 2015

density; 780 kg/m3, thermal

conductivity; 0.13 W m−1 K−1,

strength; 10 MPa [13]
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However, more scientific investigations and comparisons
related to the energy and economic efficiency are still
crucial.

3 | LIGHTWEIGHT AGGREGATES

3.1 | General

Generally, as an alternative to the traditional aggregates,
lightweight concrete could be produced using natural or
artificial lightweight aggregates (LWAs). Different types
of LWAs are available with various physical and mechan-
ical properties that allow LWCs to be manufactured with
a wide span of densities and strengths. With the commer-
cial availability of several types of LWAs, researchers
have pushed to study, compare and investigate them to
develop high performance LWAC. Studies include LWAC
with natural materials such as vermiculite [37] or perlite
[38], with expanded argillaceous material such as shale
[39], slate [40] and clay [41] and with recycled materials
such as expanded glass [42], masonry rubble [43] or
crushed glass [33,34]. In addition, research has been done
into using agricultural wastes such as peach shells [44],
coconut shells [45], palm kernel [45], and apricot shells
[46]. Since most of these materials are wastes, incorporat-
ing them in the production of (Infra) lightweight concrete
meets one of the critical environmental issues.

LWAs have a much higher level of porosity compared
to normal weight aggregates (NWAs). Thus, they have low
strengths and are more likely to experience large deforma-
tions. This implies that LWAs are the weakest components,
and consequently, they play a great role in the final perfor-
mance of the produced mix [47]. In addition, they occupy
more than 50% of the concrete volume [33,34]. Therefore,
LWAs should be used carefully to enhance the perfor-
mance of the mix in both fresh and hardened states. Many
researchers have performed detailed studies to understand
the influence of LWAs' properties such as particle size,
grading and absorption on the mechanical and thermal
properties of LWAC and ILC, as described below.

3.2 | Effect of particle size

Table 1 shows how several LWAs have been applied to
produce ILC with a wide range of densities, thermal
conductivity and strengths. However, expanded glass
was the most popular aggregate adopted. Abd Elrahman
et al. [16,17] compared the performance of three differ-
ent expanded materials as LWAs; expanded clay
(Liapor®), expanded glass (Liaver®) and foamed glass
(Ecoglas®) in the production of LWC with a density

range from 580 to 1,100 kg/m3. They confirmed the effi-
ciency of expanded glass in terms of the final density,
strength and thermal properties. In all mixes in Table 1,
the LWAs have small particle sizes with a maximum
aggregate size of 9 mm. This smallness is in line with lit-
erature that finds that the compressive strength of
LWAC is greatly influenced by the size of the aggre-
gates. In accordance with ACI 213R-14, reducing the
maximum size of the coarse LWAs results in a notice-
able increase in the compressive strength of the LWAC,
especially in the weaker and friable aggregates [5]. The
crushing resistance of structural Leca aggregates
increased from 2.15 to 3.62 MPa when the mean particle
size was reduced from 14 to 4 mm [48]. Huiskes et al.
[24], reported an 11% increase in the compressive
strength of ILC when replacing aggregates of 4–8 mm
with aggregates of 2–4 mm. However, an assured bal-
ance between small and large sizes is recommended if
lower thermal conductivity is the aim [24].

3.3 | Effect of particles grading

Generally, including LWAs reduces the material density,
which in turn enhances the insulation characteristics but
weakens the mechanical properties, that is, compressive
strength and elastic modulus [37]. Reducing density and
also keeping the workability and the strength are greatly
desired. Therefore, many researchers have applied a
dense packing model (the modified Andreasen and
Andersen) [49,50] to achieve an optimum packing of the
granular ingredients and to maximize the volume of
LWAs in the mixture. The model concept highlights the
importance of the particle size grading. By including all
the solid particles in the mixture grading, that is, cement
and other solids, many benefits can be attained such as
minimizing the pores between the aggregates and thus
the cement content, reducing the water demand and
improving the mix workability [51]. The cumulative par-
ticles' fraction can be optimized following the modified
Andreasen and Andersen model as [49,50]:

P Dð Þ= Dq−Dq
min

Dq
max−Dq

min

ð1Þ

where P(D) is the fraction of the particles smaller than D,
Dmax and Dmin are the maximum and minimum particle
sizes involved and q is the distribution factor. The factor
q can be experimentally determined, and it depends
mainly on the shape and the size of the particles. The
higher the value of q is the coarser the mix and the lower
the fine content are, and vice versa [33,34].
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Several q values have been suggested and applied in
different types of concrete. Funk and Dinger suggested a
value of 0.37 to obtain an optimum packing [50]. Hüsken
and Brouwers [52] successfully applied a q value of 0.28
to develop an earth-moist concrete. Hunger further devel-
oped a self-compacting concrete using the same value of
0.28 [53]. Yu et al. [23] developed a self-compacting ILC
with excellent thermal conductivity and moderate
mechanical properties by using a distribution factor of
0.32. Yu et al. [15] applied a distribution factor of 0.35
when developing Infra lightweight fiber reinforced con-
crete. The developed mix also showed high mechanical
and thermal performance.

In a preliminary test, Huiskes et al. [24] examined the
effect of bad packing by applying 90–95% large aggregates
(2–4 mm) and 5–10% small aggregates (0–1 mm). The
overall workability was poor and slumped to nearly zero.
In addition, the resultant mix was sensitive to segregation
upon increasing the liquid from 160 to 180 L/m3, even
though at 160 L/m3, the mix was too stiff and
unworkable [24]. Chung et al. [33,34] developed ILC with
a low density below 500 kg/m3 by maximizing the vol-
ume of LWAs (more than 70%) using different gradings
and different distribution factors q = 0.23, 0.25, 0.30 and
0.45. They concluded that, for LWAC with equal volume
content of LWAs, specimens that include larger fractions
of fine aggregates display higher mechanical properties
and a larger thermal conductivity [33,34].

3.4 | Effect of particle absorption

Water absorption is considered as one of the main factors
that greatly affects the overall behavior of (Infra) LWC in
both fresh and hardened state. For every separate parti-
cle, the amount and the rate of absorption are affected
directly by the volume of pores, the distribution of pores
inside the particle and the structure of the pore system,
that is, whether the pores are linked or isolated [54]. The
moisture stored inside LWAs is not immediately available
to the cementitious paste and should be excluded from
the mixing water [5,9]. The high degree of absorption
negatively affects the workability, but afterwards it
enhances the hydration process by providing additional
internal curing and mitigates the autogenous shrinkage
[55,56]. Generally, two choices are available: presoaking
of the aggregates for 24 hr before mixing or adding an
extra amount of water during the mixing [26,33,34].

Applying presoaked LWAs helps provide a stable, com-
pactible mix and well-distributed particles. However,
many researchers have validated the use of the oven-dry
LWAs without presoaking but with adjusting the mixing
water proportion to account for the LWAs' absorption.

Golias et al. [57] pointed out that, when applying LWAs in
the oven-dry case, the LWAs can absorb approximately
55% of the 24 hr absorption value. The discrepancy is
attributed to the cement particles' ability to close some of
the pores in the aggregates or to the resulting liquid viscos-
ity being relatively higher than that of the water and hence
resulting in the aggregate pores filling slowly. Chung et al.
[26] and Abd Elrahman et al. [16,17] adopted adding an
extra amount of water to the mix that equals 1 hr of
absorption to help keep a workable mix for a longer time
[16,17,26]. At the other end of the spectrum, Yu et al. [23]
and Yu et al. [15] developed ILC by applying expanded
glass with a comparatively smooth surface and a closed
external shell that needs neither presoaking nor extra
water [15,23]. The applied LWAs have low water absorp-
tion (less than 2% after 60 min presoaking).

4 | BINDER

Due to the availability of the raw materials, technology and
the various types of cement that fulfill engineers' needs,
Portland Cement (PC) has become the most utilized binder
in the construction industry [58]. In contrast to NWC,
cement paste is the strongest component and has the upper
hand over the LWAs in the strength development of (Infra)
LWC. The weakness of LWAs can be directly attributed to
the cellular structure, which is needed to achieve the
required low density and thermal properties as well. Unluck-
ily, the fragile structure of LWAs circumscribes the strength
of (Infra) LWC. And so, attention has been paid to the
cement and its effect on the fresh and hardened properties of
(Infra) LWC. Various issues have been considered, for exam-
ple, the effect of binder type, binder content, heat of hydra-
tion and partial and complete replacement of the cement.

