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Abstract The continued interest in technological

innovation in construction has greatly broadened the

horizons of material science, developing a specific

sector closely related to the recycling of waste

products. This paper examines the thermal, mechan-

ical and structural behaviour of an insulating light

weight fibre reinforced concrete (ILWFRC), which is

made by replacing natural sand and gravel with

artificial aggregates resulting from the process of

glass recycling. ILWFRC offers low density (approx-

imately 650 kg/m3), excellent thermal characteristics

(thermal conductivity 0.1 W/mK), a compressive

strength similar to brick masonry (3.5 MPa) with

low cement content (265 kg/m3) and stable post-

cracking behaviour. The mechanical and physical

properties of ILWFRC were employed for the con-

struction of a full-scale infill wall (having dimensions

of 2.9 9 2.6 9 0.2 m), which was experimentally

studied under in-plane and out-of-plane actions. In-

plane response showed a maximum lateral load of

359 kN at 1.5% drift, with a residual capacity of more

than 75% at 4% drift. The subsequent out-of-plane test

was performed up to failure with a maximum lateral

load of 67 kN, corresponding to about 7 times the

infill self-weight.

Keywords Artificial aggregates � Circular
economy � Fibre reinforced concrete � Infill wall �
Performance levels � Insulating concrete � Recycling �
Quasi-static cyclic response

1 Research significance

In order to address the challenges of Directive 2002/

91/EC on the energy performance of buildings [1] and

of Directive 2008/98/EC on waste [2], several new

construction materials have been developed over the

years. Among these, and the focus of this article, is an

innovative material, called insulating light-weight

fibre reinforced concrete (ILWFRC). This new

cement-based material is characterised by a reduced

unit weight and excellent thermal and mechanical

characteristics, due to the presence of 70% (by

volume) lightweight recycled glass aggregates

(patented by [3]) and synthetic fibres. These charac-

teristics make it suitable for use in large structural and

non-structural elements which are subject to moderate

compressive stresses, such as load-bearing walls,

partitions and infill walls. In this paper, an ILWFRC

infill prototype is investigated. The characteristics of
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the material allow the accomplishment of thermal

performance limits imposed by national codes with a

single layer of material, avoiding the use of additional

insulating materials. This innovative solution for

infills offers, in comparison with traditional solid

masonry infills, similar lateral resistance, larger duc-

tility and a more stable out-of-plane response.

2 Introduction

Infill walls are usually considered non-structural

elements in design practice and their interaction with

the structure is often neglected by designers [4].

However, their role in the seismic response is not

negligible and design standards typically suggest to

indirectly control their response by limiting the bare

structure drift demand. For example, in Eurocode 8

[5], the inter-story drift of RC framed structures can be

limited in such way to avoid the risk of collapse of

infill walls and excessive damage at the Serviceability

Limit State. In the case of brittle infills rigidly

connected to the frame, this drift limit is set to 0.5%.

In fact, with less than 0.5% drift, the infill can be not

damaged or even slightly damaged. For higher drift

values, infill can experience extensive damage, result-

ing in a reduction of the load-bearing capacity for in-

plane actions, or a loss of stability for out-of-plane

actions [6, 7]. The out-of-plane collapse of an infill or

the fall of debris from above can put human lives at

risk [8]. In addition, shear failure of the column can

occur if the infill strength is too high, with even more

serious consequences [9–15]. Experimental studies on

infills [16–20] have shown that loss of stability out-of-

plane can be correlated with the reduction in load-

bearing capacity in the plane of the frame. For

instance, at a drift of 0.5%, the out-of-plane strength

can be reduced by 74%.

For these reasons, scientific interest in the beha-

viour of masonry infills has become more relevant in

recent years. Several aspects of the behaviour of

traditional infills, including their behaviour in existing

reinforced concrete structures, have been investigated

and several innovative solutions have been proposed

by various research groups. However, a widely

accepted solution has not yet been identified [21].

The traditional solution consists of the construction

of a masonry inside a framed structure, generally made

of reinforced concrete (RC), and in complete contact

with the surrounding frame, both at the sides (with the

columns) and above (with the beams). With this type

of infill, the contact detail is generally very poor, with

no connection elements or pre-defined gaps. This

system traditionally has been adopted in RC structures

in many countries and is still widespread today.

Recent post-earthquake surveys [22–25] have shown

how these elements can be involved in failures due to

seismic actions both in-plane and out-of-plane. These

failure cause considerable economic loss and can pose

a serious threat to human life, even without the

complete collapse of the entire building.

Innovative solutions, aiming to obtain a pre-

dictable and ductile response of the infills in contrast

with traditional masonry infills (which structural

response is often brittle and unpredictable) follow

three alternative approaches [26].

The first approach aims to completely decouple the

infill from the structure, using flexible joints between

the frame and the panel and providing out-of-plane

stability with special restraint systems [27–31]. The

implementation of these systems requires a detailed

study of the material filling the gap and the design of

the out-of-plane restraint system. Although this solu-

tion is straightforward, an inadequate design may lead

to two potential issues: an unforeseeable partial

reduction of decoupling (affecting the structural level)

or unexpected damage to the infill itself.

The second approach is represented by the search

for a construction detail which is able to reduce the

detrimental interaction of infill with the RC structure

[32–35]. For instance, the insertion of sliding elements

(e.g. simple wooden planks) between the infill

elements (e.g. bricks or blocks) creates weak planes

and divides the panel into smaller elements. This

solution aims to reduce the interaction between the

infill and the frame, concentrate damage in selected

areas, and thus control the failure mechanism of the

infill. The contribution of the infills to the inter-storey

shear is, in this case, significantly reduced and the

structural response becomes closer to that of the bare

frame. Among the decoupling techniques, the con-

struction of masonry with horizontal sliding joints has

demonstrated, through experimental and numerical

investigations, to be an effective solution in limiting

the damage of the infill even in the case of severe

earthquakes.

Finally, the third approach is represented by the

search for methods of enhancing the strength and
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ductility of the infills to enable them to carry seismic

loads through the inclusion of reinforcing elements

such as vertically or horizontally arranged metal bars

or light trusses, meshes made of steel wire or other

materials such as carbon fibre reinforced polymer

(CFRP) [36] or fibre reinforced cementitious matrix

(FRCM) [37].

With reference to the latter category of infill walls,

an innovative system has been developed with the aim

of reducing seismic vulnerability of the infill by

increasing its strength and ductility, in addition to

adequate thermal and acoustic efficiency and durabil-

ity, through the use of the innovative cement-based

material (ILWFRC) cast in place directly inside the

frame. The originality of this study lies in the use of an

innovative material, the unique characteristics of the

mixture, and the way the non-structural element is

made: not by assembling parts (bricks, blocks, rein-

forcing elements etc.), but with a single cast of fibre-

reinforced concrete and without other reinforcing

elements. The system is being investigated for the first

time to verify the feasibility of its use as a replacement

for traditional infill panels for newly designed rein-

forced concrete buildings. The advantages of this

solution could include the increased speed of con-

struction, compliance with thermal performance limits

and safety against seismic actions.

In the first part of this paper, thermal and mechan-

ical properties of ILWFRC are described, with refer-

ence to the innovative mix design of the material. In

the second part, the results of an experimental test of a

full-scale infill wall (2.9 9 2.6 9 0.2 m), made with

ILWFRC, performed using a testing structure

designed to simulate the in-plane and out-of-plane

seismic demand to the infill are presented. Experi-

mental results are described in terms of capacity and

damage pattern, focusing on the lateral load-drift

response, the development of the crack pattern and gap

between the frame and the infill wall, the variation of

lateral stiffness and the energy dissipation during

cycles. In the last section, drift limits, associated with

different performance levels, are evaluated and a

comparison with the response of other infill solutions

(traditional and innovative), tested in the same

reusable confining frame, is made.

3 ILWFRC material

3.1 Field of application

With the aim of avoiding critical issues related to the

combination of organic insulating materials (polystyr-

ene or polyurethane) and heavy-weight materials

(concrete or clay hollow bricks), or related to the use

of autoclaved aerated concrete (AAC) bricks, a new

cement-based material has been developed and

patented by Cangiano et al. [3]. The field of applica-

tion of ILWFRC mainly concerns infill walls (non-

structural elements), satisfying thermal requirements

for energy savings, environmental requests in terms of

use of secondary raw materials and seismic perfor-

mance for earthquake prone regions. In some circum-

stances, ILWFRC could be also used for the

construction of structural walls, as a possible alterna-

tive to masonry walls.

3.2 Mix design

The binder used in ILWFRC was an ordinary Portland

cement (CEM Type II 42.5R). The water/cement ratio

(w/c) was 0.65 while the aggregate/cement volume

ratio is equal to 8. The volume fraction of macro-

synthetic fibres was 0.4%. Air entraining agent,

superplasticizer and viscosity modifier admixture

were also used. The mix design of ILWFRC is given

in Table 1.

Lightweight aggregates were obtained from glass

industrial recycling, namely granulated expanded

glass (GEG) and crushed expanded glass (CEG).

Table 1 ILWFRC mix design

ILWFRC

CEM Type II 42.5R (kg/m3) 265

Water (kg/m3) 172

CEG (kg/m3) 118

GEG (kg/m3) 113

Superplasticizer (kg/m3) 2.25

Air entraining agent (kg/m3) 0.016

VMA (kg/m3) 0.50

Macro-synthetic fibres (kg/m3) 4.00

w/b ratio (-) 0.65

Theoretical unit weight (kg/m3) 675
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GEG was obtained from selected waste glass, which

was ground into a fine powder, then mixed with water

and blowing agents and, finally, granulated. The

resulting granules were later heat treated to obtain

white, lightweight, round aggregates. CEG was

obtained from waste glass, suitably deprived of

organic contaminants, which was ground and mixed

in a planetary mixer with foaming agents. The mixture

was, then, introduced into a tunnel kiln at 1000 �C to

obtain a glass foam. Finally, the material was crushed

and supplied in different grain size distribution.