4.1 | Binder type

Yu et al. [23] compared the mechanical and thermal
properties of ILC made using several types of cement at a
fixed cement content of 450 kg/m3, while keeping the
apparent density of concrete. They reported the highest
mechanical properties when using cements that incorpo-
rated ground granulated blast-furnace slag (GGBS), com-
pared to only clinker-based cements. However, no
influence of the cement type on the thermal properties
was found [23]. This finding coincides with that of
Neville who demonstrated a 38% increase in compressive
strength with 40 wt.% cement replacement by GGBS [59].
This finding was confirmed by Spiesz and Hunger [30],
who developed an ILC of density 760 kg/m3 with a
corresponding compressive strength of 10.2 MPa and a

8 ELSHAHAWI ET AL.



thermal conductivity of 0.14 W m−1 K−1 by applying
CEM III/C 32.5 N [30], which has a high percentage of
blast-furnace slag between 81 and 95% [60]. The devel-
oped mix showed a similar outstanding performance
compared to a previous one made by the same authors
but with Portland cement. However, no excessive over-
heating in the case of CEM III/C 32.5 N was reached.

4.2 | Binder content

Despite wide agreement among researchers that the com-
pressive strength of (Infra) LWC increases as the cement
content increases, finding an explicit relation between
cement content and compressive strength of (Infra) LWC
is not straightforward. Investigating the effect of cement
content involves either changing the LWAs content or
adding other fillers to keep the density value the same, as
demonstrated by Chandra and Berntsson [8], who found
a linear relation between concrete density and compres-
sive strength of LWAC. Yu et al. [23] investigated the
effect of binder dosage by utilizing three different con-
tents, 450, 400 and 350 kg/m3 [23]. To help keep the
LWAs' content and achieve a fixed density of
650–700 kg/m3, silica and limestone powder were added.
They reported an increase in compressive strength from
10 to 12 MPa upon changing the CEM II/B-V 42.5 N con-
tent from 350 to 450 kg/m3. However, equal strengths
were obtained for CEM I 52.5 N. This finding can be
interpreted by the strength ceiling made by the LWAs.
Moreover, Spiesz and Hunger [30] indicated that increas-
ing cement content leads to a high temperature during
the hydration phase and, subsequently, cracks. Therefore,
adopting the cement dosage may also be affected by
many other factors such as the strength of LWAs and the
cement characteristics.

4.3 | Heat of hydration

Whereas, with conventional NWC, the heat of hydration
can be released to the surroundings due to the high ther-
mal conductivity, the low heat conductivity of (Infra)
LWC greatly contributes towards retaining the heat
inside the concrete body. ILC's hydration temperature
may rise up to 100�C accompanied by a temperature gra-
dient across the cross section [10,30]. This results in a
tensile stress on the outside of the cross section during
the heating phase and then cracking [61]. Cracking can
significantly limit the strength development and the
durability of the structure. In addition, since ILC is a fair-
faced concrete, cracks are undesirable. Schlaich and El
Zareef [32] applied low heat cement CEM III-A 32.5 N to

reduce the harmful effect of the hydration heat in one of
the leading mixes of ILC and to control the early age
cracks. Likewise, Schulze and Breit applied a CEM III/B
32.5 N, which has a slow heat of hydration, to develop
ILC of dry density less than 700 kg/m3 [31].

Donners [13] conducted experimental work to find an
optimum solution to ILC's high hydration heat. In that
work, he investigated many options such as reducing the
starting temperature of the components, cooling the
formwork or inserting cooling pipes. Although inserting
cooling pipes meant the insulation criteria could be met,
the most applicable and effective method that allowed
the criteria (maximum temperature of 70�C) to be met
was to reduce the cement content by 40% in addition to
adopting a low heat cement CEM III-A 32.5 N. However,
as a side effect, the mechanical properties were also
reduced. Spiesz and Hunger [30] concluded that CEM
III/C 32.5 N is a suitable selection for ILC, especially on
larger scale, in terms of moderate strength, insulation
and heat of hydration. The measured maximum tempera-
ture with 500 kg/m3 cement content was 80�C. In addi-
tion, the temperature rose at a comparatively slower rate
[30]. This slowness can be attributed to the slow hydra-
tion of GGBS as the composition of the applied CEM
III/C 32.5 N contains large quantities of GGBS (87%
GGBS and 11% cement clinker). Similarly, Callsen and
Thienel [62] controlled the heat of hydration of ILC by
adding ice flakes during the mix and by implementing a
low heat cement.