Synthetic fibres, with a unit weight of 910 kg/m3,

were adopted to not jeopardize the thermal perfor-

mance of ILWFRC. A blend of polyolefin and

polypropylene (fibrillated) fibres were used in a

dosage of 4 kg/m3 to obtain a stable post-cracking

behaviour in flexure according to EN 14651 [38]. The

equivalent diameter of the fibres was 0.7 mm and the

length was 54 mm, resulting in an aspect ratio of 80.

The tensile strength of the fibres ranged between 620

and 758 MPa, as declared by the manufacturer.

The material was produced in a ready-mix plant and

delivered on site with a truck. To consider the possible

crushing of lightweight aggregates during the mixing

phase, the following procedure was adopted: (A) in-

troduction of aggregates in the mixer; (B) introduction

of binder and water; (C) mixing for 15 min (truck

travel); (D) introduction of admixtures and synthetic

fibres; (E) final mixing for an additional 15 min.

3.3 Mechanical properties

3.3.1 Fresh state properties

The fresh state properties were similar to those of

traditional concrete. Slump was 220 mm at the

delivery on site (30 min after water addition). Work-

ability of ILWFRC fresh mixture suggested choosing

the same technology traditionally used in concreting

for the construction of walls. Vibration was not

necessary due to the self-compacting property of

ILWFRC.

3.3.2 Hardened state properties

Hardened state properties were considerably lower

than those of traditional concrete (Table 2). Elastic

modulus of 3 GPa (according to EN 12390–13 [39])

and compressive strength of 3.5 MPa (at 28 days)

were in a range similar to those of hollow clay (HC)

masonry or AACmasonry. However, the reduced self-

weight (of about 650 kg/m3) and the appreciable

fracture toughness (relative to the low compressive

strength), make ILWFRC suitable for use in the field

of seismic engineering for the construction of large

elements, such as walls. Table 2 also summarizes dried

density and water content of ILWFRC at different

ages. It is worth noting that compressive strength

measured after 1 day (2.5 MPa) was about 73% of the

28-day compressive strength. The development of

strength in ILWFRC is particularly rapid in the first

24 h, then followed by a gradual increase up to

28 days and a basically negligible development for

later ages (up to 365 days).

ILWFRC in compression is characterized by a

linear behaviour until reaching of compressive

strength (see Fig. 1a). After the peak load (at a strain

of 3%) a sudden drop of stress was observed, and was

then followed by a horizontal branch up to a strain of

5% (end of the test) with a residual strength of about

75% of the peak. The stable post-peak behaviour is

mainly due to the contribution of fibres in limiting the

transverse deformation.

The behaviour of ILWFRC in flexure was charac-

terized by a linear increase of strength until reaching

the flexural tensile strength (Limit of Proportionality –

LOP), followed by a nearly horizontal post-cracking

branch (Fig. 1b).

3.4 Thermal properties

Thermal properties of ILWFRC have been determined

after 28 days of curing. Thermal conductivity was

measured to be equal to 0.111 W/mK on a

300 9 300 9 30 mm plate specimen (according to

EN 12664 [40]) placed between hot and cold plates by

means of a thermal flowmeter. Vapour permeability

was measured to be equal to 6 on Ø150 9 50 mm

cylinders (according to EN 1015–19 [41]). Specific

heat of 0.461 J/m3K was measured according to an

internal method by using a surface probe, which

measures temperature change in a sample subjected to

heating by the surface probe itself.

3.5 Comparison with other building materials

In order to understand the potential for the application

of ILWFRC in the construction of residential and
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commercial buildings, a comparison with other mate-

rials is herein outlined. The materials selected are the

HC bricks masonry, which is one of the most widely

used materials for the construction of infill panels

(especially in southern Europe), and the AAC blocks

masonry, which is the commercial material most

similar, in terms of mechanical and thermal properties,

to the material herein presented. The main difference

between the latter and ILWFRC lies in the fact that

AAC is delivered to the construction site in blocks,

while ILWFRC is a concrete that can be cast using

traditional concreting techniques. It is worth noting that

the execution of masonry, both with HC bricks or AAC

blocks, is generally time consuming and requires skilled

workers or the use of special materials, such as special

mortar for AAC blocks. On the other hand, the use of

ILWFRC could be more time-efficient since it does not

require specialised labour or special treatments.

Table 2 Compressive

strength, dried density and

water content of ILWFRC:

number of tests (n), mean

value (l), and standard

deviation (r)

Age from casting Units ILWFRC

(days) 1 4 7 14 21 28 42 365

Compressive strength n (-) 3 3 3 3 3 3 3 1

l (MPa) 2.52 2.72 2.89 3.13 3.25 3.47 3.51 3.87

r (MPa) 0.14 0.27 0.26 0.35 0.10 0.44 0.51 -

Dried density n (-) 3 3 3 3 3 3 3 1

l (kg/

m3)

647 611 636 636 616 643 605 625

r (kg/

m3)

18 33 31 8 20 27 12 -

Water content n (-) 3 3 3 3 3 3 3 1

l (kg/

m3)

143 119 116 114 84 92 65 7

r 3 11 4 5 10 11 3 -
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Fig. 1 Stress–strain curve of ILWFRC in compression (a) and stress-CMOD (Crack Mouth Opening Displacement) in flexure with

residual tensile strength values (b)
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The mechanical and thermal properties of typical HC

bricks, AAC blocks, and ILWFRC are compared.

ILWFRC is characterized by similar values of compres-

sive strength and thermal conductivity (3 7 5 MPa and

0.1 W/mK) with respect to HC bricks (3 7 5 MPa and

0.2 7 0.4 W/mK) [42] and to AAC blocks

(3 7 6 MPa and 0.09 7 0.12 W/mK) [43, 44]. In

addition, it should be noted that the thermal performance

of masonry, both with HC bricks or AAC blocks, could

be negatively affected by the presence of mortar/

adhesive joints between the bricks/blocks.

In order to understand how ILWFRC could be

successfully used for the construction of infill panels,

three different types of walls have been compared: an

ILWFRC wall, a HC brick wall, and an AAC block

wall. The first is composed of a single layer of

ILWFRC (41 cm thick) and two plaster layers

(1.5 ? 1.5 cm thick). The second wall is composed

of two layers of hollow clay bricks (10 ? 20 cm

thick) and an inner layer of polystyrene (11 cm thick).

The external and internal surfaces are covered with

plaster layers (1.5 ? 1.5 cm thick). The third wall is

composed of a single layer of AAC blocks (41 cm

thick) and two plaster layers (1.5 ? 1.5 cm thick).

The total wall thickness is equal to 44 cm for all three

walls considered.

Thermal properties of the walls have been calcu-

lated according to Italian standards for energy effi-

ciency. The simulation has been performed by

considering a location in climatic zone E (Bergamo)

characterized by a degrees-day value of 2533, a

monthly average irradiance of 259 W/m2, a superficial

mass limit of 230 kg/m2 and a thermal transmittance

limit of 0.2 W/m2K. The calculated values of super-

ficial mass and thermal transmittance of ILWFRCwall

(329 kg/m2 and 0.24 W/m2K), HC brick wall (309 kg/

m2 and 0.23 W/m2K) and AAC block wall (272 kg/m2

and 0.22 W/m2K) are very similar. All walls consid-

ered satisfy thermal transmittance limits and the

superficial mass limit according to the Italian codes.

4 ILWFRC application for infill walls:

experimental investigation

4.1 Experimental program

A full-scale experimental test was carried out on an

ILWFRC infill wall subjected to both in-plane and out-

of-plane actions. The wall was tested inside a steel

frame designed to apply lateral in-plane deformation

according to an inter-story sway mechanism of a

moment resisting frame. The test included the follow-

ing phases:

1. In-plane test performed on the infill wall under a

horizontal cyclic load applied to the frame top

beam up to a maximum drift of 4%. The test was

performed 42 days after the specimen preparation.

2. Out-of-plane test performed after the in-plane

test, applying an increasing lateral load uniformly

distributed over 8 point loads up to failure. The

test was performed 49 days after the specimen

preparation.

4.2 Test set up

The ILWFRC infill wall was 2.9 m long, 2.6 m depth

and 0.2 m thick. The total mass of the wall was

approximately 1 ton. The wall was made using a

single batch of ILWFRC, poured inside the testing

frame with the help of wooden formworks on both

sides of the wall, leaving a gap of 2 cm with the frame

top beam. After 3 days, the formworks were removed.

After 28 days, the gap between the wall and the top

beam was filled with a shrinkage compensated mortar

to ensure an efficient contact between the wall and the

testing frame. The metallic ties of the formworks

remained inside the specimen after demoulding.

The in-plane test aimed at analysing the behaviour

of an infill wall in terms of deformation capacity,

stiffness, resistance and damage to several cycles of

imposed deformation. The testing apparatus adopted

was developed and tested by Preti et al. [34] and was

designed to be reused several times. A HE260B profile

was used for the base beam and HE240B profiles for

the columns and the top beam (Fig. 2). The columns of

the testing steel frame were hinged to the top and

bottom beam to activate a kinematic mechanism,

offering negligible resistance against lateral load.

Therefore, lateral resistance measured during the test

was assumed as the net lateral resistance of the infill.

During the in-plane test, lateral displacement was

imposed to the frame top beam by a hydraulic jack

controlled by an electro-hydraulic system (in defor-

mation control). The hydraulic jack was hinged to a

steel frame connected to the bottom beam of the

testing frame, thus creating a self-balanced system.
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The out-of-plane test was performed with the aim of

evaluating the stability of the infill damaged by several

cycles of imposed deformation, after reaching a

maximum drift of 4%. The out of plane load was

applied at 0% in-plane drift for the specimen, after

recentring the residual in-plane drift. In this condition

the active confining action on the diagonal strut was

considered null or limited. The out-of-plane load was

applied through a hydraulic jack by using the self-

balanced system developed by Preti et al. [34] acting

on 8 loading points on the wall (in load control).

The equilibrium to prevent overturning of the

testing frame, both in- and out-of-plane, was given by

two external prestressed rebars acting on each column

and anchored at the strong floor. The external rebars

provided an axial load on each column (equal to

160 kN), proportioned with the only intent of pre-

venting the columns from decompression at maximum

horizontal load applied to the system. They were

maintained in a vertical position during the test by

imposing, at each load step, a horizontal relative

displacement between the rebars and steel confining

frame, by means of a recentering system. The vertical

load was monitored and adjusted throughout the test.