4.4 | Cement replacement and
environmental aspects

Cement production is one of the main sources of CO2

emissions and other greenhouse gases. In addition, a
great amount of energy is also consumed [63,64]. Since
ILC is supposed to provide a sustainable and an eco-
friendly approach, many researchers have started to miti-
gate the environmental impact and go towards green
buildings by partially or completely replacing the cement
with supplementary cementitious materials. In this
regard, many supplementary materials have been used,
for example, fly ash, GGBS and limestone powder.

To accelerate the hardening and keep the foam
within the matrix of ILC, Chen and Liu [25] partially rep-
laced the cement by high alumina cement, which is lime-
stone based [25], while Yu et al. [23] stated that
limestone powder is the best replacer because it shares
the same particle distribution with cement. Chung et al.
[26] investigated the effect of different fillers on the over-
all properties of (Infra) LWAC with a dry density range
from 800 to 950 kg/m3. They reported the best
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mechanical properties for the mix that incorporated fly
ash, while the limestone powder mix achieved both the
required thermal and mechanical properties [26]. To
achieve a high level of sustainable and green structures,
Huiskes et al. [24] developed ILC with a compressive
strength of 10 MPa and a thermal conductivity of
0.11 W m−1 K−1 by completely replacing the cement with
alkali activated materials [24]. The precursor utilized was
premixed by mass 30% GGBS and 70% fly ash activated
by blending water with sodium hydroxide (NaOH) to
achieve a desired molarity of 2–3.

Generally, considerable attention has been paid to
reduce the carbon footprint associated with the
manufacturing of ILC by partially or completely
replacing the cement with supplementary cementitious
materials. Important also is the high rate of carbonization
of ILC due to its high level of porosity. ILC has a much
higher carbonization coefficient than NWC; it can absorb
back about 55 kg of CO2 per cubic meter during its ser-
vice life [19]. Consequently, ILC represents a relatively
eco-friendly concrete material. However, steel corrosion
should be carefully considered with ILC.

5 | ADMIXTURES

5.1 | General

ILC is a novel material that can cater for contradictory
aims, that is, high void content to meet insulation criteria
and a moderately compressive strength, which is nega-
tively affected by the existence of voids. Accordingly,
many researchers have been trying to enhance the overall
behavior of ILC by adopting methods such as including
fiber or nano-silica. Moreover, owing to the wide density
difference between the LWAs and the matrix, ILC is
more likely to experience segregation and bleeding, par-
ticularly upon vibration. Consequently, a high level of
workability is also crucial to ensure a self-leveling with-
out vibration. In this context and as is shown in Table 1,
almost all researchers have recommended using super-
plasticizer and stabilizers to improve the workability and
keep the stability of the mixes.

5.2 | Fibers

Basically, when fibers are used in concrete, many benefits
arise in terms of flexural capacity, ductility, crack control
and energy absorption [65]. Moreover, fibers can play a
considerable role in reducing the dry shrinkage
[66,67]. The influence of fiber inclusion on the mechani-
cal properties of ILC has been also addressed by

researchers. However, due to the limited discussions and
contradictory results on the topic, no assured outcomes
can be considered here.

First, there is a wide agreement among researchers
that polypropylene fiber (PP) is the best choice for ILC. It
is rustproof and has a comparatively lower density and
lower thermal conductivity. El Zareef and Schlaich [27]
investigated the effect of PP fibers (nearly 0.1% vol. and
with three different lengths of 6, 12, and 20 mm) on the
mechanical properties of ILC. They reported an increase
in the tensile strength of ILC by 10, 23, and 30%, respec-
tively. Conversely, a relatively high reduction in the com-
pressive strength of, respectively, 56, 43, and 41%, was
reported. They interpreted this as being caused by the
early micro cracks that may develop upon using PP fiber
in low compressive strength materials. The same general
tendency was found by Falliano et al. [29], who reported
a considerably enhanced tensile and flexural capacity of
ILFC. However, the improvement of compressive
strength due to fibers was negligible, despite the rela-
tively high proportions of fibers; (0.7, 2.0, and 5% vol.).
Yu et al. [15] investigated the effect of both short PP
fibers (length of 18 mm, diameter of 22 μm) and long PP
fibers (length of 45 mm, diameter of 0.5 mm) on the
mechanical and thermal properties of ILC. They under-
lined the importance of hybridization between long and
short PP fibers, especially in low fiber dosage (below
0.3%). The compressive strength obtained when the
hybrid fibers of 0.2% vol. composed of 75% of long PP and
25% of short PP was 13 MPa, compared to 12.1 MPa with
only long PP fibers of the same volume content.
According to the authors, this difference can be attrib-
uted to the ability of the short PP fiber to bridge the
macro-cracks, while the long PP fibers become more
effective after crack propagation. The study was also
extended to compare the effect of relatively high fiber
dosages; 0.6, 0.9,*** and 1.2% vol. The highest com-
pressive strength of 15 MPa was achieved by using
0.6% vol. long PP fibers. However, a further increase in
the fiber content resulted in compressive strength
being reduced due to the possible disturbance in the
matrix.

Despite the beneficial effects in terms of the mechani-
cal performance that may be achieved by including fibers
in ILC, a recyclability problem may emerge. This prob-
lem arises partially because the fibers cannot be easily
separated from the concrete body. Therefore, Prof.
Schlaich, who is considered one of the influential
scholars in this area and had the opportunity to apply
ILC in the construction of a family house in Berlin 2007,
recommends using the galvanized normal reinforcement
(RFT) rather than fibers or glass fiber reinforcement
(GFR). Nevertheless, bars of GFR have been utilized in
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the construction of that house to overcome the rust prob-
lem that might occur from the high porosity of ILC.

5.3 | Micro-/nano-silica

Broadly speaking, it has been demonstrated that micro-
and nano-silica have a positive impact on the mechanical
properties of concrete by introducing pozzolanic reac-
tions due to the high SiO2 content and the high degree of
fineness [18,68,69]. By observing the ILC mixes described
in Table 1, many researchers have sought enhancements
and have applied silica fume. Micro- and nano-silica play
a significant role in ILC by improving the mix consis-
tency, reducing the risk of bleeding or segregation and
increasing the cohesion between the LWAs and the
matrix [16,17,26,33,34]. Moreover, they can effectively
help develop the strength at an early age. Yu et al. [23]
studied the effect of replacing different amounts of
cement with nano-silica on the mechanical and thermal
properties of ILC. They reported a positive trend on the
strength. For example, applying 10% replacement of
CEM II/B-V 42.5 N by nano-silica resulted in a compres-
sive strength increase of 21% and 22% for a cement con-
tent of 450 and 400 kg/m3, respectively. Nonetheless,
they found no influence on the thermal conductivity
upon employing different dosages of nano-silica.

6 | SHRINKAGE BEHAVIOR
OF ILC

Initial experimental tests of ILC's shrinkage behavior
have shown that ILC can experience a high shrinkage
strain value relative to NWC. The shrinkage strain was
around 0.9 mm/m after 2 years. However, 70% of this
value was reached after only 3 weeks [32]. An ongoing
study shows that this value may exceed 1.2 mm/m com-
pared to (0.2–0.8) mm/m for NWC. Among several
parameters, the quantity and the lower elastic modulus
of LWAs play a significant role on the shrinkage behavior
of (Infra) LWAC [70]. The role of LWAs can be analyzed
by separating the overall shrinkage into two stages;
autogenous shrinkage and drying shrinkage [71]. In the
early ages of concrete, saturated LWAs provide the
cement paste with additional moisture during the hydra-
tion process, hence compensating the loss of water, and
may further result in swelling of concrete at an early age
[72]. On the other hand, the drying shrinkage of ILC is
significantly high due to the less restrains provided by
the LWAs to the cement paste deformation [70].