The recentering system had two purposes: on the

one hand, it was necessary to prevent the rupture of the

bars, which, fixed at their base, would be subject to

shear force (if they were moving together with the

frame); and, on the other hand, it was necessary to

prevent the increase of the axial load in the bars due to

their elongation with the frame movement (if they had

not been recentered).

In order to consider the second order effect of

vertical forces acting on the column ends, the actual

response of the infill has been calculated according to

Eq. (1):

Fh ¼ Fh;measured þ d � Fv ð1Þ

where Fh is the actual infill response, Fh,measured is the

horizontal load measured on the test frame, d is the

inter-story drift, and Fv is the total vertical load on the

test frame.

4.3 Loading protocol

Cyclic load reversals were applied during the in-plane

test (positive and negative directions in the following)

under the drift (d) ratio-controlled protocol summa-

rized in Fig. 3a. Increasing drift levels from 0.05% to

4% were applied for exploring the response from the

Operational Limit State (OLS) to Ultimate Limit State

(ULS) drift limits, later discussed in the text. During

Fig. 2 Test setup: in-plane test and out-of-plane test (measures in millimetres)
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the out-of-plane test (see Fig. 3b), the infill wall was

subjected to cyclic loading under a load-controlled

protocol. Load was increased between a minimum

load of 2 kN (force equivalent to a transverse accel-

eration of about 0.2�g) and a maximum load varying

from 4 to 20 kN (about 2�g) in 9 steps. These load

levels were considered as a range of design action for

the infill. At the end of the cycles, load was increased

up to failure of the infill.

4.4 Instrumentation

In the in-plane testing cyclic horizontal load was

measured by means of a load cell located between the

hydraulic jack and the testing frame (Fig. 4a). The in-

plane drift was monitored by measuring relative

displacement of the top and the bottom frame beams.

In order to measure the possible local detachments at

the frame to infill interface, 2 potentiometric displace-

ment transducers (per side) were positioned at the infill

corners. For the measurement of shortenings/exten-

sions of the two diagonals, 4 transducers (per side)

were installed. For the measurement of the crack

opening along the diagonals, 8 transducers were

placed (per side), orthogonal to the diagonals.

For the out-of-plane test wire strain gages and

potentiometric displacement transducers were used to

monitor the out-of-plane displacements of the infill

wall (Fig. 4b). Relative displacement transducers were

utilized to monitor the relative slippage between the

wall and the frame.

5 Experimental results

5.1 In-plane test

Figure 5 shows the quasi-static cyclic response of the

infill wall during the in-plane test in terms of force vs.

drift (by considering second order effects of vertical

forces). Up to drift values of 0.1%, the structural

response was basically elastic, with limited residual

deformations after unloading (Fig. 5a). Between 0.1%

and 4% drift, progressive cracking occurred and

stiffness has been reduced due to the accumulation

of damage in the wall. The peak lateral load was

reached at 1.5% drift in both positive and negative

loading direction, with a load of 359 kN and 326 kN,

respectively. The wall response was ductile with

moderate strength degradation after 1.5% drift. A

residual significant capacity was maintained up to

large drift values: at 4% drift the load carrying

capacity was 79% (284 kN) and 76% (249 kN) of

the maximum load in the positive and negative

direction, respectively (Fig. 5b).

The overall response of the structure was symmet-

rical with a pronounced pinching due to the progres-

sive permanent deformation in the wall. Such a

cumulative deformation resulted in the formation of

an increasing gap between the column and the infill at

the corners. In this mechanism, the top beam basically

slides over the infill upper face, encountering very

limited resistance until the windward column regain

the infill contact.

(a) (b)
-150

-100

-50

0

50

100

150

-6

-4

-2

0

2

4

6

D
is

pl
ac

em
en

t [
m

m
]

D
rif

t [
%

]

0

1

2

3

4

5

6

7

8

0

10

20

30

40

50

60

70

80
A

cc
el

er
at

io
n 

[M
/s

2 /g
]

Lo
ad

 [k
N

]

Fig. 3 Loading protocol for in-plane (a) and out of plane loading (b)
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Figure 6a shows the development of the gap

between the steel column and the ILWFRC panel, as

measured in the top-left corner (displacement

transducer C1) and top-right corner (displacement

transducer C2). The gap opening was measured in

horizontal direction between the edge of the steel

Fig. 4 Instrumentation for in-plane test (a) and out-of-plane test (b)
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Fig. 5 In-plane response of the infill wall up to 0.75% (a) and to 4% (b) drift (cycle number in brackets)
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column and a reference point located on the panel, at

100 mm from the edge of the panel itself.

The displacement assumed negative values when

the panel was pushed toward the column, due to the

local compression of concrete between the column and

the reference point, or positive values when the panel

was moving away from the column, due to the

progressive damage (i.e. crushing and cracking)

occurring in the whole panel. The local concrete

deformation (negative values) reached a constant

value between 0.1 mm and 0.2 mm within a few

cycles. The gap opening (positive values) continued to

grow as the imposed drift increased, reaching a

maximum value of about 3 mm (for drift values lower

than 0.75%). Such behaviour was observed similarly

in the other corners with slightly different maximum

values.