High shrinkage strain of ILC in constrained condi-
tions produces tensile stress and contributes towards the

initiation and propagation of cracks that may impair the
quality of concrete and reduce the service life. Several
practices can reduce the ILC's shrinkage. Applying low
heat cement helps reduce the hydration heat and, accord-
ingly, the early age shrinkage [32]. An experimental
investigation demonstrated that adding shrinkage-
reducing admixtures can reduce the shrinkage up to 50%
[73,74]. Fiber reinforcement has a positive effect on
reducing the early age cracks and enhancing the tensile
strength of ILC, as well [66]. In the exterior walls of the
family house in Berlin, (Figure 2b) GFR bars were used
on both sides, which has helped to minimize the cracks
so far and keep the shrinkage to the NWC level. More-
over, the structural system adopted was of minimum
redundancy and less restraining stresses [14].

Time dependent deformations, such as shrinkage and
creep are sensitive in such a special type of concrete
being contained a high cement content, a high w/c ratio
and weak aggregates. Thus, shrinkage and creep of ILC
must be carefully considered by engineers. In addition,
further investigations are required to present prediction
models of shrinkage and creep that consider all the fac-
tors involved in ILC.

7 | STRUCTURAL BEHAVIOR
OF ILC

7.1 | Bond behavior

An adequate bond between reinforcement bars and con-
crete is necessary [75], as it directly contributes towards
a) achieving an effective beam action, b) controlling the
cracks and c) developing ductility. Moreover, all the
derived design equations implemented in codes of prac-
tice fundamentally rely on a sufficient bond. Thus, the
loss of the bond would render all the design basics invalid
[76]. Building-up of bond strength may be achieved by
two mechanisms: physio chemical (adhesion) and
mechanical (friction and bearing action). The adhesion
force comes from the chemical interaction between the
cementitious paste and the steel bar surface. The friction
force arises from the rough contact and the bearing force,
that is, it is a direct result of the interlocking between the
steel ribs and the surrounding concrete [77].

Many researchers have investigated the bond behav-
ior of LWAC and reported factors that may affect the
bond strength of LWAC such as aggregate type, water to
cement ratio w/c, curing, admixtures, type and surface
texture of reinforcing bars, diameter of reinforcing bars,
bond length and the effect of lateral confinement. Many
equations for predicting the bond strength of LWAC have
been proposed, as given for Equation (2) in Bogas et al.
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[78], for Equation (3) in Kim et al. [79], and for Equa-
tion (4) in Tang [80];
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where; h is the rib height, d is the bar diameter, ld is the
embedment length, f 0c is the compressive strength of con-
crete, w/c is the water to cement ratio and ρd is the dry
density of concrete. The question that may arise is
whether these equations are applicable to ILC. In other
words, will the bond behavior of ILC differ from that of
LWC? This is a vital issue. Bond of ILC has been
addressed by many researchers. El Zareef and Schlaich
[27] compared the bond behavior of ILC reinforced with
two types of reinforcement: RFT and GFR. In addition,
they inspected the effect of PP fibers on improving the
bond capacity of ILC. They highlighted the significance
of the bars' ribs, especially in low strength materials such
as ILC. Owing to more ribs per unit length in the case of
RFT compared to GFR, they reported a 20% increase in
bond strength for RFT. Additionally, for the same reason,
the use of PP fibers of 20mm length gave more effective
results for RFT than for GFR. Upon employing the PP
fibers, they reported a 25.3% increase in bond strength for
RFT compared to only 4.6% increase for GFR. Moreover,
adding PP fibers resulted in a relative reduction of the
bar slip at the maximum bond stress, and consequently, a
better crack control.