During the 0.5% drift cycle, the gap between the

steel column and the ILWFRC panel reached a

maximum displacement of about 3 mm at maximum

drift and a value of about 1 mm at recentring.

Figure 7 illustrates the crack pattern development

with sketches and pictures. Cracks were detected by

visual inspection and highlighted after every cycle. A

first diagonal crack was observed along diagonal 1

after cycle at 0.3% drift, while multiple cracks were

observed along diagonal 2 after cycle at 0.4% drift.

Cracks were inclined with an angle of about 45� to the
vertical. Cracks continued growing up to cycle at 1%

drift, when a horizontal crack 50 cm below the top

beam developed. Crack pattern developed completely

during cycle at 1.5% drift, when the maximum

capacity was reached. During this cycle, multiple

diagonal cracks formed, which subdivided the wall

into many concrete portions separated by cracks. After

1.5% drift, a stable failure mechanism was formed,

and load bearing capacity began to decrease. The

maximum cumulative crack opening, measured by

local transducer F6 (about 5 mm), was observed along

the diagonal 1, while a maximum diagonal crack

opening, of about 2 mm, was observed along the

diagonal 2 (transducer F2), as shown in Fig. 6b. After

0.2% drift the crack width along diagonal 1 grewmore

rapidly than along diagonal 2, following the triggering

of multiple parallel cracks.

The total deformation of the diagonal struts, in

tension and in compression, was linear for both the

diagonal struts up to drift level of 0.75%. At this stage,

the maximum deformation of the strut was reached in
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compression along the diagonal 2, with a value of

about 6 mm.

5.2 Out-of-plane test

Figure 8a shows the out-of-plane response of the infill

wall, tested after being damaged during the in-plane

test. In particular, the figure shows the lateral load

versus the displacement of the point at the centre of the

wall (by considering the rigid rotation of the frame).

Cyclic loads of increasing amplitude were applied

until reaching a horizontal force corresponding to

twice the gravity acceleration (2�g); eventually, a

monotonic increasing load was applied up to the

maximum wall capacity (equal to, 67 kN, correspond-

ing to an acceleration of about 7�g).
It should be noted that for a load higher than 30 kN

(about 3�g equivalent acceleration), the wall increased
its stiffness. This phenomenon can be explained

considering a first phase (up to 3�g) in which the wall

was subjected to sliding outside the steel frame and a

second phase (between 3�g and 7�g) in which the trust

of the horizontal arch mechanism, between the

columns of the frame, was activated by friction.

Failure was observed in the wall with the development

of a vertical crack (see Fig. 7).

The deformed shape of the wall in the horizontal

direction at mid-height (see Fig. 8b) and in the vertical

direction at mid-span (see Fig. 8a) can be related to the

development of a bi-axial resistant mechanism fully

active in the horizontal direction (between the

columns) and partially active in the vertical direction

(since the upper edge was not effectively restrained by

the top beam). A significant out-of-plane sliding

occurred between the steel frame and the infill, up to

values of about 20 mm (1/10 of the wall thickness) at

the bottom and lateral edges; the sliding was larger at

the top steel beam (about 40 mm, 1/5 of the wall

thickness). Such sliding was influenced by the gap

developed at the column-infill interface during the in-

plane test, due to the local permanent deformation of

the infill material. In order to inhibit such sliding a

connection could be provided, for example, with an

un-bonded shear key [45], in order to allow in-plane

detachment from the infill from the column while

inhibiting transverse sliding.

6 Discussion on the experimental results

6.1 Stiffness degradation and energy dissipation

Structural performances are described in terms of in-

plane stiffness degradation and energy dissipation

capacity (neq) in repeated cycles of increasing

amplitude.

Figure 9 shows the envelope curves of the ILWFRC

infill wall for the first, second and third repetition of

loading at the same drift level, while Fig. 10a shows

the secant stiffness calculated as the ratio between the

lateral load (FDmax) and peak displacement (dDmax)

reached during each cycle. During the first cycle at
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Fig. 7 continued
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0.05% drift, the initial stiffness showed an average

(positive and negative loading) value of 67 kN/mm. In

the following cycles, the secant stiffness continued

decreasing, halving the value at 0.3% drift and

reaching a value equal to one twentieth (1/20) at 4%

drift. Figure 10a shows also the values of the secant

stiffness for the second and third cycles at the same

amplitude, which result slightly lower than that of the

first cycles.

Concerning the energy dissipation capacity of the

infill, the equivalent viscous damping coefficient

(nhys) was calculated by means of Eq. (2), considering

the total dissipated energy (Ehys), as the sum of the

areas enclosed in the single hysteretic loop (Wd), and
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the elastic energy stored in the sample at peak

displacement in the same loop (We) [10].

neq ¼
Wd

2p Wþ
e

�
�

�
�þ W�

e

�
�

�
�

� � ð2Þ

Considering the first cycle of loading at the selected

drift amplitude, the equivalent viscous damping

coefficient (nhys) increased from 6% at 0.1% drift to

16% at 3% drift with an overall stable behaviour. At

4% drift a decrease of the damping coefficient to 9%

was observed, due to the significant reduction of

dissipative capacity of the infill. In the following two

cycles, a less variable trend was observed, with a

minimum value of 6% at 0.1% drift (both for the

second and the third repetition of imposed drift) and a

maximum value of 9% at 2% of drift (for the third

repetition).

6.2 Performance levels

Performance levels for the in-plane response of the

ILWFRC infill wall in terms of damage pattern are

identified and related to selected drift limits. Three

limit states, based on the progressive damage of the

ILWFRC infill wall under in-plane loading, have been

defined by Morandi et al. [10] for masonry infill walls

and are herein adapted for ILWFRC infill walls:

• Operational Limit State (OLS). The infill is slightly

damaged. The detachment of the infill panel at the

level of the top beam and near the upper part of the

columns is characterized by very light and super-

ficial cracking. A limited damage is observed

without the need of repair.
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• Damage limitation Limit State (DLS). The infill is

damaged but it can be effectively and economi-

cally repaired. The infill is characterized by bi-

diagonal cracking. Limited local damage occurs,

for instance at the upper corner or at the top edge of

the infill panel.

• Life Safety (Ultimate Limit State) (ULS). The infill

is severely damaged and the repair is difficult or

expensive. The infill is characterized by diffuse

cracking with partitioning of the wall in a number

of different units. However, stability of infill units

(especially for out-of-plane loading) does not put

inhabitants’ safety at risk.

Thereafter, it is possible to correlate the three

performance levels previously defined with selected

values of drift for which a specific damage state in the

ILWFRC infill wall was attained during the experi-

mental test:

• Operational Limit State at 0.3% drift. OLS has

been identified with the detachment of the infill

panel from the testing frame at the level of the top

beam and near the upper part of the columns, with

the gap between the wall panel and the frame at the

upper corners reaching values of about 1 mm.

Limited cracking appeared on a diagonal, with a

mean crack width of about 0.5 mm. At this stage,

the damage can be easily repaired given that the

specimen showed a lateral load (FOLS) of about

72% (on the ascending branch) of the maximum

load (Fmax). The secant stiffness at maximum

displacement (kOLS) was reduced to about 50%

with respect to the initial stiffness (kEL), while the

equivalent viscous damping coefficient (nhys) was
8%.

• Damage limitation Limit State at 0.5% drift. DLS

has been identified with the complete formation of

a bi-diagonal cracks, with mean crack widths

smaller than 1.5 mm (thus having a considerable

residual tensile strength as shown in Fig. 1b). Little

damage was observed near the corners, with gap

opening reaching values about 3 mm. At this stage,

the damage can be repaired given that the lateral

load (FDLS) was about 82% (on the ascending

branch) of the maximum load (Fmax) and no out-of-

plane vulnerability is induced, so no strengthening

interventions are required. The secant stiffness at

maximum displacement (kDLS) was reduced to

22% of the initial stiffness (kEL), while the

equivalent viscous damping coefficient (nhys)
remained constant (about 7%).

• Life Safety Limit State at 2% drift. ULS has been

identified with the complete partitioning of the

wall in a number of different units due to a

widespread diagonal cracking, however without

risk of out of plane overturning. Mean crack widths

were larger than 5 mm and gap opening larger than

10 mm. At this stage, the peak lateral load (FULS)

drift was exceeded and a residual strength capacity

was about 96% of the maximum load (Fmax). The

secant stiffness at maximum displacement (kULS)

was reduced to 10% of the initial stiffness (kEL).

The calculated equivalent viscous damping coef-

ficient (nhys) increased to 10%.

It is worth noting that the drift limits here proposed

are conservatively based on the width and on the

layout of cracks in analogy with traditional unrein-

forced clay masonry infills. However, the toughness of

the material would allow one to consider larger drift

limits (associated to operational and damage limit

states) after the consideration of the stability of stress

transfer across the cracks. Residual tensile strength of

cracked ILWFRC is probably responsible for the shift

of the peak of the in-plane infill response to a very

large 1.5% drift. This aspect requires further research

on the role of the material toughness on the damage

repairing request.

Table 3 summarizes the performance levels of the

ILWFRC infill wall under in-plane loading, the drift

limits, the damage indicators and the structural

performances.

6.3 Comparison with other construction

techniques

The structural response to in-plane actions is finally

compared with that of other tests carried out with the

same test apparatus by other authors. Figure 11

presents the backbone curves of the test herein

presented (ILWFRC) and five other tests carried out

on different materials, such as solid clay masonry

(SCM1 [34] and SCM2 [46]) and earthen masonry

(EM [46]) infills, or different solutions to reduce infill-

structure interaction, namely horizontal sliding joints

masonry (HJM [45]) and vertical sliding joints

masonry (VJM [47]) infills. The structural response

of ILWFRC infill is characterized by an initial
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stiffness similar to that of the two solid clay masonry

infills (SCM1 and SCM2) along with a load bearing

capacity comparable to that of SCM2 infill, since test

on SCM1 infill was characterized by shear sliding

along bed joints which resulted in reduced resistance

to in-plane loading. The ductility of the ILWFRC infill

is markedly increased, as compared to traditional solid

clay masonry. The former is characterized by a

stable softening behaviour reaching 4% drift with

75% of its maximum load bearing capacity. A load

equal to 85% of maximum load bearing capacity,

conventionally identified as ULS for a structural

element, was reached at 3.5% drift; such capacity of

large in-plane displacement is similar to that of the

Table 3 Performance levels of the ILWFRC infill wall under in-plane loading: operational limit state (OLS), damage limitation limit

state (DLS), and life safety limit state (ULS)