Those results were confirmed later by Marinus [81],
who investigated the bond behavior as a part of a wide
study related to the structural behavior of ILC. He attrib-
uted the low bond strength of ILC to LWAs that cannot
withstand large compressive forces and pulverize at rib
location. Therefore, an optimization of the ribs' configu-
ration is required to reduce the stress on the LWAs. In
line with El Zareef and Schlaich [27], he recommended
the use of normal reinforcement in ILC in comparison to
GFR, based on the possibility of wider cracks when using
GFR due to the lower elastic modulus. Recently, Hückler
and Schlaich [82] conducted experimental work to
explore the structural behavior of ILC [82]. For the bond
behavior, they concluded that the bond-slip relationship
of ILC is totally different compared to that of LWC. In
addition, the bond strength of ILC mainly depends on
the grade of ILC, that is, the higher the tensile strength,
the higher the bond strength. The experimental results

were employed to develop an ILC bond model in which
the mathematical idealization is similar to that of CEB-
FIB [83] and fib Model Code for concrete structures 2013
[84] while the governing peaks were modified. The pro-
posed model was expressed by three linear parts in which
the high rigidity of ILC was strongly reflected; a sharp
gradient till the peak strength τmax at a comparatively
small slip value s1 followed by an abrupt decline with no
plateau compared to that of NWC or LWC. The model is
shown in Figure 3 and the governing equations can be
expressed as [82]:

τ=
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where τmax =0:3 f 0:82ck , τ f =0:045 f 0:82ck , s1, 2 = 0.1τmax, fck is
the characteristic compressive strength of concrete and s3
is equal to the spacing between the ribs. To the authors'
knowledge, this is the first ILC bond model. In addition,
testing the previous bond models adopted for LWC
reveals that the bond models for LWC are not applicable
for ILC, although they consider the limited density or
strength.

7.2 | Flexural behavior

The common use of ILC is in monolithic load bearing
façades, in which the load from a NC or LWC slab is
transferred to the foundations. So, for ILC walls with
openings (windows), it is essential to ensure the struc-
tural safety of the whole wall, particularly the part of the
walls above the opening, that is, lintels, which, for rela-
tively wide openings, may act as a beam carrying a dis-
tributed load from the slab and are subjected to flexural

FIGURE 3 Bond model of Infra lightweight concrete [82]
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and shear stresses. Therefore, the flexural behavior of
ILC must be understood in detail. In this context, since
ILC cannot survive alone without reinforcement under
bending action, different reinforcement strategies had
been investigated. Falliano et al. [29] investigated the
flexural strength of ILFC of densities 400, 600 and
800 kg/m3 using either short PP fibers alone or short PP
fibers plus GFR mesh at the tensile stress zone. They rec-
ommend an optimum arrangement consisting of GFR
mesh plus 2% short PP fibers, which could ensure opti-
mum enhancement of flexural strength. The bending
behavior of ILC beams has been also investigated by
Hückler and Schlaich, who considered two types of rein-
forcement; RFT and GFR [82,85]. Owing to the linear
elastic behavior of ILC under compressive stress, a trian-
gular stress block has been assumed in the compression
zone instead of a parabola-rectangle or Whitney block. In
this way, the lever arm between the equivalent compres-
sive force and the steel tension force is equal to (d − c/3)
where d is the effective depth of the section and c is the
height of compression zone. Accordingly, applying the
internal equilibrium and the strain compatibility condi-
tions has allowed a proposal for the first design aid for
ILC sections reinforced with either RFT or GFR under
bending action.

Recently, seeking a high level of efficiency and sus-
tainability, Lösch et al. [86] investigated the flexural
behavior of inhomogeneous ILC beams. The inhomoge-
neity arises from incorporating ILC with different proper-
ties in the same cross section to meet the principle of
“properties follow function.” Accordingly, ILC with a rel-
atively high strength was adopted for the outer shells of
the cross section as a bearing element while the inner
core was made of highly porous ILC with perfect insula-
tion characteristics. By following approximately the
approach used by Hückler and Schlaich [82], an analyti-
cal solution was proposed that allowed the maximum
moment capacity of inhomogeneous ILC beams under
bending to be estimated.

7.3 | Bearing behavior

Monolithic façades made of ILC may experience bending
moments or shear, as explained before, or a uniform cen-
tric or eccentric compression. In this context, the com-
plete wall behavior has to be considered. Marinus [81]
reported a bearing problem of ILC upon testing ILC wall
beams in 4-points bending. The key aim of that study
was to find the best anchorage technique in ILC. How-
ever, almost all specimens failed at one of the end sup-
ports, although the bearing stress was still lower than the
compressive strength of concrete. This failure (Figure 4)

was unpredictable since all specimens were designed to
fail at the fracture of the main reinforcement. The rea-
sons behind this failure have not been examined. The
failure may, however, present direct evidence that the
bearing strength of ILC is lower than the compressive
strength. Hence, further investigation is required to pre-
dict precisely the bearing strength of ILC. Recently,
Lösch et al. [86] conducted experimental work to predict
the maximum load-bearing capacity of inhomogeneous
ILC walls under centric vertical pressure. They provided
clear evidence that the bearing strength of ILC walls is
lower than the corresponding mean cylinder compressive
strength. Based on the analytical and experimental find-
ings, they presented a reduction factor of 0.74 when cal-
culating the maximum load bearing capacity, based on
the mean cylinder compressive strength of ILC.

7.4 | Shear behavior of ILC

So far, there has been no investigation into the shear
behavior of ILC. Therefore, comprehensive analytical
and experimental investigations should be conducted in
future research projects. Over the last century, efforts
have been devoted towards the proper understanding of

FIGURE 4 Bearing failure of Infra lightweight concrete wall

beam [81]
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the shear behavior of NWC. Accordingly, many theories
have been formulated, for example the truss model, the
tooth model and the modified compression field theory.
In addition, many affecting factors have been reported
such as the shear span, aggregates' interlock, longitudinal
reinforcement ratio and the size effect. When it comes to
ILC, many questions are brought up for discussions and
need further investigation. For instance: is the shear
behavior of ILC similar to that of NWC? Are the interna-
tional codes' provisions related to the shear capacity
applicable to the ILC or should additional modifications
be implemented? Since the Strut and Tie Model (STM) is
a typical method for dealing with shear problems, is the
strut strength of ILC similar to that of NWC?

8 | FURTHER STUDIES

The conducted survey provides clear evidence that the
mechanical and thermal properties of ILC have been
widely investigated and developed. It highlights, how-
ever, limited studies related to the structural behavior of
ILC. Therefore, it recommends widening the scope of
research by studying the structural behavior of ILC and
providing complete guidelines for the design engineers,
furnishing them with all necessary data and design aids.
Further investigations, especially on the mechanics side,
would bring trust and confidence to the potentials of ILC
and hence increase its use. Also important is the high
values of the time dependent deformations of ILC, which
require further investigations.

9 | CONCLUSION

The major findings of this survey can be summarized as
follows:

1. Smaller aggregate size and proper grading play an
important role in developing ILC strength.

2. Blast furnace cements with lower clinker content are
the optimum choice for producing ILC because they
deliver moderate strength, lower thermal conductiv-
ity and hydration heat.

3. Increasing the cement dosage will not necessarily
ensure a corresponding increase in the mechanical
properties of ILC due to the strength ceiling caused
by the LWAs. In addition, high cement dosage
results in a high hydration temperature, which in
turn induces cracks.

4. There is a universal trend towards mitigating the
environmental impact by partially or completely
replacing the cement with supplementary

cementitious material. In this regard, limestone pow-
der has been confirmed as the best replacer when it
comes to moderate compressive strength and low
thermal conductivity.

5. The results on fiber inclusion in ILC are conflicting.
Moreover, it may cause a recyclability problem in the
long run.

6. Micro- and nano-silica can significantly improve the
fresh properties of ILC by reducing the risk of bleed-
ing or segregation and increasing the cohesion
between the LWAs and the matrix. They could also
enhance the mechanical properties by introducing
pozzolanic reactions.

7. The bond strength of ILC is much lower than that of
NWC or LWC, while the behavior is completely dif-
ferent due to the high level of rigidity.

8. It has been widely accepted that normal reinforce-
ment (RFT) is the best reinforcement strategy in
bond and economic terms. Nevertheless, precautions
against rust problems must be considered due to the
high porosity of ILC.

9. Due to the linear elastic behavior of ILC, the com-
pressive stress block under bending action can be
expressed by a triangle instead of by a parabola-
rectangle so that the lever arm between the internal
compression and tension force is equal to (d−c/3).
Consequently, the flexural formulas of ILC can be
easily derived.

10. The bearing capacity of ILC obtained experimentally
is lower than the mean cylinder compressive
strength. Hence, further investigation is required to
predict precisely ILC bearing strength.
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