Limit state LS Operational limit state

(OLS)

Damage limitation limit state

(DLS)

Life safety limit state (ULS)

Drift dLS dOLS = 0.3% dDLS = 0.5% dULS = 2%

Damage indicators Crack

pattern

Gap

opening

& 1 mm & 3 mm & 10 mm

Crack

width

& 0.5 mm & 1.5 mm & 5 mm

Structural

performances

FLS/Fmax FOLS/Fmax = 72% FDLS/Fmax = 82% FULS/Fmax = 96%

kLS/kEL kOLS/kEL = 50% kDLS/kEL = 22% kULS/kEL = 10%

nhys, LS nhys, OLS = 8% nhys, DLS = 7% nhys, ULS = 10%
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Fig. 11 Comparison of the

Load vs. drift of different

tests performed in the same

frame: solid clay masonry

(SCM), horizontal sliding

joints masonry (HJM),

vertical sliding joints

masonry (VJM), earthen

masonry (EM) and ILFWC

infill
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other three tests presented, namely EM, HJM and

VJM, but with a greater contribution to lateral

resistance. In conclusion, the behaviour of ILWFRC

infill was a hybrid behaviour between that of a

traditional masonry wall, with high initial stiffness

and high resistance, and that of solutions aimed at

reducing the infill-frame interaction, with high dis-

placement capacity. This result suggests evaluating in

the future the effect of the contribution of ILWFRC

infill panels to the lateral resistance of real RC infilled

frame structures, quantifying the overall resistance of

buildings taking into account the ILWFRC panel

strength and ductility.

7 Concluding remarks

Based on the experimental results herein presented

concerning the seismic behaviour of an infill wall

made of ILWFRC, the following conclusions can be

drawn:

1. Thermal characteristics of ILWFRC ensure

energy performance meeting the requirements of

current standards for high quality buildings. In

addition, concrete is composed of 70% by volume

of recycled glass aggregates and can be, in turn,

recycled to become lightweight aggregates. The

composition of ILWFRC, characterized by a low

amount of cement (265 kg/m3), could be further

enhanced by means of alternative cementitious

materials such as fly ash or slag as partial

substitution of cement.

2. ILWFRC is characterized by a unit weight of

about 650 kg/m3, with compressive strength equal

to 3.5 MPa and elastic modulus equal to 3 GPa.

The material is characterized by a stable post

cracking behaviour, due to presence of synthetic

fibres (0.44% by volume), which do not influence

the thermal properties of the material.

3. ILWFRC infill wall has good overall behaviour

for in-plane loading, characterized by a dissipative

behaviour and considerable load bearing capacity,

even for high values of drift (4%), when more than

75% of the maximum load is still present. The

maximum load capacity (359 kN) is reached at a

drift of 1.5%. The overall response is character-

ized by a marked pinching determined by the

progressive compaction of the material of the wall

and the consequent sliding of the top beam at

loading reversal.

4. Lateral secant stiffness evolution with inter-story

drift was characterized by a rapid decrease,

reaching a reduction of 50% at only 0.3% drift.

Energy dissipation capacity, quantified in terms of

equivalent viscous damping coefficient, was char-

acterized by values increasing form 6% at 0.1%

drift to 12% at 3% drift, with an overall

stable behaviour.

5. ILWFRC infill wall has a very good behaviour for

out-of-plane loading, with a maximum lateral

loading of 67 kN, corresponding to the inertial

force associated with a lateral acceleration of

about 7�g.
6. Operational limit state has been defined at 0.3%

drift, with the detachment of the infill panel from

the testing frame and a limited cracking of the

infill. Damage limitation Limit State has been

defined at 0.5% drift, with the complete formation

of bi-diagonal cracks and increasing damage near

the corners. Life Safety Limit State has been

defined at 2% drift, with the complete partitioning

of the wall in a number of different units. Such

drift limits, conservatively defined based on crack

pattern layout in analogy with traditional clay

masonry infills, could be increased after a better

understanding of the role of the material toughness

on the required damage repairing intervention in

further studies.

7. Out-of-plane stability has been guaranteed up to

high levels of seismic action without the use of

additional restraining elements. The properties of

the material, among which toughness provided to

concrete by fibres plays an important role, allow

the infill to develop an effective biaxial out-of-

plane response.

8. When compared to other construction techniques,

the in-plane response of the ILWFRC infill wall is

characterised by a hybrid behaviour with a high

initial stiffness and high resistance, similar to

traditional masonry walls made of clay units,

coupled with a high displacement capacity, sim-

ilar to innovative solutions able to reduce infill-

frame interaction.
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